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Abstract Oceanic macroturbulence is efficient at stirring and transporting tracers. The dynamical
properties of this stirring can be characterized by statistically quantifying tracer structures. Here, we
characterize the macroscale (1-100 km) tracer structures observed by two Seagliders downstream of the
Southwest Indian Ridge in the Antarctic Circumpolar Current (ACC). These are some of the first glider
observations in an energetic standing meander of the ACC, a region associated with enhanced ventilation.
The small-scale density variance in the mixed layer (ML) was relatively enhanced near the surface and base
of the ML, while being muted at mid-depth in the ML, suggesting the formation mechanism to be associated
with ML instabilities and eddies. In addition, ML density fronts were formed by comparable contributions
from temperature and salinity gradients. In the interior, along-isopycnal spectra and structure functions of
spice indicated that there is relatively lower variance at smaller scales than would be expected based on
non-local stirring, suggesting that flows smaller than the deformation radius play a role in the cascade of
tracers to small scales. These interior spice anomalies spanned across isopycnals, and were found to be about
3-5 times flatter than the aspect ratio that would be expected for O(1) Burger number flows like interior QG
dynamics, suggesting the ratio of vertical shear to horizontal strain is greater than N/f. This further supports that
small-scale flows, with high-mode vertical structures, impact tracer distributions.

Plain Language Summary Ocean eddies and fronts are efficient at stirring and generating tracer
structures spanning a wide range of scales. This stirring is important for uptake of tracers, particularly in the
Southern Ocean where sloping density surfaces provide a direct pathway from the surface into the interior.
While the qualitative nature of stirring seems clear, quantitatively characterizing properties of this stirring

is necessary to build accurate parameterizations and understand how the ocean is ventilated. One way to
characterize this is by quantifying the distribution of the tracer concentration as a function of scale. Here,

we do this characterization by analyzing data collected by two gliders in a region where the mean current of

the Southern Ocean meanders as it flows over topography, and is likely to be a hot spot for ventilation. This
analysis reveals that relatively small eddies generated by a process known as mixed layer instability are active in
the mixed layer and play an important role in setting the near-surface stratification. Surprisingly, tracer structure
below the mixed layer also indicates that flows with small horizontal and vertical scales play a role in stirring.
This challenges conventional wisdom, which assumes that only the largest eddies are important for stirring.

1. Introduction

Oceanic macroscale turbulence, encompassing flows at scales of 1-100 km, is efficient at stirring tracers and
plays an important role in setting the transport and storage properties of climatically and biogeochemically rele-
vant tracers. This stirring is particularly important in the Antarctic Circumpolar Current (ACC) of the Southern
Ocean, where outcropping isopycnals provide an adiabatic pathway from the surface into the interior and contrib-
ute to the Southern Ocean's disproportionately out-sized impact in the evolution of the Earth's climate (Gille
et al., 2022; Naveira Garabato et al., 2017).

Mesoscale turbulence (~100 km) is known to play a dominant role in setting stirring properties of the ACC, and
this stirring is generally enhanced in regions downstream of topographic features (Roach, Balwada, et al., 2016;
Roach, Chereskin, et al., 2016; Tamsitt et al., 2017; Thompson & Sallée, 2012). These are also regions where a
large part of the cross-ACC transport and the exchange between the mixed layer and interior takes place, which
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is required to ventilate the interior ocean and to close the meridional overturning circulation (MOC). These flow
properties have been confirmed by observational studies, which have quantified the bulk effect of the stirring
in terms of eddy diffusivity, using both tracers (Tulloch et al., 2014) and floats (Balwada, Speer, et al., 2016;
LaCasce et al., 2014; Roach, Balwada, et al., 2016; Roach, Chereskin, et al., 2016). On the other end of the
spectrum, microscale and finescale turbulence (<100 m) erodes the tracer variability that is cascaded down by
mesoscale stirring. Garabato et al. (2016) showed that a sensitive link exists between this small-scale dissipation
and the large-scale MOC, suggesting that it is vital to understand how tracer variance cascades from the mesos-
cale to the finescale.

Quantifying the details of stirring at the submesoscale O(1 — 100 km) helps address how and at what rate
tracer filaments are drawn out by mesoscale eddies, broken down into smaller filaments, and eventually dissi-
pated. In particular, the role of submesoscale processes needs to be quantified in order to develop a better under-
standing and improve theoretical models of this tracer cascade. Previous observational studies in the ACC have
either suggested or assumed that tracer stirring is primarily non-local, as may be expected if the flow dynamics
were akin to quasi-geostrophic (QG) dynamics (Foussard et al., 2017; Polzin & Ferrari, 2004). This assumption
suggests that tracers are stirred predominantly by the mesoscale eddies and the smaller scale flows do not play
an important role in the cascade of tracer variance. These ACC studies have quantified the details of the stirring
using dispersion rates of tracer patches or float clusters, when these patches are smaller than the dominant eddies
(Balwada et al., 2021; Boland et al., 2015; van Sebille et al., 2015; Zika et al., 2020).

An alternative way to characterize the nature of stirring is to quantify the distribution of tracer variance across
spatial scales, as this tracer variance distribution is set directly by the characteristics of the tracer cascade if stir-
ring is the dominant process. One method to quantify this scale-dependent distribution is to estimate the tracer
variance spectrum, and to characterize this spectrum in terms of a power law exponent, or “the slope of the
spectrum.” Theoretical investigation of tracer stirring predicts that the slope of the variance spectrum is inversely
proportional to the slope of the kinetic energy (KE) spectrum; essentially, the higher the relative levels of KE
at smaller scales, the more efficient the tracer cascade, and hence a smaller relative level of tracer variance at
those scales (K. Smith et al., 2002; Vallis, 2017). For example, a steep KE spectrum of the form k=3, produced
in the enstrophy cascade in two-dimensional or QG turbulence, will result in a shallow tracer variance spectrum
of the form k~!, and is an example of non-local stirring. A shallower KE spectrum of the form k=3, generated in
the inverse-energy cascade in 2D/QG or by surface QG (SQG) turbulence, will produce a relatively steep tracer
variance spectrum of the form k=37, and is an example of local stirring. Also, since the KE spectrum in SQG
turbulence gets steeper with depth, we would expect the variance spectrum to get shallower or flatter—changing
from k=3 to k! with depth.

Observational studies, mostly from the era of high-resolution observational sampling, have shown that
along-isopycnal tracer variance spectral slopes range between —1 and —2, with most studies estimating values
closer to a steeper —2 slope (Table 1), and being in contradiction to expectations from forced-dissipative QG
turbulence. Also, contrary to expectations from SQG, most of these studies suggest that the spectral slope is
either depth-independent or tends to be flatter closer to the surface. All these studies have analyzed observations
from regions with relatively weak mesoscale eddies and have suggested that stirring is more efficient at cascading
tracer variance to small scales than predicted from conventional forced-dissipative QG turbulence.

The distribution of tracer variance across scales in regions with a more active mesoscale field, such as the ACC
or western boundary currents, at scales smaller than 100 km and depths below the mixed layer, has not previ-
ously been investigated. This has likely been due to the remote location and challenges associated with sampling
energetic regions. To fill this gap, here, we analyze tracer observations collected by a pair of gliders deployed in
an energetic region of the ACC during the Southern Ocean Glider Observations of the Submesoscales (SOGOS)
experiment (Dove et al., 2021). The SOGOS gliders sampled a region downstream of the Southwest Indian Ridge
(SWIR), where the ACC meanders and sheds eddies as it flows over topography. The tracer structure revealed
by these observations suggests that the mixed layer is replete with mixed layer eddies, likely produced by mixed
layer instabilities, and that submesoscale flows in the interior play an important role in stirring tracers below the
mixed layer.

We describe the glider data sets and the metrics used to characterize the scale-dependent statistical properties of
the tracers in Section 2. In Section 3, we describe the climatological setting of the region and discuss how the
dominant tracer anomalies in the glider sections are indicative of ventilation. The main results, the quantification
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of tracer structures using spectral and binning analysis, are presented in Section 4. We then proceed to discuss
how our results fit into the broader context in Section 5, before summarizing and concluding in Section 6.

2. Data and Methods
2.1. Glider Observations and Data

The SOGOS experiment was carried out in the Indo-Atlantic sector of the ACC during May—August 2019.
The primary observations were carried out by a pair of Seagliders (SG659 and SG660) that followed a
Biogeochemical-Argo float (Talley et al., 2019) and conducted high resolution sampling of the tracer field with
the aim of estimating the variability that is aliased in the traditional 10-day Argo profiling period. A detailed
summary of the observations and analysis showing that this region is a hot spot for ventilation was provided in
Dove et al. (2021). In this study, we focus primarily on the glider observations at scales smaller than 100 km,
which are unresolved by a single Argo float.

A summary of the glider observations is shown in Figure 1. The gliders covered a region of approximately 600 km
by 400 km, and the individual gliders covered an along-track distance of approximately 1,500 and 2,200 km. The
vertical sampling of the glider Conductivity, Temperature, and Depth (CTD) sensor has a median separation
near 0.6 m, with the sampling distance rarely exceeding 1.5 m. Horizontally, the separation between dives varies
depending on the depth, since the glider moves in a V-shaped pattern. Most of these separations are less than
4 km, and almost never exceed 7 km. Similarly, the temporal separation between the glider dives is between 4 and
6 hr, resulting in a 2-3 hr time separation at mid-depth. Details of the sampling resolution are shown in Figure
S1 in Supporting Information S1.

Conservative temperature and absolute salinity, referred to as temperature (7) and salinity (S) in the rest of this
work, were estimated from the in-situ temperature and practical salinity measurements. Potential density refer-
enced to the surface (), which will henceforth be referred to as density, was calculated from 7 and S. These
thermodynamic variables were estimated using the TEOS-10 python toolbox (McDougall & Barker, 2011). The
mixed layer depth (MLD) was estimated using a density criterion, where the mixed layer was defined as the depth
where the density was higher than the 10 m density value by a value 0.03 kg m~3. Spice anomaly (dz), used to
quantify the thermohaline variations along isopycnals, was computed as dz = 2adT (See Text S1.2 in Supporting
Information S1 for more details). Apparent Oxygen Utilization (AOU) is defined as O;* — O, (Ito et al., 2004),
where the saturation concentration of oxygen (O;‘") was also estimated using TEOS-10.

2.2. Spectral Estimation

Power spectral density (PSD), of both density on constant depth surfaces and spice on constant density surfaces
(isopycnals), provide insight into how tracer variability is partitioned across spatial and temporal scales. We use
the multi-taper method (Lilly, 2023; Prerau et al., 2017) for spectral estimation, which is summarized in Text
S1.5 in Supporting Information S1. Variability of density at a constant depth is useful for analyzing the proper-
ties of the flow dynamics, such as mesoscale eddies, internal waves, and fronts. In contrast, the analysis of spice
variability along isopycnals helps reveal how these flows stir tracers, since almost all of the tracer stirring occurs
along isopycnals.

As the glider data is collected on a non-uniform grid (both spatially and temporally), it is not easily amenable
to estimating Fourier transforms, which conventionally requires the data to be on a uniform grid. The observa-
tions are thus mapped onto a uniform grid using linear interpolation, where the grid resolution is chosen to be
smaller than most of the smallest sampling separations, or 500 m in distance and 1 hr in time. This interpolation
procedure results in a steep roll-off in the power spectrum at the unresolved and slightly larger scales. This roll-
off starts to influence the wavenumber or frequency spectra at scales smaller than approximately 5 km and 6 hr,
respectively. This effect is seen in Figures 3 and 4, and so the corresponding scales are not visualized in Figure 8
(full range for some of these plots shown in Figure S10 in Supporting Information S1).

In the results below, we discuss both the frequency (@) spectrum and the one-dimensional wavenumber (k) spec-
trum, computed along the glider trajectory. We also discuss two-dimensional spectra, in the frequency-vertical
wavenumber (w — k.) space and horizontal-vertical wavenumer (k, — k_) space. The frequency and wavenumber
are always presented in units of cycles/day and cycles/m, as these are physically more intuitive and easier to read
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off plots. Each of these spectra provide a different vantage point in to the multi-scale structure of the variability
observed by the gliders. However, since the glider is moving in space as it samples the region, the interpreta-
tion of these metrics is not as straightforward as their Eulerian counterparts, frequency spectra at a fixed point or
wavenumber spectra at a fixed time snapshot.

When estimating the frequency spectra (e.g., Figures 3a, 3c, and 4b), the complete time series of the glider data
was used (with the exception of separation into regions that was done for the brief regional analysis presented
in Text S3 in Supporting Information S1). The advantage of this approach is that it employs the full data set,
unlike when estimating the wavenumber spectra (discussed below), but the interpretation of some aspects is more
challenging because the glider moved through the region relatively rapidly. The gliders were also advected by the
current (tailwind current) or had the current advected relative to it (heading into the current), particularly during
the first 20 days of the sampling. As a result, there is no obvious way to infer the underlying Eulerian frequency
spectra. Even though the frequency spectra should not be precisely compared to any theoretical scalings, it can
be used to interpret if the relative distribution of variance across time scales changes as a function of depth. This
practice assumes that the aliasing and biasing that takes place due to motion of the glider relative to the meas-
ured field is similar through the upper 1,000 m, which is a fair assumption for the relatively barotropic flow in
the ACC.

The 1-D horizontal wavenumber spectra (Figures 3b, 3d, and 4) are estimated only from the relatively straight
sections collected by the gliders in the middle of the sampling campaign, around days 145-170 (Figure 1a).
Additionally, for spice, this analysis is done along isopycnals (Figure 2b). The results are only presented for isop-
ycnals that did not outcrop and were sampled over the entirety of the chosen section of the glider track. Over this
period the gliders traversed approximately 420 km. The analysis in this study applies a frozen flow-field approx-
imation. This is more appropriate at the higher wavenumbers or scales smaller than roughly 50-100 km, given
that the glider traversed 15-25 km per day and flows at these spatial scales evolve on time scales of days to weeks.

When estimating the 2-D spectra of along isopycnal spice (Figure 8), the full data set is used when one of the
axes is frequency and only the relatively straight section is used when one of the axes is the horizontal wave-
number. For estimating properties along the other axis, the vertical wavenumber direction, the along isopycnal
spice (Figure 2b) was mapped back to depth coordinates using the mean isopycnal depth (Figure 2¢), and only
mean isopycnal depth below the mixed layer, between 200 and 800 m, was used to estimate the spectra in the
vertical wavenumber direction. Also, for this 2-D spectral estimation, a Hanning window with the xrft package
was employed (https://xrft.readthedocs.io/), rather than the multi-taper approach.

2.3. Spatially Binned Statistics

An alternative method to quantify the variability as a function of scale is to consider the magnitude of tracer
difference between two spatially separated points, where the scale dependence is elucidated by considering differ-
ent separation scales. For density or along isopycnal spice this amounts to considering the distributions of,

Ap(r) = p(x +1,1) — d(x, 1), M

where ¢(x, 1) is the tracer concentration at location x and time ¢, and ¢(x + r, ) is the concentration at a second
location that is separated by the position vector r. In this study, all samples are averaged, and the spatial, tempo-
ral, or directional variability of these binned statistics are not considered. As a result, only the magnitude of the
position vector r = Irl is considered and dependence of statistics on x and time ¢ are dropped. This is roughly
equivalent to assuming isotropy and homogeneity. Due to the natural stochasticity of the stirring processes that
generate tracer variability, /\¢(7) is best viewed as a probability distribution function (PDF), and different statis-
tical properties of this PDF provide information about the scale dependence of the variability.

Some of the relevant statistical properties of the /\¢(r) PDF can be quantified using structure functions. The nth
order structure function is defined as,

SF,(r) = (Ap()"), )

where the (.) corresponds to an average over all available samples at a particular separation scale r. Here, the second,
SF,(r), and normalized fourth order, SF,(r)/SF,(r)?, structure functions, which describe the width and peakiness
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Figure 2. Sections from glider SG660 plotted as a function of along track distance. (a) Conservative temperature and
isopycnals (potential density, black and blue contours with levels spaced by 0.1 kg m~3) as a function of depth. (b)
Conservative temperature as a function of isopycnal potential density. (c) Spice anomaly as a function of mean isopycnal
depth. (d) Apparent oxygen utilization (AOU) as a function of mean isopycnal depth. (e) Diapycnal spice curvature, a metric
to visually show layering, as a function of mean isopycnal depth. Horizontal blue lines in panels (b—e) indicate the mean
depth of the 27.1, 27.3, 27.5, and 27.7 kg m~ potential density surfaces, which are shown as blue contour lines in (a). Note
that the x-axis in these plots is along track distance, which is different from the yearday time shown in Figure 1. A similar plot
for SG659 is present in the Supp. Info.
of the PDF, respectively, are described. These correspond to a measure of the variability and non-Gaussianity at
different scales, respectively. Further, the SF,(r) is qualitatively a filtered version of the power spectrum—details
of the exact analytical relationship can be found in Balwada, Speer, et al. (2016). For a large range of scales where
the power spectrum follows a power law relationship (k="+V for 1 < n < 3), SF,(r) also follows a power law of the
form ~r". This implies that a k= power spectrum corresponds to ~r*3 SF2(r), and analogously k=3 corresponds
to ~r2, k=2 corresponds to ~r!, and k~! corresponds to ~r°. However, a specific separation scale (r) should not be
BALWADA ET AL. 7 of 21
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Figure 3. Density spectra at fixed depth. (a) Whitened and WKB scaled frequency power spectra of potential density,
estimated at fixed depth, plotted as a function of depth. Vertical dashed lines denote the frequencies corresponding to the
inertial frequency (15 hr) and semi-diurnal tide frequency (12 hr). (b) Whitened and WKB scaled wavenumber power spectra
of potential density, estimated at fixed depth, plotted as a function of depth; the estimation for this figure was done using only
the data from the relatively straight glider section in the middle of the sampling period. The line plots in the side panels show
the spectral slope over the two ranges of scales, which are indicated in the main panel. For these plots, the glider timeseries
were linearly interpolated to a 1 hr uniform time axis to do the frequency spectrum estimation and to 500 m uniform distance
axis to do the wavenumber spectrum estimation. Frequency and wavenumber indicated on the x-axis have units of cycles/

day and cycles/m. The whitening was done by multiplying the frequency power spectra by w? and wavenumber power spectra
by k2. The color scale for each panel is different and was chosen to clearly show most of the features. The WKB scaling

N,(2)

32
for buoyancy (b) is b ~ by g B_Sw,gd( N,,) (Gill, 1982), where N,(z) is the mean stratification frequency and N, is a

reference stratification frequency chosen as 3e~* s~!. The increase in power seen in the whitened plots at lowest frequencies

is a result of averaging over Fourier coefficients by the MTM method (refer to Supporting Information S1 for more
information). Corresponding line plots at a few depths are plotted in Figure S6 in Supporting Information S1.

200 200
E 300 300
L
§ 400 400
T 500 500 -
5.
g 600 600
A
c
g 700 .
=

800 800

k[m~1]

10—12 10—11 10—10

k? [m~2] Spice PSD [kg? m~>]

10—13

Figure 4. Spice spectra along isopycnals. (left) Whitened wavenumber power
spectra of spice, estimated along isopycnals. (right) Spectral slope estimated
over the range of scales marked in the left panel. Both panels are plotted as

a function of mean depth of isopycnal, Figures 2b and 2¢ can be referenced
for the density values corresponding to these depths. The whitening was done
by multiplying the frequency power spectra by w? and wavenumber power
spectra by k>. Wavenumber has units of cycles/day and cycles/m. The increase
in power seen in the prewhitened plots at the lowest frequencies is a result of
averaging over Fourier coefficients by the MTM method (refer to SI for more
information). Corresponding line plots at a few depths are plotted in Figure S8
in Supporting Information S1.

compared to a specific wavelength (1/k), as the real space and spectral space
metrics do not have a precise scale to scale mapping and are only related
through integral relationships (Davidson, 2015).

Binned statistical measures are more amenable to non-uniform sampling and
also allow consideration of tracer variability at slightly smaller scales than
the spectral analysis, as the information at these smallest scales does not get
smoothed out during the gridding procedure needed for spectral estimation.
If there are many observational platforms in the water at close range, then
the pairings required to compute the differences can be done using only
simultaneous measurements (Balwada, LaCasce, & Speer, 2016; Balwada
et al., 2022; Callies et al., 2020; Erickson et al., 2020). However, when only
one or two instruments are present, as is the case in this study, it is necessary
to include samples that are also separated in time to augment the number of
samples. This is equivalent to making a frozen field approximation, but with
control over the maximum temporal separations that are permitted at any
particular separation scale. Since structures at smaller scales evolve more
rapidly than the structures at larger scales, dT < 0.002r%* was empirically
chosen, where dT is the time separation between two samples (distribution
of pairs is shown in Figure S7 in Supporting Information S1). This form was
roughly motivated based on the idea that turbulent eddy turnover time (Z,;,)
scales like Ty, ~ (E(k)k3)_]/2 and the assumption that E(k) ~ k=3, The
results presented below, PDFs and structure functions for the mixed layer
density and along-isopycnal spice, are not sensitive to this choice.

Density anomalies can have contributions from both 7 and S variations, which
can be expressed as Ao(r) = 6,8(a/\T(r) — B/AS(r)). Here g is the grav-
itational acceleration, o, is a reference density, and « and f are the thermal
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and haline expansion coefficients computed for each sample. The relative contributions of 7" and S variations on
density variations can be quantified by the Turner angle (Ferrari & Rudnick, 2000; Giddy et al., 2021),

a/A\T(r) )

BAS(r) @

Tu(r) = tan™ <

where considering samples at different separations (r) allows us to quantify the scale dependence of this metric.
The Turner angle (7u) varies between + % Tu > 0 corresponds to cases where the 7 and S gradients cancel or
compensate each others' influence on the buoyancy gradients, and 7u < 0 corresponds to the cases where 7 and S
gradients act together to enhance the buoyancy gradient. Tu = % corresponds to a perfect compensation between
T and S, such that there are gradients in 7" and S but no corresponding buoyancy gradients. Tu = —f corresponds
to the case where the 7 and S gradients are aligned and contribute equally to the buoyancy gradient. Salinity
contributions dominate where |Tu| < ;—’ and temperature contributions dominate when |Tu| > i‘.

2.4. Characterizing the 3D Structure of Tracer Filaments

The metrics considered above, with the exception of 2-D spectra, characterize the structure of tracers along
a single dimension, either at fixed depth or along particular isopycnals. However, interior ocean stirring is a
complex process that is driven by both vertical shear and along-isopycnal strain, and is capable of drawing out
complex 3-D tracer filaments even if the flow is along isopycnals and adiabatic (e.g., K. S. Smith & Ferrari, 2009).
Here, we describe a couple of ways to investigate the cross-isopycnal coherence of these 3-D filaments, which are
only sampled along 2-D sections by the gliders.

2.4.1. Visualizing Layering

Stirring can generate layering in the interior ocean by intermingling disparate water masses. We use the diapyc-
nal spice curvature (DSC) (Shcherbina et al., 2009) to visually highlight layering in our glider sections. DSC is
defined as

Too R 206T 56 & 2P0 Ss0, “4)

and is a visual indicator of water mass interleaving. Since the DSC is the second derivative, it is a noisy quantity
and requires smoothing of the tracer fields before it can be computed. Details of the smoothing procedure are
provided in the Text S1.3 in Supporting Information S1.

In the absence of lateral advection, diapycnal mixing reduces and eventually destroys the curvature of the verti-
cal tracer profiles, as the DSC appears in the term corresponding to diapycnal diffusion in the spice equation
(Equation 4 in Shcherbina et al., 2009). Conversely, high Iz_| indicates a sharp interface between dissimilar water
masses, often a result of ongoing or recent differential lateral advection.

2.4.2. Tracer Aspect Ratio

The aspect ratio of tracer structures, spice (z) structures in our observations, can be measured using the ratio of
the vertical and horizontal gradients, @ = L/H ~ Iz l/lz,|, which quantifies the slope of tracer structures. This ratio
is set by the relative strength of the vertical shear, which tilts tracer filaments and enhances vertical gradients, to
horizontal strain, which enhances horizontal gradients (see Appendix B in K. S. Smith & Ferrari, 2009). K. S.
Smith and Ferrari (2009) showed that in QG simulations, this aspect ratio is approximately N/f, where N is the
buoyancy frequency and fis the Coriolis frequency, as that is the strength of shear to strain.

3. Overview of the Region, Glider Sections, and Ventilation Signatures

The two SOGOS gliders sampled a sector of the ACC to the east of the Southwest Indian Ridge (SWIR), between
3040°E and 50-54°S (Figures la and le). This region is just to the south of the climatological Polar Front
location, which is defined as the northern most extent of the cold winter water at approximately 200 m depth
(Figure 1d). This is also a place where the ocean transitions from a region where density varies primarily in
response to 7, to a region where density varies primarily in response to S (Stewart & Haine, 2016), and most of
the water masses sampled by the gliders seem to be from the S dominated regime (Figure 1d). The T sections look
visually very similar to spice due to this predominant sampling of the S dominated regime (compare Figure 2a
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or Figure 2b to Figure 2c). A more detailed examination of the hydrography, and the association between cold T
anomalies and ventilation to south of the PF appears in Dove et al. (2021).

As the ACC flows over the SWIR, it is topographically guided northward, which results in a northward excur-
sion of the associated tracer contours (Figure 1e) and heightened mesoscale variability downstream of the ridge
(Figure 1a in this study or Figure 2a in Dove et al. (2021)). Signatures of this enhanced mesoscale variability are
clearly visible in the glider sections (Figure 2a); the isopycnals heave ~100-300 m as the gliders navigate through
the mesoscale eddies. The isopycnals also show finer scale heaving, ~10-50 m, due to a rich internal wave and
tidal field. The associated T and spice sections also show a complex structure, with prominent temperature anom-
alies relative to the climatological mean, O(0.5°C). These anomalies are skewed toward anomalously colder T’
(Figure le inset), suggesting their origin to be in the cold winter waters. Visually, these large anomalies appear to
be associated with the mesoscales, spanning lateral scales of 100-200 km and vertical scales of 100-500 m, and
extending to depths from the mixed layer base up to roughly 700 m (e.g., Figures 1b, 1lc, and 1e). Additionally,
these anomalies are strongest in the first part of the glider section (year day 120-150), when the gliders were
sampling a region that had stronger mesoscale eddies.

Sections of tracers show intricate structure at many scales, in addition to the largest tracer anomalies (Figure 2;
Figure S3 in Supporting Information S1), which also emerge as coherent clusters in T-S plots (see Figure 5 in
Dove et al. (2021) or Figure S4 in Supporting Information S1, also (Dove et al., 2023)). These anomalies, span-
ning across large depth ranges and isopycnals, are likely formed due to lateral stirring by the barotropic flow,
and evidence of the baroclinic vertical shear impacting tracer structures can be seen in the layered structures of
the anomalies. This can be seen most clearly when visualizing water mass layering through DSC (Figure 2d).
The DSC shows the presence of layered features, with a characteristic thickness of O(50 m) (also see Text S2 in
Supporting Information S1) and horizontal coherence that often spans O(100 km), throughout the entirety of the
glider sections. Usually the layers associated with colder waters have a larger magnitude of DSC (e.g., between
220 and 400 km) while the warmer waters have smaller magnitude of DSC and slightly flatter layers (also see
Text S3 in Supporting Information S1), suggesting that the layers in colder waters are more recently subducted
than the layers in the water waters. This might be the case if the colder waters were recently subducted to depth
while the warmer waters are associated with the much older Circumpolar Deep Water (CDW) mass. It is also
worth noting that these waters with variable ventilation signatures are present on the same isopycnals and can be
stirred together adiabatically.

The layering provides evidence of the 3-D nature of tracer stirring in the ocean, suggesting it is likely to play an
important role in the cascade of variance to small scales and its ultimate dissipation by vertical diffusion. K. S.
Smith and Ferrari (2009) showed that such intricate tracer patterns and layering can develop even in idealized
QG models due to the combined effect of horizontal strain and vertical shear on tracer gradients, and both the
strain and shear can play an important role in the tracer variance cascade. Similar structures that span isopycnals
have also been observed at other locations, (e.g., Jaeger, MacKinnon, et al., 2020; Shcherbina et al., 2009). In the
next section the details of this tracer variance cascade are quantified by estimating the statistical distribution of
the tracer variance as a function of length and time scales. This cascade eventually leads to dissipation and irre-
versible mixing, which can play a role in setting the rate of tracer subduction and sequestration from the surface
to the interior (Garabato et al., 2016).

4. Statistical Description of Tracer Structures

Complementary to the identification of coherent mesoscale (eddy) and submesoscale (filamentary) structures in
the glider data, presented in the previous section and in Dove et al. (2021), here an assessment of the statistical
properties of the tracer distribution reflecting stirring processes in this region is presented.

4.1. Spectral Analysis
4.1.1. Density Spectra at Fixed Depth

The spectra of density at fixed depth are shown in Figure 3 (also Figures S6 and S7 in Supporting Information S1).
To normalize the expected change in amplitude of constant energy linear waves corresponding to changes in strat-
ification we applied a WKB scaling (Gill, 1982; Leaman & Sanford, 1975). Also since the spectra usually follow
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a power law decay with wavenumber and frequency, we whitened the spectra (multiplied by k? or w?). Whitened
spectra will allow us to visually pick out the steepness of the spectral slopes, where an increase with wavenumber
or frequency will be seen if the spectral slopes are flatter than —2 and a decrease with wavenumber or frequency
will be seen if the spectral slopes are steeper than —2. See Figure S6 in Supporting Information S1 for line
plots and Figure S7 in Supporting Information S1 for versions of Figure 3 without the WKB-normalization or
whitening.

The frequency spectra (Figure 3a) show that density variance at all depths generally decreases as frequency
increases (also see Figure S7 in Supporting Information S1). Isolated peaks corresponding to the inertial frequency
and semi-diurnal tide stand out in the interior (dashed white lines in Figure 3a), and their energy content remains
relatively constant from the base of the mixed layer to depths of 1,000 m. Similar to the super-inertial variance, the
WKB-scaled density variance at the sub-inertial scales is also relatively depth-independent, except for a marked
reduction in large-scale density variance near the base of the mixed layer where the stratification is the strongest.
At depths below the mixed layer, the frequency spectral slopes show two regimes; the spectra are quite steep
(~w™33) for sub-inertial frequencies and approximately follow an w~2 power law at super-inertial frequencies,
where the super inertial-band is similar to the prediction of the Garrett-Munk model (Garrett & Munk, 1975).

The wavenumber spectra (Figure 3b) are also depth independent below the mixed layer. Also, similar to the
frequency spectra, the WKB-scaled large scale variance peaks in the mixed layer and in the thermocline, with
a notable minima below the base of the mixed layer. There is also a reduction in variance at small scales in the
middle of the mixed layer relative to the surface and mixed layer base, a feature not visible in the frequency spec-
tra. Also as expected, there are no isolated peaks corresponding to the near-inertial waves or tides in the interior
in the wavenumber spectra. However, similar to the frequency spectra, the whitened wavenumber spectra show a
double mode structure - with a broad larger scale (100 km) peak corresponding to mesoscales and a broad smaller
scale (10 km) peak likely associated with the internal waves. At depths below the mixed layer, the wavenumber
spectral slopes also show two regimes; the spectra are quite steep (~w~*) for mesoscales (25-75 km) and approx-
imately follow an w~2 power law at scales between 5 and 20 km, similar to the prediction of the Garrett-Munk
model (Garrett & Munk, 1975).

The wavenumber spectra in the mixed layer suggest that the small-scale variance is enhanced near the surface and
base of the mixed layer, and attenuated in the middle. This enhanced small-scale variance at the surface and at
the base of the mixed layer, where N? is large, is likely indicative of frontal formation in these regions. This result
hints at dynamical processes that are similar to mixed layer instability (MLI; discussed further in Section 5.2).
A QG based MLI model would result in a density wavenumber spectra with a slope of —5/3 at the surface and
mixed layer base that gets steeper in the middle of the mixed layer, as can be seen from the spectra of potential
energy in a QG model of MLI in Figure 14 of Callies et al. (2016). Notably, this signature is not very prominent
in the frequency spectra.

4.1.2. Spice Spectra Along Isopycnals

The ocean interior is predominantly adiabatic, and the isopycnal heaving, as shown above, is dominated by inter-
nal waves. To characterize the tracer structures generated by stirring along isopycnals, we estimate wavenumber
spectra of spice in isopycnal coordinates and fit a power law of the form k7 to estimate the slope.

The wavenumber spectra of spice (Figure 4) show that there is some variation in spice variance across isopy-
cnals, with the greatest amount of large-scale spice variance present on mean isopycnal depths shallower than
500 m (isopycnals 27.3-27.5 kg m~3). The increased variance illustrates that these shallower isopycnals were
more recently ventilated, and all the spice variance has not been dissipated. This higher variance also seems to
penetrate deeper during the first half of the campaign, when the gliders were in a region with stronger mesoscale
eddies (Figure 2 or Figure S18 in Supporting Information S1); likely indicating stronger ventilation. Isopycnals
with greater large-scale spice variance also generally have greater small-scale variance (Figure S18 in Supporting
Information S1).

The spectral slopes of spice on all density surfaces are steeper than would be predicted based on non-local stirring
(k~1), such as the enstrophy cascade range of the quasi-geostrophic model (K. Smith et al., 2002; K. S. Smith &
Ferrari, 2009). The spectral slope is approximately —2 over the isopycnals shallower than about 500 m (Figure 4
right panel, and Figure S8 in Supporting Information S1) between scales of 5-80 km. This spectral slope is indic-
ative of frontal features in the tracer fields, likely formed by the ventilated filaments. The slopes for the deeper
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Figure 5. Mixed layer tracer structures. (a) Probability distribution function (PDF) of the absolute density gradient as a
function of length scales, which is normalized separately for each length scale bin (integral over ldp/dx| axis for each L is
one). The cyan line corresponds to the mean of the PDF and the dashed gray line represents a power law with slope of —3/5,
which provides a good visual fit over scales between 1 and 100 km. (b) PDF of the Turner angle as a function of length scale.

sampled isopycnals (deeper than ¢ 27.5 kg m~> or mean isopycnal depth deeper than 600 m) show two regimes,
and little indication of any inertial range for tracer variance. At scales larger than 20 km the spectral slope is close
to 0, indicating that the large-scale variations are uncorrelated, and at scales smaller than 20 km the spectral slope
is close to —3, indicating that the small-scale variations are quite smooth. These isopycnals also have a marked
reduction in large-scale along isopycnal variance and are below isopycnals where the prominent subduction
anomalies are present (Figures 2¢ and 2d). The reason for the observed characteristics at these depths is not clear,
but can be indicative of very weak large scale tracer gradients (Figures 1d and le), due to older age of the water
masses, that are interspersed by occasional tracer filaments that are not well stirred.

4.2. Binned Statistics: Gradient PDFs and Structure Functions

Complementary to the spectral analysis presented above, here the binned statistics of vertically averaged density
in the mixed layer and spice along isopycnals are presented. As described in Section 2.3, one significant advan-
tage of using this metric, rather than the 1-D wavenumber spectrum, is that data on straight lines and uniform
grids are not necessary.

4.2.1. Binned Statistics in the Mixed Layer

In the mixed layer, the observed density gradient PDF at each scale roughly resembles a negatively skewed
log-normal distribution that spans about 2-3 orders of magnitude (Figure 5a), implying that the mixed layer is
replete with a few sharp fronts interspersed with large regions of weak gradients. These density gradient PDFs
migrate to larger magnitudes as the length scales gets smaller, suggesting that density fronts are amplified at
smaller scales. The mean of this density gradient PDF approximately follows a power law with slope of —3/5,
indicating an increase in the mean strength of the density gradients by about 15 times from scales of 100-1 km.
This power law behavior is akin to a spectral slope of the density power spectrum of around —1.8, between —2 and
—5/3, complementing the spectral estimates that were described earlier in Section 4.1.1. At scales smaller than
roughly 500 m, the magnitude of the density gradients saturates, which might indicate that density fronts have
reached a balanced state. However, this may not be a robust signal due to the limited sampling and sensitivity to
the data processing algorithm at these scales.

The observed density gradients are a result of a combination of gradients of temperature and salinity, and the rela-
tive strength of the two contributions is quantified using the Turner angle. The PDF of the horizontal Turner angle
in the mixed layer (Figure 5b) peaks around a value of —f at scales between 500 m and 100 km, and this peak
transitions to a value between —% to 0 at smaller scales. This indicates that over most of the scales the temperature
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Figure 6. Along isopycnal tracer structures. (a) Probability distribution function of the absolute spice gradient as a function
of length scale on different isopycnals (indicated in panel titles). The cyan line corresponds to the mean of the PDF and the
dashed gray line represents a power law with slope of —3/5, which is the same in every panel for reference. (b) The second
order structure function of along isopycnal spice plotted as a function of isopycnal and length scale. The slope of the second
order SF on different isopycnals between scales of 700 m - 10 km is shown in the adjacent panel. Here the fitting range was
chosen to avoid the noisy small scales and the large scales where second order SF starts to flatten, indicating the that the spice
anomalies begin to decorrelate. In this panel showing the slope the dashed vertical lines correspond to slopes of 0, 2/3 and 1.
Corresponding line plots are plotted in Figure S11 in Supporting Information S1. (c) The normalized fourth order structure
function (kurtosis) plotted as a function of isopycnal and length scale.

and salinity gradients are aligned and contribute equally toward the density gradient, while at the smallest scales
this balance shifts toward salinity gradients starting to play a more important role in setting the strength of the
density fronts. However, the signal at scales smaller than 500 m might be impacted by the limited sampling and
data processing steps (e.g., thermal lag correction between up and down dives), and should be interpreted with
caution.

4.2.2. Binned Statistics Along Isopycnals

The intensification of along-isopycnal spice gradients at smaller scales is also apparent in the ocean interior,
shown by PDFs of spatial gradients as a function of horizontal scale (Figure 6a). The shape of this PDF and its
dependence on scale is also similar to the density gradient PDF in the mixed layer, with a slightly narrower range
of possible magnitudes at each scale. For ease of comparison between different isopycnals and comparison to
theoretical scalings, the properties of these distributions are quantified using the second and normalized fourth
order structure functions, SF2 and SF4 respectively.

SF2 increases as a function of the separation scale and has a tendency to saturate at scales larger than approxi-
mately 20-30 km (Figure 6b or Figures S11 and S19 in Supporting Information S1), suggesting that the spice
signals become de-correlated at this scale. The maximum value of SF2, a measure of the total spice variance,
peaks on isopycnals between 27.3 and 27.5 kg m~3, similar to the spectral estimates presented in Section 4.1.2.
Corresponding to this greater large-scale SF2, the magnitude of SF2 at smaller scales is also enhanced on
these isopycnals. A power law fit to SF2 (r°) between scales of 700 m—30 km, suggests a SF2 slope around 2/3
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Figure 7. Slopes of spice filaments. (a) Probability distribution function of the absolute horizontal and vertical spice
gradients for all the data between the mean isopycnal depth of 200-750 m, a range that extends from below the mixed layer to
the mean isopycnal depth where sufficient data is available. The white lines correspond to the minimum and maximum aspect
ratio that would be expected based on the range of observed N/f values (K. S. Smith & Ferrari, 2009). (b) The aspect ratio

of the spice gradient, defined as the ratio of the mean absolute vertical spice gradient to the mean absolute horizontal spice
gradient, and N/f as a function of mean isopycnal depth.

(Figure 6b side panel) and equivalent to a spectral slope around —5/3, which is slightly shallower than the corre-
sponding spectral estimates. The slight discrepancy between the SF2 and the wavenumber spectra can be a result
of the structure functions being a less scale-selective metric. Despite this discrepancy, both SF2 and wavenumber
spectra indicate that the tracer variability does not decay in agreement with predictions from non-local stirring.

The SF4s generally have small values at larger scales (10—100 km), and increase at smaller scales, implying that
the spice gradient distributions are more Gaussian-like at larger scales and systematically develop longer tails at
smaller scales (Figure 6¢). Therefore, at smaller scales, there is a higher probability of encountering strong fronts
separated by patches of relatively homogeneous spice, consistent with the analysis of spice in the North Pacific
(Klymak et al., 2015).

4.3. 2-D Characterization of Tracer Structures

Tracer stirring is a 3-D process and generates coherent structures that have an imprint in the horizontal and
vertical directions, as evidenced by spice structures that show coherence in depth and along the glider sections
(e.g., Figure 2). Considering that the cross-isopycnal flow in the ocean is relatively weak, these structures emerge
because the along-isopycnal flow at different depths is correlated. As horizontal strain draws out filaments, they
tilt as a result of the vertical shear. Here we use some of the same metrics as K. S. Smith and Ferrari (2009) to
quantify the properties of the tracer filaments and compare the results to predictions from QG theory.

Quantification of the 2-D properties of spice anomalies can be achieved via the aspect ratio, defined as the ratio
of their horizontal and vertical scales, and estimated by the ratio of horizontal and vertical spice gradients, 7,
and 7, respectively. While there is a large degree of variability in the aspect ratio (Figure 7a), the average value
is O(100) (Figure 7b), with values of approximately 200 just below the mixed layer that decrease to a relatively
uniform value of 80-90 in the interior. QG theory predicts the aspect ratio to be N/f, which varies between 20
and 40; the observed aspect ratio is approximately 4-5 times greater in the interior. The relatively large meas-
ured aspect ratio implies that tracer filaments in this region are flatter, meaning the filaments are more stretched
out horizontally or vertically narrower than expected from QG theory. As a result, the ratio of the vertical shear
experienced by the filaments to the horizontal strain they encounter is larger than would be expected according
to QG theory (discussed further in Section 5.3). This aspect ratio was also found to be slightly larger in the lower
mesoscale eddy energy region that was sampled by the gliders in the second half of the campaign (see Figure S17
in Supporting Information S1), suggesting that the filaments are even flatter in this area.

An alternative approach to quantifying the 2-D tracer distribution is to estimate the 2-D tracer spectra computed
in vertical-wavenumber and either horizontal-wavenumber or frequency space (Figure 8). The 2-D spectra
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Figure 8. 2D spice power spectra (PSD). (a) Frequency versus vertical wavenumber (@ vs. k) spice PSD in variance
preserving form. (b) Horizontal wavenumber versus vertical wavenumber (k, vs. k) spice PSD in variance preserving

form. The dashed gray line corresponds to structures that would follow an aspect ratio of N/f (vertical mean between 200
and 750 m is 30), while the black dashed line corresponds to the observed aspect ratio (vertical mean between 200 and

750 m is 90). (c) Spice PSD as a function of the vertical wavenumber, this panel is the integral of the frequency-vertical
wavenumber PSD over all frequencies. The dashed line and dash-dotted line correspond to power law slopes of —2 and —3
respectively (d) Spice PSD as a function of the frequency, this panel is the integral of the frequency-vertical wavenumber
PSD over all vertical-wavenumber. The dashed line corresponds to power law slope of —1.5. (e) Spice PSD as a function of
the horizontal wavenumber, this panel is the integral of the horizontalwavenumber versus vertical wavenumber PSD over all
vertical-wavenumber. The dashed line corresponds to power law slope of —2. The estimation in (b, €) was done using only
the data from the relatively straight glider section in the middle of the sampling period, while panels (a, ¢, d) was done using
the entire data set. Large frequencies and wavenumbers where the gridding artifacts dominate are not shown. Frequency and
wavenumber have units of cycles/day and cycles/m.

show that tracer variance is greatest at the largest scales and decreases at smaller scales, both in the horizon-
tal and vertical directions. While the limits of the glider data set result in a relatively noisy estimate, the peak
in spice variance clearly extends in the horizontal-vertical wavenumber space along the line of the observed
aspect ratio, rather than along N/f (compare the dashed black and gray lines in Figure 8b). Integrating these 2-D
spectra along the vertical-wavenumber axis gives the vertically averaged along-isopycnal spectra as a function
of frequency or horizontal-wavenumber (Figures 8d and 8e), as discussed in Section 4.1.2. Integrating along
the horizontal-wavenumber or frequency axis returns a 1-D spectrum as a function of vertical-wavenumber
(Figure 8c). This 1-D vertical wavenumber spectrum shows an interesting signal, with a flatter —2 spectral slope
at scales larger than 100 m and a steeper —3 slope at scales smaller than 100 m, suggesting a more rapid rate of
variance decay (i.e., a smoother tracer field) at scales less than 100 m.

Following Klymak et al. (2015), we also computed the vertical scale over which the coherence rapidly decays
as a function of wavenumber (Figure S12 and Text S2 in Supporting Information S1). At horizontal scales of
20-30 km the structures are vertically coherent to approximately 50 m, and this vertical scale decreased to about
10 m at horizontal scales of 5 km, which is in agreement with the visual signatures seen in the DSC (discussed
in Section 3).

5. Discussion

The data collected by the SOGOS gliders allowed for a novel exploration of the tracer structures and their scale
dependence near the core of the ACC. The standing meander near the SWIR is a region where cold, fresh waters
from the south of the PF are subducted and then stirred with older interior water masses. In the interior, stirring
cascades this tracer variance to small scales in the horizontal (along isopycnals) and in the vertical due to the
combined action of along-isopycnal stirring and vertical shear. The relative amount of tracer variance found at
small scales is smaller than what is expected from non-local stirring, suggesting that the rate of the tracer cascade

BALWADA ET AL.

15 of 21

ASURDIT suowwo)) 2anear) a[qeoridde ayy £q pauIaA03 are sI[ONIR Y (SN JO SI[NI 10] AIRIqI dUI[UQ AS[IAL UO (SUONIPUOD-PUR-SULIA)/ WO AI[1m KIeiqraur[uo//:sdy) SUONIPUOD pue SWIS], Y} 3RS “[+70z/L0/11] uo Areiqi] auruQ A[IA ‘1186 10DLET0T/6T01 01/10p/wod" Ko[im’ Kreiqiaur[uosqndnde//:sdny woiy papeoumod ‘[ ‘40T ‘16766912



I ¥ell

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2023JC019811

is more efficient than what is expected from non-local stirring and implicating the importance of submesoscale
flows in the stirring process throughout the observed water column (surface to 1,000 m). In the mixed layer,
stirring cascades density variance to smaller scales, forming fronts, and is particularly active near the surface
and base of the mixed layer, suggesting that a mechanism similar to MLI is likely resulting in boundary layer
restratification.

5.1. Origin of Larger Scale Tracer Filaments

The mean eastward flow of the ACC and the associated isopycnal shoaling along the poleward side of the PF,
combined with high mesoscale eddy variability and northward excursion of mean tracer contours (Figures 1d
and le), makes this region kinematically susceptible to subduction. Mesoscale meanders and eddies can draw out
cold surface waters from south of the Polar Front and propel them in filaments across the southward excursion
of the mean geostrophic stream lines of the ACC, further aided by the slow eastward drift of the eddies. Such
ventilation pathways are seen in high resolution numerical simulations, for example, see Figure 5 in Morrison
et al. (2022). The glider sections show examples of deep reaching cold filaments, potentially sourced from the
winter water south of the PF, (e.g., at horizontal distance 220—400 km and 450-650 km in Figures 2a and 2b),
which are also associated with lower AOU concentrations, indicating more recent contact with the surface
(Figure 2d). A more in-depth study of these filaments, their link to subduction and ventilation, the role of mesos-
cale versus submesoscale flows, and their regional variation can be found in Dove et al. (2021, 2022). In this
study, we focus on understanding how these large filaments and tracer gradients are stirred and cascaded to
smaller scales, where they can be irreversibly dissipated.

5.2. Tracer Variability in the Mixed Layer

Dove et al. (2021) showed that during the SOGOS experiment, the mixed layer depth was highly variable, with
a mean mixed layer depth of approximately 120 m and standard deviation of 35 m, and greater variability in
regions of high strain and kinetic energy. The scale-dependent analysis of thermohaline and density structures
in this study shows that, compared to the interior, the mixed layer develops relatively strong small-scale density
gradients. Furthermore, these density gradients are enhanced near the surface and the base of the mixed layer
(Figure 3), and are formed by roughly equal contribution from 7 and S gradients at scales between 500 m and
100 km (Figure 5).

The vertical structure of the mixed layer density spectra, particularly the enhanced small-scale variance at the
surface and base of the mixed layer (Figure 3), is reminiscent of the idealized QG description of MLI and its
non-linear equilibration presented by Callies et al. (2016). This structure likely results from the boundary dynam-
ics, where a reduction of vertical velocity at the surface boundary and regions with sharp stratification changes
allows density variance to cascade to small scales. The smaller-scale modes decay away more rapidly from the
boundary than the larger scales, resulting in the depletion of small-scale variance in the middle of the mixed layer.

Taking this vertical structure as evidence that the lateral boundary layer dynamics are akin to MLI, a speculative
dynamical description of boundary layer dynamics can be inferred. The dynamics of MLI involves a downscale
cascade of potential energy to the ML deformation radius, a conversion to KE, which then cascades to larger
scales in an inverse cascade. While the dynamics in the real ocean are more intricate than a QG model descrip-
tion, MLI likely plays an important role in the restratification of the mixed layer by releasing available potential
energy. Some observational confirmation of the first order importance of MLI in the evolution of the mixed layer
depth was presented in Du Plessis et al. (2019), and modeling evidence of its importance in high resolution simu-
lations was presented by Su et al. (2018).

Mixed layer density fronts, across scales from 500 m to 100 km, are formed by equal contributions from 7 and
S gradients, and do not indicate much compensation. This is in contrast to observations of mid-latitude mixed
layers, where density is dominated by 7, showing an abundance of compensated thermohaline fronts (Ferrari &
Rudnick, 2000; Hosegood et al., 2006; Rudnick & Ferrari, 1999; Rudnick & Martin, 2002), which have no associ-
ated density fronts. These compensated fronts are hypothesized to form when frontogenetic process, that is, eddy
straining and/or laterally variable surface fluxes, are relatively weak or intermittent. Under these conditions, the
density fronts relax, while compensated fronts persist for much longer. The lack of compensation in the SOGOS
region suggests that most of the density fronts here result from strong, prolonged lateral stirring, a consequence
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of the vigorous eddy field, while sporadic atmospheric forcing contributes much more weakly to the generation
of fronts. A lack of thermohaline compensation has also been observed in other regions. For instance, density
gradients in the Arctic Ocean and in regions to the south of the PF in the Southern Ocean form primarily due to
salinity gradients (Giddy et al., 2021; Timmermans & Winsor, 2013), while the region near the North Pacific
Subtropical Front around 28°N is seen to primarily form density fronts due to temperature gradients (Hosegood
et al., 2006). However, the lack of compensation found in those areas may be due to weak large-scale variation of
the alternative thermodynamic tracer, which stands in marked contrast to the PF region of the ACC studied here.

5.3. Tracer Variability in the Interior

The horizontal structure of density and tracers in the interior ocean has small-scale variance as a result of lateral
stirring and internal wave heaving, a significant part of which comes from near-inertial waves and semi-diurnal
tides (Figure 3). The scale dependence of spice along isopycnal surfaces was analyzed to remove the heaving
signal and thus isolate the structure that is created by along-isopycnal stirring.

The scale dependence of along-isopycnal spice variance, as estimated from both the spectra and structure func-
tions, shows that the tracer variance decays more rapidly with length scale than would be expected based on
non-local stirring (Figures 4 and 6). Implying that less fine-scale tracer structures are observed than would be
expected from non-local stirring. This result is similar to observational estimates, summarized in Table 1, of the
spice variance from many other regions, including the North Pacific, North Atlantic, Bay of Bengal and Gulf
Mexico. However, the region sampled by our gliders is much more energetic than any of the regions sampled
in these previous studies, and given this well-developed eddy field one might have expected this region to be
closer to theoretical predictions of non-local stirring from geostrophic turbulence (Charney, 1971; K. S. Smith
& Ferrari, 2009).

In fact, at first glance, our findings are also at odds with the expectations set by analysis of shipboard ADCP
measurements and a high-resolution numerical simulation (LLC4320) from the Drake Passage (Rocha, Balwada,
et al., 2016; Rocha, Chereskin, et al., 2016), which showed that the kinetic energy spectra followed a k=3 power
law in the upper 200 m of the ocean and did align with expectations from interior QG turbulence. These spectra
would suggest that the stirring would be non-local, assuming that the kinetic energy spectra did not change much
in the deeper ocean. However, this study also suggested that even though the spectra were steep, ageostrophic
flows likely played an important role at scales smaller than 40 km. Also, a subsequent study analyzing deeper
flows in the LLC4320 (Siegelman, 2020), highlighted the presence of ageostrophic fronts reaching from the
surface up to depths of 900 m in the ACC. These ageostrophic fronts could result in scale-wise spice variability
that is similar to what is observed by the gliders.

Our finding based on spice spectra also contrasts the suggestion of non-local stirring in the interior put forth in
recent studies based on analysis of dispersion statistics from deep neutrally buoyant, acoustically tracked float
trajectories in the ACC (Balwada et al., 2021) and other regions (Ollitrault et al., 2005; Rossby et al., 2021).
The reason for this contrast is not clear, but the distinction could be due to differences in the sensitivity of the
metrics used for this characterization, as the dispersion metrics typically tend to mix information across scales
and produce less robust results in the presence of narrow inertial ranges (LaCasce & Meunier, 2022). Alterna-
tively the difference could result from the fact that the floats are unable to perfectly follow isopycnals, as is done
by the spice tracer.

Apart from deep-reaching surface fronts, several other mechanisms can also generate the observed rapid decay
of spice variance in wavenumber space. Mechanisms based on inertial theories like the inverse energy cascade
initiated by patches of breaking internal waves (Polzin & Ferrari, 2004) or stratified turbulence (Brethouwer &
Lindborg, 2008) would suggest a power law scaling of k=33, The presence of fronts in spice along isopycnals,
regardless of the dynamics, would suggest a power law scaling of k2. Interaction between internal waves and
balanced eddies can also generate small-scale features in the balanced flows, which could increase the efficiency
of the variance cascade and result in steeper spectra (Thomas & Yamada, 2019). Future work is needed to distin-
guish and identify which (if any) of these mechanisms is the dominant source of the observed spice variance.

The observed tracer structures are three-dimensional, span many isopycnals, and are often vertically tilted,
suggesting that the tracer variance simultaneously cascades to smaller scales in the horizontal and vertical.
Theoretical investigation of 3-D cascades has been done using idealized QG models (Charney, 1971; Haynes
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& Anglade, 1997; K. S. Smith & Ferrari, 2009), where vertical shear tilts the horizontal tracer filaments to
generate finer vertical-scale structures thereby resulting in a tracer aspect ratio (the ratio of the horizontal and
vertical scales of tracer structures) of N/f. However, the aspect ratios of tracer structures calculated in this region,
around 100, were much flatter than what QG theory would suggest (NV/f ~ 20) and were elevated close to the
base of the mixed layer. Previous observational studies have shown that tracer structures in other parts of the
ocean are also flatter than predicted by QG theory (Cole & Rudnick, 2012; Jaeger, Lucas, & Mahadevan, 2020;
Pietri et al., 2013). Additionally, high-resolution numerical simulations (Siegelman, 2020) and flow observations
(Siegelman et al., 2020; Yu et al., 2019) have suggested departure from QG dynamics or low Rossby number
flows, in regions below the mixed layer. One interpretation of the observations of flatter tracer filaments is that
the Burger number (Bu) in this case is larger than O(1), in disagreement with the assumption of O(1) Bu usually
made in QG theory. Alternatively, it is possible that the Bu for the overall flow is O(1), but that the observed
filaments persist as coherent features for longer than the filaments that form in QG theory, allowing for vertical
shear to tilt them for a significantly longer duration. This hypothesis would be consistent with the result shown
in Section 4.1.2 that the horizontal spice distribution is dominated by fronts, which also do not form under QG
dynamics.

Finally, the tracer structures at vertical scales smaller than 100 m are smoother than those predicted by QG theory
(Figure 8c). This smoothing may be indicative of the scales where the 3-D tracer variance cascade starts to expe-
rience dissipation and where shear dispersion results in rapid diffusion of tracer variance.

6. Summary and Conclusions

The SOGOS glider campaign provides a unique view of the tracer structures that form downstream of the South-
west Indian Ridge, where the standing meander formed by the interaction between the Polar Front and the topog-
raphy becomes unstable and meanders. This region is highly energetic, making it distinct from other regions
where small-scale tracer structure has been analyzed previously. The glider sections captured instances of tracer
filaments, composed of cold winter water from south of the PF, that are being subducted along the fast-moving
meander. As described in Dove et al. (2021), once water is subducted it is rapidly stirred by energetic ACC eddies,
and the resulting tracer gradients are cascaded to smaller scales. Here, we study this cascade process by analyzing
the scale-dependent distribution of tracer variance that emerges. This cascade feeds variance to the irreversible
mixing that occurs at the smallest scales and is thus an essential step in the long-term storage of subducted tracers
in the interior ocean.

The density variability in the mixed layer shows a marked increase in small scale structures, likely fronts, near the
surface and at the base of the mixed layer. This is suggestive of active surface QG-like dynamics at the boundary
and at depths with sharp stratification changes, which is a signature of mixed layer eddies. These results thus
provide novel observational evidence that mixed layer instabilities likely fuel the non-linear dynamics of the
small-scale flows in the upper ocean, thereby playing an active role in restratification (Boccaletti et al., 2007;
Callies et al., 2016) and the heat budget of the mixed layer (Su et al., 2018).

The scale-dependent distribution of along-isopycnal tracer variance shows that there is less tracer variance at
smaller scales than would be expected based on non-local stirring, as exemplified by the enstrophy cascade of
QG dynamics. This result suggests that the tracer variance is transferred to smaller scales more rapidly than in
an enstrophy cascade, hinting that the presence of submesoscale flows in the interior ocean plays an active role
in tracer stirring (Siegelman et al., 2020; Yu et al., 2019). The exact dynamics of these flows, whether they are
balanced or wave-like, can not be constrained from the data set that is the subject of this study and necessitates
further investigation. In addition, the novel observational results presented here have potential implications for
the design of parameterizations in intermediate-resolution simulations that only partially resolve mesoscale
eddies.

Data Availability Statement

The SOGOS data analyzed in this study, the code to do the analysis, and the computational notebooks to produce
the figures can accessed through Balwada (2023).
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