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Mean-flow and topographic control on surface
eddy-mixing in the Southern Ocean

by J.B. Sallée!, K. Speer” and S. R. Rintoul®

ABSTRACT

Surface cross-stream eddy diffusion in the Southern Ocean is estimated by monitoring dispersion
of particles numerically advected with observed satellite altimetry velocity fields. To gain statistical
significance and accuracy in the resolution of the jets, more than 1,5 million particles are released
every 6 months over 16 years and advected for one year. Results are analyzed in a dynamic height
coordinate system. Cross-stream eddy diffusion is highly inhomogenous. Diffusivity is larger on
the equatorward flank of the Antarctic Circumpolar Current (ACC) along eddy stagnation bands,
where eddy displacement speed approaches zero. Along such bands, diffusivities reach typical values
of 3500m? s~ !. Local maxima of about 8-12.103 m2 s~! occur in the energetic western boundary
current systems. In contrast, diffusivity is lower in the core of the Antarctic Circumpolar Current
with values of 15003000 m2 s, and continues to decrease south of the main ACC system. The
distribution of eddy diffusion is set at three scales: at circumpolar scale, the mean flow reduces
diffusion in the ACC and enhances it on the equatorward side of the current; at basin scale, diffusion
is enhanced in the energetic western boundary current extension regions; at regional scale, diffusion
is enhanced in the wake of large topographic obstacles. We find that the zonally average structure of
eddy diffusion can be explained by theory which takes mean flow into account; however, local values
depend on eddy propagation, not simply described by a single wave speed, and topography.

1. Introduction

Turbulent mixing by geostrophic eddies is an unresolved problem in large-scale ocean
dynamics, and the representation of the effects of eddies in a less complex framework is
desirable. Advances in representing turbulent fluxes may, for example, improve our ability
to model and predict climate change. The high values of diffusion thought to occur north
of the Antarctic Circumpolar Current (ACC) will strongly mix tracers in the surface layer,
specifically in regions of Subantarctic Mode Water (SAMW) formation. Strong mixing will,
in addition, control to some extent the propagation of freshwater and other climate signals
into the ocean interior, creating local areas of large subduction (Sallée et al., 2010). Although
high mixing can be strongly localized, it will nevertheless have a substantial impact on the
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formation of SAMW. Very high values of eddy mixing associated with western boundary
regions tend to spread warm subtropical water, stabilize the mixed layer, and suppress the
formation of SAMW, while other high mixing regions, such as in the wake of the Kerguelen
Plateau, erode the near-surface stratification, and precondition the mixed-layer for deep
winter convection (Sallée et al., 2006; 2008c).

Eddy kinetic energy (EKE), waves in mean flow, and bottom topography have been iden-
tified as key parameters influencing mixing intensity in the Southern Ocean (e.g. Stammer,
1998; Marshall et al., 2006; Sallée et al., 2008b). However, while theory has suggested
links between these parameters and mixing (e.g. Holloway, 1986; Bower, 1991; LaCasce
and Speer, 1999; Ferrari and Nikurashin, 2010), a consensus on the appropriate eddy mix-
ing length and time scale has not appeared. Intense eddy activity in the surface layer of
the Southern Ocean has been found to be critical in setting the strength of the near-surface
branch of the meridional overturning circulation, as the circulation it induces tends to coun-
terbalance the wind-induced transport (Sallée ez al., 2010), yet horizontal eddy mixing in the
surface layer of the Southern Ocean is still poorly known. Despite some broad similarities,
observation-based studies have proposed strikingly different views of the distribution and
intensity of lateral eddy mixing (e.g. Stammer, 1998; Zhurbas and Oh, 2004; Marshall et al.,
2006; Sallée et al., 2008b; Shuckburgh et al., 2009). Estimates differ by more than one order
of magnitude in some areas, and give contradictory results concerning the mixing regimes
in strong jets. These discrepancies in theoretical and in observational studies continue to
inhibit progress in understanding the circulation and water mass formation in the Southern
Ocean.

In contrast to eddy-mixing, eddy kinetic energy (EKE) in the ocean is well known and
has been widely observed with the global coverage of satellite altimetry measurements.
Eddy variability at the ocean surface is structured in complex regional patterns throughout
the world oceans with maxima in the western boundary currents and in the ACC of the
Southern Ocean (Fig. 1b). Homogeneous turbulence theory, which describes the mixing
intensity, k, as the product of an eddy velocity u’ and a mixing length scale /', has been
used to derive eddy-mixing from EKE (Stammer, 1998; Keffer and Holloway, 1988). Such
arguments have been supported to some extent by observations of Lagrangian trajectories.
Results extracted from Lagrangian particle trajectories, analyzed either from a dispersion
point of view or from Lyapunov exponent analysis, have shown that eddy-mixing may scale
with EKE in western boundary current systems and in the ACC (e.g. Zhurbas and Oh, 2004;
Waugh and Abraham, 2008) or with EKE above some threshold (Sallée et al., 2008b).

A number of studies have, on the other hand, emphasized the importance of the mean
flow in eddy-mixing, acting to reduce mixing in strong currents, such as the ACC, despite
large EKE. These studies, which have arisen from the atmospheric linear wave context,
predict enhanced mixing in the vicinity of steering lines, which correspond to lines where
mean flow speed matches the speed of propagating meanders (e.g. Bower, 1991; Pratt et al.,
1995; Marshall, 2006; Smith and Marshall, 2009). In places where mean flow is large,
the mean current restricts eddy length scales in the cross-stream direction, significantly
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Figure 1. Dynamical characteristic of the flow — (a) Southern Ocean bottom topography. (b) Southern
Ocean climatological Eddy Kinetic Energy from satellite altimetry. (c) Relative vorticity estimated
from the time-mean flow. Black lines show the climatological position of three main ACC fronts
(Sallée et al., 2008a).

reducing the cross-stream mixing. Ferrari and Nikurashin (2010) extended this argument
with a dynamical formalism allowing for weakly nonlinear perturbations, which is thought
to be more realistic in an oceanic context (Chelton et al., 2007). Although introducing
nonlinearities changes slightly the results, the overall reduction of mixing in the core of the
jets persists (Ferrari and Nikurashin, 2010).

Jets in the ACC are complicated structures that merge and emerge within a larger region
of elevated eddy activity, and strong along-jet variability in cross-stream mixing might be
anticipated. Witter and Chelton (1998) and Thompson (2010) have investigated numerically
an idealized version of the ACC over large-scale topography showing how this complicated
structure might arise and evolve, and that the associated mixing can vary enormously in time
and in space. In the Southern Ocean, bottom topography (Fig. 1a) has been shown to have a
large influence on the circulation and intensity of the ACC due to the topographic p-effect
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(e.g. Moore et al., 1999; LaCasce, 2000; Sinha and Richards, 1999; Dong et al., 2006;
Sallée et al., 2008b). The bottom topography in the Southern Ocean has also been found
to have some direct influence on mixing intensity, both on its horizontal pattern (Sallée
et al., 2008b; Shuckburgh et al., 2009) and on its vertical structure (Lu and Speer, 2010).
The mechanisms linking eddy-mixing to topography are, however, not fully understood.
Topography can affect mixing by generating baroclinic-barotropic interactions (Witter and
Chelton, 1998), and it can also have a large impact through the formation of a surf zone of
breaking waves, in the wake of the topography (Waugh et al., 1994; Rhines, 2007).

EKE, mean flow, and bottom topography, therefore, have a demonstrable influence on
mixing and arguably are not independent of each other. They have, however, been given
different emphasis in previous studies. Observation-based studies have principally derived
Southern Ocean mixing estimates from three main approaches: tracer patch deformation
(e.g. Marshall et al., 2006), hydrographic variability (e.g. Joyce et al., 1978; Naveira-
Garabato et al.,2011) and Lagrangian particle dispersion (e.g. Sallée ez al., 2008b). Methods
allowing for a very sharp resolution of jets show a reduction of mixing in the jets (e.g. Naka-
mura, 1996) but hide along-stream variability that can arise from topography, and which is
evident in tracer patch deformation and hydrographic variability approaches. In contrast, the
standard Lagrangian particle dispersion method has difficulty with jet resolution, but shows
regional variability, allowing for a description of the longitudinal structure of eddy-mixing.

Here, we use Lagrangian dispersion in stream-based coordinates to resolve both jets and
regional variability to explore topographic control of near-surface mixing in the Southern
Ocean. This approach allows us to demonstrate from observations that near-surface mixing
in the ACC has a complex spatial structure as the result of suppression of mixing in the jets
and enhancement of mixing by topographic steering and trapping of eddies.

2. Method and data

The Lagrangian particle dispersion (Taylor, 1921; Davis, 1991) method has the merit of
providing spatially-dependent mixing estimates independent of any unknown coefficient.
Application of this method in the Southern Ocean has consistently shown broadly enhanced
mixing in the ACC, correlated roughly with EKE in higher EKE regimes (Zhurbas and Oh,
2004; Rupolo, 2007; Sallée et al., 2008b). Within the ACC, longitudinal structure is strong
as well (Sallée et al.; 2008b). Estimates of mixing by Lagrangian surface drifter observations
have, however, suffered from two main limitations: the restricted number of observations,
which limits our ability to resolve the jets, and a way to discriminate between cross- and
along-stream diffusion. As our main interest is in cross-frontal eddy diffusion, it is important
to separate accurately the along-stream and cross-stream components. Alternate coordinates
have been used to account for and distinguish anisotropy due to PV conservation, mean flow,
or bottom topography: f/H contours (LaCasce and Speer, 1999; O’ Dwyer et al., 2000); major
and minor axis of the velocity covariance tensor (Sallée et al., 2008b); or local mean velocity
(Griesel et al., 2010).
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Here, diffusion is estimated from simulated trajectories based on altimetric geostrophic
velocities, which allows us to work with a large number of particles to accurately resolve
front scales. Sallée et al. (2008b) showed that geostrophic currents dominated the eddy dif-
fusivity. We adapt the Lagrangian dispersion method to work in a longitude versus dynamic
height coordinate system, which removes, to the extent that jets maintain their coherence
in such coordinates, any along-stream contribution from the dispersion calculation and dis-
criminates between mixing regimes in and out of jets (see Fig. 2). This strategy also allows
us to illustrate the role of the mean flow by turning it on or off when advecting particles.

In a homogeneous flow, the absolute diffusivity is defined as the time derivative of the
second central moment of particle displacement, F(t):

=145 )
2dt

Under stationary conditions the diffusion coefficient can be related to the velocity auto-
correlation function, and asymptotes to koo = EKE T = EKE'? L (Taylor, 1921; Davis,
1982), where EKE is the eddy kinetic energy and 7 and L are the Lagrangian time and
length scale. Previous studies have used altimetry to deduce L and T, in order to estimate
the diffusivity k. Ferrari and Nakurashin (2010) have suggested that L and T can be modu-
lated by the presence of mean flow, so that particular care has to be taken when estimating
k from a Lagrangian length or time scale. In this study, we use the fundamental expression
given in Eq. 1 rather than a length or time scale, and assume homogeneity over limited
regions.

Virtual drifters are released at each 0.1 by 0.1 degree grid point in the Southern Ocean
between latitude 70°S and 30°S for a total of 1,480,100 particles over the Southern Ocean.
These particles are then advected using the satellite altimetry velocity field with a time-step
of one day and no background diffusion. Different time steps from one hour to several days
have been tested for the advection scheme, and the diffusion calculation converges when the
advection time-step reaches a value of one day. We chose one day as the best compromise
between the smallest error in the advection procedure and the best computing efficiency.
One day is also less than the Lagrangian time scale and is, therefore, well suited to study
dispersion of particles (e.g. Sallée et al., 2008b).

Particles are advected for a period of one year, and the entire experiment is repeated
every 6 months for the entire altimetry period, from 1993 to 2008. We perform a total of
32 ensemble particle releases, at the start of each winter (1 November) and summer season
May 1).

Dispersion time-series are computed in a 5° longitude by 1° latitude sliding window
centered at grid points of a 1° longitude by 0.5° latitude grid. The choice of the scales of the
sliding window is based on the typical size of an eddy loop along the trajectories, but has
no particular dynamical justification. We consider these scales to be larger than the typical
scale of energetic eddies but small enough to resolve substantial large-scale variability.
Dispersion is computed over the 12-month trajectories of the 500 particles released in
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Figure 2. SSH space approach as a measure of cross-front displacement — (a) Schematic of two
particles (red and blue stars) advected along a meandering jet. The SSH contour (gray line) rep-
resents the time evolving jet with a meander propagating eastward. (b) The red particle is trapped
in the jet, while the blue particle crosses the jet. (b) While the red particle is advected far from
its deployment position in the meridional direction, it did not cross the front; in contrast, the blue
particle did not move in the meridional direction, while it did cross the front. The geographical
space is therefore not adapted to detect cross-frontal displacement. (c) A plot of the instantaneous
SSH at each particle position shows the cross-frontal displacement. Using the climatological mean
local SSH gradient, we produce time series of “cross-frontal meridional displacement.”
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the sliding window (100 particles per degree bins). The mean and standard deviation of
displacement are estimated over this set of particles at each time step from 0 to 360 days.

a. Velocity field

The velocity fields are deduced from the weekly maps of altimetric sea level anomaly
(SLA) and altimetric absolute sea-surface height (SSH,s; Rio et al., 2005). The mapped
SLA and SSH,;; fields are provided by CLS/AVISO and are based on data from the available
altimeter missions (Topex/POSEIDON, ERS-1 and ERS-2, GFO, ENVISAT, JASON). The
mapping technique is described by LeTraon et al. (1998). SLA are calculated with respect to
a 7-year mean (1992-1999) and are mapped onto a 1/3° grid in longitude and variable grid
in latitude, ranging from approximately 1/20° at 80°S to 1/4° at 30°S. A discussion of the
aliased high frequency errors is given by Morrow et al. (2003). The altimetry data resolve
wavelengths greater than 150 km, with a temporal resolution of 20 days (Ducet et al., 2000).
In the Southern Ocean where the groundtracks converge, the resolution improves to about
100 km. Velocity at each particle position and time are derived from this dataset using a tridi-
mensional linear interpolation. Given the relatively coarse-resolution of altimetry dataset,
a portion of the mesoscale variability might be lost and not properly resolved. However,
it has been shown that for flows in chaotic advection regimes, it is the large-scale coarse-
resolution velocity field that is the most important for tracer and particle advection (Haynes
and Shuckburgh, 2000; Marshall et al., 2006). This gives us confidence in advecting parti-
cles with the relatively coarse-resolution altimeter fields. In addition, Sallée et al. (2008b)
showed that the cross-stream diffusive regime inferred from altimetry advected particles in
the Southern Ocean is very consistent with the observed regime from in situ surface drifters.

b. Dynamic height coordinate system

Cross-stream displacement of a particle is reflected by a change in dynamic height (Fig. 2).
Therefore, we advect particles in geographic space, and then allocated to each particle
position the corresponding dynamic height To a good approximation, the cross-stream
displacement of a particle is reflected by a change in dynamic height (Fig. 2). Therefore,
we advect particles in geographic space, and then allocated to each particle position the
corresponding dynamic height, using the instantaneous absolute sea-surface height from
altimetry. The change in dynamic height along each trajectory, due to a variety of dynamical
effects, is then projected back into geographical space using the local climatological sea
surface height gradient (Rio et al., 2005).

ACC fronts have high frequency variability in their meridional position, which can reach
amplitudes of several degrees of latitude in some places (Sallée et al., 2008a). Therefore,
two particles at the same position, but at a different time, could be on different sides of a
front. Averaging calculations over 16 years would blur the mixing regime across a front. To
overcome this problem we adjust the latitudinal position of each particle using its instan-
taneous sea-surface height. Fronts are observed to follow contours of constant sea-surface
height for large distances (Sokolov and Rintoul, 2002; 2007; 2009a,b; Sallée et al., 2008a),
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so that the instantaneous sea-surface height indicates the location of the particle relative to
the fronts. Practically, each trajectory is allocated to the bin in which the instantaneous sea-
surface height of the particle’s starting point corresponds to the climatological sea-surface
height.

The dispersion along each trajectory is mapped using the starting position of the particle.
Therefore, the dispersion or diffusion computed at any given grid point, is representative of
mixing over the area given by the typical length of particle trajectories. The typical length
(standard deviation over 32 years of the bin-averaged length of the particle trajectories)
spanned by particle trajectories are of order of 5-10° longitude by 1-2° latitude in energetic
regions, and less in areas of weaker flow.

3. Dispersion and displacement

The central quantity in particle dispersion statistics is the Probability Density Function
(PDF) of the displacement (Davis, 1991; LaCasce, 2008). As shown in Eq. 1, the diffusion
is related to the time derivative of the second central moment of the displacement PDF. In
this section, we present some characteristics of these fundamental quantities before tackling
diffusion estimates in the next section.

a. Probability density function of particle displacement

The eddy field contains rotational components (e.g. Marshall and Shutts, 1981), lead-
ing to looping and meandering trajectories that should have no net particle dispersion
(Veneziani et al., 2004; 2005). Nevertheless, when particles flow through meanders or
circle around eddies, oscillatory patterns are created in the dispersion time-series (Berloff
and McWilliams, 2002; Veneziani et al., 2004; 2005; Griesel et al., 2010) that can introduce
errors when computing diffusion (Griesel et al., 2010). We believe that we largely overcome
this difficulty by working in a dynamic height coordinate, as particles trapped in rotational
motion will not significantly change their dynamic height.

In the usual Lagrangian dispersion treatment, the action of energetic rotational coherent
structures introduces a departure of the displacement PDF from Gaussian (Bracco et al.,
2000a,b; Sallée et al., 2008b). Rotational motions and front meandering will cause the
kurtosis to be lower than 3, as the meridional displacement will be dominated by large
and alternating southward and northward movements (Bracco et al., 2000a; Hughes et al.,
2010). This poses a problem for the application of the Lagrangian dispersion formalism to
tracer diffusion, which assumes that displacement PDFs are at least approximately Gaussian
(Davis, 1991). Our dynamic height procedure reduces non-Gaussian behavior, because it
naturally minimises the effect of rotational motion or meandering jets (Fig. 3).

b. Dispersion time-series

Figure 4a,b shows the dispersion calculated in the ACC sector, between the Polar Front
(PF) and the northern branch of the Subantarctic Front (SAF-N) using the frontal definitions
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Figure 3. Statistical analysis of displacement PDF — (a) Histogram of |kurtosis-3|(i.e. the deviation
from Gaussianity) from displacement PDFs, for all PDFs generated in each bin of the South-
ern Ocean, and for the 32 particle-releases between 1993-2008. (b) Histogram of kurtosis from
displacement PDFs, for all PDFs generated in each bins of the Southern Ocean, and for the 32
particle-releases between 1993-2008.
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Figure 4. Averaged dispersion time series for the entire (a) ACC region and in (b) the Agulhas
Retroflection region. Dispersion for each of the 6-month launch between 1992-2008 (grey) and
climatological mean dispersion (black). Best polynomial fit are shown in red for the periods 0-15
days and 250-360 days. (c) Example of diffusion time-series obtained in an energetic region within
the ACC in the vicinity of the southwest Indian Ridge (S0°E) for each of the 6-month launch
between 1992-2008 (grey) and climatological mean diffusion time-series (black). This example
illustrates the large variability of diffusion coefficient at early times. In the particular case displayed,

L 11, ALt v et 1 1 ANND 1.



2011] Sallée et al.: Near-surface mixing in the Southern Ocean 763

of Sallée et al. (2008a), and in the Aghulas Retroflection sector where previous studies have
shown a large enhancement of EKE and mixing (Fig. 1b; Sallée et al., 2008b; Waugh and
Abraham, 2008). Consistent with previous studies, two regimes are detected: a transition
time with periods less than approximately 50 days where dispersion grows quadratically,
and a second regime where the dispersion converges towards linear growth (Taylor, 1921;
LaCasce, 2008; Sallée et al., 2008b). In this paper we focus on the linear regime. The linear
growth regime starts at around 70-90 days. Griesel et al. (2010) showed from modeled
float trajectories that the diffusion estimated at around 100 days is well representative of the
diffusion up to 600 days, suggesting that the linear regime holds for long times. Furthermore,
previous Southern Ocean studies have shown that periods between 40 h and 90 days account
for most of the eddy signal (Nowlin ez al. (1985) for observations in the Drake Passage;
Phillips and Rintoul (2000) for the region south of Australia). Griesel et al. (2010) illustrated
that diffusion can be strongly overestimated by integrating over periods that are too short.
Indeed, in highly energetic areas with large rotational components the linear growth starts
later. We note that this time window is associated with the time-lag at which the velocity
autocorrelation reaches an asymptotic behavior. In contrast, the Lagrangian time scale is
associated with the time at which the velocity decorrelates and is typically of order of a few
days (e.g. Sallée et al., 2008b). The two quantities do not match because of negative and
positive lobes in the velocity autocorrelation at long lags (eg. Sallée et al., 2008b; Griesel
et al., 2010). The Lagrangian time-scale (T ) is related to the eddy-diffusion intensity and
eddy spatial scale (L.,; see Section 5).

As shown by Griesel et al. (2010), the estimate is sensitive to the choice of time window.
Figure 4c shows an example of diffusion time-series obtained in an energetic region within
the ACC in the vicinity of the southwest Indian Ridge (50°E). This example illustrates the
large variability of diffusion coefficient at early times. In the particular case displayed, a
stable diffusion is obtained around 200 days. There are still some lobes after 200 days but
they oscillate around a constant diffusion value. We, therefore, compute diffusion using the
mean value of diffusion in the window 250-360 days. A choice of a window of 50-150
days (similar to Sallée et al., 2008b) would produce a mixing coefficient roughly twice as
large as that using the window 250-360 days. We make the conservative choice of focusing
on the time window 250-360 days as the longest time period that still resolves regional
structure in the diffusion coefficient.

c. Errors

The error on the cross-stream diffusion coefficient calculation is estimated with a Monte-
Carlo experiment. The 360-day advection of each of the 1,480,100 particles is repeated fifty
times for each of the 16 releases between 1993 to 2000. The Monte-Carlo experiment is only
performed on the first half of the altimetry period (1993-2000) because of the large comput-
ing time involved in 50 realizations of the same experiment. For each of the 50 realizations
of the calculation, we add to the altimetry field a time and space variable random error in the
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Figure 5. Error map — (a) Ratio of the resulting standard deviation of 50 Monte-Carlo experiments
over mean value of diffusion for the year 1993-2000. The 8-year diffusion calculation is repeated
50 times with a random error within a range of 5 cm added to the altimetry sea-surface height
field.

range €(x, y, 1) € [—5 + 5] cm. The error propagates into the calculation of the trajectory
through the velocity derived from the sea-surface height, and into the cross/along-stream
dispersion projection. The impact of the 5 cm random error on the resulting diffusion is
estimated for each of the 16 releases between 1993 to 2000 from the standard deviation of

diffusion coefficient produced by the 50 Monte-Carlo realizations. We define the mean error
1993—2000

, where o (Kee[—5+5)) 1S the variance of

. . —1993—2000 . .
the 50 Monte-Carlo realizations with a random error €(x, y, t), and (.) is the time

average over the years 1993-2000. The error in the ACC is relatively small, of the order of
10-20% of the estimated diffusion (Fig. 5). However, the standard deviation peaks north of
the ACC at 50%, in areas of weak flow. The regional pattern reflects the fact that the error
is small in areas of large sea-surface height gradient and large in areas of low sea-surface
height gradient. Indeed, in low SSH gradient regions, a small SSH error would produce a
large departure of the particle trajectory and, therefore, large errors on the diffusion coef-
ficient. We consider the standard deviation as an estimate of the variability of the results;
standard error, in contrast, would be smaller by a factor of /30.

5qrt(o(Kee[—5+5]))

of our calculation as Error = o=
(=

4. Regional variability of surface eddy diffusivity

The 16-year mean cross-stream eddy diffusivity (k) has been computed with and without
the mean flow (Fig. 6a,b). Maximum diffusion is observed in the Agulhas Retroflection
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(b)

(d)

Figure 6. Diffusion in the Southern Ocean — Diffusivity when mean flow is turned (a) on or (b) off.
(c) Logg of the diffusivity with mean flow turned on (same as in panel a). (d) Difference between
estimates without and with mean flow. Black lines show the climatological position of three main
ACC fronts (Sallée et al., 2008a).

between 30°E and 70°E. Dritschel and MclIntyre (2008) argue that the barrier to cross-
jet mixing characteristic of a jet can break down in the presence of large vortices if they
are associated with PV anomalies larger than the PV step of the jet itself. The Aghulas
retroflection region is certainly a place with intense eddy formation (Fig. 1b), where the
barrier notion could partially break down.

Diffusion is generally high in other western boundary current regimes throughout the
Southern Ocean as well, specifically across the southwestern Atlantic in the Brazil-Malvinas
Current area (50°W; k ~ 6-10 103 m? s~1), the region east of New Zealand (x =~ 4-6
103 m2s~1), near 170°W, 50°S (see also Bryden and Heath, 1985; Shuckburgh et al., 2009).
High diffusion is also associated with major topography features such as the Macquarie
Ridge region at 150°E, and the Southeastern Indian Ridge region at 110°E (x ~ 4-6
103 m? s~!). These regions are all subject to control by the details of the distributions of EKE,
eddy stagnation (hence mean flow), and length scale, such that a simple characterization by
any one field is not sufficient.
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The dominance of the Agulhas Retroflection region means that care must be taken in the
calculation and interpretation of zonal averages; the dynamic height coordinate makes the
distinction between this region and ACC flow stronger, and helps to separate mixing effects
that are otherwise merged.

Away from western boundaries, surface diffusion generally falls off. Exceptions are the
long tail of high diffusion in the downstream Agulhas retroflection and weaker extensions
from other western boundary current regions, an isolated maximum near 110°E, and the
north-south ridges of higher diffusion in Drake Passage and along 30°E. The Drake Passage
maxima are near the location where several fronts come close together and, occasionally,
merge, forming a very intense jet. Along about 30°E, the Polar Front crosses the SW Indian
Ridge in a narrow gap near 52°S, and experiences strong meandering downstream of the
ridge. The southward extension of this high mixing may be related to variability of the
eastern end of the Weddell Gyre (e.g. Fahrbach er al., 1994; Shroder and Fahrbach, 1999).

Large-scale patterns of k show some similarities with previous results investigating diffu-
sion from Lagrangian dispersion or altimetry (e.g. Stammer, 1998; Rupolo, 2007; Zhurbas
and Oh, 2004, Sallée et al., 2008b; Waugh and Abraham, 2008). In general, the strongest
variations in mixing were associated with strong variations in EKE, though functional rela-
tionships were neither uniform nor clearly identified across different regimes of the ACC.
Here, no consistent relationship is found. In addition, we find two main differences with
previous studies based on altimetry or Lagrangian dispersion: (i) diffusion is reduced within
the fronts of the ACC, and (ii) peak values are significantly smaller.

The diffusion in the ACC is found to have median values around 1000-3000 m?s~!
(Fig. 7a). The along-streamline averaged cross-ACC diffusivity shows a minimum of diffu-
sion next to the Antarctic continent, and a northward increase, which reaches a maximum
on the equatorward side of the ACC. This maximum is, however, dominated by the few
regions of intense mixing. A measure of this inhomogeneity is that the median values of
diffusion peaks at approximately 3500 m? s~!, substantially lower than the average values
(about 4700 m2 s~ 1).

5. Data-based scaling estimates

The pattern of weak eddy diffusivity in the core of jets and stronger eddy diffusion
outside of the jet is seen repeatedly in geophysical flows (Shuckburgh and Haynes, 2003).
Specifically this characteristic has been widely documented in the atmospheric context with
the study of the stratospheric vortex, which is characterized by a strong barrier near its core
and a surf zone of strong eddy mixing equatorward. The large mixing is thought to be
associated with Rossby wave breaking near a critical layer, in which the phase speed of the
wave, c, is equal to the mean flow speed, u (e.g. Haynes, 1985; Bower ef al., 1985; Marshall
et al., 2006; Smith and Marshall, 2009; Shuckburgh et al., 2009; Abernathey et al., 2010).
Ferrari and Nikarushin (2010) provide a theory emphasizing the pervasive mixing present
in a field of dynamically evolving eddies, which is reduced by mean flow except in the
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Figure 7. Along-stream averaged diffusion — (a) Along-stream average (plain) and median (dashed
black) diffusivity with mean flow turned on. (gray dashed) Median diffusivity with mean flow
turned off. (b) (black) Along-stream average diffusivity (same as in panel a) and (red) normalized
diffusion scale (Eq. 2); (gray solid) normalized along-stream averaged value of the length scale
of coherent eddies L.o; and (gray dashed) normalized along-stream averaged value of / EKEL 0.
The vertical gray bar represents the mean position of the ACC (Sallée et al., 2008a). (c) Map of the
length scale of coherent eddies deduced from altimetry.
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vicinity of critical layers. They present a form for the cross-stream surface mixing from
SSH assuming a relation between eddy phase speed and mean flow.

To test these ideas we use a simplified scaling and data-based estimates for EKE, eddy
length scale, and intrinsic phase speed of eddies:

Vv EKE.L

Ko s
1 +EKE '(u — ¢)?

where EKE is the Eddy Kinetic Energy and L the eddy length scale. The form of Eq. 2
has been derived by Ferrari and Nikurashin (2010) from dynamical principles, and is
similar to the Taylor (1921) expression for eddy diffusivity: k = +EKE - £, where
¢ = L/(1 + EKE~'(u — ¢)?). We estimate the scaling in Eq. 2 with EKE derived from
satellite altimetry and the total eddy velocity or intrinsic phase speed (u-c), derived from
altimetry by Fu (2009). One fundamental difference with Ferrari and Nikurashin (2010)
is that we do not assume the phase speed of eddies to be proportional to the local mean
currents, but instead use an observation-based approximation of (u-c). Fu (2009) estimated
climatological trajectories or steering of mesoscale eddy variability features (including
eddies, meandering jets and waves) from a satellite altimetry analysis of cross-correlation
with neighboring time series. Thus, the total eddy velocity represents the the net effect of
several processes contributing to eddy displacement. Zero values do not necessarily repre-
sent a critical layer for linear waves. We call the stage at which progress is halted ‘eddy
stagnation.”

We use the length scale of coherent eddies (L.,) as a measure of the eddy length scale,
which we derived from altimetry using the Okubo-Weiss parameter W = 4((8xu)2+(8yv)2).
This procedure has been used in previous diagnostics of velocity measurements (e.g. Isern-
Fontanet et al., 2003; Chelton et al., 2007). Coherent eddies are found by looking for regions
in which W < —8 10~!! s~2. Similar to Venaille et al. (2011), we define the length scale L
of a given structure as an equivalent diameter corresponding to a disk that would have the
area of the coherent structure (Fig. 7c).

The overall shape (Eq. 2) of the along-stream averaged cross-stream diffusion predicted
by the theory agrees well with that calculated from the particle trajectories (correlation of
0.96, significant at the 99%, Fig. 7b). The scaling predicts a northward increase of mixing
from the Antarctic continent to a maximum near 45S. We also examined a simpler scaling
ko EKE-T with T = L/(U — ¢) and T bounded by a maximal value, with a resulting
similar shape but somewhat poorer agreement. Enhanced mixing on the equatorward side
of the jets is largely associated with greater length scale on the northern edge of the ACC,
which is not directly related to mean-flow intensity. However, the length scale and EKE
do not, by themselves, fully explain the observed distribution, since such a scaling (e.g.
k o EKE - L,) rises too sharply south of the ACC (Fig. 7b).

Although one might consider a critical layer to outcrop on either side of a strong jet,
the eddy stagnation regions here bear little resemblance to a coherent outcrop where u —
¢ =~ 0. Nevertheless there is some accord with previous studies that have illustrated that

@)
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the propagation of geostrophic eddies in the ACC reduces the cross-stream mixing (e.g.
Marshall et al., 2006; Shuckburgh et al., 2009; Smith and Marshall, 2009; Ferrari and
Nakurashin, 2010). Eddy-mixing is reduced in places where u > ¢, and enhanced in places
where eddies are arrested, i.e. where u = c. The mean flow and topographic steering
evidently strongly impact mixing intensity, and our results in Figure 6a show that k is
suppressed so much in the ACC that it is often smaller within the ACC than on its flank,
despite the larger EKE.

In order to further test and quantify the impact of mean flow on mixing, we explicitly
turned it off and on when advecting particles. Diffusion with mean flow turned off (k,rr)
presents essentially a similar structure as diffusion with mean flow turned on, but the spots of
maximum diffusion are less intense and broader, extending south in the ACC area (Fig. 6b).
The mean flow tends to reduce mixing within the ACC (Fig. 6¢), although there are locations
where the effect is opposite. In agreement with Marshall ez al. (2006), an averaged reduction
of 1000 m2 s~ !, peaking at 1500 m? s~ ! in the ACC, is observed when mean flow is turned
on (Fig. 7a). However, we also find localized areas of large increase in diffusion, up to
10002000 m? s~!, in the presence of mean flow on the equatorward side of the ACC.

6. Topographic influence on eddy-mixing

Previous studies have noted the influence of topography on lateral mixing intensity in the
ACC (Lu and Speer, 2010; Naveira-Garabato et al., 2011; Shuckburgh er al., 2009). These
studies have consistently found that topography tends locally to enhance lateral mixing.
However, the mechanisms responsible for the enhancement are, so far, not clear. Theoretical
work, although often highly idealized, has provided insight into plausible causes. Witter
and Chelton (1998) and Thompson (2010) showed in a QG 2-layer model that topography
strongly influences the jet regime, either stabilizing the flow and providing a strong barrier
to cross-stream mixing, or driving splitting and merging of jets and enhanced mixing.
Rhines (2007) showed in lab experiments with a zonal flow on a polar $-plane that a simple
spherical-cap mountain produces strong jets and discrete gyres in the wake of the topography
and that mixing is conditioned by the wake structures. Therefore we seek next to quantify
the role of strong quasi-stationary circulation elements like wakes on the mixing intensity.

Fu (2009) found that eddies and meanders propagate in the Southern Ocean with a velocity
of the order of a few kilometers per day, in a predominantly zonal direction, westward
outside of the ACC and eastward in the ACC. Directly north of the ACC, the propagation
velocity is weaker, except in some particular places where trajectories stagnate and show
gyre-like structures (highlighted in red in Fig. 8a). These gyre-like features develop near
western boundaries, partially closed bathymetry (e.g. valleys), and in the wake of large
bathymetry. In all places where the ACC or the western boundary currents have to flow
over large topography, we observe gyre-like structures in the wake of the topography. It
is particularly clear in the wake of the Mozambique Rise; the Southwest Indian Ridge;
the Southeast Indian Ridge; the Indo-Pacific Ridge; the Campbell Plateau and the Drake
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Figure 8. Eddy variability trajectories — (a) Mean eddy variability trajectories from Fu (2009). The
trajectories looping in a gyre-like structure are shown in red. Trajectories are superimposed on
the Southern Ocean bottom topography. The 3000-m contour is also shown (black). Zoom of eddy
variability trajectories in (b) the Crozet—Kerguelen Region and (c) the Southeastern Indian Ridge are
superimposed on eddy-mixing intensity. Note that in the Crozet—Kerguelen region, large gyre-like
structure develop downstream of Crozet and upstream of Kerguelen.
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Passage. Large topographic features such as the Kerguelen Plateau, the Eltanin Fracture
Zone or the Mid-Atlantic Ridge steer the flow but are not associated with the gyre-like eddy
trajectories. Evidently stronger mean flow sweeps the eddies downstream.

Intensification of mixing is observed in regions of eddy stagnation directly north of the
ACC, between the westward propagation of eddy structures farther north of the ACC, and
the eastward propagation within the ACC. The increase of mixing near the “stagnation lines”
is not clearly related to the critical layer theory. We do not observe a consistent circumpolar
mixing intensification; larger mixing develops at the stagnation line only where the line is
associated with an enhancement of EKE (Fig. 9). However, EKE itself cannot explain the
regional variability of eddy-mixing: there is only a rough agreement at the stagnation line.
Our results suggest a departure from the critical layer theory, and are strongly suggestive
that the large regional variability of mixing in the Southern Ocean is tightly linked to the
combination of the presence of a stagnation band and of large eddy scales, which organize
and converge in gyre-like structures downstream of topography.

Mixing magnitude along the stagnation band shows that peaks in the diffusion are asso-
ciated with the presence of large bathymetric features (Fig. 9b): the Mozambique Rise,
the Southwest Indian Ridge and Crozet Island; the eastern Mid-Ocean Ridge in the Indian
Ocean; the Macquarie Ridge; the Campbell Plateau; the South American Plateau; and the
Mid-Atlantic Ridge. Consistent with some studies, mixing is intensified downstream of
topography features (e.g. Rhines, 2007; Witter and Chelton, 1998). For instance, Witter and
Chelton (1998) investigated the eddy-mean flow interaction in a idealized case aiming to
reproduce the topography of the eastern Indian Ridge. They found that unstable growth rates
are largest where the topographic steering forces the jet into regions of reduced ambient PV
gradient, increasing eddy energy downstream of topography features. We note, however,
that an increase of mixing at the Drake Passage seems to occur at the topographic rise and
not downstream.

Although local intensification of eddy mixing is clearly associated with the bottom topog-
raphy, the overall along-stream magnitude of diffusion seems to be largely shaped by a
western versus eastern basin regime for those more northerly portions of the stream. In the
three ocean basins, but more clearly in the Indian basin, the diffusion is strongly intensi-
fied in the western region. This basin scale pattern is dominated by the highly energetic
western boundary current interacting with the ACC on the western edge of each basin
(Fig. 1). Diffusion in the western Pacific is less intensified than in the western Atlantic and
Indian consistent with the much less energetic western boundary current in the Pacific (see
Fig. 1b). The diffusion at the stagnation line, away from the Agulhas Retroflection and the
Brazil-Malvinas Confluence (in the region 70°E-70°W) stabilize around a mean value of
3000m? s~!, much lower than in the two very energetic western boundary currents. The
lower diffusion is consistent with lower EKE and smaller eddy length scale in the region
70°E-70°W.

As opposed to the relatively high diffusion found along the stagnation line on the northern
side of the ACC, the magnitude of cross-stream mixing along the ACC fronts (SAF and
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Figure 9. Impact of bathymetry — (a) Eddy stagnation lines superimposed on eddy diffusion coef-
ficient. Stagnation lines are defined as contour lines of eddy displacement velocity in the range
+0.005ms ™!, with a step of 0.001 ms~'. Stagnation lines are grayscale according to the local
value of EKE. (b) Magnitude of eddy-diffusion coefficient along the (black) mean path of the stag-
nation lines along the circumpolar belt, and corresponding bathymetry depth along the stagnation
lines. Magnitude of cross-stream eddy-diffusion along the (dashed black) PF and (dashed gray)
SAF are superimposed. Note that the bathymetry below the front position would be different that
shown on gray shading, which is the topography along the stagnation lines. Dominant features are
however at similar longitudes below the ACC fronts.
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PF) is lower (Fig. 9b). As seen above, in the ACC the large jet velocity overcomes the eddy
phase speed: meandering dominates and reduces the cross-stream mixing. We find typical
values of cross-stream diffusion of 1000-2000 m? s~! in the ACC. There are two very clear
increases of mixing in the western Indian Ocean and at Drake Passage, associated with
bathymetry. Away from these two extrema, the impact of bathymetry on the cross-stream
mixing in the ACC is very clear downstream of the Macquarie Ridge and downstream of the
Campbell Plateau. The eastern Indian basin presents an interesting example of topographic
control of mixing. In this region, the PF and SAF do not encounter the same topography
and this translates into an out of phase regional variability. While the largest topography
for the PF is the Kerguelen Plateau at 70°E, the dominant feature for the SAF is the eastern
Mid-Indian Ridge at 90°E (Fig. 1). The mixing clearly shows an impact of this on the PF
and SAF, with an increase of mixing on the PF downstream of 70°E, followed by an increase
of mixing downstream of 90°E on the SAF.

7. Discussion

The 1993-2008 climatological cross-stream mixing intensity of the surface layer of the
Southern Ocean has been estimated using satellite altimetry observations. We computed
statistics of virtual particle trajectories, numerically advected with surface velocity from
satellite. Our choice of dynamic height coordinates has allowed us to distinguish mixing
regimes outside and inside jets, as well as to isolate accurately cross-stream dispersion from
along-stream dispersion.

The typical values that we find in the ACC (Fig. 9b) are in very good agreement with values
from Marshall et al. (2006), given the uncertainties in both calculations. The Nakamura
(1996) calculation performed by Marshall ez al. (2006) gives circumpolar integrated values
reaching maxima on the northern edge of the ACC of 2000-3000 m? s~!, similar to our
estimates. In addition, Shuckburgh et al. (2009) extended the Marsall ez al. (2006) results by
computing diffusion in local regions in the South Pacific. They found local peaks of diffusion
up to 5000 m?2 s~ ! in the eastern Pacific basin, while we find diffusion of 4000—-6000 in the
same region. Indirect support comes from applications of eddy mixing. Values closer to
those found in this study have been found to improve the representation of the surface
layer circulation, subduction and temperature in coarse resolution models (Danabasoglu
and Marshall, 2007; Vivier et al., 2010; Sallée and Rintoul, 2011). Assuming that the eddy
phase speed is proportional to mean flow, Ferrari and Nikurashin (2010) obtain diffusivity
estimates that are flatter across the ACC and grow on the northern side. Eddy translation
estimated from altimetry (Fu et al., 2009) is, however, not correlated with mean flow. Hence
we attribute these differences primarily to a more realistic representation of eddy translation
in our estimate.

We document how the distribution of cross-stream eddy-mixing is controlled by mean
flow, eddy translation or stationarity, and eddy energy, all of which are in turn strongly
influenced by bottom topography. We proposed here a simple revised paradigm: (i) the
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mean flow shapes the global structure of Southern Ocean mixing, with reduced mixing
within the ACC and enhanced mixing north of the ACC at the stagnation line; (ii) the
basin-scale asymmetry in eddy kinetic energy, with western boundary intensification, leads
to an increase of cross-stream mixing in the western basins; (iii) the flow is destabilized
in the wake of topography, causing regional intensification of mixing downstream of large
topography, with the largest intensification being associated with eddy convergence at the
stagnation line, and weaker intensification within intense jets because of the tendency for the
mean-flow to inhibit mixing. The regions of enhanced mixing are found in the wake of large
topography and in topographic “valleys” - partially closed f/H contours. While the large-
scale pattern of eddy-diffusion is partially explained by the critical theory framework, we
also find large regional departures to this theory due to the importance of western boundary
currents and topography. The role of topography is consequently appropriately emphasized
in the equivalent barotropic models of the ACC (e.g. Krupitsky et al., 1996; LaCasce and
Isachsen, 2010).

Although mixing within the ACC is lower than on its equatorward flank, we show that
the mixing suppression associated with the ACC jets locally breaks down in the wake of
topography. Further observation and modeling (Thompson and Sallée, 2011) shows that
cross-frontal particle crossing is strongly localized in the ACC by topographic obstacles,
which leads to a rearrangement of the frontal structure and an increase of baroclinicity.
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