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BACKGROUND & MOTIVATION

The pathway between internal wave generation and internal wave-
driven mixing is a critical knowledge gap.

• in the stratified ocean interior turbulent mixing is 
primarily attributed to the breaking of internal 
waves (IWs) 

• our understanding is hampered by critical gaps in 
understanding the pathway between IW 
generation & IW-driven mixing via wave breaking 

• these gaps are important to resolve because IW 
evolution along this pathway has important 
implications: 

- determines how distribution of IW energy sources 
relates to distribution of IW-driven mixing 

- impacts sensitivity of IW-driven mixing to 
changes in wave field environment 

- defines the necessary ingredients of an IW-driven 
mixing parameterization for gcms 
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BACKGROUND & MOTIVATION

In the Southern Ocean mixing from breaking lee waves is important.

the commonly used water-mass transformation framework
[Walin, 1982], we estimate the interior transformation D as
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Note, that we consider here only mixing processes due to
breaking of internal gravity waves and thus do not account
for water-mass transformation by processes due to the
nonlinear equation of state such as thermobaricity and
cabelling [e.g., Klocker and McDougall, 2010].

3. Results

[12] We obtain a global three-dimensional distribution of
internal wave-driven mixing in the ocean by applying the
St. Laurent et al. [2002] parameterization to stratification
and energy conversion estimates. The zonally averaged inter-
nal tide and lee wave-driven mixing is shown in the middle
and lower panels in Figure 2 to illustrate the global distribu-
tion of mixing with depth. Consistent with observations, the
diapycnal diffusivities are fairly constant in the ocean interior
of O(10#5) m2 s#1 [e.g., Ledwell et al., 1998] and enhanced
within a kilometer of rough topography [e.g., Polzin et al.,
1997; Naveira Garabato et al., 2004]. The internal tide-
driven mixing is concentrated in the bottom kilometer of
the ocean and widespread across all latitudes. The diapycnal
diffusivities vary generally fromO(10#3)m2 s#1 near the bot-
tom to background values within a kilometer from the bot-
tom. Only in the Southern Ocean radiation of internal tides
and the associated mixing are weak.
[13] Zonally averaged lee wave-driven mixing is enhanced

in the equatorial region and in the Southern Ocean, where the
associated energy conversion is large in Figure 1. The
diapycnal diffusivities are comparable in the two regions,
even though the energy conversion is weaker in the equato-
rial region, because it takes less energy to mix the weakly
stratified equatorial bottom waters than the more heavily
stratified Southern Ocean waters (the diapycnal diffusivity
is inversely proportional to stratification). Also, the strongest
mixing of O(10#3) m2 s#1 appears to take place a few

kilometers above bottom in the Southern Ocean, because
the highest conversion rates are found in the Drake
Passage, where the ocean depth is a few kilometers shallower
than in the Southern Ocean abyssal plains. Overall, most
of the tidal and lee wave-driven mixing takes place on
neutral density surfaces greater than 28 kgm#3, i.e. in the
Antarctic Bottom Water (AABW) formed around the
Antarctic continent.
[14] Turbulent mixing across density surfaces results in the

transformation of water masses, i.e. in a water-mass flux
across density surfaces. In Figure 3, we show estimates of
the water-mass transformation associated with internal
wave-driven mixing as a function of neutral density. We find
that internal wave-driven mixing in the ocean interior sus-
tains up to 25 Sv of water-mass transformation across the
28–28.2 kgm#3 density surfaces. This maximum value is
comparable to the peak water-mass transformation rates in-
ferred for these dense water masses from surface air-sea
fluxes [Speer and Tziperman, 1992; Marshall et al., 1999;
Nurser et al., 1999] and inverse box models [e.g., Lumpkin
and Speer, 2007]. The density surfaces where the water-
mass transformation is largest correspond roughly to the
boundary between the upper and lower cells of the meridio-
nal overturning circulation, associated with the North
Atlantic Deep Water (NADW) and AABWmasses. The den-
sity range of this maximum is set by the distribution of water
masses with respect to topography in the ocean, rather than
by the vertical profile of mixing. The largest mixing is con-
fined very near the bottom topography, because mixing
decays exponentially with height above bottom. Hence the
water-mass transformation driven by mixing tracks closely
the ocean bottom topography. For the present climate, this
distribution is such that the mixing impact is largest at the
boundary between AABW and NADW.
[15] The water-mass transformation above 28 kgm#3 is

dominated by internal tide-driven mixing and varies from
1–3 Sv in the upper ocean on density surfaces corresponding
to the Antarctic Intermediate Water to 15–20 Sv at mid-depth
on density surfaces corresponding to NADW and AABW.
The mixing-driven transformation of 1–3 Sv in the upper
ocean is smaller than the transformation by surface fluxes
[Speer and Tziperman, 1992; Marshall et al., 1999; Nurser
et al., 1999]. This is consistent with the present notion that
mixing drives a small fraction of transport in the upper ocean,
but accounts for most transport in the abyss [e.g., Marshall
and Speer, 2012, review]. In terms of equation (4), the upper
cell experiences surface buoyancy gain in the south and sur-
face buoyancy loss in the north, so that S and D are small
residuals. In the lower cell, the surface buoyancy loss around
Antarctica is balanced by interior mixing D. The water-mass
transformation by lee wave-driven mixing reaches up to
5–10 Sv and is limited to the NADW and AABW masses,
as it hardly extends above the 28 kgm#3 density surface.
Lee wave-driven mixing has a comparable impact, in terms
of the global water-mass transformation rate, as internal
tide-driven mixing, even though lee wave generation is
weaker and limited to the Southern Ocean.

4. Summary and Discussion

[16] The main result of this work is that internal wave-
driven mixing drives up to 25 Sv of waters from the abyss to-
wards the surface. This transport peaks at the 28–28.2 kgm#3
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Figure 3. A stacked bar diagram of the water-mass trans-
formation rates in [Sv] (1 Sv = 106m3 s#1) by (blue) internal
tide-driven diapycnal mixing and (red) lee wave-driven
diapycnal mixing as a function of neutral density gn.
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• in the Southern Ocean (SO) mixing 
from the breaking of lee waves 
generated by the interaction of 
geostrophic jet flows with bottom 
topography is expected to be important  



profiles of temperature, salinity, and velocity permit
a characterization of the regional velocity, shear, and
strain fields on internal wave vertical scales. From these
quantities, one can gain insight into characteristics of the
regional internal wave field.
The regional map of internal wave energy (given by

the sum of horizontal kinetic energy and potential en-
ergy, see the appendix for further details) integrated
over a range of vertical wavelengths typical of internal
wave scales is shown in Fig. 7a. Here energy is integrated
over vertical wavelengths between 130 and 320 m that
are well resolved by the fine structure measurements;
however, patterns are robust for other reasonable
wavelength range choices—again see the appendix for
further details. Like the turbulent dissipation rate, in-
ternal wave energy is high in the upper 1000–1500 m of
the water column, and in some places near the bottom,
places often associated with rough topography (e.g.,
stations 24–27 and stations 36–42) and/or the ACC jets
(e.g., stations 6–7, 16–20, 30, 45–47, and 54). Similarly,
the station-averaged depth and height profiles (Figs. 7b
and 7c) show enhancement in the upper 1000–1500 m
and within 1000–1250 m from the bottom. Worthy of
note is a pronounced local maximum at 1000–1500 m
height in the average vertical profile characterizing
stations with enhanced near-bottom dissipation. The
correspondence of elevated turbulent dissipation with
elevated energy at these vertical scales suggested vi-
sually by the spatial distributions of these quantities

(Fig. 3 versus Fig. 7), is seen directly in an examina-
tion of the local relation between internal wave energy
and turbulent dissipation (Fig. 8) and indicates a
physical link between turbulent dissipation and the
internal wave field at these scales. The role of internal
waves in underpinning the near-bottom enhanced
dissipation signals is suggested by the marked increase
in near-bottom internal wave energy for stations with
near-bottom ! enhancement (Fig. 7c, contrast the av-
erage height profile of internal wave energy for sta-
tions with enhanced near-bottom dissipation vs.
stations representing background levels as defined in
section 3), while the importance of bottom-generated
waves as a source of this elevated near-bottom in-
ternal wave energy is suggested by the association of
elevated near-bottom internal wave energy levels with
elevated bottom roughness and bottom flow speeds
(Fig. 9). Internal wave energy is consistently small in
regions of smooth topography, and elevated values
are consistently found in regions of relatively rough
topography. Again however, like near-bottom dis-
sipation, many instances of weak near-bottom in-
ternal wave energy levels in locations with relatively
rough topography and strong near-bottom flow are
also observed.
We make characterizations of the bulk frequency

content of the internal wave field and the predominant
direction of the internal wave energy flux by considering
the shear to strain variance ratio Rv and the ratio of
counterclockwise to clockwise polarized shear variance
(the ‘‘polarization ratio’’).1 While the two-dimensional
maps of both quantities (Figs. 10a and 10b) are noisy,
there is a visual suggestion that strong polarization with
a value of the polarization ratio greater than one (sug-
gesting an elevated presence of downward-propagating
internal waves) tends to occur in the upper ocean, and
strong polarization with a value of the polarization ratio
less than one (suggesting an elevated presence of upward-
propagating internal waves) tends to occur close to the
bottom. Similarly the map of Rv suggests a tendency
for the largest values of Rv to be found in the upper
1000–1500 m (suggesting an elevated presence of near-
inertial frequency waves there) while the lowest values
(indicative of the dominance of waves with suprainertia
frequencies) tend to be observed close to the bottom.

FIG. 6. Bin-average depth-integrated dissipation rates in the
bottommost 1000 m as a function of bottom roughness and near-
bottom background flow speed (average LADCP speed in the
bottommost 500 m). Both the size and color of the dot display the
median power dissipated. Black circles indicate the 90% confi-
dence intervals on the median power computed via bootstrap
sampling. The number inside the circle indicates the number of
estimates in each bin.

1 See the appendix for definitions and details of their calculation
from the observational data. Here again the range of vertical
wavelengths considered in the variance integrals is from 130 to
320 m. Patterns are generally qualitatively similar for other ranges
of suitable vertical wavelengths as well, however, Rv (and in par-
ticular the strain variance) is very sensitive to the wavelength limits
of integration.
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BACKGROUND & MOTIVATION

In the Southern Ocean mixing from breaking lee waves is important.

• in the Southern Ocean (SO) mixing 
from the breaking of lee waves 
generated by the interaction of 
geostrophic jet flows with bottom 
topography is expected to be important  

• recent observations of IW-scale flow & 
turbulence observations across 
different regimes of the ACC provide 
strong support for this view 

We subsample the mixing data into profiles above
smooth topography and profiles above rough topogra-
phy. Smooth topography is defined as values of rough-
ness less than the mean, 1.72 3 104m2, and rough
topography as values of roughness larger than the mean.
Most profiles sampled above rough topography are lo-
cated south of 458S closer to the Kerguelen Plateau. The
mean vertical mixing profiles show that dissipation is up
to 3 times more intense above rough topography than
above smooth topography (Fig. 5), while the mean
vertical stratification and horizontal velocity profiles are
similar whether above smooth or rough topography (not
shown). The mean profile above rough topography
shows enhanced dissipation from 240 to 1400m, with
a maximum near 800m. The water column above rough
topography is on average 2900m deep in this study. This
suggests that the impact of the topography on mixing in
this case might reach up to 2000m above the seafloor, as
previously reported in the Brazil basin (Polzin et al. 1997).
Additionally, we observe a significant correlation of

R 5 0.74 (P , 0.05 at the 95% confidence interval) be-
tween the topographic roughness and depth-integrated
diffusivity over the total profile range (not shown). The
linear fit between the topographic roughness and the
diffusivity has a slope of 0.58. The correlation R 5 0.74
north of the Kerguelen Plateau is higher than previously
estimated for thewhole SouthernOcean (R5 0.51 at the
95% confidence interval; Wu et al. 2011).

2) CURRENT SPEED

To quantify the impact of the SAF/STF region on the
mixing intensity, we estimate the correlation between
the depth-integrated diffusivity (800–1400m) and the
mean current speed in the upper 1400m, assuming that
highermean current speed is a good proxy for the frontal
region. Over the whole dataset, the moderate positive

correlation (R 5 0.36 and P , 0.05 at the 95% confi-
dence interval) confirms that as current speed increases,
so does mixing. The enhanced mixing associated with
high current speed is likely because of the internal wave
generation and dissipation where the strong quasi-
steady flow of the Antarctic Circumpolar Current in-
teracts with the topography (Bell 1975). Such enhanced
mixing would be located closer to the seafloor where the
internal waves dissipate. We therefore expect a stronger
correlation in profiles in shallower water, where the
floats sample a larger percentage of the water column.
We choose the mean water depth (3546m) over 418–
508S and 618–798E as a threshold value, and we correlate
current speed and depth-integrated diffusivity only for
profiles in less than 3546m (Fig. 6). The resulting cor-
relation is stronger R 5 0.63 (P , 0.0005 at the 95%
confidence interval), confirming the presence of en-
hanced mixing at depth when the current speed is high.
High current speed can be the result of geostrophic

flows and tidal flows.We investigate howmuch, if any, of
the enhanced mixing at depth could be the result of tidal
motions rather than geostrophic motions. A detailed
analysis of recent estimates of the energy conversion
from M2 barotropic tide (Egbert and Ray 2000) and
geostrophic motions (Nikurashin and Ferrari 2013) into
internal waves shows that geostrophic motions domi-
nate energy conversion into internal waves near the
Kerguelen Plateau and that tidal energy dissipation is
only significant on the edge and above the Kerguelen
Plateau (not shown). A harmonic analysis of the data
from the SOFine long-term moorings close to the pla-
teau shows that the mean tide (including M2, S2, N2, K1,
O1, and P1) for the full water column is 2.31 cm s21 with
a range of 0.02 to 5.89 cm s21, while below 1500m, the
mean tide is 1.17 cm s21 with a range of 0.01 to
3.6 cm s21. These estimates are far smaller than the

FIG. 4. Horizontal distribution of vertically averaged (200 to 1400m) dissipation « from
shear–strain parameterization. Topographic roughness contours range from the mean rough-
ness of the area (1.72 3 1024 m2) to 50 3 1024 m2 at 15 3 1024 m2 intervals (gray). Float
numbers are indicated as well as the first profile of each float (black dot).
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and higher-frequency motions. In contrast, regions with
polarization ratios greater than 1, which are concentrated in
the southeast Pacific and in the upper water column, are
characterized by lower-frequency, near-inertial waves, con-
sistent with wind forcing being the dominant source of
finescale variance and in turn turbulent kinetic energy dissi-
pation. These observations lend support to the hypothesis
that bottom-generated lee waves play a major role in trans-
ferring energy from the subinertial flow to turbulent dissi-
pation and diapycnal mixing. In the next section, we assess
the consistency of the observed turbulent dissipation and
internal wave energy across the DIMES region, with cur-
rent theoretical ideas concerning lee-wave generation.

4. Lee-Wave Radiation by Geostrophic Flow
Over Topography

[26] The energy flux from bottom-generated lee waves
may be computed using modified linear theory, as
described in section 2.4. Equation (1) shows that predicted
lee-wave energy fluxes are largely dependent on the bottom
flow and stratification, alongside the characteristics of the
local topography. The distribution of topographic height

Figure 5. Distribution of turbulent dissipation, as a func-
tion of bottom roughness, H, and current speed, U. Dissipa-
tion values represent the mean values over finestructure
spectral depth bins for the full water column. Labeled num-
bers show the number of data points in each H-U bin.

Figure 6. (a–d) Vertical distribution of finestructure-deduced dissipation rates, !fine , across transects T1, T2, T3, and T4,
respectively. The uppermost 200 m or so of data are missing, as shear and strain spectral bins are com-
puted starting from the bottom of the CTD/LADCP cast.
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Mismatches between expectations & observations raise important 
questions about the lifecycle of these bottom-sourced waves.

For example,



BACKGROUND & MOTIVATION

Mismatches between expectations & observations raise important 
questions about the lifecycle of these bottom-sourced waves.

• theoretical predictions of lee wave energy 
flux over-predict the observed near-
bottom turbulent dissipation rate 𝜀 (e.g. 
Waterman et al. 2013, Sheen et al. 2013) 

For example,

tidal or wind power inputs, or observed dissipations, are
about a factor of 2. For points falling on the 1:1 ratio line
in Fig. 3, an equal amount of power is converted into in-
ternal waves as turbulently dissipated, suggesting possible
local balance. Essentially, D(x)’ S(x) [(4)], though en-
ergy influx fromneighboring regions can also contribute to
local dissipation. Below the 1:1 ratio line, sources of power
input to the internal wave field exceeds local dissipation,
suggesting a divergent energy flux F(x) as waves prop-
agate away. The ratio between the power dissipated to
power input qratio represents an upper bound on the
amount of local dissipation at a given location and may
be greater than 1 in regions where remotely incident
sources are dissipated within the observation region.
The conclusions reached here are relatively insensitive
to the averaging box for 0.58 3 0.58 to 48 3 48.
The points in Fig. 3 are mostly on or below the 1:1 ratio

line, representing a wide range of dynamical scenarios.
The percentage of energy dissipated locally versus re-
motely is expected to vary considerably among datasets. In
some places, such as over the rough topography of the

eastern Brazil Basin [BBTRE (rough)], a local balance
between generation and dissipation is suggested (Polzin
2004b; O. M. Sun et al. 2014, unpublished manuscript).
Consistent with this interpretation, the BBTRE (rough)
point in Fig. 3 falls on the 1:1 ratio line. In other places [e.g.
EXITS (ridge)], waves generated at tall, steep topogra-
phy may radiate away, but other waves that are incident
from elsewhere (the Hawaiian Ridge, in this case) break
on this ridge (Johnston et al. 2003), resulting in a point
also appearing on the 1:1 line, but not because of a local
balance.
Observations lying along or slightly above the ratio

representing 20% local dissipation of power input
[DIMES-West, DIMES-Drake Passage (DP), SOFine,
GEOTRACES (rough), and LADDER] indicate that
most of the internal wave energy generated at these sites
escapes to dissipate elsewhere. Previous work by Klymak
et al. (2006) estimated that less than 20% of the internal
tide generated at the Hawaiian Ridge (HOME) is dis-
sipated locally. Finescale parameterization–integrated
dissipation rates (Kunze et al. 2006; Huussen et al. 2012)

FIG. 3. Total power input (Wm22) from Fig. 2c compared to project-averaged observed total
dissipation D (Wm22) from both microstructure measurements (right-hand legend) and the
finescale inferences (Kunze et al. 2006; Huussen et al. 2012; orange diamonds and circles).
BBTRE and GEOTRACES data are grouped by profiles collected over smooth and rough
topography. Black diagonals represent 100% (1.8 TW, 1:1 ratio; solid) and 20% (0.36 TW, 20%
dissipation of total power input; dashed) of the total power input. Gray shaded regions rep-
resent the factor of 2 uncertainty associated with the estimated power input. Note that IWAP
observations are calculated using a finescale parameterization applied to shear and strain from
six moored profilers over 80- and 1000-m depth (MacKinnon et al. 2013a), extrapolated to the
bottom using profiles of buoyancy frequency fromWOCE Global Hydrographic Climatology.
Error bars onmicrostructure observations are based on 95%bootstrapped confidence intervals
for both the observed D and power input. Datasets with only a single average profile have no
associated bootstrapped error bars (MIXET and EXITS).
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FIG. 2. An along-transect distance–depth section of (a) !micro and (b) the ! ratio5 !fine/!micro,
both displayed on a logarithmic scale. The section, as displayed, starts in the southwestern
corner of the survey domain, then runs clockwise along the rim of the region, and finally runs
northeastward along the central transect, with each subsection corresponding to an individual
transect as indicated.White ticks at the bottom of (a) and (b) delineate individual stations with
key station numbers labeled to help orient the reader. Neutral density contours in the range of
26–28.4 kgm23 in 0.1 kgm23 intervals are shown by the black contours. Bottom topography is
from Smith and Sandwell ship-sounding bathymetry version 14.1 (Smith and Sandwell 1997).
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BACKGROUND & MOTIVATION

Mismatches between expectations & observations raise important 
questions about the lifecycle of these bottom-sourced waves.

• theoretical predictions of lee wave energy 
flux over-predict the observed near-
bottom turbulent dissipation rate 𝜀 (e.g. 
Waterman et al. 2013, Sheen et al. 2013) 

• finescale parameterization predictions for 
𝜀 systematically over-predict that 
observed in regions of expected bottom 
wave generation (e.g. Waterman et al. 2014) 

For example,
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the bottom kilometer from the microstructure survey
measurements that range from 0.36 0.1 mW m22 in the
west to 1.76 0.3 mW m22 along the central transect. On
all transects, the dissipation in the bottom kilometer is
found to be in the range of 2% to 20% of the predicted
energy radiation, a much smaller fraction than the 50%
found in the numerical simulations of Nikurashin and
Ferrari (2010a, 2011). It should be noted however that
the simulations apply to Drake Passage parameters, and
the small steepness parameters !topo 5 (hrmsNbot)/(2pUbot)
that characterize the SOFine region (a mean !topo value
of 0.1 and a maximum value of 0.22) are expected to
result in a more linear regime of wave radiation that
produces less local dissipation.
As a final note we show the average height profiles of

the microstructure measurements of turbulent dissipa-
tion for stations grouped according to the local pre-
diction for internal wave energy radiation (Fig. 16).
Here again the groupings are made on the condition of
being greater or less than the regional mean value. The
comparison highlights potentially significant differences
in the near-bottom vertical profile of the turbulent dis-
sipation rate for instances where internal lee wave
generation is important versus where it is not. In both
cases, ! is enhanced at the bottom and decays in the
bottom kilometer. Average values in the bottom 1000 m

are ;50% larger for the stations expected to have
above-average lee wave radiation compared to those
that are not. The most significant difference in the ver-
tical profiles however is above 1000-m height above
bottom, where the average height profile for stations
predicted to have large internal wave energy radiation
show a secondary local maximum centered around
1250–1500-m height. This is the same approximate
height as the local off-bottom maximum observed in the
average internal wave energy profile (Fig. 7c) and the
average diffusivity profile (Fig. 4c) for stations showing
enhanced near-bottom dissipation, and it is consistent
with a convergence of internal wave energy flux that
results from the background shear profile that charac-
terizes stations with strong bottom flows (Fig. 11d).
These signatures are suggestive of a critical layer fate for
bottom-generated lee waves, and a consideration of the
observational evidence of near-bottom critical layers
that is tentatively suggested by these average profiles is
currently underway to be reported on in future.

6. Discussion

In summary, the first systematicmicro- andfine structure
survey of the ACC confirms several of our expectations
regarding the relationship between internal waves and
turbulence in the Southern Ocean interior but challenges
others. Amongst the former are included the following.

d Turbulent dissipation in the ocean interior appears to
be underpinned by breaking internal waves (as evi-
denced by e.g., the correspondence of spatial patterns
of ! and internal wave energy).

d Wefind evidence of enhanced turbulent dissipation and
mixing associated with downward-propagating near-
inertial waves in the upper approximately 1.5 km of the
water column, suggestive of the anticipated role of wind
generation of these waves in sustaining dissipation and
mixing in the upper layers of the Southern Ocean.
Depth-integrated dissipation rates in the upper 1500 m
areO(1–10) mW m22, the same order as the estimates
of the energy flux from the wind to near-inertial
motions in the region by Alford (2001, 2003). We note
that the observed levels of upper-ocean turbulent
dissipation and inferred mixing are approximately an
order of magnitude larger than those observed in the
southeast Pacific during the Diapycnal and Isopycnal
Mixing Experiment in the Southern Ocean (DIMES)
(Ledwell et al. 2011), an enhancement consistent with
the larger predicted energy flux from the wind to near-
inertial motions in the region.

d We also find evidence of enhanced turbulent dissipa-
tion and mixing associated with upward-propagating,
relatively high-frequency internal waves in the deep-

FIG. 16. Mean height profiles of ! contrasting stations with large
predicted energy radiation (black) versus small predicted energy
radiation (gray). Gray shading indicates the 90% confidence in-
terval in the average vertical profiles calculated by bootstrapping.
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BACKGROUND & MOTIVATION

Mismatches between expectations & observations raise important 
questions about the lifecycle of these bottom-sourced waves.

• theoretical predictions of lee wave energy 
flux over-predict the observed near-
bottom turbulent dissipation rate 𝜀 (e.g. 
Waterman et al. 2013, Sheen et al. 2013) 

• finescale parameterization predictions for 
𝜀 systematically over-predict that 
observed in regions of expected bottom 
wave generation (e.g. Waterman et al. 2014) 

• off-bottom maximum in the average 𝜀 
vertical profile do not match the vertical 
redistribution function typically assumed 
in parameterizations (e.g. Waterman et al. 
2013, Sheen et al. 2013, Meyer 2015) 

For example,

Waterman et al. 2013

stations with large 
predicted energy radiation

stations with small 
predicted energy radiation



BACKGROUND & MOTIVATION

A growing number of observational clues suggest a role of the large-
scale flow in underpinning these mismatches.

For example,



expect excess energy at a preferred vertical scale dic-
tated by the bathymetry and the incident current and as
such a violation of the assumptions of spatial homoge-
neity and vertical isotropy.
It should be noted that departures from the spatially

homogeneous and vertically isotropic background state
are handled in the finescale parameterization by as-
suming that the background/test wave correlations de-
pend only on the background vertical shear variance.

Given this assumption, downscale transports are pro-
portional to the expected value of the test wave aspect
ratio (Polzin et al. 1995). This dependence manifests
itself in the functional dependence on wave frequency
h(Rv) in the finescale parameterization rendered in
Eq. (3). This frequency-corrected form of the parame-
terization has proven successful in predicting the dissi-
pation rates consistent to within a factor of 2 for a number
of wave fields exhibiting non-GM characteristics; see
Polzin et al. (1995) for various examples. The parame-
terization has also been developed as a successful prog-
nostic tool to parameterize tidal mixing in a decidedly
inhomogeneous and anisotropic environment [e.g., Polzin
2004, 2009; see also Fig. 11 of Mauritzen et al. (2002)].
Vertical anisotropy could nevertheless be a key in-

gredient to explain the observed overprediction here,
and an interesting possibility consistent with the ob-
served signals concerns the behavior of high-frequency
waves in a vertically anisotropic near-inertial wave field.
The condition for resonant interaction of internal waves
is that the three wavenumbers and frequencies sum to
zero. For two high-frequency waves (v and v2) and
a near-inertial wave (v1 ffi f ), the condition on the fre-
quencies becomesv2v12v25 0.Withv andv2"v1,
a Taylor series expansion providesm1(›v/›m) ffi f , that
is, the approximate resonance condition that the vertical
group velocity of the high-frequency wave matches the
vertical phase speed of the near-inertial wave. Because
the vertical phase speed and group velocity of internal
waves are in opposite directions, one might anticipate
a tendency of the finescale parameterization to over-
estimate the observed dissipation if all waves are prop-
agating in the same direction. The plausibility of this

FIG. 13. The relation between the Froude number, based on the
vertical shear of the background flow and as defined in the text, and
finescale overprediction near the bottom (specifically at heights of
1000m or less). Points are colored by the value of !micro. Lines show
the result of a linear regression of the ! ratio on Froude number for
the full dataset (black) and the special eight stations only (gray).
Regression statistics are displayed in the lower right-hand corner
for the full dataset with those corresponding to the calculation
using data from the special eight stations only in parentheses.

FIG. 14. Vertical profiles as a function of height above the bottom of (a) speed; (b) background stratification Nref; (c) wave intrinsic
frequency v, inferred from the shear-to-strain variance ratio Rv; (d) CCW- (gray) and CW-polarized (black) shear variance integrated
over integration limits 1 and normalized by the equivalent GM shear variance level; (e) !micro; and (f) the ! ratio for the eight special
stations. The black line is the composite mean for all stations.
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BACKGROUND & MOTIVATION

A growing number of observational clues suggest a role of the large-
scale flow in underpinning these mismatches.

• average vertical profiles of wave and turbulent 
properties look different inside ACC jets vs. 
outside ACC jets 

• places with finescale parameterization over-
prediction tend to have large Froude number 
based on the vertical shear of the background 
flow 

• further they tend to have a negative signed 
background shear suggesting a possible role 
of wave-mean flow interactions in critical-layer 
like scenarios 

For example,



THIS STUDY

1. identify & characterize coherent wave-like signals 

2. characterize these waves’ background environment 

3. consider & quantify the relative importance of competing 
influences on wave evolution

We use observations from a Southern Ocean mixing hotspot with 
strong near-bottom flows, rough topography & significant mean-flow 
influence to:



THIS STUDY

1. What do the scales of the observed waves & their background 
environment imply for the relative importance of turbulent dissipation vs. 
horizontal propagation vs. wave-mean flow interactions in IW evolution? 

2. What do backwards-in-time linear ray tracing results suggest about typical 
wave lifecycles in the ACC?

We ask:



The Southern Ocean Finestructure Project (SOFine): to test whether internal 
waves generated by ACC jets impinging on small scale topography is a leading 
order term
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Analysis

1. identify coherent wave-like features in the 
vertical profile data 

2. characterize feature properties in terms of 
linear internal wave kinematics 

3. characterize ‘background’ velocity and 
stratification environment  

4. model a plausible wave life history in 
relevant background flow & stratification 
environment by ray-tracing wave 
backwards-in-time  

constant following a ray path

evolution of wave’s position due 
to background flow advection 
and wave’s intrinsic group 
velocity

evolution of wave’s wavenumber 
resulting from the conservation of 
total frequency as it propagates 
through the background velocity 
shears  and stratification gradient

where

total 
frequency
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Doppler 
shift
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gradient

horizontal background  
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vertical background  
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wave frequency is 
conserved following a 

wave packet

wave’s position evolves 
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Analysis
1. identify coherent wave-like features in the 

vertical profile data 

2. characterize feature properties in terms of 
linear internal wave kinematics 

3. characterize ‘background’ velocity and 
stratification environment  

4. model a plausible wave life history in 
relevant background flow & stratification 
environment by ray-tracing wave 
backwards-in-time  

5. compute & compare timescales to quantify 
relative importance of processes that 
influence wave evolution: wave-mean flow 
interaction; mean flow advection; dissipation 
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RESULTS

1. Wave Characteristics

• our criteria identify 10 downward-going and 
14 upward-going wave-like features in 
59 LADCP/CTD profiles 

• typically in the vicinity of ACC jets and/or 
rougher topography & within 500-1500 m 
off the sea floor 

𝜆H 𝜆V 𝜔
1km - 21km 

(mean: 4 km)
58m - 290m 

(mean: 132m) 
km)

1.01f - 6.26f 
(mean: 2.1f)

• wave properties consistent with those 
observed in EM-APEX float data from the 
region (Meyer et al., 2015) 
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RESULTS

2. Background Environment

• background flow speeds typically large: 8 
cms-1 on average & up to 0.3 cms-1  

• background vertical shear, strain and vorticity 
also significant: 1.0f, 0.1f and 0.05f on 
average respectively 

• relatively large values of background strain 
imply the Okubo-Weiss parameter 
characterizing the background flow was 
typically positive 

• waves typically observed w/ negative 
background shear below; suggests a 
possible role of wave-mean flow 
interactions in critical-layer like scenarios 



RESULTS

3. Wave Evolution

1f 2f 3f

• ray tracing suggests we tend to observe 
waves at a common stage in their 
evolution i.e. approaching a critical layer 
( Cgz ➞ 0, σ ➞ f, m ➞ big) 

wave frequency (s-1)



RESULTS

3. Wave Evolution

• ray tracing suggests we tend to observe 
waves at a common stage in their 
evolution i.e. approaching a critical layer 
(m ➞ big; σ ➞ f, Cgz ➞ 0) 

• for THESE waves: Tadvection ≤ Tdissipation < 
Twave-mean most (but not all) of the time 
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• typical lifetimes of O(10) days in which 
time waves typically travel O(100) km 
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3. Wave Evolution
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• ray tracing suggests we tend to observe 
waves at a common stage in their 
evolution i.e. approaching a critical layer 
(m ➞ big; σ ➞ f, Cgz ➞ 0) 

• for THESE waves: Tadvection ≤ Tdissipation < 
Twave-mean most (but not all) of the time 

• typical lifetimes of O(10) days in which 
time waves typically travel O(100) km 

• there are important regions where the 
change of the wave’s horizontal 
wavenumbers due to interactions with 
horizontal shear & strain of the 
background flow is dominant; here the 
evolution of the wave packet is 
fundamentally 3D 



SUMMARY & DISCUSSION

The exercise of characterizing wave feature properties, their 
environment, and their plausible life history highlights the order one 
role played by the mean flow in this region: 

1. in generating upward propagating lee(?) waves through interaction w/ the 
bottom topography 

2. in the advection of wave-packets 

3. through modifying wave packet characteristics through wave-mean flow 
interactions, some of which must be considered as 3D



SUMMARY & DISCUSSION

As a consequence… 

1. internal wave dissipation is not necessarily local 

2. in advection & shear/strain dominated regions (like the ACC jets) – 
predictions for wave evolution based on local vertical shear & 
stratification, lee-wave generation, & dissipation rate are likely not valid; 
instead mean flow impacts need to be taken into account
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