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ABSTRACT: Cross-frontal exchange facilitated by mesoscale eddies in the lee of major topographic features of the
Southern Ocean is fundamental to the global overturning circulation. Despite the outsize importance for meridional heat
flux, we lack an accurate estimation of fluxes across the Antarctic Circumpolar Current (ACC) due to the challenges of ob-
serving mesoscale eddy fluctuations on the temporal and spatial scales required. Here, 12 years of Argo data are used to
observe patterns of cross-frontal exchange in the Southeast Indian Ridge system, a relatively underobserved region, known
to be a hotspot of exchange. Spice variance along ACC streamlines is used as a proxy for cross-frontal exchange. Elevated
exchange is observed downstream of the ridge system in nearly every streamline and is particularly prominent in the core
of the ACC. Notably, exchange peaks progressively downstream at each poleward streamline suggesting a systematic
north-to-south handoff across nearly the full breadth of the ACC. Employing a mixing length framework, lateral stirring is
parameterized as an eddy diffusivity on the isopycnal of peak exchange. We find a highly localized pattern of diffusivity,
peaking between the crest and trough of the first standing meander in the lee of the ridge system. Spatially, this diffusivity
pattern correlates with an along-stream increase in eddy kinetic energy. Along-stream vertical wavenumber spectra of spice
anomaly profiles indicate that the vertical scales of intrusions, which are initially large (approximately 800 m), rapidly
evolve downstream to smaller wavenumbers (100-300 m) presumably in response to intense vertical shear and

filamentation.
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1. Introduction

The meridional overturning circulation plays a fundamental
role in our climate system by transporting heat, carbon, and
other biogeochemical properties around the globe (Bryan and
Lewis 1979). While buoyancy loss and convection in the
North Atlantic have traditionally been thought of as the pri-
mary driver, the return arm in the Southern Ocean plays an
equally important role. The outcropping of isopycnals within
the Antarctic Circumpolar Current (ACC) ventilates deep,
carbon-rich waters to the surface ocean and, through the con-
version to bottom and intermediate waters, compensates the
sinking in the North Atlantic (Marshall and Speer 2012).

The Southern Ocean overturning circulation is traditionally
described in a two-dimensional, zonally averaged framework
comprised of two distinct overturning cells (Deacon 1937,
Speer et al. 2000; Sloyan and Rintoul 2001). North Atlantic
Deep Water spreads southward along isopycnals and trans-
forms into two classes of Circumpolar Deep Water (CDW).
Lower CDW outcrops near Antarctica, south of the ACC,
where buoyancy forces and brine rejection during sea ice for-
mation convert this water mass into denser Antarctic Bottom
Water. Once formed, these deep waters are exported to the
global abyssal ocean forming the lower cell of the Southern
Ocean overturning. Within the ACC, energetic wind-driven
upwelling brings upper CDW to the surface layer where inter-
action with the atmosphere transforms this water mass into
less dense Antarctic Intermediate Water and Subantarctic
Mode Water. Ekman transport moves these surface waters
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northward, forming the upper cell of the Southern Ocean
overturning.

Fundamental to the zonally averaged view of the Southern
Ocean overturning circulation is the role of mesoscale eddies
and the associated poleward transport of fluid. Within the
ACC, wind-driven Ekman transport steepens poleward shoal-
ing isopycnals until they become baroclinically unstable.
Drawing from available potential energy, an opposing eddy-
driven circulation acts to slump isopycnals and counterbal-
ance the wind-induced transport. Below the surface layer, this
mesoscale eddy field facilitates the poleward and upward
transfer of water which would otherwise require unrealisti-
cally large vertical mixing (Lumpkin and Speer 2007; Marshall
and Speer 2012). These eddies are therefore critical to the
Southern Ocean mass budget and to move heat, carbon, nu-
trients, and other properties across the strong jets of the ACC
which would typically act to impede poleward flux. The me-
ridional transport of mass across the ACC thus couples baro-
clinic eddies to the Southern Ocean overturning circulation
and plays a significant role in establishing the strength and
structure of the system.

Though this zonally averaged view of the ACC has been in-
dispensable in shaping our understanding of the Southern
Ocean’s role in the global overturning circulation, it is a sim-
plified schematic of a zonally asymmetric system. Theoretical
and experimental studies have shown that cross-frontal ex-
change due to eddy fluxes across ACC fronts is inhibited in
most regions of the Southern Ocean due to suppression of
across-stream eddy mixing length scales (Abernathey et al.
2010; Ferrari and Nikurashin 2010; Naveira Garabato et al.
2011; Sallée et al. 2008). This characteristic mixing length sup-
pression breaks down, however, in a few critical locations
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around the Southern Ocean. Sharp standing meanders of the
ACC are established as fronts navigate around major topo-
graphic ridge systems of the Southern Ocean and are held sta-
tionary by the background flow (Abernathey and Cessi 2014).
In these regions, flow transitions from a parallel, zonal regime
to that of an unstable, energetic meandering one. This results
in “leaky jet segments” (Naveira Garabato et al. 2011) and
subsequent exchange of properties across frontal structures of
the ACC.

The transition between flow regimes is initiated as the ACC
propagates off major ridge systems of the Southern Ocean
(Youngs et al. 2017). While confined to the ridge, jets con-
verge and isopycnals steepen and are simultaneously stabi-
lized by the bathymetry. Downstream, flow deflects poleward,
becomes unstable, and potential energy stored in the steep-
ened isopycnals is released, generating a mesoscale eddy field,
meandering of the flow, and the merging and splitting of jets
(Thompson and Garabato 2014; Rintoul 2018). Eddies facili-
tate a preferentially poleward cross-frontal exchange (Dufour
et al. 2015) resulting in a net poleward heat transport (Meijer
et al. 2022) and an along-stream increase in tracer variability.
Around the circumpolar ACC path, this enhanced exchange
is localized in six narrow regions in the lee of major topo-
graphic features of the Southern Ocean (Sallée et al. 2008;
Sallée et al. 2011; Thompson and Sallée 2012). Modeling work
has shown the resulting interior circulation follows an upward
spiral such that fluid moves further poleward and closer to the
surface at each progressively downstream topographic hot-
spot, until it becomes entrained within the Weddell or Ross
Seas (Tamsitt et al. 2017). Satellite-based observations sub-
stantiate this idea, showing that maximum exchange occurs
along different streamlines at each topographic hotspot illus-
trating a handoff of fluid and heat from one front to another
along the path of the ACC (Foppert et al. 2017).

Occurring in regions that make up only a small fraction of
the total zonal extent of the ACC, namely, around 20%, these
zonally asymmetric processes contribute disproportionately
to the magnitude of meridional heat transport, ventilation of
the deep, and the Southern Ocean carbon pump. Studies
show that the vast majority (up to 75%) of total ACC cross-
frontal particle transport (Thompson and Sallée 2012; Tamsitt
et al. 2017) and southward temperature transport due to eddy
heat flux (Dufour et al. 2015; Pefia-Molino et al. 2014; Foppert
et al. 2017) is concentrated downstream from topography.
Additionally, general circulation models coupled to active
biogeochemistry simulations suggest that around 70% of the
total amount of carbon dioxide upwelling to the surface in the
Southern Ocean occurs within these hotspots (Brady et al.
2021). These asymmetries highlight the need to account for
the three-dimensionality of the Southern Ocean overturning
circulation within ocean and climate models.

In coarse, noneddy-permitting ocean and coupled atmo-
spheric models, the eddy-driven transport of tracers is not ex-
plicitly resolved and, alternatively, is parameterized as an
eddy diffusivity k. This diffusive parameterization quantifies
the effectiveness of eddies to homogenize thickness gradients
(Gent and Mcwilliams 1990) by relating the eddy-induced flux
of a tracer to the mean background tracer gradient. Significant
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uncertainties within these models pertain to the magnitude, as
well as the spatial and temporal variability of k. An accurate
quantification of eddy diffusivity in these models remains a
formidable challenge, in part, because obtaining meaningful
observational-based flux estimates requires high-resolution
measurements over significant spatial and temporal scales.

While a number of studies have attempted to estimate South-
ern Ocean eddy diffusivities from satellite measurements (e.g.,
Sallée et al. 2008), technological advancements and a significant
increase in observations have allowed for depth-dependent esti-
mates at higher resolutions. These estimates are derived from
float and/or tracer dispersion studies, such as the Diapycnal and
Isopycnal Mixing Experiment (Klocker et al. 2012; LaCasce
et al. 2014; Tulloch et al. 2014; Balwada et al. 2016), and ob-
served hydrographic variability measured from CTD profiles.
This work builds on two previous studies that have used hydro-
graphic variability to obtain estimates of eddy diffusivity using a
mixing length framework. The first is Cole et al. (2015) who use
the global Argo array to bin profiles into 3° boxes to show that
eddy diffusivity varies significantly around the globe and in
depth. While this novel methodology advanced our under-
standing of global diffusivity patterns, the resolution is too
low to quantify Southern Ocean eddy stirring confined to
small regions downstream from topography. The second study,
Naveira Garabato et al. (2011), characterizes the vertical and
horizontal structure of eddy diffusivity using a set of repeat hy-
drographic sections across the ACC. They identify distinct
mixing regimes associated with stationary meanders and large
eddy diffusivities coinciding in the vertical with large isopycnal
potential vorticity gradients. That work is benefited by higher-
resolution observations but is confined to these synoptic CTD
sections. Here, we aim to maintain the resolution of Naveira
Garabato et al. (2011) while moving away from repeat sections
by adopting a similar Argo float methodology developed by
Cole et al. (2015).

In this study, Argo float profiles are mapped to geopoten-
tial streamlines of the ACC to characterize the stirring of
physical fluid properties across fronts of the ACC and esti-
mate patterns of eddy diffusivity in the lee of the Southeast
Indian Ridge (SEIR) (Fig. 1). The physical stirring process is
termed cross-frontal exchange and is qualitatively defined as
the tracer variance measured from Argo profiles. This tracer
variance is then used in conjunction with numerical model
output to quantify eddy diffusivity using a mixing length
framework. We focus on the SEIR region for a number of
reasons. It has been shown to be a hotspot for cross-frontal
exchange (Sallée et al. 2011; Thompson and Sallée 2012;
Thompson and Garabato 2014; Meijer et al. 2022) and eddy
heat flux (Phillips and Rintoul 2000; Foppert et al. 2017) due
to the northward deflection and subsequent confluence of
nearly all ACC streamlines as they navigate the northwest-to-
southeast step-like geometry of the ridge system (Fig. 1). It is
also one of the few locations in the ACC where observations
suggest the magnitude of eddy heat flux has increased over
time in concert with the increasing wind stress (Foppert et al.
2017). Finally, eddy fluxes in the lee of this ridge system are
relatively understudied and underobserved in comparison to
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FIG. 1. (top) Sea surface eddy kinetic energy overlaid on 3000-m bathymetry contours. Sea surface height contours
(solid black) correspond to the Subantarctic Front, Polar Front, and Southern ACC Front (north-south, respectively).
The red box indicates the SEIR region. (bottom) Argo-derived temporal mean geopotential height contours (verti-
cally integrated specific volume from 1800 to 150 m) overlaid on bathymetry of the (left) SEIR region and (right)
eddy kinetic energy. Geopotential contours are labeled and span values from 6 m* s~2 (southernmost streamline) to

15 m? s~ 2 (northernmost streamline).

other topographic regions of the Southern Ocean such as
Drake Passage.

The datasets used in this study are described in section 2.
Section 3 explains in detail the methodologies developed to
map Argo profiles to geopotential streamlines and the mixing
length framework used to estimate eddy diffusivity. Section 4
details both horizontal and vertical patterns of cross-frontal
exchange in the SEIR region and illustrates patterns of horizon-
tal eddy diffusivity. In section 5, observed eddy diffusivities are
compared against previous studies, and patterns are examined in
relation to known proxies of eddy mixing and baroclinic instabil-
ities. We also propose an along-stream evolution of cross-frontal
intrusions that reduces the vertical scale of anomalies after ex-
change across fronts. We conclude with a summary in section 6.

2. Data
a. Argo profiling floats

Argo floats typically profile the upper 2000 m of the ocean,
sampling physical properties of the water column at a time in-
terval of 2-10 days (Wong et al. 2020). For this study, we used
12 years of Argo data from the SEIR region of the Southern
Ocean, an area defined as 65°-45°S, 135°-160°E (Fig. 1).
Delayed-mode data with “good data” quality control flags were
obtained using the EuroArgo Selection Tool (Argo 2000). Dur-
ing processing, profiles that do not reach a minimum of 1800 m,
contain missing data, or exceed a vertical resolution of 200 m
anywhere in the profile are removed. In total, 22689 profiles
from 594 floats sampling between the years 2010 through 2022
comprise the final dataset.

All the profiles in the SEIR region are interpolated onto an
even 5-m vertical resolution pressure grid. A mixed-layer
depth is calculated for each profile using the Holte and Talley
(2009) Argo mixed-layer depth algorithm. This algorithm de-
termines the mixed-layer depth using a seasonal thermocline
fit or by identifying intrusions at the base of the mixed layer,
depending on if the profile is flagged as a summer or winter
profile, respectively. If either method fails, mixed-layer depth
is calculated using a density threshold or a density gradient
method. Profiles are then mapped into density space by inter-
polating onto a density grid with 0.005 kg m~> vertical resolu-
tion. The density at the predetermined mixed-layer depth is
retained as the mixed-layer density.

Each profile of Conservative Temperature and Absolute
Salinity is then converted to a spice profile following McDougall
and Krzysik (2015). Spice is a dynamically passive thermody-
namic variable that is conserved following the fluid parcel with
isolines orthogonal to potential density contours. It is a property
that quantifies how water properties change along an isopycnal
and is therefore the best available measure of along-isopycnal
water-mass variability and isopycnal mixing. Additionally, a
geopotential height for each Argo profile is calculated by
vertically integrating the specific volume anomaly from 1800
to 150 m (Pond and Pickard 1983). Argo profiles are
mapped into 1° X 1° boxes to generate mean geopotential
streamlines overlaid on Fig. 1.

b. GLORYS

The Global Ocean Physics Reanalysis (GLORYS) product is
an eddy-resolving 1/12° horizontal resolution global reanalysis.
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FIG. 2. (a) ACC geopotential streamlines overlaid on bathymetry with the Polar Front streamline in red and the cutout in
(b) highlighted. (b) Sliding box with the location of all Argo profiles in that box. Red dots indicate the Argo profiles with geopotential
height between 8.5 and 9.5 m? s~ to be mapped to the Polar Front (geopotential 9 m? s~2). (c) A subset of the spice profiles at 140°E on
the 9 m? s~ 2 streamline in potential density space indicated by the red dots in (b). The mean spice profile is in black. (d) Spice anomaly

profiles and (e) the corresponding spice anomaly variance profile.

Here, we use both the monthly mean fields (1993-2023) and a
year of daily mean fields (2020). It assimilates Argo profiling
floats and sea surface satellite altimetry. Both mean and daily
temperature, salinity, and current velocity fields are obtained
from Copernicus Marine Services. Original files are displayed
on 50 vertical pressure levels and interpolated onto a density
grid to match that of the Argo data. Geopotential and spice
fields are calculated following the same procedures as for the
Argo profiles (section 2a).

3. Methods
a. Argo mapping methodology

Methods closely follow those developed by Cole et al.
(2015) who provide a global estimate of horizontal diffusivity
using geographically binned tracer variance and a mixing
length framework. In this study, however, we are motivated
to average in an ACC coordinate system so profiles are orga-
nized by geopotential height values which closely represent
the mean streamlines of the ACC. This allows for a detailed in-
vestigation of alongfront variability. Tracer variance is calcu-
lated on geopotential height contours from 6 through 15 m? s~ 2
as these represent the streamlines that successfully navigate
Drake Passage. The Polar Front is represented by the 9 m? s>
geopotential height contour and is used to illustrate the Argo
mapping methodology described below (Fig. 2a: red contour).

A spice profile and geopotential height value are calculated
for each Argo profile. Profiles are then “mapped” to every 1°
of longitude along each geopotential height contour. This is
similar to the binning technique used by Cole et al. (2015),
but here it is adapted to an along-streamline coordinate sys-
tem. This is described below and illustrated schematically in

Fig. 2. The goal is to obtain a collection of Argo profiles at
every longitudinal degree point, along each streamline. First,
a 2° longitudinal window is defined from the larger domain.
An example of one of these 2° windows is illustrated as the
red rectangle in Fig. 2a. In this example, the longitudinal win-
dow spans 139°-141°E. Next, a subset of Argo profiles is de-
fined, considering only those with a location within our 2°
longitudinal window. The subset of profiles, spanning the 2°
window, is enlarged in Fig. 2b.

Argo profiles from the subset are then assigned to the cen-
tral longitude of each geopotential height contour within the
2° window. To accomplish this, we consider the calculated
geopotential height value for each individual Argo profile.
The profiles with a geopotential within +0.5 m? s~ of each
contour are assigned to the central longitude along that speci-
fied contour. This is again illustrated schematically in Fig. 2b.
In this example, the goal is to create a collection of Argo pro-
files that will be assigned to the 140°E longitude point along the
Polar Front, which has a geopotential height value of 9 m? s™2.
From the original subset of Argo profiles, we find those with a
geopotential height value of 8.5-9.5 m* s~ 2 (Fig. 2b: red circles).
That collection of profiles is then assigned to the 140°E
(Fig. 2b: red star) longitude point along the Polar Front.
This process is then repeated for the next geopotential
height contour by finding all Argo profiles with a geopoten-
tial height value of 9.5-10.5 m* s~2. That new collection of
Argo profiles is assigned to the 140°E longitude point along
the streamline represented by the 10 m? s~2 geopotential
height contour. This is again repeated for each geopotential
height contour within the 2° window.

Once a collection of profiles has been obtained for each
geopotential height contour at the 140°E longitude point, the
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FI1G. 3. Number of profiles mapped to every 1° longitude point along geopotential contours.

2° window is slid to the east by 1°, and the process is repeated,
starting with a new subset of Argo profiles. In this example,
the new subset will now contain all Argo profiles with a longi-
tude between 140° and 142°E, and profiles will be assigned to
the central longitude point at 141°E. The overlap that results
from the sliding 2° subset provides a reasonable level of
smoothing while increasing the number of profiles mapped to
each point, thereby increasing the degrees of freedom and our
confidence in the result. The result of this “mapping” method-
ology is a unique set of Argo profiles at every 1° longitude
point along each geopotential height contour. The number of
profiles mapped to each longitudinal point ranges from a min-
imum of around 50 to well over 200 profiles (Fig. 3).

b. Estimating cross-frontal exchange

A qualitative estimate of cross-frontal exchange is then diag-
nosed by calculating the spice anomaly variance of the collec-
tion of profiles mapped to every longitudinal degree point along
each geopotential height streamline (Fig. 2c: red profiles). To
accomplish this, the mixed layer is first removed from each pro-
file. The following steps occur individually with the collection of
profiles at each longitude point along every streamline. In den-
sity space, a mean spice profile (Fig. 2c: black profile) is calcu-
lated from the collection of profiles obtained from the mapping
methodology detailed above. A spice anomaly profile is calcu-
lated as the difference, at each density layer, between the origi-
nal spice profile and the mean (Fig. 2d). The total variance and
variance profile of the collection of spice anomaly profiles are
then calculated (Fig. 2e). The end product is a unique value of
tracer variance (and a variance profile) at every 1° longitude
along each geopotential streamline. This tracer variance illus-
trates the relative degree of influence from adjacent water
masses at a given location and is therefore representative of ex-
change across ACC fronts. Therefore, while we cannot use this
diagnostic to explicitly quantify the degree of exchange at every
point, it is a robust qualitative and comparative measure of
cross-frontal exchange.

c. Estimating horizontal eddy diffusivity

Our analysis of cross-frontal exchange lends itself to a local,
high-resolution, hydrographic-variability-based estimate of eddy
diffusivity within a mixing length framework (Fig. 7). This work
builds upon the hydrographic variability-based approach from

Naveira Garabato et al. (2011) and again closely follows the pro-
cedure of Cole et al. (2015). Within the mixing length framework,
cross-stream eddy diffusivity relates the background mean tracer
field to the observed departure from that mean as k = ¢, U,Lpix,
where L, is the eddy mixing length scale and U, is the eddy ve-
locity scale given as

Trms
Lmix = |V'Tm|’ (1)
U0 = U0 - U, P+ v -V, P @

Here, 7. is the root-mean-square of the spice anomaly calcu-
lated from the Argo profiles and |V1,,| is the mean background
spice gradient averaged over all years from the GLORYS
product (1993-2023). The eddy velocity scale U,(f) is calcu-
lated as a time series using a year (2020) of daily mean
GLORYS output, U(¢) and V(¢), and the mean background ve-
locity, U, and V,,, averaged over all years of the GLORYS
product. The daily U,(¢) fields are then averaged over the year
to get a time mean U, field. The mixing coefficient ¢, can
roughly range from 0.01 to 0.4 in numerical simulations; how-
ever, due to the uncertainty in magnitude, we choose to largely
omit it from our analysis and focus on k¢, ! as the diffusivity
parameter. For each geopotential streamline, Ly, U, and
the resulting diffusivity product are calculated on the iso-
pycnal (+0.05 kg m~>) of peak variance as identified from
Fig. 6.

4. Results
a. Cross-frontal exchange

Using the qualitative measure, spice variance, as a proxy
for cross-frontal exchange, along streamline patterns of eddy
activity are identified in the SEIR region of the Southern
Ocean. To illustrate these patterns and highlight the impact of
topography on cross-frontal exchange, temperature and salin-
ity diagrams are compared against spice anomaly profiles in
these locations along the Polar Front representative of 1) a re-
gion upstream from topography (140°E), 2) at the topography
(146°), and 3) downstream from topography (152°) (Fig. 4).

Upstream from the ridge system, where the flow is largely
zonal and eddy fluxes are suppressed, relatively weak cross-
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FIG. 4. (top) Potential temperature and salinity diagrams from points (a) 140°E, (b) 146°E,
and (c) 152°E along the Polar Front (9 m* s~ 2). These points are characteristic of the upstream,
topographic, and downstream regions, respectively. Potential density is contoured and labeled in
the background. (bottom) Spice anomaly profiles from the same points in potential density
space. Spice anomaly profiles correspond to the same locations as the top panels. The mixed

layer is removed from all profiles.

frontal exchange is expected. In this upstream region (Fig. 4:
column a), temperature and salinity profiles span a relatively
small range on isopycnals. Corresponding spice anomaly pro-
files exhibit some variability near the surface, a peak below
the 1027.0 kg m isopycnal, and a decrease in variability with
depth. On the topographic ridge (Fig. 4: column b), patterns
largely reflect the upstream region illustrating the stabilizing
effect the bathymetry has on the flow. In contrast, down-
stream from the ridge, as the flow becomes energetic and the
mesoscale eddy field facilitates cross-frontal exchange, tem-
perature and salinity are found to occupy a much larger range
in values leading to more spice variability. Both cool/fresh
and warm/salty anomalies are observed indicating intrusions
from both sides of the major frontal structure of the ACC.
The spice anomaly variance, which is calculated at every 1°
of longitude, is interpolated along each streamline (Fig. 5a).
Patterns in cross-frontal exchange observed in Fig. 4 are
found to be robust along nearly every streamline. Namely,
spice variance is low upstream from, and in proximity to, the
ridge system but increases almost as soon as the streamlines
propagate off the topography. The northwest-to-southeast

step-like geometry of the ridge system is reflected in the stand-
ing meander as the northernmost streamlines (13-15 m? s™2)
are the first to propagate off the topography, destabilize, and
exhibit evidence of enhanced cross-frontal exchange. Addi-
tionally, the magnitude of spice variance is largest in these
northernmost streamlines of the ACC and decreases pole-
ward, with a slight increase again in the southernmost stream-
line (6 m? s~2). The elevated values of spice variance along the
northernmost ACC streamlines are attributed to a larger con-
trast in water mass properties.

To remove this impact and compare along-streamline pat-
terns, spice anomaly variance is normalized by the largest
value along each streamline in Fig. 5b. The value of normal-
ized spice variance is then taken at every 1° longitude point
and plotted in Fig. 5c for each streamline. Because these val-
ues range between 0 and 1, each streamline is offset to quali-
tatively compare along-stream patterns. These diagnostics
reveal that cross-frontal exchange is elevated over a relatively
short longitudinal distance. Spice variance peaks just after the
streamlines propagate off the topography (Fig. Sc: black line)
and then quickly decreases again further downstream.
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FIG. 5. (a) Total spice anomaly variance along streamlines of the ACC contoured on top of bathymetry in gray. (b) Total spice anomaly
variance normalized by the largest spice variance value on each streamline. (c) Normalized spice anomaly variance at each 1° longitude
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corresponds to the geopotential contour with purple and blue representing the southernmost streamlines (6 and 7 m? s~ 2), while the red
represents the northernmost streamlines (13-15 m* s~ 2). The black line represents the mean position of the ridge.

Additionally, spice variance peaks progressively downstream
along each poleward streamline (Fig. 5c). This pattern illus-
trates a north-to-south handoff of fluid across nearly the full
breadth of the ACC. This is likely a consequence of the geom-
etry of the ridge system, angled such that the northernmost
streamlines encounter the ridge and destabilize first, followed
by the interior streamlines and eventually the southernmost
streamlines. These southernmost streamlines (6 and 7 m* s~ 2)
have nearly constant spice variance throughout the SEIR re-
gion and do not exhibit the characteristic downstream peak.
This may be attributable to the topography but could also be
a consequence of our choice to exclude the mixed layer from
this analysis. As eddies are preferentially moving fluid pole-
ward and upward across the ACC, exchange may be occurring
too close to the surface for us to detect using this analysis.
The total spice anomaly variance at each 1° longitude point
along streamlines was used to diagnose the above results. A
spice anomaly variance profile (Fig. 2¢) can also be obtained
by calculating the spice variance on isopycnal (or depth)
layers to identify the density (or depth) at which maximum
exchange occurs. In Fig. 6, spice anomaly variance profiles, in
density (top) and depth (bottom) spice, are plotted against
longitude at every 1° along a number of geopotential height
contours. On the rightmost side of Fig. 6, spice anomaly vari-
ance is averaged in longitude to obtain a single representative
spice anomaly profile for each geopotential streamline. Figure 6
illustrates that spice variance peaks below the mixed layer but
can extend throughout the top of the water column. Addition-
ally, in density space, maximum spice variance is observed to
occur on denser isopycnals moving poleward across the ACC

(Fig. 6a). In the northernmost streamlines (13-15 m* s~ 2), the
largest values of spice variance are confined to a small density
range of about 26.9 * 0.1 kg m >. The more central stream-
lines (8-12 m? s~ 2) are characterized by peaks between 27 and
27.2 kg m~>. The southernmost streamlines (6 and 7 m* s~ 2)
also have distinct peaks at 27.5 and 27.35 m? s~ but exhibit
the smallest magnitude of spice variance. In depth space, maxi-
mum variance occurs at shallower depths moving poleward
across the ACC (Fig. 6b). These patterns reflect the poleward
shoaling pycnoline structure and illustrate patterns of ex-
change that occur just below the mixed layer.

b. Eddy diffusivity

Horizontal eddy diffusivity is the product of a mixing length
scale L« and an eddy velocity scale U,. The eddy mixing
length scale is interpreted as the distance over which fluid
properties are transported by turbulent eddies during eddy
stirring before complete, irreversible mixing occurs. Increased
Lix suggests an eddy field that can transport fluid parcels
over larger distances. Here, eddy mixing length scale (Fig. 7a)
is relatively high upstream from the ridge system, just before
streamlines pinch together when they encounter the topogra-
phy. However, on the topography and just as streamlines
propagate off the topography, Ly sharply decreases to its
lowest values within the study domain. Further downstream,
L,ix increases to maximum values of around 200 km between
the crest and trough of the standing meander (149°-153°E)
before decreasing again downstream from the trough axis
(note that meander crests are associated with anticyclonic cur-
vature and are therefore always poleward deviations in a
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zonal current). These downstream values are of similar mag-
nitude to those observed upstream from the topography.

We briefly consider the property, spice root-mean-square
[Eq. (1) numerator] or background spice gradient [Eq. (1) de-
nominator] that primarily controls observed patterns of mixing
length; however, we caution that this discussion is nuanced as
both properties will change in both space and time. Regardless,
our interpretation is that in both the upstream and downstream
regions, patterns of L, seem to be equally as controlled by the
spice root-mean-square value as by the background spice gradi-
ent. In other words, a relatively small change in either value
could result with a fairly significant change in the resulting mix-
ing length scale. In comparison, near the topography, back-
ground spice gradients are exceptionally strong as streamlines
pinch together, resulting in the lowest values of L,y;, within our
domain. Therefore, near the topography, patterns L, are
more heavily controlled by background gradients. Even a signif-
icant change in the spice root-mean-square would not result in
a strong change to mixing length. In the meander, background
spice gradients decrease while spice root-mean-square values
remain high or increase further, resulting in high values of L.
Here, patterns of L, are therefore more heavily controlled by
spice root-mean-square values, and a large change in the back-
ground gradient would not have a strong impact on patterns of
mixing length.

The eddy velocity scale is interpreted as the strength of tur-
bulent eddies such that an increase in U, represents an in-
crease in the speed at which eddies are acting to move fluid
parcels and homogenize the tracer field. Here, the eddy veloc-
ity scale (Fig. 7b) is exceptionally low upstream from and
over the ridge. However, when streamlines propagate off the
topography and isopycnals become unstable, U, begins to

increase. It continues to increase throughout the standing me-
ander and more slowly decreases further downstream. The re-
sulting eddy diffusivity kc, ! illustrates a very clear pattern.
Diffusivity is relatively low upstream from the ridge system
and uniformly decreases to a domain minimum as streamlines
trend southeastward off the topography. It then intensifies by
about an order of magnitude leading into the standing mean-
der, peaking to a maximum between the crest and trough of
the standing meander. Diffusivity then quickly decreases by a
factor of 2-3 further downstream from the meander trough
(Fig. 7c). Maximum values, which will be on the order of
about 8-10 X 10> m? s when a typical mixing coefficient is
accounted for (¢, = 0.1), are characteristically confined to the
notably short distance between the crest and trough of the
meander.

5. Discussion
a. Comparison of diffusivity estimates

Quantifying the transport of climate relevant tracers within
ocean and climate models is particularly important in the
Southern Ocean, where isopycnal eddy stirring plays a signifi-
cant role in large-scale circulation. This quantification, how-
ever, depends on an accurate representation of eddy diffusivity.
Here, we have shown maximum values of eddy diffusivity,
estimated from a mixing length framework, on the order of
8-10 X 10° m? s™! characteristically confined between the
crest and trough of the standing meander formed in the lee
of the Southeast Indian Ridge. Here, we will put these find-
ings in context of previous studies and discuss the implica-
tions for modeling and predicting future change.
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This work is primarily built upon two previous studies,
Cole et al. (2015) and Naveira Garabato et al. (2011), which
both use hydrographic variability and a mixing length
framework to estimate eddy diffusivity. Cole et al. (2015)
shows elevated values of eddy diffusivity, on the order of
5-8 x 10°> m? s™! at the base of the mixed layer near the
Southeast Indian Ridge. Comparable values were found
in other topographic regions around the Southern Ocean.
Naveira Garabato et al. (2011) find values exceeding
2 X 10> m* s~ (when accounting for a mixing coefficient of
c. = 0.1) extending from below the mixed layer to about
2000-m depth, most commonly associated with the Subantarctic
Front. These estimates, however, were confined to synoptic
CTD sections which often did not traverse through these
strong eddy stirring regimes.

A number of other studies have used observations to quan-
tify eddy diffusivity in the Southern Ocean. Closely related to
this work, both Roach et al. (2016) and Chapman and Sallée
(2017) use Argo floats to get along-stream estimates spanning
the entire ACC. While Roach et al. (2016) use the dispersion of

floats at their parking depth and Chapman and Sallée (2017)
use dynamic height variability on the 27.9 kg m™> isopycnal,
both identify diffusivity peaks on the order of 1-3 X 10° m*s™!
associated with each topographic ridge system. Consistent with
these estimates, Balwada et al. (2016) and LaCasce et al. (2014)
show that diffusivity is on the order of 10° m? s™! upstream
from Drake Passage using the dispersion of RAFOS floats. Peak
diffusivity observed here is on the higher end of previously re-
ported values in the Southern Ocean; however, given the higher
resolution and range in mixing coefficients, we believe our esti-
mate is within reason.

The most striking feature of our diffusivity estimate is not
the magnitude, which can be dependent on methodology and
the value of the mixing coefficient used, but the distinct pat-
tern of peak diffusivity leading into the trough of the meander
for all streamlines of the ACC. This pattern is markedly simi-
lar to the diffusivity pattern found by Abernathey and Cessi
(2014) who use a numerical simulation to interpret the impact
of topography on the efficiency of baroclinic conversion
into eddy potential energy. The influence of topography on
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idealized streamlines results in a standing meander nearly
identical to that in the SEIR region and a downgradient diver-
gent flux in the lee of the ridge. A resulting eddy diffusivity,
with maximum values exceeding 5 X 10°> m? s™!, is found to
be similarly localized between the crest and trough of the
standing meander with peak values just downstream from the
first crest. Additionally, diffusivity is shown to be significantly
suppressed elsewhere along streamlines, especially over the
ridge system. This result is in very close agreement to patterns
observed in Fig. 7.

Abernathey et al. (2010) suggest that this highly localized
nature of eddy diffusivity and baroclinic conversion can be at-
tributed to the local kinematics of eddy growth which depends
not only on horizontal buoyancy gradients but additionally on
the zonal flow which can propagate disturbances away from
baroclinically unstable regions. They argue that baroclinic
conversion of energy begins to occur immediately down-
stream from the ridge, but perturbations can then be quickly
advected downstream. This results in maximum diffusivity
values found downstream from peak baroclinic conversion.
They also suggest that the localization of these eddy fluxes in-
creases as a function of the magnitude of the wind and ampli-
tude of the stationary meander. As the magnitude of Southern
Ocean winds has increased in response to anthropogenic warm-
ing, the observed localized nature of eddy diffusivity could
become increasingly important to understand as we attempt
to parameterize these processes in coupled ocean and climate
models (Yin 2005; Fyfe and Saenko 2006).

b. Comparison with altimetry proxies

A number of studies have defined simple altimetric-based
proxies to quantify the impact of the mesoscale eddy field in
the ACC. On a circumpolar scale, Sallée et al. (2008) find a
strong correlation between eddy kinetic energy (EKE) and
cross-stream eddy diffusivity using simulated Lagrangian sur-
face drifters released within satellite-derived velocity fields.
To identify large-scale spatial distributions of mixing regimes,
this type of simple parameterization may be sufficient; how-
ever, more recent work has suggested that EKE may not be
the most accurate metric to use as a proxy for baroclinically
unstable regions.

Spatial and temporal trends in eddy heat flux and eddy
diffusivity have been shown to not always reflect those of
EKE (e.g., Shuckburgh et al. 2009). Numerical simulations by
Chapman et al. (2015) suggest that baroclinic conversion of
available mean potential energy to eddy potential energy oc-
curs immediately downstream from the ridge, while EKE
peaks further downstream. They argue that the along-stream
growth in EKE more accurately represents the spatial pat-
terns of baroclinic conversion. Using observations from Drake
Passage, Foppert et al. (2017) also illustrate a spatial offset
between maximum eddy heat fluxes and EKE. In contrast,
they argue that sea surface height standard deviation (H")
is a superior proxy for baroclinic instability as the conver-
sion to eddy potential energy is achieved through the down-
gradient flux of heat across the background temperature (or
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sea surface height in the strongly baroclinic environment)
gradient.

Here, we compare observed patterns of eddy diffusivity in
the SEIR region to altimetry-derived patterns in sea surface
height standard deviation, EKE, and the zonal gradient in
EKE. Consistent with Foppert et al. (2017), a spatial offset
between sea surface height standard deviation and EKE is ob-
served (Figs. 8a,b, respectively). Maximum values of sea sur-
face height standard deviation appear to be confined to the
crest of the standing meander, while EKE grows throughout
the first wavelength (145°-152°E) and remains high further
downstream. The spatial offset of peak H* and EKE is about

°-2° of longitude, consistent with observations in Drake Pas-
sage (Foppert et al. 2017). Diffusivity, however, is found to spa-
tially align most closely with the zonal growth of eddy kinetic
energy, between maximum values in H* and EKE (Fig. 8c).

This is consistent with numerical simulations by Chapman
et al. (2015). They suggest that eddies grow in the lee of the
ridge by extracting available potential energy from the mean
field and converting it to eddy kinetic energy. Subsequent to
this initial extraction, an energy flux acts to transport energy
further downstream to maintain elevated values of EKE fur-
ther downstream from the baroclinically unstable regions.
Here, we suggest a slightly modified system that overlaps with
both Abernathey and Cessi (2014) and Chapman et al. (2015).
The standing meander is formed in the immediate lee of the
ridge, tightening horizontal buoyancy gradients and resulting
in strong baroclinic conversion of energy between mean and
eddy reservoirs. This baroclinic conversion is associated with
maximum values of sea surface height standard deviation.
The strong flow, however, sweeps perturbations downstream
sustaining peak values of diffusivity slightly downstream, be-
tween the crest and trough of the meander. Eddy kinetic en-
ergy is growing and being fluxed in the along-stream direction
which is sustaining elevated values further downstream from
the standing meander. This results in peak values of diffusivity
that aligns with the along-stream growth of EKE and occurs
further downstream from maximum sea surface height stan-
dard deviation.

c¢. Vertical scales of intrusions

We propose an along-stream evolution of cross-frontal in-
trusions that may be described as follows. Water parcel
exchange across fronts of the ACC is driven by baroclinic in-
stability. Previous work in the Drake Passage showed that ex-
change is driven by energetic abyssal eddies that develop
jointly with upper meanders, and the ensuing cross-front cur-
rent components extend through the full water column (Watts
et al. 2016). Initial hydrographic anomalies have vertical
scales comparable to the permanent pycnocline, as would oc-
cur from lateral displacement by a nearly depth-independent
cross-frontal component of current. Fluid does not immedi-
ately become homogenized into the mean. In the downstream
direction, flow becomes filamented as anomalies, that are cre-
ated by cross-frontal exchange and are nearly depth indepen-
dent, are stretched and folded across the sheared mesoscale
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eddy field. This results in a reduction of the vertical scale of the
anomaly and a downstream cascade of the vertical wavenumber.

This transfer of variance to smaller scales can be evaluated
by an along-stream, variance-preserving, vertical wavenumber
spectrum of spice anomaly profiles (Fig. 9). A power spectral
density using the Welch averaged modified periodogram
method with a Hanning window taper is used. The top 150 m
of each profile is removed to minimize the influence of the
mixed layer. Various mixed-layer thresholds were tested with
very little impact on the results shown. Spectra are calculated
in depth space, after a mean spice profile is removed, along
each longitudinal point of geopotential streamlines, using the
same 3° sliding window as before. This ensures each spectrum
is calculated and ensemble averaged over 50-200 profiles de-
pending upon data density within each longitudinal bin.

A general pattern reflecting a downstream cascade in the
vertical scale of anomalies is present across streamlines in the
along-stream wavenumber spectra. The most striking example is
along the Polar Front (Fig. 9d), where vertical anomalies have a
maximum at 800 m at their formation, located from 150° to
155°E. Further downstream, the filaments that originally formed
with a large vertical scale comparable to the pycnocline have
been strained or broken into smaller vertical scales of 100-300 m.
Other streamlines (Figs. 9a—c) reflect a similar pattern albeit
more subtle. This pattern is consistent with nearly depth-
independent cross-stream exchange at active baroclinic instability
centers followed immediately by mesoscale filamentation of the
flow that aids in homogenization of hydrographic anomalies into
the mean. More work is required to address this vertical down-
stream cascade of spice variance anomalies.

6. Summary and conclusions

In this study, cross-frontal exchange facilitated by the meso-
scale eddy field is characterized in the Southeast Indian Ridge

(SEIR) system of the Southern Ocean. Over a decade of
Argo profiles in the region are mapped to ACC streamlines
and used to identify along-stream patterns of hydrographic
variability. We argue this variability, namely, the spice anom-
aly variance, is a reliable proxy for the exchange of particles
across fronts, and the methodology provides a high-resolution,
three-dimensional assessment of along-stream patterns. We
focus on the SEIR region because it has been identified as
a hotspot for cross-frontal exchange (Sallée et al. 2011;
Thompson and Sallée 2012; Thompson and Garabato 2014;
Meijer et al. 2022). Additionally, it is a relatively under-
studied and underobserved topographic region of the South-
ern Ocean.

Cross-frontal exchange is found to be elevated downstream
from the ridge system in nearly all ACC streamlines. Maxi-
mum exchange occurs along the equatorward flank of the
ACC and decreases along each poleward streamline. Spice
anomaly variance is normalized along each streamline to re-
veal a distinct pattern in the SEIR region: cross-frontal ex-
change peaks progressively downstream along each poleward
streamline suggestive of a north-to-south handoff of fluid par-
cels and their associated properties across nearly the full
breadth of the ACC. This suggests the ridge system is effec-
tive at producing cross-frontal exchange and plays a critical
role in the Southern Ocean overturning circulation.

This analysis lends itself to a local, high-resolution, hydro-
graphic-variability-based estimate of eddy diffusivity in the
SEIR region. Within the mixing length framework, cross-
stream eddy diffusivity relates the background mean tracer
field (obtained from GLORYS) to the observed departure
from that mean (Argo). Eddy diffusivity is found to be rela-
tively low upstream from the ridge system and decreases
as streamlines encounter the topography. Diffusivity then
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on geopotential streamlines from (a) 12 m?s~ 2 to (d) 9 m*s™2 The
vertical wavenumber of intrusions is given on the right axis. The
corresponding vertical scale k! is on the left axis. Note that
the colorbars change to reveal the weaker spice variance along
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intensifies by about an order of magnitude leading into the
standing meander but quickly decreases (by a factor of 2-3)
again further downstream. Maximum diffusivity is confined to
a notably short distance between the crest and trough of the
meander, a pattern strikingly similar to idealized model simu-
lations (Abernathey and Cessi 2014).

The observed patterns of eddy diffusivity are compared
to altimetric-based parameters, eddy kinetic energy and sea
surface height standard deviation (H*). Both have previ-
ously been proposed as proxies for diffusivity (Sallée et al.
2008) and eddy heat flux (Foppert et al. 2017), respectively.
As documented in other topographic Southern Ocean hot-
spots, a spatial offset exists between H* and EKE, with EKE
peaking further downstream (Chang and Orlanski 1993;
Chapman et al. 2015; Foppert et al. 2017). Neither parameter,
however, appears to have a stronger spatial correlation to eddy
diffusivity which is found to peak between H* and EKE max-
ima. Instead, diffusivity is found to align closely with the along-
stream gradient of EKE, peaking where the growth of EKE is
the largest.

Finally, we explore the transfer of variance from large to
small scales in response to the intensification of the mesoscale
eddy field as indicated by the along-stream increase in EKE.
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This is evaluated using a series of variance-preserving wave-
number spectra on spice anomaly profiles. We find a general
pattern of spectra evolving to higher wavenumbers down-
stream of the peak exchange, in accord with a downstream
cascade to smaller vertical scales. The most striking example
is along the Polar Front, where anomalies have a vertical ex-
tent of the pycnocline, 800 m, where exchange is initiated but
reduce to 100-300 m further downstream.

This work provides high-resolution insight into patterns of
cross-frontal exchange and eddy diffusivity in the SEIR re-
gion of the Southern Ocean. These results have broad impli-
cations for the ways in which eddy-driven processes are
parameterized in ocean and climate models, especially under
future anthropogenic warming and associated changes in the
wind forcing.
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