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Abstract

Major gaps exist in our understanding of the pathways between internal wave generation and breaking in the Southern Ocean,

with important implications for the distribution of internal wave-driven mixing, its sensitivity to change, and the necessary

ingredients of mixing parameterizations. Here we assess the dominant processes in internal wave evolution by characterizing

wave and mesoscale flow scales based on full-depth measurements in a Southern Ocean mixing hot spot and a ray tracing

calculation. The exercise highlights the importance of Antarctic Circumpolar Current (ACC) jets as a dominant influence

on internal wave life cycles through advection, the modification of wave characteristics via wave-mean flow interactions, and

the set-up of critical layers for both upward- and downward-propagating waves. Our findings suggest that it is important to

represent mesoscale flow impacts in parameterizations of internal wave-driven mixing in the Southern Ocean.
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Key Points:13

• In situ observations show internal wave-like coherent features in the Antarctic Cir-14

cumpolar Current15

• Wave and background flow scales suggest that horizontal advection and wave-mean16

flow interactions control the wave evolution17

• Features are detected where the background flow shear is large and where ray trac-18

ing calculations suggest a critical layer scenario19
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Abstract20

Major gaps exist in our understanding of the pathways between internal wave genera-21

tion and breaking in the Southern Ocean, with important implications for the distribu-22

tion of internal wave-driven mixing, its sensitivity to change, and the necessary ingre-23

dients of mixing parameterizations. Here we assess the dominant processes in internal24

wave evolution by characterizing wave and mesoscale flow scales based on full-depth in25

situ measurements in a Southern Ocean mixing hot spot and a ray tracing calculation.26

The exercise highlights the importance of Antarctic Circumpolar Current (ACC) jets as27

a dominant influence on internal wave life cycles through advection, the modification of28

wave characteristics via wave-mean flow interactions, and the set-up of critical layers for29

both upward- and downward-propagating waves. Our findings suggest that it is impor-30

tant to represent mesoscale flow impacts in parameterizations of internal wave-driven31

mixing in the Southern Ocean.32

1 Introduction33

In the stratified ocean interior, turbulent mixing is primarily attributed to the break-34

ing of internal waves. Currently, our understanding of this process is hampered by crit-35

ical knowledge gaps concerning the pathways between internal wave generation and dis-36

sipation via wave breaking. These gaps are important to resolve for three key reasons:37

they determine how the spatial distribution of internal wave energy sources relate to that38

of internal wave-driven mixing; they impact the sensitivity of this mixing to changes in39

the wave field environment; and they define the necessary ingredients of parameteriza-40

tions of internal wave-driven mixing for general circulation models.41

It is generally assumed that internal waves in the ocean interior have originated42

from the upper-ocean mixed layer or the ocean floor, forced by winds at the surface or43

by the flow of tidal or geostrophic motions over rough topography. In both cases, inter-44

nal waves can propagate away from their generation site before breaking and generat-45

ing mixing. Observations of turbulent dissipation and internal wave-scale flow proper-46

ties provide strong support for the perception that breaking internal waves are impor-47

tant for turbulent dissipation and mixing in the Southern Ocean interior (St. Laurent48

et al., 2013; Waterman et al., 2013; Sheen et al., 2013; Brearley et al., 2013; Meyer et49

al., 2015; Cusack et al., 2017). Here the contribution from bottom-sourced waves gen-50

erated by the interaction of deep-reaching geostrophic jets and eddies with the bottom51
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topography is thought to be especially significant (Nikurashin & Ferrari, 2013; de Lavergne52

et al., 2016).53

There exist a number of thought-provoking results relating to internal wave-driven54

mixing in the Southern Ocean interior that raise important questions about the path-55

ways to internal wave breaking in this unique environment. For example, theoretical pre-56

dictions of the lee wave energy flux based on observed bottom flow speed, stratification57

and topography have been found to over-predict the observed near-bottom turbulent dis-58

sipation rate seen in different regimes of the ACC (Waterman et al., 2013; Sheen et al.,59

2013; Cusack et al., 2017). Similarly, finescale parameterization predictions for the dis-60

sipation rate based on the observed rate of energy transfer at internal wave scales have61

been found to systematically over-predict the observed near-bottom turbulent dissipa-62

tion rate in regions of bottom wave generation (Sheen et al., 2013; Waterman et al., 2014;63

Takahashi & Hibiya, 2019). In addition, off-bottom maxima in observed dissipation rate64

vertical profiles in these regions (see Waterman et al., 2013; Sheen et al., 2013) do not65

match the vertical structure characteristically assumed in standard parameterizations66

for topographically-radiated internal wave-driven mixing (e.g. St. Laurent et al., 2002;67

Nikurashin & Ferrari, 2013).68

A number of possible explanations for these thought-compelling mismatches have69

been suggested (Kunze & Lien, 2019), including the over-estimation of the lee wave en-70

ergy flux because of the poor representation of near-bottom flows and/or small-scale bathymetry71

and/or flow blocking and splitting (Trossman et al., 2015; Nikurashin et al., 2014; Kly-72

mak, 2018); remote dissipation due to the downstream advection or cross-stream prop-73

agation of internal wave energy (Meyer et al., 2016; Zheng & Nikurashin, 2019; Kunze74

& Lien, 2019); the absorption of wave energy by the mean flow through wave-mean flow75

interactions/wave action conservation (Waterman et al., 2014; Kunze & Lien, 2019); and76

sampling biases in a heterogeneous turbulent field (Klymak, 2018). A growing number77

of results point to the importance of the mesoscale flow in playing an order-one role in78

the observed discrepancies and setting the structure of wave-driven mixing in the ACC.79

For example, we observe significant differences in the average vertical profiles of wave80

and turbulent properties inside ACC jets vs. outside ACC jets (Waterman et al., 2013;81

Sheen et al., 2013; Meyer et al., 2016). Further, we find an association of finescale pa-82

rameterization over-prediction with large Froude numbers based on the vertical shear83

of the mesoscale flow (Sheen et al., 2013; Waterman et al., 2014). An association of promi-84
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nent finescale parameterization over-prediction with background flows with systematic85

backing tendency (Waterman et al., 2014), as well as systematic trends in vertical pro-86

files of wave polarization, shear-to-strain variance and turbulent dissipation inside ACC87

jets (Waterman et al., 2013; Sheen et al., 2013), each suggest that critical layer dynam-88

ics may play a systematic role at these special sites. Zheng & Nikurashin (2019) suggest89

that the advection of internal waves by the mean flow can significantly contribute to the90

reported difference between predicted wave generation and the observed energy dissipa-91

tion, and Kunze & Lien (2019) argue that the transfer of lee wave energy back to the92

balanced flow through wave action conservation can account for a reduction in turbu-93

lent production by a factor of two. These varied results motivate further consideration94

of the implications of wave-mean flow interactions and other mesoscale flow influences95

on internal wave life cycles and, in turn, the magnitude and distribution of wave-induced96

mixing in this environment.97

In this study, we exploit full-depth in situ measurements of internal wave-scale flow98

properties in a Southern Ocean mixing hot spot in which we expect elevated levels of in-99

ternal wave activity owing to strong wind forcing and to the interaction of intense near-100

bottom flows with rough topography, as well as significant mesoscale flow influences as-101

sociated with energetic ACC jets. We use these observations to identify and character-102

ize both coherent internal wave-like signals, and the nature of these waves’ background103

environment. Based on these characterizations, we evaluate the likely processes govern-104

ing wave evolution through a characterization of timescales and a backward-in-time ray105

tracing calculation. Our work builds on that of Meyer et al. (2016), which characterized106

upper-ocean internal wave properties in this region using high-resolution hydrographic107

profiles from EM-APEX floats. Here, we extend this analysis using unique data in two108

significant ways: 1. expanding the wave characterization to full depth, allowing us to tar-109

get bottom-generated waves closer to their generation site; and 2. probing plausible in-110

ternal wave evolution pathways through a time-dependent ray tracing calculation in a111

realistic background flow and stratification environment.112

2 Data and Methods113

Our study is motivated by our identification of a number of coherent wave-like fea-114

tures in observations from the Southern Ocean Finestructure (SOFine) project, conducted115

in 2008 on the northern flank of the Kerguelen Plateau in the Indian Ocean sector of the116
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Southern Ocean. The survey site is characterized by the presence of multiple ACC frontal117

jets and moderately rough topography on horizontal scales of order 1-10 km. The jets’118

impingement on the topography is expected to be a strong local source of internal lee119

waves. In addition, strong wind forcing in the region is anticipated to be a significant120

surface source of near-inertial oscillations, which can then propagate into the ocean in-121

terior as near-inertial waves. Coherent wave-like features are identified both in the upper-122

ocean profiles of velocity and stratification collected by EM-APEX floats deployed in the123

region (see Meyer et al., 2016), as well as in full-depth conductivity-temperature-depth124

(CTD) and lowered acoustic Doppler current profiler (LADCP) profiles acquired dur-125

ing a ship-board survey (discussed here). These latter observations provide a unique op-126

portunity to characterize the wave-like signals in the deep ocean in terms of internal wave127

kinematics, and to consider their relationship with the topography, stratification, and128

background ACC flow. Full details on the survey site, survey observations and data pro-129

cessing are given in Waterman et al. (2013).130

The full-depth profiles of the horizontal velocity anomaly and the neutral surface131

height anomaly are systematically examined for the presence of coherent wave-like fea-132

tures, which are positively identified if all of a number of criteria on the observed wave133

signal are satisfied; see Section S1 of the Supporting Information for full details. Wave134

properties are then characterized by assuming that the feature is an internal wave (as135

in, for example, Müller et al., 1978; Polzin, 2008; Meyer et al., 2016) and applying lin-136

ear wave theory; see Section S2 in the Supporting Information for a full description. In137

these calculations, we assume plane-wave internal waves propagating in a low Rossby num-138

ber, Ro, low Froude number, Fr, geostrophically-balanced background flow correct to139

order (Ro, Fr) (see Polzin et al., 1996, for a discussion). To characterize properties of140

the background flow and stratification environment in which the coherent wave features141

are observed, CTD and LADCP profiles, as well as the satGEM projection (Meijers et142

al., 2011), are used. satGEM is a gravest empirical mode (GEM) projection of temper-143

ature and salinity fields in the Southern Ocean that, when combined with satellite al-144

timetry, produces time-evolving temperature, salinity and velocity fields that approx-145

imate the mesoscale flow. The local background flow field is defined by smoothed vari-146

ants of the measured velocity component vertical profiles, and the local background strat-147

ification is estimated via the adiabatic levelling method of Bray & Fofonoff (1981) ap-148

plied to the measured N profile: see Section S3 in the Supporting Information for de-149
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tails. A comparison of the observed SOFine velocity profiles to those of the satGEM at150

relevant times and locations produces reasonable mesoscale structure agreement, endors-151

ing our use of the satGEM product to provide background flow and stratification infor-152

mation at times and places where it is unavailable in the SOFine survey observations.153

The scales characterizing the wave features, and the background flow and stratification154

environment through which the waves propagate and evolve, are then combined to char-155

acterize timescales that indicate the relative importance of various processes influenc-156

ing wave evolution: see Section S4 in the Supporting Information for details. Finally, the157

life history of observed waves is considered via a ray tracing calculation (e.g. Lighthill,158

1978; Olbers, 1981; Sheen et al., 2015) using the satGEM projections to provide the time-159

and space-varying background flow and stratification fields. Full details of the calcula-160

tion are provided in Section S5 in the Supporting Information.161

3 Results162

3.1 Wave characteristics163

Based on the criteria defined in Section S1, we identify 7 downward-propagating164

and 14 upward-propagating coherent wave-like features in the 59 vertical profiles of LADCP165

and CTD observations. These wave-like features are commonly observed in the vicin-166

ity of the ACC frontal jets and/or in the eastern half of the survey domain (Figure 1);167

the latter is characterized by significantly rougher topography (see Waterman et al., 2013,168

their Figure 2d). Downward-propagating waves are observed exclusively at depths rang-169

ing from 1000 m to 1500 m. Upward-propagating waves are observed at a wide range170

of depths and heights above bottom, but are typically found within 500 to 1500 m of the171

seafloor (Table S1). Median wave scales computed as described in Section S2 character-172

ize the downward-propagating waves as having typical vertical wavelengths of ∼140 m173

and horizontal wavelengths of ∼8 km, and upward-propagating waves as having verti-174

cal wavelengths of ∼120 m and horizontal wavelengths of ∼2 km. Significant variation175

amongst the individual features observed does exist, particularly in the vertical wave-176

length and frequency for upward-propagating waves (see Table S1 for standard devia-177

tions in wave properties). Downward-propagating waves exhibit a narrow range of in-178

trinsic frequencies, all less than 1.25f , where f is the local Corilois frequency. In con-179

trast, upward-propagating waves have a much wider range of frequencies, with 5 of 14180

waves having intrinsic frequencies greater than 2f (Fig. 1).181
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Figure 1. Location of observed coherent wave-like features (circles and enlarged xs), their

direction of propagation (downward-propagating denoted by an x, upward-propagating by a

circle), and their intrinsic frequency (color). For reference, the SOFine survey-mean surface

geostrophic speed in the region computed from the Ssalto/Duacs altimeter products produced

and distributed by the Copernicus Marine and Environment Monitoring Service (CMEMS)

(http://www.marine.copernicus.eu), is shown in grey shading to outline the location of the

ACC frontal jets during the survey period. Grey contours show the regional bathymetry in 500 m

intervals from Smith and Sandwell ship-sounding bathymetry (Smith & Sandwell, 1997). Small

black xs show the SOFine survey stations (refer to Waterman et al. (2013) for a full description

of the SOFine survey).
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3.2 Background environment192

As already noted, the coherent wave-like features are typically observed in the vicin-193

ity of the ACC frontal jets that transected the survey domain. As such, background hor-194

izontal flow speeds at the locations of observed wave packets are typically moderate to195

large: 22 cm s−1 on average for downward-propagating waves, and 8 cm s−1 on average196

for upward-propagating waves. These background flow speeds are on average 10x (7x)197

larger than the diagnosed intrinsic horizontal group speeds of the waves for the case of198

downward-propagating (upward-propagating) waves. Large background flow horizontal199

speeds, combined with the horizontal wave scales estimated from the observed shear-to-200

strain ratio and velocity-buoyancy phase, imply significant mean flow-induced Doppler201
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shifting of the waves’ frequencies: median amplitudes of 1.0f for downward-propagating202

waves, and 0.8f for upward-propagating waves (Table S1).203

Potentially important for these waves evolution is the nature of the background flow’s204

vertical shear, strain and vorticity, expected to be elevated in the vicinity of ACC jets.205

LADCP measurements permit an in situ characterization of the larger-scale vertical shear206

in the vicinity of the coherent features identified (Table S1 and Figure 2). We find that207

downward-propagating features are always identified in positively-signed vertical shear208

(corresponding to decreasing background speed magnitude with depth), typically at depths209

that correspond to a transition from a more rapid decrease of background flow speed with210

depth above to a much more gradual decrease of background flow speed with depth be-211

low (Figure 2a). Upward-propagating coherent wave-like features are also characteris-212

tically observed near a transition in the background flow profile, with negatively-signed213

vertical shear (corresponding to an increase of background speed with depth toward the214

bottom) below and near-zero or positive vertical shear above (Figure 2b). Median mag-215

nitudes of vertical shear in the background flow in the vicinity of the features are 0.02N216

for down-going waves and 0.03N for up-going features respectively (Table S1), where N217

is the local background (i.e. smoothed) value of the buoyancy frequency. The satGEM218

product permits estimation of the large-scale flow strain and vorticity in the vicinity of219

identified features: we find median magnitudes of 0.1f and 0.1f for downward-propagating220

waves, and 0.06f and 0.02f for upward-propagating waves respectively (Table S1). These221

values are modest, but likely biased low by the coarse effective spatial resolution of the222

altimetric measurements (see, e.g., Arbic et al., 2014). Elevated values of strain over vor-223

ticity imply that satGEM-derived estimates of the Okubo-Weiss parameter of the back-224

ground flow are typically positive for both upward- and downward-propagating features225

(5 of 7 and 12 of 14 cases, respectively). In this scenario, the azimuth of the horizontal226

wave vector asymptotically points toward a direction solely determined by the geostrophic227

velocity gradient, and the magnitude of the wave vector is expected to exhibit exponen-228

tial growth. Under these conditions, wave capture (Bühler & McIntyre, 2005) or the shrink-229

ing catastrophe (Jones, 1969) may be expected to play a significant role in the wave evo-230

lution.231
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Figure 2. Background flow profiles in the vicinity of coherent wave-like features identified

for all (a) downward-propagating and (b) upward-propagating features (light grey lines). The

mean of all profiles is shown by the thick solid black line. The mean ± one standard deviation

of the mean is shown by the thick dash-dotted black lines. Profiles are each centered around

the observed depth/height of the coherent wave-like feature. Discontinuities in the mean and

mean ± standard deviation profiles arise from changes in the number of profiles being averaged, a

consequence of the profiles having differing ‘depth from wave’ extent.
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3.3 Wave evolution239

The exercise of using the observed wave and background flow and stratification scales240

to characterize various timescales associated with wave-mean flow interaction, advection241

and dissipation (Table S1 and Fig. 3) points to an order one importance of processes in-242

volving the large-scale flow in wave evolution. Of the 21 wave-like features identified, the243

characterization of these timescales indicates that advection is the dominant process (short-244

est timescale) in 67% of cases. Wave-mean flow interactions appear to be the dominant245

process for 24% of all features. Thus, local dissipation appears to be the dominant pro-246

cess in only 2 instances, or ∼10% of cases. As expected, we see that advection tends to247

dominate for downward-propagating low-frequency waves, while dissipation tends to dom-248

inate for upward-propagating high-frequency waves. Wave-mean flow interactions tend249

to be important mostly for downward-propagating waves, which are typically found in250

the large upper-ocean shear of the ACC. However, advection also dominates wave evo-251

lution for a near-equal number of downward-propagating features.252
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Figure 3. A comparison of timescales as defined in the Supporting Information for all co-

herent wave-like features. As in Fig. 1, downward-propagating features are denoted by xs and

upward-propagating features by circles, and symbols are colored by their intrinsic wave frequency.

253

254

255

Further indications of order one roles played by the ACC in these waves’ evolution256

are provided by the backwards-in-time ray tracing calculations. As described in Section257

S4, these afford an insightful picture of the plausible life cycle of the observed wave fea-258

tures prior to their observation. The illustration of key aspects of this evolution (Fig. 4)259

indicates an important role of the mesoscale flow in steering the trajectories of wave pack-260

ets, as well as in generating non-local dissipation: downward-propagating coherent wave-261

like features are traced back to the base of the mixed layer in 2-12 days over which they262

travel a median distance of 160 km. However, background flow advection does not dom-263

inant in all cases: upward-propagating features have a much wider span of lifetimes, rang-264

ing from 0.1 days to 21 days, and in this time they travel a median distance of only 9265

km. Features with the shortest lifetimes and most local dissipation cluster where the Po-266

lar Front passes over the rough topography of the plateau in the south-eastern part of267

the survey domain. Here, timescale analysis suggests that dissipation is the dominant268

process in these waves’ evolution. A second compelling suggestion of an order one role269

played by the structure of the ACC in these waves’ evolution is revealed in the visual-270

izations of the wave packet trajectories in depth alongside the time-evolution of the wave271

frequency (Fig. 4b,c). These reveal that in the majority of cases (all downward-propagating272
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features, and 9 of 12 upward-propagating features), the waves exhibit a common evo-273

lution from a higher-frequency, more vertical trajectory early in their life cycle (near the274

surface or near the bottom) to a frequency that approaches f and a trajectory that ap-275

proaches horizontal at the time of observation. This evolution is consistent with the waves276

approaching a critical layer scenario in both downward- and upward-propagating cases.277

It should be noted that this result is likely to stem in part from the fact that we can de-278

tect coherent wave-like features in our observations only when they have sufficient am-279

plitude. Nevertheless, this finding suggests that the ACC shear, and the critical layer280

situations that it can set up for both upward- and downward-propagating waves, may281

play an important role in setting the vertical profile of internal wave energy and inter-282

nal wave-driven turbulent dissipation.283

4 Summary and Discussion291

In this study, we use in situ and satellite-derived measurements in a Southern Ocean292

mixing hot spot to characterize the scales of observed coherent internal wave-like fea-293

tures and the nature of these features’ background environment, and further consider294

the dominant processes in internal wave evolution. Our results highlight the importance295

of the mesoscale flow in wave modification and in setting the pathway to internal wave-296

driven dissipation. Further, we suggest that our observations of large-amplitude coher-297

ent wave-like features stem from the wave packets’ approach toward a critical layer sce-298

nario. Our findings indicate a significant role of mesoscale flow advection and wave-mean299

flow interactions in shaping the vertical profiles of internal wave-driven mixing and dis-300

sipation in the ACC, connecting sites of internal wave generation and breaking, and mod-301

ulating the relationship between the internal wave energy flux and the local turbulent302

dissipation rate.303

This work has several important limitations that need to be taken into consider-304

ation when assessing the implications of our results. First, with only a single hydrographic305

profile and a single velocity profile to characterize each wave feature, confidence limits306

on the estimated internal wave characteristics are unknown. Second, our knowledge of307

the three-dimensional background flow environment, based on the satGEM fields, is coarsely-308

resolved and subject to a number of assumptions. Of particular relevance is the expec-309

tation that the satGEM fields are likely to underestimate the influence of horizontal strain310

and vorticity on the waves’ evolution. Third, the simple linear ray tracing model employed311
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here does not capture the full range of wave-mean flow interactions at play in such a com-312

plex system. In particular, there are a number of scenarios in which the assumptions in-313

herent to our linear ray tracing calculation may be violated, for example, in situations314

where the Wentzel-Kramers-Brillouin (WKB) approximation breaks down (e.g. Nault315

& Sutherland, 2008), where large-amplitude effects associated with the interaction of the316

waves and the wave-induced mean flow become significant (e.g. Brown et al., 2008), and,317

of particular relevance, where waves are evolving towards critical layer scenarios (see, e.g.,318

Booker & Bretherton, 1967; Jones, 1969; Olbers, 1981; Whitt & Thomas, 2013). Fur-319

ther, our formulation neglects additional processes such as instability mechanisms that320

may be important in transferring energy from larger-scale motions to dissipation scales321

(e.g. Thomas & Taylor, 2014). Finally, these observations are from a spatially-confined322

region in the Southern Ocean, and the applicability of these dynamics to the Southern323

Ocean generally remains an open question.324

Given these limitations, it is appropriate to consider these characterizations of the325

wave field, the background flow environment and its influence on wave dynamics presented326

here as plausible scale estimates, and the ray tracing exercise to consider wave evolution327

as a heuristic technique. Some confidence in our wave parameter characterization is pro-328

vided by the study of Meyer et al. (2016), who, by virtue of using EM-APEX float pro-329

file data in the region, have the luxury of exploiting consecutive profiles to character-330

ize a single wave-like feature, and as such can estimate uncertainty in their derivation331

of wave parameters. They report that estimated uncertainties are small, and do not al-332

ter the interpretation of their results. Further, they document median wave parameters333

of similar scales to those reported here, within one mean standard deviation. Future ob-334

servations targeting the assessment of wave properties and their local environment will335

be important to establish robustness of the characterizations presented here. We further336

recommend that the various effects and mechanisms not included in the simple linear337

ray tracing calculation discussed above be carefully considered in future work to deter-338

mine whether their inclusion has a qualitative impact on findings presented here. Given339

that large rate-of-strain in the mesoscale flow is likely to play an important role in fo-340

cusing wave-mean flow interaction, we specifically recommend that mesoscale rate-of-341

strain modulation of wave-mean flow interactions be explored in future with an appro-342

priate data set. The upcoming Surface Water and Ocean Topography (SWOT) mission343

provides an exciting potential opportunity to do this.344
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Despite the above limitations and the need for further investigation, we argue that345

the big picture lessons suggested by the plausible scale estimates presented in this work346

are useful in guiding on-going research efforts on internal wave-driven mixing. Specif-347

ically, the identification of additional pathways and fates for internal wave energy sug-348

gested here may provide valuable perspectives from which to better understand the emerg-349

ing relationships between spatial maps of internal wave energy sources and internal wave-350

driven dissipation and mixing (e.g. Waterhouse et al., 2014, and references therein), as351

well as the mismatches between our theoretical descriptions of the internal wave field and352

the distribution of turbulent dissipation identified in various recent studies (i.e. Water-353

man et al., 2013; Sheen et al., 2013; Nikurashin et al., 2014; Waterman et al., 2014; Cu-354

sack et al., 2017; Takahashi & Hibiya, 2019). By suggesting a plausible mesoscale flow355

modulation of the internal wave-driven mixing profile in this region, our results argue356

for a need to consider mesoscale flow influences in internal wave-driven mixing param-357

eterizations.358
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Figure 4. Plausible life histories of observed coherent wave-like features from backwards-in-

time linear ray tracing calculations. (a) Horizontal trajectories of the wave packet colored by

time before time observed. Mean surface geostrophic speed, regional bathymetry, survey stations

and the location of observed downward-propagating vs. upward propagating wave-like features

are indicated as in Fig. 1. Depth-time trajectories for (b) downward-propagating features and (c)

select upward-propagating features. In both panels, the intrinsic frequency of the wave packet as

a function of time is shown in color.
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S1 Identification of wave features20

The vertical profiles of density and horizontal velocity indicate the presence of many21

coherent wave-like features. These are visually identified in the profiles of the horizon-22

tal velocity anomaly and the neutral surface height anomaly, constructed by subtract-23

ing the observed profiles of horizontal velocity and neutral density from a smoothed vari-24

ant of the measured profiles. The wave-like features occur as isolated signals with con-25

sistent amplitude and vertical wavelength over multiple wavelengths (for an example, see26

Figure S1). In this study, we systematically examine the SOFine CTD and LADCP pro-27
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files for such features. We positively identify a so-called coherent wave-like feature if all28

of the following criteria are satisfied:29

1. a coherent wave-like feature exhibits concurrent signals with a similar vertical wave-30

length in both the velocity anomaly and neutral surface height anomaly profiles;31

2. the wave-like feature has a consistent or consistently varying wave amplitude and32

vertical wavelength for at least 1.5 vertical wavelengths;33

3. a corresponding peak at a consistent vertical wavenumber is detected in all of the34

kinetic energy, potential energy and one component of the rotary motion spectra35

(the latter requires the feature to have a distinct polarization);36

4. a matching peak in the spectral coherence between the relevant polarized com-37

ponent of the horizontal velocity and the buoyancy perturbation is observed.38

As described in Section 3.1, the definition of these criteria results in the positive iden-39

tification of 21 coherent wave-like features in the 59 vertical profiles of CTD and LADCP40

measurements.41

We note that the features defined from the profile data in this manner are likely42

biased in at least two ways: first, toward waves with lower frequencies and large hori-43

zontal scales (as it is these waves that are visually discernible in the full-depth profiles);44

and second, toward waves with large enough amplitude to stand out from the background45

variability arising from the superposition of a range of waves and other oceanic motions.46

As such, our characterization should be considered as applying to a select subset of the47

full wave population present in the region.48

S2 Characterization of wave properties57

We characterize the coherent features identified by assuming that they are inter-58

nal waves (as in, for example, Müller et al., 1978; Polzin, 2008; Meyer et al., 2016) and59

applying linear wave theory. In doing so, we assume that the waves can be described as60

small plane-wave perturbations about a background state of rest with a locally constant61

background stratification. We estimate the vertical wavenumber, m, from the peak in62

the total energy density spectrum (which, by the criteria defined above, is consistent with63

the vertical wavelength of the “wiggles” seen in vertical profiles of horizontal velocity and64

height anomalies, as well as the peak in the relevant component of the rotary motion spec-65
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Figure S1. An example of a coherent wave-like feature seen in the vertical profiles of (a) the

horizontal speed anomaly measured by the LADCP; and (b) the neutral surface height anomaly

measured by the CTD. This particular example is from station 7 of the SOFine survey (see Fig.

1 of Waterman et al. (2013) for a station map). Here 2 and 3 vertical wavelengths of the feature

are identified in the horizontal speed and height profiles respectively as indicated. We character-

ize the height of this feature as the midpoint of the vertical extent spanned by the wavelengths

indicated. We characterize the vertical wavelength as the average value of all wavelengths indi-

cated.

49

50

51

52

53

54

55

56

tra). The wave’s vertical wavelength is subsequently estimated as λz = 2π
m . The ratio66

of velocity variance in the clockwise- (ECW ) to counterclockwise- (ECCW ) rotating hor-67

izontal velocity components (called the rotary ratio) at this vertical scale is taken to in-68

dicate the direction of phase and energy propagation of the wave: for these Southern Hemi-69

sphere observations, a rotary ratio of less than 1 (i.e. ECCW > ECW ) implies upward70

phase (and therefore downward energy) propagation, while a rotary ratio greater than71

1 implies the opposite. Next we estimate the wave’s intrinsic frequency, ω0, from the ra-72

tio of kinetic energy, Ek, to potential energy, Ep, via ω0 = f0

√
Ep(m)+Ek(m)
Ek(m)−Ep(m) . Here val-73

ues of Ek and Ep are extracted from the energy spectra at the relevant vertical wavenum-74

ber m. We note that both instrumental noise, as well as ‘noise’ from other wave and non-75

wave motions is expected to bias this estimate high, we proceed with this caveat in mind.76

We subsequently estimate the wave’s intrinsic period as T0 = 1
ω0

. The waves horizon-77

tal wavenumber, kH , is computed as kH = m

√
ω2

0−f
2
0

N2−ω2
0

(here f is the local value of the78

Coriolis frequency and N is the local background value of the stratification frequency,79

computed via the adiabatic leveling method of Bray & Fofonoff (1981) applied to the lo-80
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cal N profile). This assumes an approximate dispersion relation for plane-wave internal81

waves propagating in a low Rossby number (Ro), low Froude number (Fr), geostrophically-82

balanced background flow correct to order (Ro, Fr) for all hydrostatic waves (Eqn. A383

in Polzin et al., 1996). It neglects terms involving second-order derivatives of the back-84

ground which are small under a WKB approximation which is implicit when the plane85

wave solution is invoked, and further neglects terms proportional to the relative vortic-86

ity (order Ro), the thermal wind shear (order BuFr, where Bu is the Burger number)87

and the spatial derivatives of the mean advective terms order Bu2Ro
1+Bu2 ). This is justified88

by the fact that wave features are characterized by low Ro and low Fr but a Bu that89

is order one (see Table S1). We note that the Bu O(1) limit is highly relevant in a wave90

capture scenario as waves asymptotically approach the aspect ratio of the mean flow, which91

tends to be Bu ≈ O(1) for the mesoscale. Here again, we expect noise to bias our es-92

timate of kH high. The wave’s horizontal wavelength is then estimated as λH = 2π
kH

.93

We obtain an estimate of the horizontal azimuth of the wave’s wave vector, φ, from an94

estimate of the phase between the relevant rotary velocity component (u−iv for an upward-95

propagating wave, and u+iv for a downward-propagating wave, where u and v are the96

zonal and meridional velocity components respectively) and the buoyancy perturbation97

at the vertical wavenumber in question. From this phase estimate, we compute the hor-98

izontal wavenumber components, k and l, as k = ±kHcos(φ) (for upward- and downward-99

propagating waves respectively) and l = −kHsin(φ). Finally, the components of the100

wave’s group velocity, ~cgH , are estimated from the previously computed wave proper-101

ties using internal wave relations derived from the gradients of the approximate disper-102

sion relation: cgx = k
(N2−ω2

0)
2

ω0m2(N2−f2) , cgy = l
(N2−ω2

0)
2

ω0m2(N2−f2) , and cgz =
(ω2

0−f
2)(N2−ω2

0)
2

ω0m(N2−f2) .103

Our wave characterization follows that of Meyer et al. (2016). For more details, inter-104

ested readers are referred to the discussion and references therein.105

S3 Characterization of the background environment112

We exploit the CTD and LADCP profiles to characterize properties of the back-113

ground flow and stratification environment in which the coherent wave features are ob-114

served. The background flow field is defined by smoothed variants of the LADCP veloc-115

ity component profiles, specifically by applying a sliding second-order polynomial regres-116

sion with an increasing vertical fit window length ranging from ∼300 m at the surface117

to ∼800 m at depth. The goal of the smooth fit is to eliminate variability on vertical scales118
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Table S1. Statistics summarizing the wave properties, background flow properties, timescales,

ray tracing calculation results and non-dimensional parameters for all wave-like features identi-

fied. Here the Rossby number, Ro, is computed as Ro = ζ
F

where ζ is the vertical component

of the large-scale flow vorticity and f is the local Corilois frequency, the Froude number, Fr, is

computed as Fr =
∂~U
∂z
N

where ~U is the large-scale horizontal velocity and N is the background

stratification, and the Burger number, Bu, is computed as Bu =
N2k2H
f2m2 .

106

107

108

109

110

111

of a few hundred meters and less, while maintaining the large-scale structure associated119

with the ACC jets. Results are insensitive to the specific choice of the smoothing param-120

eters, as long as this qualitative goal is achieved. The background stratification is de-121

fined by a smooth N profile, constructed via the adiabatic leveling method of Bray &122

Fofonoff (1981) applied to the local N profile with a pressure range of adiabatic level-123

ing of 400 decibars. Again, results are qualitatively insensitive to this choice provided124

it remains on the order of hundreds of decibars. We use these constructed profiles to char-125

acterize the magnitude of the background flow velocity components, U and V , the mag-126

nitude of the background vertical shear, and the local background stratification and its127

vertical gradient in the vicinity of each observed coherent wave packet.128
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Our consideration of the background flow impacts on three-dimensional wave evo-129

lution is also dependent on the magnitude of the horizontal velocity gradients of the back-130

ground flow. This information is unavailable from the SOFine station data: the station131

spacing (typically 40 km) is relatively coarse, and often provides velocity gradient infor-132

mation in only one horizontal direction. As such, here we rely on velocity information133

from satGEM (Meijers et al., 2011), a gravest empirical mode (GEM) projection of tem-134

perature and salinity fields in the Southern Ocean that, when combined with satellite135

altimetry, produces time-evolving temperature, salinity and velocity fields at 7-day in-136

tervals on a 1/3o grid. A comparison of the observed SOFine velocity profiles to those137

of the satGEM at relevant times and locations produces reasonable mesoscale structure138

agreement, endorsing our use of the satGEM product to provide background flow and139

stratification information at times and places where it is unavailable in the SOFine sur-140

vey observations.141

S4 Timescale characterization of wave evolution142

The scales characterizing the wave features, and the background flow and strat-143

ification environment through which the waves propagate and evolve, can be combined144

to characterize timescales that indicate the relative importance of various processes in-145

fluencing wave evolution. Here we characterize the relative importance of: 1. the wave146

scale’s modification due to the background flow’s shear, strain and stratification; 2. the147

waves horizontal translation due to intrinsic propagation and mean flow advection; and148

3. the wave’s dissipation. We do this by computing the following timescales:149

1. the wave-mean flow interaction timescale, τwave-mean, characterizing the time it takes150

for the various wavenumber components of the wave to change significantly (specif-151

ically by e−1) due to interaction with the background flow’s shear, strain and strat-152

ification gradients. τwave-mean is computed as τwave-meank = k
−k ∂U∂x−l ∂V∂x

, τwave-meanl =153

l
−k ∂U∂y −l ∂V∂l

and τwave-meanm = m
−k ∂U∂z −l ∂V∂z − ∂σ

∂z

for the k, l and m components of the154

wavenumber, respectively. Here ∂σ
∂z , the vertical gradient of the wave’s intrinsic155

frequency, is given by ∂σ
∂z = N ∂N

∂z
k2H
m2 [

N2k2H+f2m2

m2 ]1/2.156

2. the advection timescale, τadvection, characterizing the time it would take for the wave157

to travel away from the local environment due to both intrinsic wave propagation158

and advection by the background flow. τadvection is computed as τadvection = LRd
~U+ ~cgH

,159
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where LRd is set to be a characteristic value for the local first-baroclinic Rossby160

radius of deformation at these latitudes, LRd = 15 km.161

3. the dissipation timescale, τε, characterizing the time it would take for the observed162

wave energy to dissipate, given the local microstructure measurement of the tur-163

bulent kinetic energy dissipation rate, ε (see Waterman et al. (2013) for a full de-164

scription of the microstructure measurements associated with the SOFine finescale165

measurements discussed here). τε is computed as τε = E(m)
ε , where E(m) = Ep(m)+166

Ek(m), the total observed energy at the vertical wavenumber m in question. We167

note that, in general, the local measure of the dissipation rate is not that associ-168

ated with the breaking of a single wave but rather the rate of energy transfer through169

the inertial subrange. Here we use the microstructure measure of ε as an appro-170

priate order of magnitude estimate for the dissipation rate of the coherent feature171

energy.172

An internal wave with a dissipation timescale shorter than its advection timescale173

will undergo local dissipation. Conversely, if the advection timescale is less than the dis-174

sipation timescale, we expect that the dissipation of the wave will be remote. The am-175

plitude of the wave-mean flow interaction timescale relative to the dissipation timescale176

indicates the extent to which wave-mean flow interactions can play a role in disrupting177

the simple picture of a downscale energy cascade via wave-wave interactions assumed by,178

for example, finescale parameterizations. If τwave-meanm
is short relative to the dissipation179

timescale, the influence of the background flow’s vertical shear will play a significant role180

in the evolution of the wave’s vertical scale (either accelerating or opposing the down-181

scale cascade by wave-wave interactions). If τwave-meank
and τwave-meanl

are relatively short,182

the waves evolution must be considered as fundamentally 3-dimensional.183

S5 Ray tracing calculations184

The propagation of internal wave packets, and the evolution of their properties along185

a ray path for a specific background stratification and velocity field, may be mapped us-186

ing ray tracing techniques (e.g. Lighthill, 1978; Olbers, 1981; Sheen et al., 2015). In ad-187

dition to their intrinsic propagation, internal wave rays are also advected by the back-188

ground horizontal current, ~U(x, y, z, t) = U(x, y, z, t) + V (x, y, z, t), and distorted by189

the local current shears, ∂~U(x,y,z,t)
∂x , ∂~U(x,y,z,t)

∂y and ∂~U(x,y,z,t)
∂z , and background stratifi-190

cation gradient, ∂N(x,y,z,t)
∂z , along their ray path. Note, consistent with our approxima-191
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tion to the dispersion relation, we neglect the horizontal gradients of intrinsic frequency192

in the ray tracing equations for the evolution of the wave’s wavenumber on the basis that193

the term arising from the thermal wind shear is small in the WKB limit. This is appro-194

priate as the life cycle of Bu ≈ O(1) and larger waves is controlled by variations in the195

Doppler shift rather than having behavior that depends strongly upon the background196

relative vorticity. In this work we consider a plausible life history of the observed coher-197

ent wave packets by ray-tracing them backwards-in-time from the time and location of198

observation. We use the satGEM data to provide the time- and space-varying background199

flow and stratification fields. We use the ray tracing model to track the temporal evo-200

lution of the wave’s position and characteristics using finite-differencing, with the wave201

position, wavenumber and frequency being updated on 10-minute time steps. We also202

record the temporal evolution of background flow and stratification properties along the203

ray path, in order to document the evolving influence of the background environment204

on the wave’s evolution. The model is run until the wave packet intersects the seafloor205

or the base of the mixed layer, a period that ranged from 0.1 to 21 days.206
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