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Turbulent Mixing Variability in an Energetic Standing Meander
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ABSTRACT: This study presents novel observational estimates of turbulent dissipation and mixing in a standing
meander between the Southeast Indian Ridge and the Macquarie Ridge in the Southern Ocean. By applying a finescale
parameterization on the temperature, salinity, and velocity profiles collected from Electromagnetic Autonomous Profiling
Explorer (EM-APEX) floats in the upper 1600 m, we estimated the intensity and spatial distribution of dissipation rate
and diapycnal mixing along the float tracks and investigated the sources. The indirect estimates indicate strong spatial and
temporal variability of turbulent mixing varying from O(10~°®) to O(10~%) m* s~ ! in the upper 1600 m. Elevated turbulent
mixing is mostly associated with the Subantarctic Front (SAF) and mesoscale eddies. In the upper 500 m, enhanced mixing
is associated with downward-propagating wind-generated near-inertial waves as well as the interaction between cyclonic
eddies and upward-propagating internal waves. In the study region, the local topography does not play a role in turbulent
mixing in the upper part of the water column, which has similar values in profiles over rough and smooth topography.
However, both remotely generated internal tides and lee waves could contribute to the upward-propagating energy. Our
results point strongly to the generation of turbulent mixing through the interaction of internal waves and the intense
mesoscale eddy field.
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1. Introduction observations (Bryden and Heath 1985; Phillips and Rintoul
2000), sea surface height standard deviation (Foppert et al.
2017), and model simulations (e.g., Dufour et al. 2017). More-
over, the strong EKE in these regions leads to enhanced up-
welling of Circumpolar Deep Water through along-isopycnal
processes in the ACC interior (Tamsitt et al. 2017).

The topography upstream of ACC standing meanders pro-
motes generation, propagation, and breaking of internal
waves which contributes to turbulent mixing (Waterman et al.
2013; Meyer et al. 2016). Diapycnal mixing plays an important
role in maintaining the ACC circulation by providing energy
for upwelling and water mass transformation (Nikurashin

The Antarctic Circumpolar Current (ACC) is the largest
current in the world flowing from west to east around the conti-
nent of Antarctica unblocked by lateral boundaries. The com-
plex topography along the path of the ACC consists of abyssal
plains, rough midocean ridges and small-scale topographic
features. These topographic features result in a nonuniform
distribution of eddy kinetic energy (EKE) along the ACC
with low EKE over flat abyssal plains and high EKE down-
stream of topography (Rintoul 2018). Recent studies have
shown that many of the important physical processes relevant
to the Southern Ocean dynamics are mainly focused in hot-
spot regions in the lee of topographic features. The instability €t al. 2013). The intensity and distribution of diapycnal mixing
of the current downstream of the topography results in the is pivotal to the strength of the global overturning circulation
generation of standing meanders which are major generation (Polzin et al. 1997; Sloyan 2005). There is growing evidence
sites for long-lived eddies (Frenger et al. 2015), where the from both observational (Sloyan 2005; Waterman et al. 2013;

cross frontal eddy heat fluxes are enhanced based on moored ~Sheen et al. 2013) and modeling studies (Nikurashin and
Ferrari 2010; Nikurashin et al. 2013) that interaction of the

ACC jets, mesoscale eddies and/or tides with rough topogra-
phy results in bottom-generated internal waves. Observa-
tional studies show that elevated turbulence in the Southern
Ocean is often associated with downward-propagating near-
inertial waves in the upper 1-2 km and upward-propagating
& Supplemental information related to this paper is available high-frequency waves 1-2 km above the ocean bottom

at the Journals Online website: https://doi.org/10.1175/JPO-D-21- (Waterman et al. 2013; Sheen et al. 2013; Meyer et al. 2015)
0180.s1. ’ : ’ ' :

Denotes content that is immediately available upon publica-
tion as open access.

Here, we focus on the standing meander between the
southeast Indian Ridge and Macquarie Ridge, south of
Corresponding author: Ajitha Cyriac, ajitha.cyriac@utas.edu.au ~ Australia (Fig. 1). Macquarie Ridge is one of the major
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FIG. 1. (a) The bathymetry around the study region (color shading) where the ridge systems are marked. The thick
and dashed magenta lines are the climatological dynamic height (0/2000 dbar) contours from CSIRO Atlas of Regional
Oceans (CARS) for PF (1.4 m) and SAF (1.7 m) (Boning et al. 2008). The red dashed box and the cyan dashed box
show the regions covered in (b) and (c), respectively. (b) The location of shipboard transects during DEFLECT across
PF and SAF (gray circles). The yellow stars are the deployment locations of the EM-APEX floats used in this study.
The background color shading is the average geostrophic current speed during the voyage. (c) The tracks of EM-8489
(blue), EM-8492 (magenta) and EM-8493 (green) are plotted over the mean geostrophic speed (shading) during the
float sampling period from altimetry. Yellow stars represent the location of each float deployment. The shipboard sta-
tions of the voyage, as in (b), are marked as black circles. The red star at the ridge gap (53.45°S) shows the location of
the current meter mooring mentioned in Fig. 8. In (b) and (c), gray contours are bathymetry at 1000, 2000, 3000, 4000,
5000, and 6000 m. The thick black line is the ADT contour of —0.65 m representing PF. The thick dashed ADT
contours of 0.2 and —0.4 m represent the northern and southern branches of the SAF, respectively.

topographic obstacles for the ACC, extending from 47° to
58°S between Australia and New Zealand (Gordon 1975;
Rintoul et al. 2014), with three deep, narrow gaps at 51°,
53.5°, and 56°S (Gordon 1978). A regional study at the
Macquarie Ridge using MITgcm (Zhang and Nikurashin
2020) shows that the interaction of the eddies and fronts
with the small-scale topography generates internal lee
waves near the bottom. They found that the presence of
small-scale topography is important in setting the curvature
and location of the meander along with the vertical struc-
ture of the flow in the standing meander. The small-scale
topography is associated with a significant reduction in
EKE, which in turn raises questions of the role that eddy—
internal wave conversions play in the response of the ACC to
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changing wind stress (Marshall et al. 2017). Moreover, Macquarie
Ridge has been long identified as a region of strong barotropic
to baroclinic M, tidal energy conversion in several global
studies (Morozov 1995; Alford and Zhao 2007; Ansong et al.
2017; Nikurashin et al. 2013) and regional studies (Simmons
et al. 2004; Waterhouse et al. 2018). The breaking of internal
tides results in diapycnal mixing which plays a pivotal role
in maintaining the meridional overturning circulation (e.g.,
Wunsch and Ferrari 2004). In addition, the strong and highly
variable westerlies blowing over the meander near the ridge
also makes it a region of strong wind energy input into near-
inertial motions (Alford 2003; Whalen et al. 2018). It is thus
reasonable to expect that the interactions between different
processes such as strong mean current, mesoscale eddies,
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tides, and internal waves contribute to the complex variability
of turbulent mixing variability in the Macquarie Ridge region.
However, the processes and energy pathways leading to

turbulent mixing and its role in maintaining the large-scale
circulation in this region have not been explored.

In this paper, we analyze the spatial and temporal vari-
ability of the turbulent mixing and investigate the responsi-
ble physical mechanisms using data from Electromagnetic
Autonomous Profiling Explorer (EM-APEX) floats. The
EM-APEX data were collected as part of the DEFLECT ex-
periment, a comprehensive survey of the Polar Front (PF)
standing meander that sits between the southeast Indian
Ridge and the Macquarie Ridge near 150°E. The objective of
DEFLECT was to explore the role of standing meanders in
the momentum balance of the ACC. This experiment was mo-
tivated by the hypothesis that the flexing of standing mean-
ders in response to accelerated flow upstream causes elevated
dissipation of momentum through enhanced interfacial form
stress and bottom drag (Thompson and Naveira Garabato
2014). This hypothesis is one of a collection of theories to ex-
plain the lack of increase in ACC transport in response to per-
sistently increasing westerly winds over recent decades. Other
theories include eddy saturation (Straub 1993; Hallberg and
Gnanadesikan 2006), external forcing and intrinsic variability
(Wilson et al. 2015), eddy damping (Marshall et al. 2017), and
the development of an increased gyre circulation without af-
fecting the circumpolar flow at the lee of the ridge (Nadeau
and Ferrari 2015).

This paper is organized as follows. The study region, differ-
ent datasets used in this study, and the details of the method
of finescale parameterization used to estimate turbulent mixing
from EM-APEX floats are explained in section 2. Section 3
describes the results of the study, including the regional ocean
characteristics observed from the floats, the spatial and tem-
poral variability of turbulent mixing estimates in the upper
1400 m, and the impact of different environmental factors such
as wind, topography, and mesoscale vorticity. In section 4, we
discuss the implications of mixing on regional water mass char-
acteristics and different possible generation mechanisms for
the internal waves. Section 5 provides a summary and conclu-
sions of the study.

2. Data and methodology
a. Study region and experiment

The DEFLECT voyage data were collected at the stand-
ing meander of the PF at the Macquarie Ridge region over
54°-58°S, 148°-157°E, on voyage IN2018 V05 of the R/V
Investigator from October to November 2018. The voyage
survey consisted of 77 shipboard conductivity—temperature—
depth/lowered acoustic Doppler current profiler (CTD/LADCP)
stations, 47 vertical microstructure profiler (VMP) casts, eight
cross-stream Triaxus transects, a tall mooring deployed at the
crest of the meander, and a fleet of six EM-APEX floats and
drifters deployed at the western edge of the meander. Data
from the VMP and tall mooring were not available in time for
this analysis and will be explored in future work. Of the six
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EM-APEX floats deployed, three of the floats are used in this
study. Two out of three floats passed through the deep ridge
gap at 53.5°S. These floats recorded temperature, salinity,
and horizontal velocity components along the flow. The
EM-APEX floats were deployed immediately following a
CTD/LADCEP cast, close to the mean position of the PF
based on satellite sea surface height gradient and targeting
the most recent position of the —0.65-cm absolute dynamic
height contour on the day of the deployment. The ship-
board hydrography and velocity data were used to calibrate
the first few profiles of the float data. The floats followed
the satellite derived streamlines of the PF for a few days
before they were advected northward into a developing
trough with intense eddy activity and a complicated inte-
raction between the PF and the Subantarctic Front (SAF)
(Fig. 1b). The float movement across the PF could be a response
to a turning velocity vector with depth (Phillips and Bindoff
2014).

b. EM-APEX floats

The state of the art EM-APEX floats are enhanced Argo
floats (Roemmich et al. 2004) which provide horizontal veloc-
ity data, in addition to temperature and salinity (Sanford et al.
2005). These floats estimate the horizontal velocity using the
concept of motional induction in which an electromagnetic
subsystem on the float measures the electrical potential differ-
ence generated when salty ocean water passes through the
magnetic field of Earth. The floats provide high resolution
vertical sampling and can be profiled rapidly to provide
closely spaced profiles with which we can resolve different
scales of motion such as internal waves (Meyer et al. 2016),
turbulent mixing (Meyer et al. 2015; Cyriac et al. 2021), verti-
cal structure of the frontal jets (Phillips and Bindoff 2014),
and temperature and salinity filaments due to eddy stirring
(H. E. Phillips et al. 2022, unpublished manuscript). More de-
tails of the float data quality control and data calibration can
be found in Phillips and Bindoff (2014) and Cyriac et al.
(2021).

The floats were deployed as pairs from different shipboard
stations at the westernmost transect of the voyage (Fig. 1b).
They were designed to continuously profile between the sur-
face and ~1600 m until their batteries were expended. The
temperature and salinity data have a vertical sampling spacing
of 2-3 m and a mean horizontal spacing of 1-3 km whereas
the horizontal velocity data have a vertical resolution of
3—4 m, capturing the internal wave scales. This profiling strat-
egy allows the floats to resolve the inertial cycle (15.2-h period
at 52°S) and provides six profiles per day on average. The
floats switched to a “park and profile” mode before they
passed through the ridge gap (around profile number 270). As
a result, they only sent the up profiles disrupting the continu-
ity of profiling (Fig. 2). In addition, two of the floats reduced
their profile depths during this time resulting in shallower
profiles in the second half of their float tracks (EM-8489
and EM-8493). Absolute velocity for this part of the float
track (Fig. 2d) could not be estimated using only up profiles
since this requires the up-down profile pairs of relative
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FIG. 2. The evolution of (a) DHT (100/800 dbar) (green) and SLA (red), (b) Conservative Temperature, (c) Absolute Salinity, (d) cur-
rent speed, and (e) buoyancy frequency squared along the track of float EM-8489. (f)-(j) As in (a)—(d), but for float EM-8492. (k)—(0) As
in (a)~(d), but for float EM-8493. The light gray lines on temperature plots are isopycnals with an interval of 0.2 kg m~>. The evolution of
the mixed layer depth along each float track is also marked (blue line). The thick white lines on salinity are different water masses defined
as og = 272 kg m > for SAMW, 272 kg m > = ¢, < 27.53 kg m > for AAIW, and 27.53 kg m > =< ¢, =< 27.8 kg m > for UCDW. The
current speed in the second half of the float track in all the floats is missing due to the lack of absolute velocities (section 3a). Note that
the temperature, salinity, and buoyancy frequency after profile number ~270 in all floats consists of up profiles only. The vertical black
dashed line shows the location of each float track where it crossed the Macquarie Ridge. The vertical colored lines represent different dy-
namic regions that each float profiled. The thin black vertical dashed lines show the end of PF in each float track whereas the magenta
lines show the profiles in the SAF. The cyan (red) lines represent regions of cyclonic (anticyclonic) eddies along the float tracks. Each of

200
Profile number

these regions are marked on the top panels of each float. Note that the numbering of the eddies is independent for each float.

velocity between the two GPS surface positions of both up
and down profiles to estimate the depth-independent refer-
ence velocity (Phillips and Bindoff 2014).

c. Finescale parameterization

The dissipation rate of turbulent kinetic energy (&) can be
estimated indirectly from finescale measurements of shear
(vertical gradient of horizontal velocity) and strain (vertical
gradient of vertical isopycnal displacement) using wave—wave
interaction parameterizations (Henyey et al. 1986; Gregg et al.
2003; Polzin et al. 2014). This method is based on the assump-
tion of energy cascade between internal wave scales to dissi-
pative scales in the ocean due to nonlinear interactions of
internal waves. Here, we integrate the shear variance spectra
between 383 m and a cutoff wavenumber m,., where m,. is the
wavenumber at which the integrated shear variance reaches
27N?/10 or 30 m, whichever is larger. We set the high wave-
number limit of the strain variance spectrum to be equal to
the limit identified in the corresponding shear spectrum of
each profile to avoid integrating into the instrument noise of
the strain spectrum (Cyriac et al. 2021). However, we find
that the patterns of mixing estimates are generally robust to
the changes in integration limits. We further limited our inte-
gration between the base of the mixed layer and 1600 m to
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avoid high strain variance in the mixed layer which are not
necessarily due to internal waves. The dissipation rate of tur-
bulent kinetic energy can be written as (Gregg 1989; Polzin
et al. 1995; Garabato et al. 2004; Meyer et al. 2015)

N2\ (2
& = g)|—|—— h(R,)L(f, N), 1
O(A’%)W?GM)Z (Ro)L(f, N) 1)
where
3R, t 1

h(R,) = 2—R¢u AR 1), and 2)

_(f) cosh™'(N/f)
LNy = (/0) coshfl(No/fo)' ®)

Here, g5 = 8 X 107 ° W kg™ !, Ny = 3 cph, fyy = 7.836 X 107> s,
N is the local buoyancy frequency, and fis the local Coriolis
frequency. Here (V2) is the vertical shear variance normalized
by N and <V§—GM> is the corresponding shear variance pre-
dicted by the Garrett-Munk (GM76) model. The angle brack-
ets denote the wavenumber range over which the shear and
strain variances are integrated. The range of integration varies
from minimum wavenumber to a cutoff value (Fig. S1) above
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which the nonlinear effects lead to wave breaking (Polzin et al.
2014). Here, h(R,) accounts for the dominant frequency in
the observed wave field and L(f, N) contains the latitudinal
dependence (Gregg et al. 2003).

The finescale parameterization also provides information
about the frequency content of the waves and their direction
of propagation. The bulk frequency content of the internal
wave field can be estimated from the shear—strain variance
ratio (R,,) as

v
@

[}

4)

where (V?2) is the vertical shear variance normalized by N.
Here, & is the strain derived as & = (N? — [N%])/[N%],
where [N2,] is the mean squared buoyancy frequency. The lo-
cal buoyancy frequency, N> = —(g/py)(9pp/9z), is estimated
using the adiabatic levelling method (Bray and Fofonoff
1981), where py is the potential density estimated from the
EM-APEX float profiles. The [N2,] is calculated as a moving
average of 20 consecutive profiles of buoyancy frequency esti-
mated over a longer pressure window of 24 m, and square
brackets represent the horizontal averaging.

Low values of R, suggest the presence of high-frequency
waves whereas large values of R,, indicates the dominance of
near-inertial frequencies. Under the single wave approxima-
tion, the intrinsic frequency of the wave can be written as
o= f(R, + 1)/(R, — 1), where f is the inertial frequency
(Polzin et al. 1995). The dominant direction of propagation of
the internal waves can be estimated from the ratio of counter-
clockwise (CCW) to clockwise (CW) shear variance (polariza-
tion ratio). Polarization ratio larger than one suggests a
dominance of downward (upward) energy propagation in the
southern (northern) hemisphere.

The diapycnal turbulent eddy diffusivity (K,), and hereinaf-
ter referred to as diffusivity, can be estimated from & using
the Osborn (1980) relation, K, = T's/N*. Here, [ is the dis-
sipation ratio or mixing efficiency, taken as a constant of
0.2 (Gregg et al. 2018), and N is the buoyancy frequency.

d. Mixed layer depth, dynamic height, relative vorticity,
and bathymetry

The mixed layer depth (MLD) is defined as the depth at
which the potential density changes by 0.03 kg m™> from the
value at 10 m (de Boyer Montégut et al. 2004). The dynamic
height (DHT) along the float tracks is calculated relative to
800 dbar, a depth range common to all profiles (Figs. 2a,f k).
The vertical component of the relative vorticity ({) is esti-
mated as { = (dv/dx) — (du/dy), where u (v) is the daily sur-
face geostrophic eastward (northward) velocity component
obtained from satellite altimetry. Negative (positive) values
of relative vorticity have similar (opposite) sign as the plane-
tary vorticity and are referred to as cyclonic (anticyclonic).
The daily sea level anomaly (SLA) and absolute surface geo-
strophic velocities were obtained from Copernicus Marine En-
vironment Monitoring Service (CMEMS) on a 0.25° X 0.25°
spatial grid (https://marine.copernicus.eu/). We further inter-
polated the relative vorticity, along with absolute dynamic
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topography (ADT) and geostrophic velocity from altimetry
into the time and location of the float profiles. The General
Bathymetric Chart of the Oceans (GEBCO) topography data
with a 30-arc-s grid are used to contour bathymetry (https:/
www.gebco.net/).

3. Regional ocean dynamics
a. ACC fronts and water masses

ACC fronts around Antarctica have been defined in previ-
ous studies based on subsurface water properties from hydro-
graphic data (Orsi et al. 1995) and sea surface height maps
from altimetry data (Sokolov and Rintoul 2007, 2009). Here,
we define the fronts based on the altimetry values of absolute
dynamic topography, where ADT values of —0.65 m define
the mean PF, —0.4 m define the southern branch of the SAF,
and 0.2 m define the northern branch of the SAF (Sokolov
and Rintoul 2009; Patel et al. 2019). We identify the location
of eddies using animations of daily SLA maps from CMEMS
(see the online supplemental material). We further sort the
float profiles into regions of fronts and mesoscale eddies
based on SLA contours and their position relative to
the ADT values in the animations, relative vorticity from sea
surface geostrophic velocity computed from ADT, dynamic
height of the 100-dbar surface relative to 800 dbar, 7-S char-
acteristics, and velocity data from the floats. The floats are ei-
ther within the PF or SAF or in mesoscale eddies. Due to the
richness of the mesoscale eddies during the float profiling, the
profiles are assigned to eddies either if the float loops around
the eddy or if there is a strong imprint in the profiles when the
float passed through an eddy periphery (e.g., AE1 in float
EM-8489). The rest of the profiles are assigned to either the
PF or the SAF. A total of 89% of profiles are assigned to
eddies (cyclonic, 35%, anticyclonic, 18%) or the PF (13%) or
the SAF (23%).

The different ACC fronts and major water masses can be
identified from the temperature, salinity, and velocity data
along the float tracks. The PF is traditionally defined as the
northernmost extent of a temperature minimum layer of 2°C
at a depth of 200 m (Orsi et al. 1995). This subsurface temper-
ature minimum layer is seen at the beginning of all float tracks
(Figs. 2b,g,]) and also in the cyclonic eddy pinched off from
the SAF (CE1l in EM-8493). The isopycnals are flat in this
part of the tracks with uniform salinity distribution across pro-
files (Figs. 2c,h,m). The mean surface current speed in the PF
is moderate (0.18 m s~!) with a mean mixed layer depth of
76 m (Figs. 2d,i,n). The sudden descent of isopycnals and
higher current speeds (>1 m s™!) immediately after the sub-
surface temperature minimum marks the beginning of the
SAF in the float tracks. The southern (sSAF) can also be
identified from the temperature criterion of 4°-6°C at a depth
range of 300400 m (Sokolov and Rintoul 2002).

We also identify the major water masses in the region from
the float data. The Subantarctic Mode Water (SAMW) is iden-
tified as the layer with potential density oy < 27.2 kg m >, The
salinity signature of SAMW is clearer in the northernmost pro-
files of the floats (Figs. 2c,h,m). The Antarctic Intermediate
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FIG. 3. As in Fig. 2, but for (a) vertical shear, (b) dissipation rate, (c) diffusivity, (d) polarization ratio, and (e) shear-strain ratio along
the track of float EM-8489. (f)-(j) As in (a)—(d), but for float EM-8492. (k)—(0) As in (a)—(d), but for float EM-8493. Note that the all the
mixing estimates after profile number ~270 in all floats consists of up profiles only.

Water (AAIW) is defined as 27.2 < oy = 27.53 kg m > with a
low-salinity tongue. The Upper Circumpolar Deep Water
(UCDW) is identified as 27.53 < o = 27.8 kg m > with Abso-
lute Salinity values larger than 34.5 g kg~ ! in the float profiles.

b. Float observations

A detailed picture of the temperature, salinity and velocity
fields of fronts and mesoscale eddies as observed by the floats
along their trajectories in the upper 1600 m is given in Fig. 2.
Note that in Figs. 2 and 3, the profiles after profile number
~270 include only up profiles since absolute velocity (and
speed) cannot be calculated from the relative velocity. After
their deployment, the floats traveled together along stream-
lines of the PF estimated from the satellite derived ADT for a
few days and then entered into the SAF (Figs. 2 and Ic).
Between the northern (nSAF) and sSAF branches of the
SAF, the floats followed different paths and looped around
energetic mesoscale eddies. The signatures of fronts and me-
soscale eddies can be identified from both altimetry and the
dynamic height derived from the float temperature and salin-
ity measurements (Fig. 2a). After the float deployments, a
cyclonic eddy was formed downstream, which can be identi-
fied as a meander-like structure pinching off from the sSAF
(Figs. 1b,c). Of the three floats, two were advected eastward
along the SAF and passed through the 53.3°S gap of the ridge,
through which a large portion of the ACC passes (Rintoul
et al. 2014).

Float EM-8489 had the longest trajectory covering ~20° of
longitude between October 2018 and April 2019. After enter-
ing the SAF, float EM-8489 profiled along the edges of several

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 08/29/22 07:52 PM UTC

mesoscale eddies (Figs. 2a—e). It looped around an anticy-
clonic eddy (AE2) before entering the ridge gap. Downstream
of the ridge, the float profiled along the sSAF streamlines and
occasionally along the edges of mesoscale eddies before its
battery died. Float EM-8492 had the shortest track between
October 2018 and February 2019 during which the float cov-
ered ~5° of longitude between the northern and southern
branches of SAF (Figs. 2f—j). It profiled along the edges of
several eddies before looping around the PF cyclonic eddy
and died. Float EM-8493 had a similar trajectory as that of
the float EM-8489 (Fig. 1c). EM-8493 had the longest lifespan
(October 2018-May 2019) and covered ~12° of longitude dur-
ing that time (Figs. 2k—o0). It profiled around the PF cyclonic
eddy for a major part of its track before crossing the ridge
through the 53.3°S gap. Downstream of the ridge, EM-8493
profiled through the edges of a cyclonic and anticyclonic eddy
pair (CE2 and AE1 in EM-8493) before its battery died.

4. Turbulent mixing variability

The distribution of vertical shear, dissipation rate (&), dia-
pycnal diffusivity (K,), polarization ratio (CCW/CW), and
shear—strain variance ratio (R,) along the float tracks is
shown in Fig. 3. The estimates of dissipation rate (Figs. 3b,g,l)
and diffusivity (Figs. 3c,h,m) show strong variability with
depth along the float tracks. We think of the variability along
the float tracks as primarily being due to spatial variations.
However, since the floats profiled for about 6 months, it is
possible that there is a contribution from temporal variability
in the mixing estimates (Whalen et al. 2018). Overall, the dis-
sipation rate and diffusivity estimates are enhanced in
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regions of the SAF and mesoscale eddies relative to back-
ground conditions. The float estimates have a mean dissipation
rate of 2.14 + 1.4 X 107° m? s~ and a mean diffusivity of
7.7 12 % 107° m? s~ ! (calculated as (T'([£]/[N?])), where
square brackets represent horizontal averaging and angle
brackets represent vertical averaging) in the upper 1400 m of
the Macquarie Ridge region. Here, and in the following esti-
mates, errors represent standard errors. These standard errors
assume that each profile is independent (about 1300) and that
there is a vertical correlation of the noise of about 30 m
(i.e., every 10 bins). From previous studies, there is a factor of
3 uncertainty in inferring dissipation rate and diffusivity using
finescale parameterization (Polzin et al. 2002).

Although the polarization ratio (Figs. 3d,i,n) and R,
(Figs. 3e,j,0) along the float tracks are rather variable, we can
identify some patterns. The polarization ratio estimates sug-
gest that there are approximately equal amounts of upward
(negative log;o[ CCW/CW]) and downward-propagating en-
ergy in the upper 1400 m in this region. There is evidence of
strong downward propagation in regions of the PF (e.g., pro-
files 10-30 in EM-8489), cyclonic eddies (e.g., profiles 120-130
in EM-8492), SAF (e.g., profiles 80-100 in EM-8493), and an-
ticyclonic eddies (e.g., profiles 470-480 in EM-8493) through-
out the water column. There are also strong signals of upward
propagation in the upper 500 m especially in cyclonic eddies
(e.g., CEl in EM-8493). From the large values of R,,, we see
that the PF (and often SAF) is mostly characterized by low-
frequency near-inertial waves in all the floats (e.g., profiles
from 10 to 30 in EM-8489). Higher-frequency waves are char-
acterized by smaller values of R,,. There is also evidence of
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near-inertial waves in other dynamic regions at different
depths. However, the pattern is not as consistent as that in the
PF across all floats. The floats have a mean polarization ratio
of 1.06 = 0.001 and R,, of 6.35 = 0.002. Both are calculated as
the mean of all profiles presented in Fig. 3, including the shal-
low profiles of EM-8493.

The mean vertical profile of dissipation rate (Fig. 4a)
slightly decreases with depth, whereas the mean diffusivity
profile (Fig. 4b) slightly increases with depth. Depth-averaged
values of dissipation rate and diffusivity in the upper
200-1400 m for individual profiles are shown in Figs. 4c
and 4d. They are highly spatially variable with elevated val-
ues mostly associated with loops around mesoscale eddies
(Figs. 4c,d) with peak values reaching 1.45 X 107" m? s 3
and 3 X 107> m? s~ ! for dissipation and diffusivity, respec-
tively. The profiles in the SAF at the beginning of the float
tracks also show enhanced dissipation even though they are
not as high as in the eddies downstream of the Macquarie
Ridge. Note that the profiles from EM-8493 east of 154°E, af-
ter around profile 270, only allow estimates to 600-m depth
(Figs. 2 and 3).

The floats profiled most of the time between the northern
and southern branches of the SAF with some early profiles in
the PF soon after deployment (Fig. 1c). Here, we further ex-
amine the mean profiles of mixing estimates in the PF (13%
of profiles) and SAF (23% of profiles, Figs. 5a—d). The dissi-
pation rate and diffusivity estimates are higher in the SAF
than in the PF. In the upper 800 m, the mean vertical distribu-
tion of polarization ratio shows downward propagation in the
SAF [log;o(CCW/CW) values larger than 0], whereas upward



1600

200

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 52

)
8

®
8

1000 .

Pressure [dbar]

1200

1400

(e i}
400 4 F .
— 600 {1 i
™
@
o
=
o 800 {4 F i
™
3
7
7]
[
a 1000 [ {1 F J
1200 3 4 i
1400 [ 1 1 i [ 1 1 1 i 1 L 1 1 1
-9 -8.5 -8 -4.5 -4 -3.5 -0.2 0 0.2 04 2 4 6 8 10
log, [e (m?s73)] I°g10[K,, (m3s™)] log, ,[CCW/CW] R N
UPWARD DOWNWARD NEAR-INERTIAL

FIG. 5. Mean vertical profiles of (a),(e) dissipation rate; (b),(f) diffusivity; (c),(g) polarization ratio; and (d),(h) shear-strain ratio in
regions of PF (black), SAF (pink), cyclonic (blue), and anticyclonic (red) eddies. In (c) and (g), positive (negative) values represent down-
ward energy propagation. Shaded areas in all panels show 90% confidence intervals estimated from bootstrap sampling.

propagation in the PF (Fig. 5c). Below 1000 m, both regions
show downward propagation. On the other hand, the R,, val-
ues in the PF are higher than those in the SAF at all depths
suggesting a stronger influence of near-inertial waves in the
mixing distribution within the PF. The R, is highest in the
depth range 400-800 m in the PF (Fig. 5d). The upward prop-
agation of near-inertial waves in the PF is quite fascinating as
it suggests the possibility of spontaneous generation of near-
inertial waves during geostrophic adjustment of the front
(e.g., Vanneste 2013). This possibility will be explored further
using cross frontal measurements of shear from the shipboard
data in a future study.

The floats encountered numerous mesoscale eddies since
they were deployed in a region of strong EKE. The mean pro-
files of dissipation rate and diffusivity are slightly enhanced in
cyclonic eddies in the upper 800 m compared to the anticy-
clonic eddies (Figs. Se,f). The mean polarization ratio shows
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downward propagation (log;o| CCW/CW] values larger than 0)
in the cyclonic eddies with upward propagation in anticy-
clonic eddies between 400 and 1100 m (Fig. 5g). There is not
much difference in R, values between cyclonic and anticyclonic
eddies (Fig. 5¢). Both show a tendency for high-frequency waves
above 300 m, with a mean R,, of approximately 6 (~1.18f)
through most of the water column.

The mean values of mixing estimates in different dynamic
regions are given in Table 1. Overall, the mean dissipation
rate is highest in cyclonic eddies and lowest in the PF. The
highest mixing is in the SAF, and the weakest is in anticy-
clonic eddies. The mean direction of propagation is downward
(polarization ratio > 1) in all regions except in anticyclonic
eddies (0.99). The PF has the highest value of R,, with similar
values in eddy regions irrespective of the sign of their vorticity
(Table 1, Fig. 5e). This suggests that the PF has more near-
inertial frequency waves than the other regions.
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TABLE 1. Mean values of mixing estimates in different dynamic regions between 200 and 1400 m. Errors represent the standard
error in the mean. The standard errors on these estimates assume each profile is independent in each dynamic region and that there

is a vertical correlation of the noise of about 30 m (i.e., every 10 bins).

Parameter PF SAF CE AE
e (X107 m?s7%) 115 + 1.4 230 * 5.4 232+ 75 17.8 + 3.3
K, (X107° m*s™") 65+ 04 10.8 + 1.4 84+ 03 56+ 02
Polarization ratio 1.0 = 0.04 12 +02 1.1 = 0.05 1.0 = 0.06
R, 74 +02 6.6 =02 58 +02 59 +02

5. Factors modulating turbulence

There are several possible parameters that can contribute to
the observed mixing variations in the Macquarie Ridge region:
the presence of strong mesoscale variability, varying topography,
strong wind forcing, and the rapidly merging and splitting ACC
jets. Here we investigate the role of each of these factors, if any,
in controlling the turbulent mixing variability in this region.

a. Wind

Wind energy is one of the major sources of power for tur-
bulent mixing in the ocean interior (Wunsch and Ferrari
2004). The storms and strong wind events generate time-varying
wind stress which perturbs the base of the mixed layer at
near-inertial frequency. These oscillations transfer energy into
near-inertial internal waves that propagate into the ocean

interior (Alford et al. 2016) and contribute to turbulent mix-
ing (Alford et al. 2012). Global studies show that the Mac-
quarie Ridge region has strong wind energy input into near-
inertial motions in the mixed layer (e.g., Alford 2003; Whalen
et al. 2018) due to the presence of strong westerly winds. Here
we analyze the role of wind forcing in the observed mixing es-
timates in the upper 500 m of the water column.

A mixed layer slab model without mesoscale currents is
used to estimate the wind energy flux input into near-inertial
motions in the mixed layer (Pollard and Millard 1970). Details
of the model are described in the appendix. This energy flux
is then averaged over a period of 15-20 days prior to each
mixing estimate from the float profiles to account for the time
taken for a near-inertial wave with a vertical group velocity of
~20 m day~' (e.g., Alford et al. 2012) to reach 400 m. In Fig. 6
we test the response of dissipation rate (diffusivity) in the upper
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400 m to the time-averaged wind energy flux with diagnostic pa-
rameters such as polarization ratio, R, and relative vorticity.

Elevated dissipation rates (diffusivity) in the upper 400 m
are found to be associated with increased wind energy flux
and both downward and upward energy propagation
(Fig. 6a). Further, the dissipation rate is elevated for higher
values of R,, suggesting a dominant role of near-inertial waves
(Fig. 6b). The interpretation of these patterns is not straight-
forward. The predominance of downward energy propagation
and near-inertial frequency content in the upper water col-
umn is consistent with wind-generated near-inertial waves
propagating downward from the base of the mixed layer into
the ocean interior.

Previous studies suggest that regions of anticyclonic vortic-
ity are effective in draining near-inertial energy from the sur-
face into the ocean interior followed by subsequent trapping
of surface generated near-inertial waves and thereby elevating
turbulent mixing (Kunze 1985). The relationship with relative
vorticity is shown in Fig. 6¢. Dissipation rate (diffusivity) asso-
ciated with anticyclonic vorticity ({ > 0) in high wind energy
flux conditions is weak to moderate in the upper water col-
umn whereas the dissipation rate is enhanced in the presence
of cyclonic vorticity. Thus, even though there is dominant
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downward propagation of near-inertial waves, the impact of
anticyclonic vorticity in draining near-inertial energy leading
to dissipation is less evident from the float data. This could be
due to the coarse resolution of the altimetry data compared to
the high-resolution float data from the ocean interior.

b. Mesoscale vorticity

Previous studies suggest that the mesoscale environment
can modulate the turbulent mixing variability in the global
ocean through interactions with near-inertial waves (e.g.,
Kunze 1985; Polzin 2008) and internal tides (e.g., Chavanne
et al. 2010). Using strain information from Argo floats,
Whalen et al. (2012) show that the regions of high EKE are
associated with regions of high dissipation rate and elevated
diffusivity in high latitudes. Thus, it is very likely that the
strong eddy field in our study region is a strong contributor to
the observed mixing estimates. Here, we investigate the role
of mesoscale vorticity in the observed mixing variability by
analyzing the relation between current speed, polarization ra-
tio and shear—strain ratio in the upper 500 m.

We found that the dissipation rate (diffusivity) increases
with an increase in cyclonic vorticity (Fig. 7). However, in the
upper 500 m, we do not see a significant correlation between
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depth averaged dissipation rate (diffusivity) and current speed
(Fig. 7a). Higher current speed is an indication of the pres-
ence of fronts and mesoscale eddies, which can interact with
the bottom topography to generate internal waves and mixing
in the ACC. The elevated dissipation rate is more associated
with weak to moderate current speeds. Further, the correla-
tion between current speed and dissipation rate in the
deeper part of the dataset (1200-1400 m) is also weak (0.15,
not shown). This suggests that the high current speed asso-
ciated with fronts and eddies may not contribute to the ob-
served mixing pattern in the upper water column of the
study region. Similarly, we investigated the role of rate of
strain [/(S% + §2), where S,, = U, — V, is the normal compo-
nent and S; = U, + V, is the shear component of the back-
ground strain field; the subscripts represent the spatial
derivatives| in the observed mixing variability. If the rate of
strain of an eddy field exceeds relative vorticity, the amplitude
of the internal wave grows exponentially, leading to dissipation
of the wave (Biihler and McIntyre 2005; Polzin 2008). We found
that the dissipation rate has greater variations associated with
relative vorticity than rate of strain (Fig. 7b). This suggests that
the enhanced dissipation rate in cyclonic eddies is associated
with the relative vorticity of the eddy than the eddy strain field.

Using observations of semidiurnal surface tidal currents,
Chavanne et al. (2010) shows that the cyclonic eddies can
modulate the vertical propagation of internal tides and fur-
ther trigger turbulent mixing near the surface. We investigate
the role of this mechanism by analyzing the dominant direction
of propagation of the internal waves associated with strong cy-
clonic vorticity through the polarization ratio (Fig. 7b). We find
that the elevated dissipation rate is associated with upward-
propagating internal waves in cyclonic vorticity in the upper
500 m. We further looked at the frequency content of the
waves using R,,. The elevated dissipation rate in the cyclonic
vorticity is associated with internal waves of frequency f — 1.7f
(Fig. 7c), where the semidiurnal tidal frequency at 54°S is
~1.2f. It is therefore likely that the main mechanism of ele-
vated turbulent dissipation in the upper water column in this
region is the interaction between cyclonic eddies and upward-
propagating internal tides at semidiurnal frequency, with a
small contribution from higher-frequency waves.

c¢. Topography

Topography plays an important role in the turbulent mix-
ing variability of the Southern Ocean. Mixing is enhanced
over rough topography where internal lee waves generated
from the interactions between geostrophic flow with rough to-
pography propagate upward and break (Nikurashin and Ferrari
2010; Waterman et al. 2013; Sheen et al. 2013). Away from the
sea surface and bottom topography, turbulent mixing is thought
to be weak in the Southern Ocean interior (Ledwell et al.
2011). However, we find patches of relatively strong diffusivity
throughout the water column (~107°-10"* m? s ') and extend-
ing to 1400-m depth (Fig. 3). Here we analyze the role of bot-
tom topography in the observed mixing variability.

The topographic roughness is estimated as the variance of the
bottom height in a 0.1° X 0.1° box around each float location
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(Meyer et al. 2015). Changing the box size (resolutions of 0.05°,
0.15°, 0.2°) does not make any substantial change to the results
(not shown). Mixing profiles were subsampled into regions of
rough and smooth topography. Rough topography is defined as
regions of roughness larger than the mean over all float profiles,
6.8 X 10° m?, and smooth topography as regions with roughness
smaller than the mean value. Changing this reference value does
not change the results. Here, the mean roughness is smaller than
that for the Kerguelen region (Meyer et al. 2015) and for the
whole Southern Ocean (Wu et al. 2011), suggesting that the floats
profiled over comparatively flat topography in between the
steeper topography of the Southeast Indian Ridge upstream
and Macquarie Ridge downstream. The mean water column
depth over the float tracks is around 4000 m, reducing to
about 3800 m over regions of rough topography.

Mean vertical profiles of dissipation rate and diffusivity
over rough and smooth topography do not show a significant
difference (Figs. 8a,b). If breaking of bottom-generated inter-
nal waves contributes to turbulent mixing in this region, we
would expect to see a positive relationship between enhanced
dissipation rate, bottom roughness, and bottom current speed
with elevated mixing reaching 2000-3000 m above the sea
floor (e.g., Garabato et al. 2004). If present, this topographic
enhancement of dissipation might be evident in the deeper
part of the float profiles. We test this by plotting dissipation
and diffusivity averaged in the depth range 800-1400 m
against a range of variables (Figs. 8c-f). We find no clear evi-
dence of topographic enhancement of mixing in the float esti-
mates (Fig. 8c). The dissipation rate estimates are smaller at
this depth range compared to the shallow depths (Fig. 6). The
diffusivity estimates are elevated at this depth range (Fig. 8d)
due to a decrease in vertical stratification rather than an in-
crease in dissipation rate with current speed and bottom
roughness (Figs. 8a,b). In addition, we analyzed the dominant
direction of propagation of the waves (Fig. 8¢) and the corre-
sponding frequency content (Fig. 8f) at the same depth range.
The dissipation rate is slightly elevated for upward propaga-
tion (negative polarization ratio) at smaller values of rough-
ness but decreases with an increase in roughness. Moreover,
the elevated dissipation rate is associated with small rough-
ness and near-inertial frequencies rather than higher-
frequency waves. Overall, we do not observe a systematic
elevation of dissipation rate associated with an increase in
bottom roughness in the float mixing estimates. These
analyses suggest that topography plays less role in mixing
the upper water column in the study region. However, we
cannot rule out the possibility of modification of bottom gen-
erated upward-propagating waves by the mesoscale eddy
field. The lack of measurements below 1600 m restrict us
from commenting on this any further.

6. Distribution of turbulent mixing
a. Mixing variability in different dynamic regimes

The floats encountered different dynamic regions such as
fronts and mesoscale eddies during profiling. We did not see a
direct correlation between elevated mixing and bottom
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roughness by comparing the whole float dataset (section 5c).
Here, we investigate the role of different dynamic regions
by subsampling the depth integrated dissipation rate in the
upper 200-1200 m into regions of PF, SAF, and cyclonic
and anticyclonic eddies and compare it with the corre-
sponding bottom roughness (Fig. 9). The depth integrated
dissipation rate in the upper water column (200-1200 m)
ranges from 0.2 to 13.3 mW m ™2 with a regional mean of
2 mW m ™2 (Fig. 9a). The depth integrated dissipation rates
lie in between the full water column dissipation values from
microstructure (0.7-13.5 mW m™?) north of Kerguelen
Plateau (Waterman et al. 2013) and smaller than that in-
ferred from finestructure parameterization with an assump-
tion of R, = 3 (10-20 mW m?) in the Drake Passage and
Scotia Sea (Garabato et al. 2004). Figure 9a shows a large
spread of depth integrated dissipation rate in all dynamic re-
gions (0.2-13.3 mW m™?) except in the PF (0.2-6 mW m?).
However, we do not see a similar spread in the bottom
roughness at the corresponding turbulent kinetic energy
dissipation rate estimates along the float tracks (Fig. 9b).
This suggests that the elevated depth averaged dissipation
rates in different dynamic regions are less affected by bot-
tom topography. Further, the averaged values of depth inte-
grated dissipation rate and bottom roughness in different
dynamic regions do not show a strong variability (Fig. 9c). The
SAF (2.1 mW m™?) and CE (2 mW m™2) regions have similar
depth integrated dissipation rates with PF (1.13 mW m ™ ?) hav-
ing the smallest value. On the other hand, the mean bottom
roughness over CE regions is the lowest (0.2 X 10* m?) with
highest roughness over the SAF region (1.2 X 10* m?).
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b. Mixing and water masses

Turbulent mixing plays an important role in the transfor-
mation of Southern Ocean water masses between different
density classes. Figure 10 shows the mean profiles of dissipa-
tion rate and diffusivity on potential density levels to examine
the variations in mixing in water mass layers. Mean profiles
are presented for profiles in the PF, SAF, and in cyclonic and
anticyclonic eddies. Dissipation rate and diffusivity are ele-
vated in the AAIW layer in cyclonic eddy regions and weak
in regions of anticyclonic eddies (Fig. 10) in agreement with a
similar study in the Indian Ocean (Cyriac et al. 2021). How-
ever, in the SAMW layer, mixing is higher in anticyclonic ed-
dies than in the cyclonic eddies. In the PF, diffusivity is
weakest in the UCDW layer whereas the diffusivity in the
SAF is the highest there (Fig. 10b). We observe weak diffusiv-
ity associated with SAMW whereas in regions of UCDW, the
diffusivity is higher. Although there are distinct differences
between different water masses and mixing, overall, these
results indicate that the mesoscale eddies and ACC fronts
equally contribute to the diapycnal mixing that drives wa-
ter mass transformation in the upper water column in the
Macquarie Ridge region.

7. Possible generation mechanisms

We showed in the previous sections that enhanced dissipa-
tion rate is associated with cyclonic vorticity and upward-
propagating energy and is unrelated to the roughness of the
local bathymetry. This evidence that strong currents over
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FIG. 9. (a) Depth-integrated dissipation rate and (b) topographic roughness along each float track as a function of time. (c) Bottom
roughness values averaged over different dynamic regions (rectangles, left axis) and the averaged depth-integrated dissipation rate over
the same regions (circles, right axis). The different dynamic regions considered here are the PF (black), SAF (magenta), CE (blue), and
AE (red). The error bars represent one standard deviation of the variation of depth integrated dissipation rate (bottom roughness) for
each dynamic region as shown in (a) and (b). Note the offset in x axis for both parameters for clarity.

rough bathymetry is not the mechanism by which near-inertial
waves are generated here, leads us to explore alternate sour-
ces for the enhanced dissipation rate.

a. Wind-eddy interactions

The wind generated near-inertial waves play an important
role in the spatial and temporal variability of turbulent mixing
in the upper water column (Whalen et al. 2018). Previous
studies have shown that the interaction between near-inertial
waves and anticyclonic eddies is a major contributor to this
mixing variability through different mechanisms such as near-
inertial wave trapping when the relative vorticity of the eddy
reduces the frequency of the internal waves to an effective
frequency below f (e.g., Kunze 1985; Kunze et al. 1995), or
near-inertial chimney where the wind-forced internal waves
can be funneled to a critical layer at the eddy core (e.g., Lee
and Niiler 1998), or wave capturing when the rate of strain
exceeds the relative vorticity of the eddy (e.g., Biihler and
Mclntyre 2005; Polzin 2008).

Figure 11 shows depth-averaged diffusivity in two depth
ranges (200-500 m and 500-1200 m) and for cyclonic and anti-
cyclonic vorticity as a function of wind energy flux into inertial
motions from the mixed layer slab model (section 5a). In the
upper 250-500 m, there is no evidence of enhanced diffusivity
in regions of anticyclonic vorticity with strong wind energy
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flux in contrast to the previous studies (Fig. 11). In addition,
the mean diffusivity in cyclonic vorticity regions is higher than
that in anticyclonic regions in this depth range. In the depth
range of 500-1200 m, the mean diffusivity is similar for both
cyclonic and anticyclonic vorticity regions and is larger than
that in the upper layer irrespective of the sign of the vorticity.
This indicates that the interaction between anticyclonic vortic-
ity and near-inertial waves may be playing a less significant
role in the observed turbulent mixing variability in this
region.

b. Tide-topography interactions

One possible source for the upward-propagating energy are
internal tides generated at the Macquarie Ridge (Waterhouse
et al. 2018), a hotspot for M, tidal energy dissipation (Egbert
and Ray 2000; Melet et al. 2014) mainly through barotropic
tide—topography interactions. Both modeling studies (e.g.,
Simmons et al. 2004; Pinkel et al. 2015) and observations
(Johnston et al. 2015) have shown that energetic M, baroclinic
tides are generated at the ridge which then propagate north-
westward into the Tasman Sea. Using altimetry data, Zhao
et al. (2018) identified three internal tides generated at the
ridge radiating into the Tasman Sea. They found that the
southern beam with the second largest energy flux (0.7 GW)
propagates into the strong ACC flow and disappears. These
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internal tidal beams are also visible in the M, baroclinic tidal
animations of the latest Multivariate Inversion of Ocean
Surface Topography, Internal Tide Model (MIOST-IT) prod-
uct from AVISO (https://www.aviso.altimetry.fr/en/index.php?
id=5130). This product includes the M,, S,, Oy, and K; tidal
frequencies on a 0.1° X 0.1° grid. Further, a velocity rotary
spectrum from current meters deployed in the Macquarie
Ridge gap at 53.45°S (Rintoul et al. 2014) shows dominant
peaks at semidiurnal tidal frequencies (Fig. 12a) in agreement
with global maps of tidal energy dissipation.

Generally, ocean currents contain subinertial, inertial, tidal,
and high-frequency motions. To examine the relative strength
of the semidiurnal tidal frequency in the region, we bandpass
filtered the float velocities into these frequency ranges and
estimated the corresponding depth integrated horizontal ki-
netic energy (HKE) over different depth ranges (Fig. 12b).
Here we consider subinertial flow (<0.98f, where f is the
mean Coriolis frequency of the float track), near-inertial
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waves (0.98f-1.02f, the inertial period at 53.6°S is 14.8 h),
semidiurnal tides (0.99M,-1.25M,), and high-frequency waves
(>1.25M,). A narrow frequency range is taken for near-
inertial waves and semidiurnal tides in order to avoid over-
lapping between the two (Fig. 12a). The subinertial HKE is
highest in the upper 600 m as expected. In the deeper layers
(600-1100 m), the semidiurnal tidal and high-frequency
motions are the major contributors of HKE. Overall, the
near-inertial energy is the lowest with highest energies in
the superinertial frequencies.

Even though our data are insufficient to explicitly show
that the upward-propagating energy is due to internal tides,
the dominance of horizontal kinetic energy in the semidiurnal
tidal frequency band (Fig. 12) and the circumstantial evidence
from the above mentioned studies indicate that the upward
energy could be due to internal tides generated at the ridge
and propagated into the mesoscale field in the study region.
The role of internal tide-mesoscale interactions will be
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explored in a future study using the regional numerical model
in Zhang and Nikurashin (2020).

c. Current—topography interactions

Another possible generation mechanism is the nonlocal dis-
sipation of wave energy where upward-propagating, bottom-
generated internal lee waves have become uncorrelated with
the topography as they reach the upper ocean. This could be
due to horizontal and vertical propagation of the waves,
horizontal advection by the mean flow, temporal variability,
or the orientation of the bottom flow relative to the topog-
raphy (Waterman et al. 2013). The simulations of Zhang
and Nikurashin (2020) in the Macquarie Ridge region identi-
fied internal lee waves generated by the bottom flow over
rough small-scale topography in sections of vertical velocity.
They found internal lee wave motions up to a few kilometers
above the bottom on both sides of the ridge that propagate
horizontally. However, their model does not include internal
tides which could be an important source of internal wave en-
ergy in this region. The float data are not deep enough to ex-
amine the near-bottom signals in the context of linear internal
lee wave theory. This will be explored further in a future study
by applying finescale parameterization to shipboard CTD and
LADCEP data collected at the time of the EM-APEX de-
ployments. We hypothesize that the internal lee waves play
a role based on our expectation of bottom wave generation
and dissipation in regions of relatively large topographic
roughness and near-bottom mean flow (Nikurashin and
Ferrari 2010). However, it is not always a reasonable expec-
tation to have a quasi-stationary response associated with
quasi-stationary flow over rough topography where bottom
boundary layer processes become dominant (Polzin and
McDougall 2021).
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We suggest that the enhanced dissipation rates in the up-
per 200-1600 m could be primarily due to the interaction
between mesoscale eddies and upward-propagating internal
tides and/or internal lee waves generated elsewhere over
rough topography and propagated into the study region.
The enhanced mixing over regions of the SAF could be due
to upward-propagating lee waves generated from the interac-
tions between the front and the bottom bathymetry. Meyer
et al. (2015) identified topographic roughness, wind, and cur-
rent speed as the main factors contributing to the turbulent
mixing variability in the upper 1600 m at the northern
Kerguelen Plateau. They found traces of enhanced mixing at
the edges of a cyclonic eddy. Moreover, Cyriac et al. (2021)
found that the interactions between downward-propagating
internal waves and mesoscale eddies are the major sources of
turbulent mixing in the upper 1600 m of the eastern subtropi-
cal Indian Ocean, a region with unique circulation, weak in-
ternal tidal energy, and high eddy kinetic energy. These
studies suggest that wave-mean flow interactions could be a
major source of turbulent mixing variability in high eddy ki-
netic energy regions, as suggested both regionally using direct
estimates (Polzin 2010; Cusack et al. 2020) and ray tracing
(Waterman et al. 2021) and in similar global studies (Whalen
et al. 2012, 2018).

8. Conclusions

We analyzed the spatial and temporal variability of
diapycnal mixing in an energetic standing meander of the
Southern Ocean between the southeast Indian Ridge and
the Macquarie Ridge. The results point to a variety of pos-
sible mechanisms that contribute to the observed turbulent
mixing variability:



1608

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 52

-
(=]
-

-
o
(=]

-
<

1072

Power spectral density [(m/s)zlrph]

103

Frequency [rph]

o
o

®) <0.98f

o
tn
T

o
a
T

o
N
T

Horizontal kinetic energy [mzs'z]
54 4
- w
T T

surface-600m

0.98f - 1.02f

600-1100m

Total

FIG. 12. (a) Velocity rotary spectrum from mooring velocities at the ridge gap at 53.45°S
(Fig. 1c). (b) Depth integrated HKE at different frequency ranges [subinertial flow (<0.98f,
where fis the mean Coriolis frequency of the float track), near-inertial waves (0.98f-1.02f, the in-
ertial period at 53.6°S is 14.8 h), semidiurnal tides (0.99M,-1.25M5), and high-frequency waves

(>1.25M,)] from the float EM-8493.

e We find that downward-propagating wind-generated near-
inertial waves are associated with elevated dissipation and tur-
bulent mixing, suggesting a significant role for near-inertial
waves in the variability of turbulent mixing.

e The interaction between cyclonic eddies and upward-
propagating internal waves resulted in enhanced mixing
in the upper 500 m of the water column.

e The most likely source of upward-propagating internal
waves in cyclonic eddies is related to semidiurnal tidal gen-
eration. There is little evidence for lee waves providing a
local source since there is no correlation between enhanced
dissipation and local bottom roughness. Nonlocal lee wave
generation and propagation of those waves cannot be ruled
out.

The dissipation rate and turbulent mixing estimates from
our EM-APEX data show strong spatial and temporal
variability in the upper 1600 m of the Southern Ocean. The
mixing is more intense within the SAF compared to the PF.
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Similarly, the mixing is higher in cyclonic eddies compared to
anticyclonic eddies. The enhanced mixing in the cyclonic eddy
regions is likely to cause greater water mass modifications, es-
pecially in the AAIW layer. The characteristics of the internal
waves responsible for the observed mixing (and its variation)
will be explored in a companion study which is currently
under preparation.
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APPENDIX

Mixed Layer Slab Model of Wind Energy Flux

We ran the slab model (Pollard and Millard 1970) using
ERAS reanalysis winds with a constant mixed layer depth
of 70 m (mean of the float data) and a damping constant of
0.15f, where fis the mean Coriolis frequency along the float
track. See Plueddemann and Farrar (2006) for a discussion
about the choice of damping time scales. The wind energy
flux into near-inertial motions is estimated as Il = U,
where 7 (1, + i) is the wind stress and U (u + iv) is the
mixed layer velocity estimated from the slab model (Silverthorne
and Toole 2009; Alford 2003). This energy flux is then aver-
aged over a period of 15-20 days prior to each mixing estimate
from the float profiles to account for the time lag between
near-inertial wave generation and their breaking at a deeper
depth (Fig. Al).
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