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a b s t r a c t

High-resolution temperature observations above underwater topography in the deep, stably stratified
ocean have revealed two distinctive turbulence processes. These processes are associated with different
phases of a large-scale (here tidal) internal gravity wave: (i) highly nonlinear turbulent bores during
the upslope propagating phase, and (ii) Kelvin–Helmholtz billows, at some distance above the slope,
during the downslope phase. Whilst the former may be associated in part with convective turbulent
overturning following Rayleigh–Taylor instabilities ‘RTi’, the latter is mainly related to shear-induced
Kelvin–Helmholtz instabilities. In this paper, details are particularly presented of rare (convective) RTi
penetrating stable density stratification under high-frequency internal waves. Such ‘apparent RTi’ can
be explained using both stability parameterization of entrainment across a density interface, and, more
relevant here, internal wave acceleration overcoming the reduced gravity.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

In nonlinear fluid dynamics, Rayleigh–Taylor instability RTi is
the basis of an important turbulence exchange mechanism across
an interface between two fluids of different densities that occurs
when the less dense fluid is accelerated into the other [1,2]. The ini-
tial finger-like penetrations of fluid grow into 2D-mushrooms and
eventually generate full-3D turbulence. It is a quite efficient way of
turbulent mixing, with efficiencies between 0.25 and 0.5, themax-
imum, as determined from laboratory experiments [3]. In such ex-
periments, basically two methods exist generating RTi: one is to
fill a container with a stably stratified (usually two-layer) fluid and
turn the container rapidly upside-down (e.g., [4]) or accelerate it
downward bymore than 1G (e.g., [5]); a second is to fill a container
with an unstable stratified fluid separating the two layers of differ-
ent densities by a plate and pull the plate away smoothly (e.g., [6]).
Outside the laboratory environment, the RTi-induced mixing
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mechanism is important in many geophysical environments. For
example, during day-time the atmosphere is heated from below so
that RTi can act under gravity, warm air being less dense than cold
air, resulting in strong vertical turbulentmotions [7]. In case of sta-
bly stratified air above, such RTi may generate ‘internal waves’ [8].

In geophysics, RTi is often termed ‘convective’ or ‘free’ insta-
bility to distinguish it from vertical current differences (shear)-
induced Kelvin–Helmholtz instability (KHi). In its initial stage,
KHi consists of thin layers of different densities rolled-up by the
vertical current difference ‘shear’ across the initial stable density
interface (Fig. 1(b)). It is thus more associated with stable density-
stratified environments, like the ocean that is generally heated
from above. In that largest natural body of fluid, shear-induced tur-
bulence reaches a mean mixing efficiency of about 0.2, at least in
the upper layers [9].

In the ocean, RTi is mainly associated with dense-water-
formation during periods of near-surface drying and cooling in the
polar regions and the Mediterranean, but also more wide-spread
in the first 10–20 m below the surface during night-time cooling.
In the stratified deep-ocean, no detailed observations have been
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Fig. 1. Examples of numerical modeling studies of particular stages of instability
developments. (a) One finger of Rayleigh–Taylor instability in semi-full turbulence
stage, with secondary Kelvin–Helmholtz instability along its penetrative fringe in
the black rectangle (from: [10]). (b) Roll-up stage of Kelvin–Helmholtz instability
becoming turbulent with secondary Rayleigh–Taylor instability mushroom emerg-
ing in the black rectangle (from: [11]).

made of RTi thus far. However, the stable density stratification can
support internal (inertia-gravity) waves that set the ocean interior
in permanent motion. Most of their energy comes from passing at-
mospheric disturbances near the surface or from tidal currents in-
teracting with ubiquitous seafloor topography. Wave–topography
interaction and wave–wave interactions transfer energy from
large-scale sinusoidal linear waves to highly nonlinear waves
that can break, foremost at underwater topography. Here, the
variable turbulence generation is demonstrated of internal wave
breaking observations. High-resolution temperature sensors also
reveal details of apparent RTi-penetration in stably stratified layer-
ing underneath high-frequency internal waves near the buoyancy
frequency, the upper limit of free-propagating internal waves.

From laboratory experiments and numerical modeling efforts
we know that the above two types of instabilities can occur
co-jointly (Fig. 1). Matsumoto and Hoshino [11] demonstrated
the mushroom formation stage of RTi occurring and accelerating
turbulent mixing in the interior of well rolled-up billows after
initial-stage KHi. It can be expected that this RTi-portion inside
KHi increases the mixing efficiency of KHi. As the roll-up stage
consists of alternating stable and unstable density layering under
gravity, KHi rapidly transfers to a fully turbulent billow core that
is convectively RTi-driven [12]. Conversely during the third stage
of RTi, small-scale KHi develops on the sharp interfaces between
larger-scale columns of fluids of different densities being moved
up and down (Fig. 1(a)). As these small-scale KHi are at the density
interface, theirmixing efficiency, and thus the vertical density flux,
will be high as well.

An important parameter in laboratory studies of RTi is the At-
wood number A = ∆ρ/Σρ, the ratio of the density (ρ) differ-
ence across an interface and the sum of the different densities.
At small (positive) Atwood numbers 0 < A ≪ 1, instabilities
show a symmetric start of instability [3,13]; the flow is consid-
ered a Boussinesq flow. In the developed stage, no KHi is observed
along the edges and the growth rates of turbulence and interface
thickening are slow [3,4]. In laboratory experiments, small (posi-
tive) A ∼ 10−3. It is noted that in the present ocean observations
A ∼ −10−5, and thus is very small compared to laboratory exper-
iments (and negative, for stable stratified conditions).

A key parameter for flows under stable stratified conditions is
the (overall) Richardson number Ri = g∆ρ/ρ · ∆z/V 2, in which
g denotes the acceleration of gravity, ∆z a suitable vertical length-
scale such as the interface thickness and V the current speed (dif-
ference across it). Ri thus represents the ratio of stability (by the
stratification) over the destabilizing (shear-) flow, or the ratio of
potential over kinetic energy. In the latter context, the current
speed may represent turbulent motions in one or both layers, and
in which case a dependence of penetration velocity we across the
interfacemay be formulated [14]. From Turner’s laboratory experi-
ments it is found thatwe/V ∼ Ri−1, up to about Ri = 0.25, the limit
of linear stability as formulated by [15,16]. Later experiments by
[6] showedmore or less the same dependence,∼ Ri−1.3. It is noted
that time-dependent nonlinear flows as in 3D internal waves may
exhibit instabilities at Ri = 1 [17,18] or even Ri > 1 [19]. However,
little observational evidence exists for the latter theoretical results.

So far, limited KHi has been observed directly in natural waters,
notable exceptions being by, e.g., [20–23]. Few show the stage
of roll-up [20,24], and mostly the state of collapse into a billow
with a fully turbulent core ([22,25]; the present observations). In
laboratory experiments, it takes only seconds to transfer from the
initial roll-up to the full turbulence stage [12]. This may be slower
in natural waters like the ocean, but even there statistics predict it
to be (much) less observed than a fully turbulent billow in different
stages of matureness.

2. Data

The present observations have been made in the NE-Atlantic
Ocean at depths well-above the Mediterranean outflow of salty
and warm waters that have a density equivalent to that of the At-
lantic Ocean between 800 and 1300 m. A bottom-lander with a
net weight of 200 kg was moored at 30° 00.052′N, 28° 18.802′W,
H = 549 mwater depth, near the top of the eastern slope of Great
Meteor Seamount in the Canary Basin for 18 days in May/June
2006. The lander held a 300 kHz four-beam Teledyne/RDI acous-
tic Doppler current profiler ‘ADCP’ and an SBE53 high-precision
pressure sensor. Attached to the lander was a nylon-coated steel
mooring cable below a single elliptic underwater buoy. We taped
98 custom-made ‘NIOZ3’ temperature sensors to the cable at 0.5m
intervals. The lander held 3 additional sensors, so that the lowest
sensor was nominally at 0.5 m from the bottom. Tilt and pressure
data from sensors just below the buoy showed that the top of the
mooring line moved less than 0.15m vertically and less than 3.5 m
horizontally.

The NIOZ3 sensors sampled at a rate of 1 Hz and were synchro-
nized via induction every 4 h, so that timing mismatch was <0.02
s. Their noise level is <6× 10−5 °C [26]. The frame’s pressure sen-
sor sampled at a rate of 0.333 Hz and showed random sampling
errors <4 Nm−2 [27]. The ADCP sampled at a rate of 0.5 Hz, regis-
tering all three Cartesian current components [u, v, w] and, in each
beam, echo intensity every 1m between 5 and 84m above the bot-
tom. The acoustic echo, taken relative to the time mean to correct
for the water attenuation of sound, is most sensitive to suspended
particles and especially zooplankton (small shrimp) having sizes
>0.003 m [28]. At 300 kHz, zooplankton reflects sound approxi-
mately at the level of strong turbulence, e.g., caused by breaking
internal waves [29]. This level is about 20 dB above that of weak
turbulence, say the background level of relative echo intensity. Un-
fortunately, the ADCP-data were rather noisy due to regular lack of
scatterers in combination with occasional hard reflectance at the
titanium housings of the temperature sensors.

Shipborne SeaBird-911 Conductivity–Temperature–Depth
‘CTD’-profiles demonstrated that the local stable density stratifica-
tion dρ/dz amounted N = 3.2± 1.5× 10−3 s−1 in terms of buoy-
ancy frequency N ∝ (−g/ρdρ/dz)1/2 + compressibility effects.
This resulted in an average internalwave slope of 1.5° at the semid-
iurnal tidal frequency, so that the local bottom slope of 3.5 ± 0.5°
was significantly super-critical for internal tides [30].

Temperature sensor data are first transferred to conservative
(∼potential) temperature (Θ) values [31], before they are used as
a tracer for potential density variations δρ following a constant
linear relationship obtained from best-fit data using the nearby
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Fig. 2. Overview of CTD-data obtained at 1 (red) and 5 km (blue) east of the mooring site, immediately before deployment. a. Conservative temperature. The vertical bars
indicate the ranges of themoored temperature (purple) and ADCP current measurements (green). b. Potential density anomaly, referenced to the surface. c. Potential density
anomaly—conservative temperature relationship. The straight lines (yellow for red; light-blue for blue) are linear best-fits to the sections of data presented, resulting in a
mean relationships of δσθ = −0.103 ± 0.005δΘ kg m−3 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
Fig. 3. High-resolution moored temperature observations above Great Meteor Seamount. (a) One week of depth-time series of original temperature after calibration; the
horizontal lines indicate missing sensor data. The purple bar indicates the period of panel b; the vertical white dashed lines indicate the periods of Figs. 4 (‘F4’) and 5 (‘F5’);
the vertical black dashed line indicates the period of panel c and Figs. 6, 7 (‘F67’). (b) One semidiurnal lunar tidal period from panel a, whereas missing sensor data are
interpolated and measured temperature is transferred to conservative temperature; the purple bar indicates the period of panel c. (c) One-sixth tidal period from panel b,
demonstrating the warming phase of a tidal period, a high-frequency internal wave and various instabilities. Solid-black contours are drawn every 0.1 °C. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
CTD-profiles across 300 m vertically, six times the range of the
temperature sensors. This provides an indication for the variability
of water mass properties over the large vertical (∆z ∼ 100 m)
buoyancy and internal tidal wave scales. The amount of sensors
and the 0.5m-resolution of the small buoyancy scales are sufficient
to use these data to estimate turbulence parameters. These
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Fig. 4. Detail depth-time (11.5 min) series of a small train of 20 m high KHi billows during a warming, downslope moving phase of the tide. The KHi shows secondary
instabilities in the form of small-KHi along the rims and some mushroom RTi in the interior. (a) Conservative temperature; solid-black contours are drawn every 0.025 °C.
(b) Logarithm of the buoyancy frequency, computed from reordered, statically stable conservative temperature data. In purple (and bar length) the time-depth-maximum
buoyancy period 2π/Nmax is indicated; in black time-depth-mean turbulent diffusivity [⟨Kz⟩]; in red turbulence dissipation rate [⟨ε⟩]; in blue buoyancy frequency [⟨N⟩].
(c) Displacements of the reordering. (d) Time series of the logarithm of vertically averaged turbulence dissipation rate (⟨ε⟩; red; scale to right) and turbulent diffusivity (⟨Kz⟩;
black). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
estimates are not made via resolution of the smallest Kolmogorov-
scales O(10−3

− 10−2) m of turbulence dissipation, but through
the resolution of scales of up to the largest energy-containing
Ozmidov-scales of turbulence in stratified fluids.

Thus, turbulent kinetic energy dissipation rate ε = C2
0d

2N3,
C0 = 0.8 a constant, and vertical (z) turbulent eddy diffusivity
Kz = Γ εN−2

= 0.128d2N, Γ the mixing efficiency coefficient,
are estimated by calculating ‘overturning’ scales d after reorder-
ing every 1 Hz time-step the potential density (temperature) pro-
file, which may contain inversions, into a stable monotonic profile
without inversions [32,33]. The value of C0 = 0.8 was found to
be the mean with values varying over one order of magnitude af-
ter a comparison between overturning andOzmidov scales [34,35].
Here, a constant, meanmixing efficiency ofΓ = 0.2 is used, which
is common under shear-induced turbulent stratified-ocean condi-
tions [9,36,37], although debate is ongoing as it may be variable
with space and time under particular conditions (e.g., [38]). As the
noise level of the temperature sensors is very low, the threshold for
detecting overturns is mainly due to remaining temperature-shifts
after calibration (<5 × 10−4 °C; [26,30]).

In the following, averaging over time is denoted by [. . .],
averaging over depth-range by ⟨· · ·⟩. The specific averaging periods
and ranges are indicated with the mean values.

3. Observations

Between 400 and 700 m above the slopes of Great Meteor
Seamount, the temperature–density relationship is reasonably
tight δρ = αδΘ, α = −0.103 ± 0.005 kg m−3 °C−1 (Fig. 2). Re-
peated CTD-observations show very little variation in this relation-
ship, and the effects of salt-compensated intrusions are confirmed
negligible. As a result, the temperature sensor observations can be
used as a tracer for density variations and estimates of turbulence
parameters.

A one-week portion of themoored Eulerian temperature obser-
vations show an apparently regular variation with the semidiur-
nal periodicity, of alternating warm (upper layer; colored red) and
cool (lower layer; blue) waters (Fig. 3(a)). The 50 m high range of
the 101 sensors does not resolve the entire amplitude of the tidal,
large-scale internal waves, which are estimated about 100m (from
the yellow–green ‘contour’), crest–trough. In detail, none of the
semidiurnal tidal periods are the same, with varying temperature
fluctuations, intensity of high-frequency internal waves, influence
of nonlinearity and turbulence generation.

In a one-tidal-period example (Fig. 3(b)), high-frequency
‘smaller scale’ internal waves near the buoyancy frequency are
seen to accompany the large-scale variation. The smaller-scale
internal waves have amplitudes of about 10 m and are generally
resolved by the sensors’ range. The warming downslope-moving
phase of the internal tidal wave has an apparent smoother
character than the cooling upslope-moving phase. The former is
characterized by shear-induced KHi [25] or asymmetric Holmboe
instability [39] at the main interface that descends with time;
the latter is characterized by a highly nonlinear frontal bore or
backwards breaking wave, of which the particle velocity is close
to the phase speed, that is preceded by convective overturning
RTi in the large near-homogeneous interior layer above the
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Fig. 5. As Fig. 4, but for 1.12 h period of observations just before the turn of tide fromwarming, downslope to cooling, upslope motion. This hour of downdraft is dominated
by RTi in the weakly stratified layer above a strongly stratified interface just above the bottom.When the interface is still more than 5m above the bottom, small KHi billows
are visible below it. Colors and scales are identical to those in Fig. 6. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
strong stratification close to the bottom [30]. Both main types of
turbulence generation exist in the details of Fig. 3(c), see several
named indicators. Special there is the apparent-RTi ‘RTi?’ below
the warmest portion of descending wave, and which seems to
create convective overturning in rather strongly stratified waters
below, with the 20 m high convective motions touching the
bottom. Before these are discussed further, some examples ofmore
classic KHi and RTi are treated first.

3.1. Occasional RTi in developed KHi

During thewarming downslopemoving phase of the tide, trains
of Kelvin–Helmholtz billows are regularly observed (examples in
[25] and Fig. 4 here). Classic roll-up of thin-layer stratification is
not found in any of our temperature sensor observations so far.
Although the rims of the present KHi consist of thin layers of en-
hanced stratification, the billows, like observed asymmetric Holm-
boe overturns [39], are always found in their late-stage of fully
(convective) turbulence development. In this stage, only occasion-
ally mushroom RTi-initial stages are observed (arrow in Fig. 4(a)
near 390 s; 520 m). More often, small-scale billow-overturns are
observed, also in the thin-layer rim. The latter provides relatively
high mixing efficiency, or a large flux. When such cases dominate,
the vertically averaged estimates of turbulence dissipation rate
(Fig. 4(d) red graph; ∼ vertical heat flux) are relatively large com-
pared with those of eddy diffusivity (Fig. 4(d) black graph). This is
because the ⟨Kz⟩ is less dependent on N , so that it can attain high
values in weakly stratified layers.

Relatively large ⟨Kz⟩, compared with ⟨ε⟩ and heat flux, is often
found in weakly stratified and strongly turbulent layers associated
with the final part of the warming downslope moving phase of the
tide, see for an example Fig. 5. This highly RTi-dominated period
consists of overturns exceeding 40 m in height and which are
thought to sharpen the following frontal transition to the cooling
upslope moving phase [30]. Together with the frontal passage (of
which the beginning is shown in the lower-right corner in Fig. 5(a)),
this is the most vigorous turbulence portion in a tidal period. They
contribute about 60% of the total tidal period turbulence in half
an hour [30]. The well-developed turbulence creates a several 10’s
of meters thick near-homogeneous layer that does not reach the
bottom, normally. Below it, a thin strongly stratified layer is pushed
to within a few m from the bottom. This stratified layer contains
KHi (below it) when it is still about 10 m above the bottom (left-
third portion around 540 m of Fig. 5(a), also visible in the oblique
loops in stratification Fig. 5(b); see Fig. 4(b) for reference). These
KHi become increasingly squashed over time by the RTi above and
the approaching bottom below in the second half of the period.

3.2. Apparent-RTi in stably stratified waters underneath high-
frequency internal waves

An unusual period of apparent RTi in a well-stratified layer is
observed once around the transition from a warming downslope-
moving to a cooling upslope-moving phase of the internal tide
(Figs. 6, 7). During this period, relatively large ⟨ε⟩ is observed,
compared with ⟨Kz⟩, while overall mean turbulence parameter
values are (just) slightly less than during the comparable phase
of the tidal period before (Fig. 5). The higher mixing efficiency in
Figs. 6, 7 is comparable to that of the vertical heat flux associated
withKHi-thin layer overturning. Initially, thewarming downslope-
moving phase still has a ‘normal’ apparition, with KHi between
530 and 540 m, and larger overturns due to RTi higher-up in a
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Fig. 6. As Fig. 4, but for 1.12 h period of observations from Fig. 2(c), dominated by apparent RTi underneath an internal wave near the buoyancy frequency. Colors and scales
are identical to those in Fig. 5. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
weakly stratified layer between 510 and 530 m (Fig. 6). In contrast
with other tidal periods however, a pre-frontal upslope-moving
near-bottom motion pushes cooler water upwards around 500
s. In the 3000 s thereafter, and underneath the warmest water
moving down in a high-frequency internal wave having a period
close to the mean buoyancy period, short-scale ‘fingers’ occur:
‘RTi?’. The fingers penetrate the 20 m-thick near-homogeneous
layer of RTi (that was pushed down by the short internal wave)
on their upper side, and the previous KHi-dominated 10 m-thick
weakly stratified layer on their lower side. The associated turbulent
overturns reach the bottom, a rare phenomenon for the warming
downslope-moving tidal phase, and up to 30m above it. They have
duration of 250–300 s, close to the shortest buoyancy period of the
strongest thin-layer stratification (the minimum period of 288 s
here is indicated in purple in Fig. 6(b)). This is also the time-scale of
variation of vertically averaged turbulence parameters (Fig. 6(d)).
The structure of the fingers resembles RTi (Fig. 1(a)), with pointed
shapes downward-oriented and rounded ones upward, except that
they appear to occur in (overall) stable stratification. It would
work when Fig. 6(a) is held upside-down. Or, when the wave-
acceleration overcomes gravity, in this case gravity associatedwith
density differences (see discussion in Section 4).

The associated vertical currents reach speeds of 0.06 m s−1,
down and up (Fig. 7(b)). Two large-scale variations of one down
and one up dominate the motions in this figure. These are associ-
ated with the buoyancy-period internal wave. The O(10 m) hori-
zontally averaged currents do not resolve much of the small-scale
motions associated with the overturns, with exceptions around
2000 s near the bottom. It implies the turbulent motions have hor-
izontal scales smaller than 10 m. This is confirmed by the obser-
vations on relative echo intensity that is measured in the O(1 m)
wide individual acoustic beams, and of which two depth-time se-
ries are shown in Fig. 7(c), (d). Especially in the lower 20 m above
the bottom, variations in echo intensitymatchwell with variations
in temperature (Fig. 7(a)) that are associated with the finger-like
overturns. Between the two acoustic beams it is seen that the forms
of echo intensity-variations shift in time, by typically 30–100 s (the
288 s purple bar of minimum buoyancy period can be used for ref-
erence). As the beams are spread by about 10 m horizontally, this
time-shift associates with the advective horizontal current plus
wave propagation speed O(0.1 m s−1).

The downslope horizontal current component of>0.25m s−1 is
found around 500m, which is unusually far, between 30 and 40m,
above the bottom (Fig. 7(e)). It reachesmaximum speed in the core
of the buoyancy period internal wave (red color in temperature
in Fig. 7(a)), just prior to the transition from warming to cooling
tidal phase. The core of the horizontal current and the zone ofmost
intense apparent penetrative RTi are accompanied by strongly
enhanced values of acoustic echo intensity (Fig. 7(c), (d)). Therein,
two separate sets can be distinguished, the largest (red–brown;
saturated values) is found in the interior, whilst the smaller one
is confined to the bottom and directly reflects resuspension of
sediment by the turbulence activity.

The turbulence activity associated with internal wave breaking
is also registered in the bottom pressure sensor (purple graph in
Fig. 7(g)). As demonstrated more elaborately in [27], the extensive
turbulence above a sloping bottom provides a rather continual
activity in bottom pressure that is often mistakenly attributed to
long surface waves (e.g., [40]). Using temperature observations,
even though limited in the lower 50 m above the bottom only,
and vertical current information, observed bottom pressure is seen
to be dominated by two terms: the internal hydrostatic pressure
(black graph in Fig. 7(g)) and non-hydrostatic pressure (red). The
former reflects the slower pressure effects due to internal waves
near the buoyancy frequency, whilst the latter reflects the shorter
time-scale, mainly turbulence variations. Added together, they
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Fig. 7. Additional acoustic current (10 s smoothed data) and pressure (3 s sampled) information to observations in Fig. 6, extending the vertical-range to 85 m above the
bottom to include all ADCP-data. (a) Repeat of Fig. 6(a) for reference, without contour lines, but including bottom pressure time series minus its time mean (purple graph,
arbitrary scale). (b) Vertical current component. (c) Acoustic echo amplitude of beam 1. (d) Acoustic echo amplitude of beam 2. (e) Cross-slope current component. (f) Along-
slope current component. (g) Time series of pressurewith reference to their timemean. Observed bottompressure (purple graph frompanel a.) in comparisonwith estimates
of internal hydrostatic pressure (black) and non-hydrostatic pressure (red). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
well explain the variance of the observed bottom pressure. The
phase is not well explained, which is understandable given the
all-sided nature of pressure and the sampling-limitations (of 50 m
range of integration of temperature and coarse 10 m2 horizontally
averaged vertical currents measured at 5 m above instead of at the
bottom).

4. Discussion and conclusions

The present observations of apparent RTi entraining in stable
stratification under internal waves are not uniquely confined to
steep slopes, super-critical for internal tides, and some 300 m be-
low the summit of Great Meteor Seamount. They have also been
observed in other ocean areas, althoughmainly in theweaker strat-
ified parts associated with non-linear (internal) wave breaking, in-
deed above sloping underwater topography.

It seems that the here observed a(de)ccelerations of strong RTi-
turbulence in the near-homogeneous layer above, in combination
with the internal wave vertical motion variations, can overcome
reduced gravity to sufficiently penetrate the stable stratified layer
below. Reduced gravity g ′

= g∆ρ/ρ ≈ 2 gA is the natural
driving force for internal waves in stable-stratified fluids. As the
ocean has so much smaller Atwood number A than employed in
laboratory experiments, viz. A ∼ 10−5 versus A ∼ O(10−3

− 1), g ′

should replace g in considering accelerations to overcome stable
stratification. (Olson and Jacobs [5]worked in their laboratorywith
a launcher capable of accelerations of a few times g experimenting
with fluids in which A = 0.15–0.21). As the present wave-induced
penetration has vertical motion variations of ∆w ≈ 0.05 m s−1,
the condition for the magnitude of its accelerations is ∆w/∆t =
aw > −g ′. This is satisfied when ∆t < 250 s, for negative ∆w.
Such condition and values are observed at the onset of apparent-
RTi. This time-variation limit is close to the minimum buoyancy
period of 288 s in Figs. 6, 7, or the largest turbulence time-scale of
the entrainment-overturns (fingers) observed.

Later in the record however, w becomes positive when isopy-
cnals move upwards whereas the vertical turbulent penetrations
continue, creating a more fully turbulent layer touching the bot-
tom. Alternatively, using the above same observed parameter val-
ues in Turner’s (1968) [14] (and [6]) dependence we/V ∼ Ri−1 for
entrainment velocity across a stable stratified interface, one finds
Ri ≈ 0.2 for a vertical scale height of ∆z = 10 m, V = 0.1 m s−1

and ∆ρ = 0.02 kg m−3. Such a low Ri is a sufficient condition
for turbulence exchange, even in the linear stability case [15,16].
Hereby, the small-scale internal wave shear adds positively and
sufficiently to the larger-scale internal tide shear. No clear sign of
KHi, or of its convective stage, is observed in either temperature or
stratification (N) images.

Whatever precise mechanism dominates, the penetrative tur-
bulent near-bottom layer retains a character of stratified tur-
bulence, rather than turbulence creating a purely well-mixed
layer. This stratified-turbulence-character may not only be due
to a lack of sufficient turbulent kinetic energy, but also to non-
negligible potential energy supply of restratification via lateral
advection either by large-scale motions or, as is the case here,
via small-scale waves. The potential importance of the latter via
(self-)advection has been suggested previously [8,41].

As a result, over the course of about half an hour, one large-
scale mean buoyancy period, the mid-stage of RTi-penetration
can be observed in some detail passing the moored temperature
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sensors. Although it is rather rare, being the only clear example in
an 18-day (35-tidal periods) time series, the relatively low Atwood
number of this natural environment provides some advantage over
lab-experiments. The latter reveals such stage only using high-
sampling rate observational techniques of duration <1 s (e.g.,
[3–5]).

For the stable stratified ocean, the observed process of internal-
wave-induced RTi may be important as its mixing is expected to
be efficient, considering the relatively high vertical density(heat)-
flux values. Highmixing efficiency is important for any (turbulent)
diapycnal transport, whether of heat, suspended sediment or
nutrients, and its effects on the marine biology.

From a fluid dynamical viewpoint, the observed tens of
meters high penetrative RTi in stable stratification may challenge
future modeling and theoretical studies. Specifically, the relative
contributions of internal wave acceleration overcoming gravity
and self-advection creating free convection need to be tackled.
Also, the background conditions leading to entrainment in stable
stratification may be precised to understand the importance of
interior RTi, with respect to that of the large-scale shear and
the small-scale (high-frequency) internal wave motions. Further
modeling work is also required on the mixing efficiency of these
internalwaves breaking above sloping topography in a highO(106)
Reynolds number environment, like the ocean.
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