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A B S T R A C T   

The acknowledgement of the importance of small-scale turbulent mixing for the redistribution of heat, nutrients 
and suspended matter in the ocean has led to renewed interest in the breaking of internal waves at underwater 
topography. This follows from observations that turbulence intensity increases from the ocean interior to the 
seafloor. As two-dimensional models require reduction of turbulent buoyancy flux in the vicinity of the seafloor 
to allow for up-welling flows, the question is how thin such a layer of reduced turbulence above the seafloor can 
be. From an observational study in this subject, we present 400-day moored high-resolution temperature mea-
surements in a Rockall canyon between 0.9 < h < 152 m from the steeply sloping thalweg-seafloor. In the area, 
Thorpe-scale calculated turbulence dissipation rate is predominantly governed by the breaking of semidiurnal 
internal tides. Tidal-mean turbulence profiles increase with depth, together with inertial-subrange temperature- 
variance. A distinct further increase in turbulence is found for the lower 4 m across which inertial-subrange 
temperature variance decreased. This was observed during most of a tidal phase, except during the warming 
phase, when a decrease in turbulence was found in the lower few meters. The thin layer above the seafloor 
showed a distinct change in distribution of small-scale stratification and a transition from little inertial-subrange 
variance at h = 0.9 m, via dominant convection-turbulence at h < 5 m to dominant shear-turbulence at h > 30 m, 
as established from spectral information. The lack of an observed mean near-seafloor buoyancy-flux reduction is 
hypothesized to be compensated by 3D-effects, temporary effects, less steep slope effects, or none at all.   

1. Introduction 

The conjecture that the ocean remains vertically stably stratified via 
sufficient “small-scale” turbulent mixing has led to the suggestion that 
most mixing occurs near the seafloor, which is generally not flat (e.g., 
Armi, 1978; Armi, 1979). Although considerable work has been per-
formed on understanding the mixing via frictional flows in a ‘boundary 
layer’ above sloping topography (e.g., Weatherly and Martin, 1978; 
Garrett, 1990; MacCready and Rhines, 1991; Brink and Lentz, 2010), 
most turbulent mixing near sloping topography seems to be invoked by 
breaking internal waves (Wunsch, 1970; Eriksen, 1982; Thorpe, 1987; 
van Haren et al., 1994; Sarkar and Scotti, 2017). The difference in 
mechanism of turbulence generation may be fundamental for the 
resulting mean flow. 

While an advection-diffusion balance of steadily reducing turbulent 

mixing as a function of distance from the ocean surface leading to up- 
welling flows in the interior has been proposed (Munk, 1966; Munk 
and Wunsch, 1998), the observational evidence of turbulent mixing 
increasing from the interior to the notably sloping seafloor leading to 
down-welling interior flows has led to the suggestion of up-welling in a 
thin layer above the seafloor (de Lavergne et al., 2016; Ferrari et al., 
2016; McDougall and Ferrari, 2017). The conjecture in these latter 
studies is that the turbulence must be reduced at the seafloor, following 
the Prandtl concept of a frictional boundary layer of well-mixed waters 
(Anderson, 2005). 

The above conjectures lead to the following questions. How thin can 
such a layer of up-welling flow be above the seafloor? As the Prandtl 
concept has been devised for a two-dimensional (2D) plate, is it valid in 
a 3D region of highly variable seafloor topography and turbulence pri-
marily induced by breaking internal waves? Are there regions that favor 
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up-welling flows more than others? For example, St. Laurent et al. 
(2001), Thurnherr et al. (2020) and Drake et al. (2022) consider and 
show up-welling mean flows along the thalweg of deep-ocean canyons 
and fracture zones, but down-welling flows otherwise. 

Observational evidence shows ambiguous results about the thickness 
of a ‘boundary layer’ above sloping topography. As the ocean-interior 
stratification supports omnipresent internal waves, their breaking 
above sloping topography result in highly variable turbulent mixing and 
restratification near the seafloor. Internal wave breaking provides a very 
thin layer of well-mixed waters of probably less than 3 m (van Haren 
et al., 1994), as established from shipborne microstructure profiler data, 
and which is thinner than expected for the Ekman layer O(10) m 
thickness of frictional steady or oscillatory flows over a flat or sloping 
seafloor on a rotating Earth (e.g., Weatherly and Martin, 1978; Brink and 
Lentz, 2010). Modelling results (Flores and Riley, 2011; Ruan et al., 
2019) indicate that the reduction of stratified turbulence, induced by 
processes other than frictional flows, occurs within the log-layer L <
100ν/u* ≪ 1 m from a (sloping) seafloor. Here, ν = 10− 6 m2 s− 1 is the 
kinematic viscosity and friction velocity u* = (CdU2)0.5 for large-scale 
flow U and drag coefficient Cd = 2.5 × 10− 3. 

The very thin layer of turbulence reduction leads to the importance 
of restratification during a different wave phase following internal wave 
breaking close (<1 m) to a sloping seafloor, see e.g., modelling results by 
Winters (2015). In ocean observations, continuous increase of turbulent 
diffusivity Kz has been found down to the lowest observational level 
during the passage of an upslope propagating frontal bore, as opposed to 
a reduction of Kz during the warming phase of the tide when wave 
breaking does not reach the seafloor, as established using the sorting of 
moored high-resolution temperature-sensor observations (van Haren 
and Gostiaux, 2012). Internal wave breaking not only generates 
shear-induced turbulence but also convection-turbulence reaching close 
to the seafloor (van Haren, 2015). 

In this paper we present results between 0.9 and about 152 m above a 
sloping seafloor from high-resolution temperature sensors and a low- 
resolution current profiler that were mounted on a very slim mooring, 
rather than a bulky bottom-lander frame (van Haren and Gostiaux, 
2012). The mooring was in the thalweg of a canyon in the Rockall 
Channel, as opposed to more open topography like Great Meteor 
Seamount as in van Haren and Gostiaux (2012) and an East-Pacific slope 
(van Haren et al., 2022b). While it is noted that canyons display a 
complex 3D flow structure (e.g., Hall and Carter, 2011; Vlasenko et al., 
2016), their importance has been suggested for intensification of inter-
nal tides (van Haren et al., 2022a) and potential for up-welling flow (St. 
Laurent et al., 2001; Thurnherr et al., 2020) near the thalweg seafloor. 
The Rockall Channel is an important throughflow, with relatively strong 
(internal) tides and northward boundary flow including (sub-)mesoscale 
meanders and eddies along its eastern slope (New and Smythe-Wright, 
2001; Ullgren and White, 2012). 

The objectives are the yearlong monitoring of temperature variations 
in the lower 150 m above the seafloor, calculating turbulence values 
using the method of sorting the high-resolution temperature data down 
to 1 m from the seafloor, and establishment of dominance of shear- or 
convection-induced turbulence via spectral information. 

The paper is organized as follows. Section 2 gives the technical de-
tails of site, instrumentation, and post-processing. In Section 3 the ob-
servations are presented in various sub-sections. Section 4 presents the 
general discussion of results. 

2. Technical details 

2.1. Study area 

Together with several other moorings to study turbulence dynamics 
above sloping topography, a 170-m tall taut-wire mooring ‘TCHAIN’ 
was located at 54◦ 11.413′N, 011◦ 51.137′W, H = 1525 m water depth 
approximately in the thalweg of a canyon in the continental (southern) 

slope of the Rockall Channel, NE-Atlantic Ocean (Fig. 1). The mooring 
was underwater for 401 days between 6 July (yearday 186) 2021 and 
August 10, 2022. The average local bottom slope equals about γ = 0.08 
= 4.5◦ computed over 1 km horizontal scales. The average angle of 
semidiurnal internal tide rays under local vertical density stratification 
conditions amounts β = βM2 = sin− 1 ((ωM2

2 -f2)1/2/(N2-f2)1/2) = 2.2◦ ≈

γ/2, using the formulation for freely propagating linear internal waves 
in, e.g., LeBlond and Mysak (1978). Here, lunar frequency ωM2 = 1.405 
× 10− 4 s− 1, f = 1.183 × 10− 4 s− 1 the local planetary inertial frequency 
(Coriolis parameter), and N = 2 × 10− 3 s− 1 the 100-m large-scale mean 
local buoyancy frequency over the range of TCHAIN-mooring. 

2.2. Mooring details 

A single large spherical buoy holding a current profiler was at about 
z = − 1370 m. A total of 103 ‘NIOZ4’ high-resolution T-sensors were 
taped to the nylon-coated 150-m long 0.005-m diameter steel cable. 

To sample temperature to within 1 m from the seafloor, two acoustic 
releases were placed directly at the two-train-wheel anchor-weight and 
connected via a 0.4 m short anchor chain between the release-links in a 
custom-designed construction (van Haren et al., 2022b). The impact of 
the free-falling mooring was minimal, a few centimeters, on the chain 
and cable. Thus, the custom-made set-up allowed for placement of 
sensors close to the seafloor on a slim taut-wire mooring not requiring a 
bulky bottom-lander frame. The lower 2 T-sensors were at 0.5 m in-
tervals of which the lowest at approximately 0.9 m from the seafloor, the 
following 51 sensors were at 1.0 m intervals and the remaining 50 
sensors were at 2.0 m intervals. 

The 1.25 m diameter syntactic-foam buoy provided 2.3-kN net 
buoyancy to the entire assembly. Under maximum 0.5 m s− 1 current 
amplitudes, the low-drag mooring did not deflect from the vertical by 
more than 3◦, i.e., the top-buoy moved <8 m horizontally and <0.2 m 
vertically, as inferred from the current profilers’ tilt and pressure 
sensors. 

The top-buoy’s ‘downward-looking’ Teledyne/RDI 75-kHz acoustic 
Doppler current profiler (ADCP) has four beams that are slanted at an 
angle of 20◦ to the vertical. The ADCP measured currents in three di-
rections, U = [u, v, w] averaged over all beams, and acoustic echo in-
tensity in each beam, at 9 vertical bins of 16 m. The first bin was about 
20 m below the uppermost T-sensor. Bin 8 at z = − 1504 m was the 
lowest in which good data were found not contaminated by side-lobe 
reflection off the seafloor. There, the beam spread or horizontal aver-
aging distance for current components was about 100 m. The ADCP 
sampled 22 pings every 3 s in bursts every 14 min. Here, the data are 
averaged in 900 s ensemble intervals. 

2.3. High-resolution temperature sensors 

NIOZ4 are self-contained T-sensors, with a sensor tip smaller than 1 
mm, a response time of <0.5 s, an initial drift of about 1 × 10− 3 ◦C mo− 1 

after aging of the thermistor-electronics, a noise level of <1 × 10− 4 ◦C, a 
precision (relative accuracy) better than 5 × 10− 4 ◦C after drift- 
correction for standard programmed measuring of the Wien Bridge 
oscillator for the duration of 0.12 s per sample (van Haren, 2018). The 
T-sensors sampled at a rate of 0.5 Hz. Every 4 h, all sensors are syn-
chronized via induction to a single standard clock, so that the entire 
152-m vertical range is sampled in less than 0.02 s. Of the 103 T-sensors, 
4 showed calibration, noise, battery, or other electronic problems after 
200 days underwater, and 1 was mechanically shifted along the cable 
upon recovery. The data of these sensors are replaced by linear inter-
polation between neighboring sensors. Due to unknown reasons more 
than half of the T-sensors in this mooring set-up showed negative 
0.005◦C-spikes at 5–30 s intervals in the data records. Although these 
spikes barely affect the turbulence values studied here, they are effec-
tively removed using a low-pass filter (lpf) with a cut-off at 3000 cpd 
(short for cycles per day). 
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Temperature data are converted into ‘Conservative’ (~potential) 
Temperature data Θ (IOC, SCOR, IOC SCOR IAPSO, 2010). They act as 
tracer for variations in density anomaly σ2 following the relation δσ2 =

αδΘ, α = − 0.1040 ± 0.0004 kg m− 3 ◦C− 1 (Fig. 2), where subscript 2 
indicates a pressure reference of 2000 dbar (1 dbar = 104 Pa). This 
relation is established from data between − 1570 < z < − 1270 m of a 
shipborne Conductivity-Temperature-Depth (CTD)-profile obtained 
about 1 km from the mooring site. The CTD-data are also used for 
referencing the moored T-sensors during drift-correction. The moored 
T-sensor data are used to calculate high-resolution time series of tur-
bulence dissipation rate ε and Kz, for details see Appendix A. 

3. Observations 

The vertical profiles of shipborne CTD data demonstrate steady de-
creases of temperature, by about 3 ◦C, and salinity, by about 0.2 g kg− 1, 
with depth, which implies that temperature is the dominant contributor 
to stable vertical density variations (Fig. 2). While the profiles do show 
some stepping, variations in vertical gradients of density, and small in-
versions, the stratification is non-zero all the way to the lowest mea-
surement at about 5 m from the seafloor. The two-day mean moored T- 
sensor data around the time of CTD profiling show a consistent overall 
temperature gradient. 

An eight-day magnification from the 400-day time series of T-sensor 
data, obtained about 3 months after deployment, shows that the full 
vertical extent of the semidiurnal internal tides is not resolved by the 
152-m T-sensor range (Fig. 3). The largest temperature differences occur 
around springtide (day 282) when relatively warm waters reach the 

seafloor (Fig. 3a). The observed signal mostly contains baroclinic sig-
nals, either locally or remotely generated, which dominate over other 
signals like local barotropic tide and sub-inertial eddies. As demon-
strated previously, e.g., by van Haren and Gostiaux (2012), each indi-
vidual semidiurnal period has its time-depth shape as not one of the 
internal tidal oscillations is the same. This reflects the well-known 
characteristics of nonlinear internal waves being highly intermittent, 
especially above sloping topography as in these observations. 

Considerable turbulence extends over the entire range of observa-
tions, although variations over more than three orders of magnitude 
occur throughout a semidiurnal period after a reasonable amount of 
mixing. Turbulent overturns do not always reach to within 1 m from the 
seafloor, e.g., during warming tidal wave phases with ε < 10− 10 m2 s− 3 

(Fig. 3b). While individual turbulence dissipation rate values as depicted 
in Fig. 3b have no quantitative meaning, as they should be averaged over 
their associated turbulent overturn, the image is informative for indi-
cating sizes of overturns and their distribution in time-depth. Qualita-
tively, a layer of relatively large background turbulence dissipation rate 
is visible as a blueish band between about z = − 1475 and − 1500 
(sometimes down to − 1520) m during cold phases of the internal tide. 
This enhanced background dissipation rate is accompanied by a band of 
larger background buoyancy frequency, which is yellow in Fig. 3c, albeit 
not deeper than z = − 1500 m. The band of elevated background strat-
ification and dissipation rate is not related to calibration and post- 
processing and is hypothesized to be related with unknown side- 
effects of the canyon. In a thin layer just above the seafloor, stratifica-
tion seems increased in comparison with higher up, during both strongly 
and weakly stratified phases in a semidiurnal period (Fig. 3c). In time 

Fig. 1. Mooring site (black dot) in a canyon of the southern, continental, seafloor slope of the Rockall Channel, NE-Atlantic Ocean, together with local along-canyon 
(u) and cross-canyon (v) current directions. The bathymetry in the overview is from 1′-version of Smith and Sandwell (1997), in the detail from Multibeam. 
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series of 152-m vertically averaged turbulence dissipation rate values 
which encompass most of the largest turbulent overturns reaching (close 
to) the seafloor, semidiurnal periodicity is well discernible, and which is 
overprinted with short-scale peaks that are not noise (Fig. 3d). Largest 
short-scale peaks occur around springtide and are part of individual 
>50 m tall overturns, which cannot be seen from the 152-m vertical 
averages but will be clearer in further magnifications presented below. 

3.1. Two-day springtide detail 

3.1.1. Temperature and turbulence variations 
In a two-day detail around local (internal) springtide, the dominant 

nonlinear semidiurnal periodicity shows in temperature as well as in 
turbulence values (Fig. 4). While isotherms demonstrate a saw-tooth 
pattern of a relatively long warming phase with gradually sloping iso-
therms and shorter cooling phase with more vertical isotherms (Fig. 4a), 
the vertically averaged turbulence dissipation rate has a more symmetric 
shape in time but with relatively sharp peaks and troughs (Fig. 4d). 
Short-scale internal-wave variations are visible. In general, intense 
overturns seem to occur where stratification is relatively weak as was 
found for the upper ocean (Alford and Pinkel, 2000), compare Fig. 4b 
with Fig. 4c, but further magnifying focus is required for precise 
establishment. The very thin layer of relatively enhanced stratification 
near the seafloor seems to be partially associated with relatively lower 
dissipation rates, e.g., around days 281.2 and 282.8, contrary to ex-
pectations from equation (A.1) and thus being associated with (consid-
erably) smaller displacements or overturns. This will be further pursued 
below. 

The two-day spring-tide image is partially representative for the 
entire 400-day record, although a neap-tide image shows some charac-
teristics (Fig. B1). While the overall mean turbulence dissipation rate 
during neaps is smaller but not significantly different from, that of the 

spring-tide period of Fig. 4, [<ε>] = 2 ± 1.5 × 10− 7 versus 3 ± 2 ×
10− 7 m2 s− 3, the number of isotherms is reduced from 4 to 3 with cooler 
temperatures in Fig. B1. Diurnal inequality, modulation of the semi-
diurnal by diurnal motions, seems larger during neaps than during 
springs. In comparison with Fig. 4, non-averaged turbulence dissipation 
rate values seem to organize more in zones of high values (Fig. B1b), 
such as during the transition from warming to cooling phase and later 
during the cooling phase with very large overturns (Fig. B1b,c), and 
zones of very low values, such as notably during most of the warming 
phase. The vertically averaged turbulence dissipation rate values do 
show a semidiurnal periodicity, which is overprinted with a quasi- 
fourth-diurnal periodicity (Fig. B1d). Like in Fig. 4c, the small-scale 
buoyancy frequency in Fig. B1c seems enhanced very close to the 
seafloor. 

3.1.2. Currents 
Although the ADCP shows more than one order of magnitude coarser 

time-depth sampling than the T-sensors, and the upper 20 m but espe-
cially the lower 10 m of the T-sensor range are not covered by ADCP- 
measurements, some additional information is obtained (Fig. 5). In the 
two-day detail around local (internal) springtide, the dominant semi-
diurnal periodicity is seen in the along-canyon and vertical current 
components and in acoustic amplitude, while less in the cross-canyon 
current component. 

The component with largest current amplitudes is directed along- 
canyon, with a weak tendency for amplitude-enhancement closer to 
the seafloor (Fig. 5a). This enhancement towards the seafloor is less 
clear than reported for Whittard Canyon (van Haren et al., 2022a). The 
transition from warming downslope to cooling upslope phase is char-
acterized by strong enhancement of upslope and vertical motions, 
commensurate with previous findings (e.g., Hosegood et al., 2004). 
While these authors reported a clear association also with enhanced 

Fig. 2. Shipborne CTD-observations down to 5 m above the seafloor in the vicinity of the T-sensor mooring, obtained around the time of mooring deployment. (a) 
Conservative Temperature. The purple-dashed line shows the mean profile from moored T-sensor data between days 192–194, lowered by 50 m to fit the CTD- 
station’s water depth. (b) Absolute Salinity. The x-axis range approximately corresponds with that of a. in terms of density contributions. (c) Density anomaly 
referenced to 2000 dbar. (d) Conservative Temperature-density anomaly relationship with linear fit in green, from the lower 300 m of the CTD-profile. 
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echo amplitude during such a passage of a frontal bore propagating over 
the seafloor evidencing sediment resuspension, such enhancement is not 
observed here (Fig. 5d). The larger relative echo amplitudes are 
observed at the end of the warming phase between about − 1500 < z <
− 1400 m, and thus not predominantly connected with the local seafloor. 
This may be due to more rocky than sedimentary seafloor texture at the 
present site, as turbulent overturns seem to regularly reach the seafloor, 
also during the cooling phase (e.g., around days 281.5 and 282.0 in 
Fig. 4). Around these times, isotherms are near-vertical, reflecting the 
beginning of the cooling phase near the seafloor, and small-scale 
buoyancy frequencies are relatively small, with thin-layer exceptions. 

3.1.3. Buoyancy frequency distribution and definitions 
The original 2-s sampled data from the two-day detail around local 

(internal) springtide are taken to investigate the statistical distributions 
of small-scale buoyancy frequency (Fig. 6). The purpose is to learn more 
about the seemingly observed anomalous stratification very close to the 
seafloor. The probability density function (pdf) of the overall 2-d, 152-m 
data is close to lognormally distributed (Fig. 6a). This compares with 
cumulative distribution functions from observations made in the pyc-
nocline of near-surface waters near a shelf break (Lozovatsky et al., 
2021). It ranges between about 1.4 × 10− 4 < Ns < 1.4 × 10− 2 s− 1. Using 
the 2.5 percentiles on both sides, we arrive at definitions for minimum 
buoyancy frequency Nmin = 3.5 × 10− 4 s− 1 (1 s− 1 = 13751 cpd, cycles 
per day) and maximum buoyancy frequency Nmax = 5.9 × 10− 3 s− 1. The 
rms value is considered the overall large-scale mean N = 2.4 × 10− 3 s− 1, 
which is 1.6 times the median value Nmed = 0.62N. This median value is 
close to the frequency value associated with the top of the bulge 
generally found in open-ocean isotherm-displacement spectra (e.g., 
Munk, 1980). 

From the mean buoyancy frequency and dissipation rate, a mean 
Ozmidov scale is computed of LO ≈ 5 m. This leads to a boundary- 
influenced regime of height Hb = 2πLO ≈ 30 m (Polzin et al., 2021; 
the original in Holleman et al. (2016) reads 4LO/κ = 10LO with κ 
denoting von Karman’s constant) in which turbulent length scales are 
possibly suppressing the partitioning of turbulence production into 
buoyancy flux. For 1%-maximum velocity amplitude U from 
ADCP-measurements, the associated maximum Ozmidov frequency 
amounts ωO = U/LO ≈ 0.07 s− 1. 

Throughout the vertical T-sensor range some notable deviations from 
the overall pdf are observed. At the lowest sensor, the distribution of lg 
(Ns) is approximately symmetric, but no longer Gaussian and closer to 
triangular, with higher values for all four buoyancy frequencies 
(Fig. 6b). This distribution for h = 0.9 m shows a strong deviation from 
lognormality, and, as will be demonstrated below, the associated tem-
perature spectra do not show a buoyancy subrange nor an inertial sub-
range of turbulence. This could relate with the observed low dissipation 
rates. At the second T-sensor counting from the seafloor up (h = 1.4 m), 
the distribution is more skewed towards lower frequencies, while at T- 
sensors #3–6 (h = 1.9–5.4 m) counting from the seafloor up, represented 
by #5 (h = 4.4 m) in Fig. 6c, two relative peaks are observed in the pdf. 
These peaks are symmetrically distributed in lg (Ns) around the median 
of Fig. 6b, but the higher frequency peak shows lower counts. The 
extreme buoyancy frequencies Nmin and Nmax are virtually the same as in 
Fig. 6b, but the mean and median buoyancy frequencies are reduced. For 
sensors #7–30 (h = 6.4–29.4 m) higher up, the deviation from lognor-
mality is a skew-shaped distribution with generally lower values for all 
four buoyancy frequencies (Fig. 6d) compared to those for the lower 6 T- 
sensors (Fig. 6b and c). This skew shape in Fig. 6d rather abruptly tends 
to the normally shaped distribution of Fig. 6a for T-sensor #31 and 

Fig. 3. Eight-day 152-m detail of moored T-sensor data sub-sampled every 20 s and calculated turbulence values. In a.-c., the horizontal axis is at the level of the 
seafloor. (a) Conservative Temperature. (b) Logarithm of non-averaged turbulence dissipation rate. White values are below threshold. (c) Logarithm of small-scale 
buoyancy frequency calculated from reordered profiles of a. (d) Logarithm of turbulence dissipation rate averaged over the vertical T-sensor range for each profile. 
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higher (h ≥ 30.4 m). Recall that this approximately marks the band of 
higher background stratification values observed in Fig. 3c. 

3.2. Yearlong spectra 

The observed vertical variability of pdfs of lg (Ns) has some corre-
spondence with spectral observations (Fig. 7). To further establish a 
dominance of shear- or convection-induced turbulence in terms of dis-
tance from the seafloor, yearlong spectra are investigated, ly in the 
subrange of frequencies higher than those of the internal wave band. In 
that subrange, spectra are compared with various spectral slopes 
following various (turbulence) models. Spectra are scaled with the fre-
quency (ω) slope ω− 5/3 of most common shear-induced inertial sub-
range, for clarity as the focus is on turbulence processes. Although we 
present 400-day long 2-s sampled data from nine selected T-sensors to 
provide smooth statistics, it is noted that similar results are already 
visible after 2 days of measurements, as has been verified by inspection 
of more coarsely resolved spectra for data in Fig. 4 and B1 (not shown). 

The spectra are grouped in two sets of five, with the lowest T-sensor 
functioning as a reference between both panels. In Fig. 7a, the entire 
152-m range is covered. In Fig. 7b, spectra from data from all T-sensors 
in the lower h ≤ 4.4 m above the seafloor are presented. In that panel 
also band-pass filter ranges are indicated by color bars for use in 
Figs. 8–9. 

In both panels of Fig. 7, spectral slopes are plotted as black-dashed 
lines (on the log-log plots) and which represent in unscaled plots: ω− 2 

for general internal wave spectra outside inertial, tidal (harmonic) and 
buoyancy frequencies (Garrett and Munk, 1972) but also for 
fine-structure contamination (Phillips, 1971; Reid, 1971), ω− 5/3 for the 
inertial subrange of turbulence predominantly induced by shear and 
representing passive scalars (Tennekes and Lumley, 1972; Warhaft, 
2000), and ω− 7/5 for turbulence predominantly induced by 
buoyancy-driven convection and representing active scalars (Bolgiano, 
1959; Pawar and Arakeri, 2016). The steepest slope of ω− 7/3 is merely a 
fit to the high-frequency internal wave/low-frequency turbulence part 
of the buoyancy subrange of the spectrum. For shortening, below we will 
designate spectral slopes (in log-log plot) by their exponent only, e.g., 
− 7/3-slope. 

Although the inertial subrange ω > ωO is modelled as the equilibrium 
range between shear-driven turbulence input at large scales and dissi-
pation at small scales (Kolmogorov, 1941; Obukhov, 1949; Ozmidov, 
1965) for a passive scalar (Tennekes and Lumley, 1972; Warhaft, 2000), 
the range ω < ωO, including the spectral dip and the − 7/5-slope, has 
various naming. While understood as a buoyancy subrange containing 
the larger anisotropic eddies directly influenced by the density stratifi-
cation (Bolgiano, 1959) or stratified turbulence (Bouruet-Aubertot et al., 
2010), (part of) it is also indicated as the internal wave range (Garrett 
and Munk, 1972), (part of) internal swash and turbulent production 
range (Polzin et al., 2021), while the deviations from the − 5/3-slope 
such as the − 7/5-slope are indicated as that representing an active scalar 
(Pawar and Arakeri, 2016) evidencing buoyancy-driven 
convection-turbulence. 

Fig. 4. As Fig. 3, but for two-day period of 4-s sub-sampled data around a spring tide. In a.-c., black isotherms are drawn every 0.5 ◦C.  
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Vertical black lines indicate boundary frequencies associated with 
internal waves, turbulence, and instrumental noise. Internal waves 
associated with ω ∈ [f, (Nmin) N (Nmax)], in which the upper bound may 
take any value between Nmin < N < Nmax, of which [f, N] is generally 
considered to mainly consist of undamped linear and unsaturated in-
ternal waves and ω > N to consist of damped nonlinear and saturated 
internal waves (Weinstock, 1978; Munk, 1981). Turbulence is found in 
various identities in the range ω ∈ [ (Nmin) … (Nmax), ωO, lpf], and 
instrumental noise is found at ω > lpf. 

In Fig. 7a, it is seen that semidiurnal and higher harmonic motions at 
ω < Nmin show increasing temperature variance further away from the 
seafloor, although the lower 10 m above the seafloor demonstrate small 
differences. This changes for ω > Nmin, which is the starting frequency of 
small temperature variance differences that progressively become larger 
with increasing frequency beyond tidal harmonic M10 = 5M2 (fourth 
overtide of M2). At ω = ωO, the spread in variance is about maximum and 
more than one order of magnitude from h = 1–4 m. The bulk of this 
variance-spread is due to changes in the lower 2.5 m above the seafloor 
(Fig. 7b), as for ω > ωO and h > 3.4 m the spectra cluster together and 
(have) become horizontal at about the same variance. 

At ω = Nmax, minimum (scaled) variance is observed at T-sensors for 
2 < h < 30 m. In that height-range above the seafloor, the spectral slope 
towards this minimum is close to − 2 for h < 5 m and tends to steeper 
values down to − 7/3 at h = 0.9 m for 2Nmin < ω < Nmax. At ω > Nmax, 
either the spectral slope follows − 7/5 going up in the scaled plot (for 1.5 

< h < 30 m), remains more or less horizontal (for 30 < h < 75 m), or 
continues to slope like − 2 before becoming horizontal (for h = 0.9 m and 
75 < h < 152 m). The difference in slope-dependence is depicted in 
Fig. 7 for h = 5.4, 50 and 150 m, respectively. The slope-change between 
spectra at h = 10 and 50 m is small, and their intermediate spectra 
around h = 30 m are mostly horizontal between Nmax < ω < ωO. For h >
35 m the inertial subrange progressively slopes slightly and shifts to 
higher frequencies, being pushed by more variance in the small-scale 
thin-layer internal wave band ω < Nmax (see, as an almost identical 
example for h > 100 m, the spectrum at h = 150 m in Fig. 7a, which also 
shows a horizontal ω− 5/3-scaled level between Nmin < ω < N). The 
spectra start rolling off to instrumental noise around the frequency at 
which the lpf cut-off is chosen. The two peaks in the high-frequency 
portion are probably artificial and possibly reflect harmonics of vortex 
shedding or mooring rotations. 

In the lower 5 m from the seafloor, more than one order of magnitude 
change in variance is observed at the lpf-frequency (Fig. 7b). Between 
(local) Nmax ~< ω ~< ωO, all (scaled) spectra increase in variance with 
frequency, except for the lowest T-sensor. The lowest T-sensor spectrum 
either slopes horizontal, i.e., like − 5/3, or like − 2. At the other four T- 
sensors, the slope is close to − 7/5 before becoming − 5/3 (sensors at h =
3.4 and 4.4 m) or continuing its − 7/5-slope before rolling off to noise (at 
h = 1.4 and 2.4 m) without resolving an inertial subrange like at 0.9 m. 
With distance from the seafloor, a shift to lower frequencies is thus noted 
for both the frequency of the minimum variance level, i.e., transition 

Fig. 5. As Fig. 4 including the black isotherms for reference, but for 900 s sampled current and acoustic measurements by ADCP smoothed vertically over 2 bins for 
display purposes. The lower 10 m above the seafloor did not provide useful data due to side-lobe contamination. (a) Along-canyon current component. (b) Cross- 
canyon current component. (c) Vertical current component with different colour-scale compared to a.,b. (d) Acoustic echo amplitude relative to time mean values. 
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from about − 2 to − 7/5-slope, and the transition from − 7/5 to − 5/3 
slope. The frequency range of − 7/5-slope is approximately constant and 
amounts about 1.5 orders of magnitude. The maximum level of inertial- 
subrange variance is reached at about h = 5.4 m while higher-up a 
minimum level is observed at about 50 m, both around the lpf-frequency 
(Fig. 7a). 

The spectral ‘dip’ has been observed in spectra from towed temper-
ature measurements, including a slope of − 5/2 in the lower (wave-
number) range and − 5/3 in the higher wavenumber range (Klymak and 
Moum, 2007), whereby deviations to − 7/5-slope were not observed. 
This may be because those observations were not obtained very close, 
more than 50 m away, from sloping topography. 

Dip-deepening with slope < -2 and dip-filling with convection- 
turbulence slope − 7/5 has been observed in weakly stratified waters 
under breaking internal waves in Lake Garda (van Haren and Dijkstra, 
2021). In our observations it is seen to reach very close to the seafloor, 
approximately from h = Hb = 30 m down to about h = 1.5 m, as inferred 
from the yearlong averaged spectra. This convection is unlikely domi-
nated by geothermal heating, but here predominantly enforced by 
breaking internal waves. The lower 1 m shows a spectacular shift to lack 
of convection-turbulence slope or unresolved turbulence production. It 
shows the most explicit − 7/3-slope between (2)Nmin < ω < Nmax. This is 
as if the near-boundary lacks small-scale turbulence motions in a rather 
smooth 1-m thin layer above the seafloor, which is characterized by a 
non-lognormal small-scale buoyancy frequency distribution (Fig. 6b). 

3.3. Two-day data revisited with focus just above the seafloor 

For a single semidiurnal period around local (internal) springs, 
temperature variations are split in four portions using different band- 
pass filters for: the large-scale internal wave band (1–5 cpd), the 
small-scale high-frequency internal wave band and large-scale turbu-
lence buoyancy subrange (10–100 cpd), the small-scale buoyancy sub-
range including convection-turbulence for 1 < h < 30 m and inertial 
subrange higher up (100–1000 cpd), and the inertial subrange 
(1500–4000 cpd). For simplicity, linear band pass filters are used on 
strongly nonlinear processes. These frequency ranges follow from the 
spectral observations in Fig. 7. To focus near the seafloor, the vertical 
scale of the time-depth magnification is plotted logarithmically (Fig. 8). 

In original temperature (Fig. 8a), it is seen that cold periods reach up 
to about h = 30 m, lg (30) = 1.48, while the warming reaches down to 
about the same height, except for a short period of <2 h which includes 
the transition from warming to cooling, considerable convection from 
above and an upslope propagating turbulent bore, if existent. In the low- 
frequency internal wave band (Fig. 8b) variations are mostly linear with 
a distinct broadening of the warming phase towards the seafloor. 
Although these filtered data are clearly not steepened enough to be 
named internal swash (Polzin et al., 2021) which may be more appro-
priate for the full data in Fig. 8a as suggested by Emery and Gunnerson 
(1973), but to which we note that a back-wash is seldom observed, 
higher harmonics are required to deviate the narrow internal wave band 

Fig. 6. Pdf’s in #’s of occurrences of small-scale buoyancy frequencies of Fig. 4c, with in green 2.5% and 97.5% values indicated as Nmin and Nmax, respectively, and 
median value in dashed-purple and root-mean-square N in red. (a) Total for all 2-s sampled 2.07 day long 103T-sensors. (b) Lowest T-sensor, with h indicating the 
distance above the local seafloor. (c) Fifth sensor from the seafloor. (d) Thirtieth sensor from the seafloor. 
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from pure linear waves, which results in shorter period warming and 
longer period cooling phases. In the buoyancy range of combined in-
ternal wave band and stratified turbulence 2Nmin < ω < Nmax (Fig. 8c), 
the level of h = 30 m marks a clear transition between abundant 
high-frequency variability throughout the record above, and a lower 
layer that is rather limited to low-frequency variability between days 
281.8 and 282.1. Variability seems to stick to temperature contours and 
goes all the way to h = 0.9 m. Quite different is the high-frequency part 
of the buoyancy subrange or convection-turbulence subrange Nmax < ω 
< ωO (Fig. 8d), with yet considerable variability down to about h = 4 m, 
lg (4) = 0.6, and distinct loss of variability towards the seafloor. The 
convection in this subrange is observed in the broad time-period be-
tween days 281.82 and 282 covering the warming to cooling phases, 
with most internal wave variability around the mean buoyancy fre-
quency (Fig. 8c), and briefly during the cold phase around day 282.08. 
Further reduction in variance is observed in the inertial subrange 
(Fig. 8e), with a sharp decrease in the lower three T-sensor levels at h <
3 m, lg (3) = 0.5, and most limited variability at the lowest T-sensor. 
Over a semidiurnal period, the lowest T-sensor shows hardly any inertial 
subrange variability during the warming phase, and some when cold 
water goes upslope during the cooling phase, frontal passage, and cold 
phase, related with a secondary front (van Haren et al., 2022a). 

The difference or correspondence between the three frequency bands 
and three tidal phases is depicted as vertical profiles in Fig. 9 for the two- 
day spring-tide period of Fig. 4. While internal-wave temperature 

standard deviation (std; square-root of variance within a frequency 
band) has a maximum at about h = 100 m, its profile steadily decreases 
in value for h < 35 m (Fig. 9a). This decrease is also found in convection- 
turbulence subrange variance, but not in inertial subrange variance 
which steadily increases towards the seafloor before abruptly decreasing 
in value for h < 5 m. 

Two-day representative profiles for turbulence values are computed 
as total-means and ensemble averages over three 2-h intervals during 
warming, cooling, and cold tidal phases (defined in Fig. 8a). The tur-
bulence dissipation rate (Fig. 9b) and turbulence diffusivity (Fig. 9c) 
show very similar profiles, with total-means varying over one order of 
magnitude with a slight bulge between h = 50 and 90 m, and an increase 
for h < 5 m. Such increases near the seafloor are observed to occur for 
the cooling and cold tidal phases, but not for the warming phase which 
shows a sharp decrease to an overall minimum value. While the cooling 
phase shows a maximum at mid-range, such is not observed in the cold- 
phase profile that is most constant over the vertical. This observed dif-
ference between different tidal phases in vertical turbulence profiles 
with special attention in the lower few meters above the sloping seafloor 
has been noted before for turbulence diffusivity by van Haren and 
Gostiaux (2012). For completeness, the associated vertical profiles for 
buoyancy frequency are given in Fig. 9d, showing an increase in value 
for h < 1.5 m, for every profile. 

Fig. 7. Strongly smoothed (about 300 degrees of freedom) temperature variance of power P frequency (ω) spectra focusing on the turbulence range and scaled with 
the inertial subrange slope ω− 5/3, for 400-day data from vertical levels as indicated by their height h(m) above the seafloor. Several frequencies (see text) are 
indicated with vertical lines, except for semidiurnal tidal M2, higher harmonic M10 and Ozmidov frequency ωO. Four spectral slopes are indicated by dashed black 
lines and their exponent (for unscaled log-log plots). (a) Covering the entire range of observations. (b) Focusing on the lower 5 T-sensors. The horizontal colour bars 
indicate various band-pass filter ranges used in Figs. 8–9. 
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4. Discussion 

The yearlong monitoring of temperature variations in the lower 150 
m above the seafloor and the calculation of turbulence values using the 
method of sorting the high-resolution temperature data down to 1 m 
from the seafloor, yielded an overall weak increase of relatively high 
turbulence values with increasing depth. The turbulence is dominated 
by the braking of semidiurnal internal tides. A strong distinction is found 
in the lower 1–5 m above the seafloor, in which temperature variance 
decreases, but turbulence values increase with depth by almost an order 
of magnitude. Apart from the lowest sensor at 0.9 m that did not register 
much convection and inertial subrange, a distinct buoyancy subrange is 
found between 1 and 5 m above the seafloor. Further up, shear domi-
nates the spectral turbulence subrange. It is hypothesized that the lack of 
a mean near-seafloor buoyancy-flux reduction that may govern along- 
canyon up-welling is compensated by 3D-effects such as affecting non- 
tidal flow-deformation off-setting near-seafloor turbulence reduction 
(Jagannathan et al., 2023), an extremely thin layer <0.9 m, temporary 
effects such as during the warming phase of the tide, less steep slope 
effects, or none of these. 

If we follow the parametrization by Bouruet-Aubertot et al. (2010), 
and extrapolate the observed large-100-m-scale correspondence be-
tween (partial) turbulence inertial-subrange level in [1500, 4000]cpd 
and mean turbulence dissipation rate, only a very thin, less than a few 
meters, layer above the seafloor would result in which turbulence may 
potentially be reduced. In that case, the requirement for up-welling 

along sloping boundaries to compensate for down-welling in the ocean 
interior following a reduction of turbulent buoyancy flux with depth, as 
suggested in 2D by Ferrari et al. (2016), would be restricted to a very 
limited layer above sloping seafloors. However, we observed in the 
lower 1–5 m above the sloping seafloor that the above general corre-
spondence between two-day mean values of turbulence inertial sub-
range and dissipation rate switches to an inverse relationship, so that the 
reduction in inertial-subrange variance is observed to coincide with 
increase in turbulence dissipation rate. These observations confirm 
previous turbulent diffusivity profiles from above open slopes of a 
seamount (van Haren and Gostiaux, 2012). 

Thus, if a reduction in turbulent buoyancy flux would occur as sug-
gested for up-welling across a slope to compensate for down-welling in 
the ocean-interior (Ferrari et al., 2016), it does not associate with an 
Ekman layer O (10) m but with the log-layer L ≪ 1 m, hence very limited 
in height. This is because the increase of turbulent buoyancy flux, 
calculated from overturning scales employing constant mixing effi-
ciency of 0.2 over tidally averaged data, down to h = 1 m is not pre-
dominantly governed by (steady or oscillatory) frictional flows over the 
seafloor as in the Prandtl concept, but by the breaking of internal waves 
after nonlinear deformation due to the steeply sloping topography 
leading to large-scale convective plunging and overturning reaching the 
seafloor. The internal wave breaking above sloping topography also 
ensures rapid restratification making the turbulent mixing efficient, to 
within 1 m from the seafloor. 

While turbulence values increase sharply in the lower 3 m from the 

Fig. 8. One semidiurnal period from Fig. 4a but plotted with the logarithm of the vertical distance h from the seafloor for 2-s sampled data, together with four 
different band-pass filtered data of which the ranges are indicated, also by colour bars in Fig. 7b. Note that the horizontal axes are not at the seafloor. (a) Conservative 
Temperature with 3 bars indicating various 2-h-period phases of an internal tidal period (see text). (b) Data from a., band-pass filtered for the low-frequency internal 
wave range. (c) As b., but for the high-frequency internal wave/low-frequency stratified turbulence range. Note the different colour scale compared with b. (d) As c., 
but for the high-frequency stratified turbulence range. (e) As c., but for the inertial subrange throughout the T-sensor range. 
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seafloor, temperature-variance decreases. Over the same small vertical 
distance, the distribution of small-scale stratification changes signifi-
cantly from a lognormal distribution, as is found for h > 30 m, with a 
dual-peaked distribution to large and small values in thin and thick 
layers respectively, except in the lowest 1 m. The observed non- 
lognormal peaking at interior large-scale N close to the seafloor at h 
= 0.9 m and the spread to thin and thick layers in the few meters above, 
1 < h < 3 m, suggests strong restratification of the breaking waves 
coming from the interior stratification. Such restratification following 
sloshing up- and down a slope has been associated with bores that 
appear during certain phases of the carrier wave (Emery and Gunnerson, 
1973; Winters, 2015). 

In the frequency domain, the discrepancy in the lower 1 m manifests 
as a steep − 7/3-slope in the internal wave band and a lack of both 
convection-turbulence and shear-turbulence. This has some comparison 
with a seafloor being heated from below, in which convection in up- and 
down-going plumes does not actually touch the boundary but starts 
some distance above at the top 3z0 of the conduction layer (Townsend, 
1959), z0 defined below, from which it intermittently forms convection 
plumes up to a height O (10 m) (Foster, 1971). In the present observa-
tions however, geothermal heating is not expected to be more important 
in turbulence generation than internal wave breaking, which may cause 
convection from above (van Haren and Dijkstra, 2021). 

Scale-height computations for such non-convective layer under 
convection yield ambiguous results. Townsend (1959)’s scale height 3z0 
= (κT

3/gB)1/4 ≈ 0.002 m, while δ = (πκTt*)1/2 = 0.03 m (Howard, 1966) 
that may grow for a time scale of t* ≈ 10 (ν/B)1/2 ≈ 1800 s. Here, var-
iables include thermometric conductivity or molecular diffusivity κT =

1.4 × 10− 7 m2 s− 1, kinematic viscosity ν = 10− 6 m2 s− 1, acceleration of 
gravity g = 9.81 m s− 2 and buoyancy flux B = 3.2 × 10− 11 m2 s− 3 from 

local general geothermal heat flux Q = 0.08 W m− 2 (Davies and Davies, 
2010). If so, the lack of convection in spectra from T-sensor at h = 0.9 m 
may be associated with the log-layer reduction by geothermal heating of 
convection underneath internal waves breaking from above to δ = h, 
requiring either a time-scale of t* = 21 days, which seems unrealistically 
large, or a replacement of κT by a turbulent diffusivity of Kz = 1.4 ×
10− 4 m2 s− 1, which seems feasible. 

Resuming, the (re) stratifying ‘boundary layer’ of up- and down- 
slope sloshing of highly nonlinear internal waves thus consists of a 1- 
m thin non-convective layer but with high turbulence values (that 
matches a lack of T-variance), underneath a layer 1 < h < 2.5 m of 
dominant convection-turbulence and relatively low temperature vari-
ance underneath internal waves, with progressively less convection- and 
more shear-turbulence with distance from the seafloor for 2.5 < h < 30 
m ≈ Hb, above which shear-turbulence dominates exclusively for h > 30 
m. 

Separators in the frequency range include the 2.5% minimum 
buoyancy frequency at which nonlinearity becomes important and 
higher-frequency spectral slopes start to deviate, the 2.5% maximum 
buoyancy frequency at which a local dip is found in spectra from 1 < h 
< 30 m, and the Ozmidov frequency at which all spectra tend to inertial 
subrange slope except for h < 2.5 m. These observations were clear in 
smooth well-resolved 400-day mean spectra but appeared already in 
spectra from less than two days of measurements. This provides con-
sistency to the observations, even though every internal tidal cycle has a 
different appearance with different nonlinearity and different turbu-
lence values. 

It is questioned whether the spectral consistency is a reflection of the 
source, the internal tide, in the thalweg-enforced along-canyon flow 
component. The semidiurnal internal tidal flow is relatively well 

Fig. 9. Two-day mean profiles for 2-s sampled data from Fig. 4 as a function of height above the seafloor. (a) Band-pass filtered temperature std, with indicated filter 
ranges (see also Fig. 7b). (b) Logarithm of turbulence dissipation rate with x-axis range over 5 orders of magnitude, with total 2-d mean (green-dashed) and the means 
of four 2-h periods during tidal phases of (cf. Fig. 8a): warming, cooling immediately after frontal bore passage over the seafloor by upslope flow, and cold around the 
transition from cooling to warming. (c) As b., but for turbulence diffusivity with x-axis range over 4 orders of magnitude. (d) As b., but for small-scale buoyancy 
frequency with x-axis-range over <1 order of magnitude. 
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determined, and so seems its higher harmonic deformation that appears 
phase-locked to its source. This local phase-locking may explain the 
consistency of the spectral observations. As the mooring was essentially 
one-dimensional, not counting time as dimension, unknown effects are 
due to wave-reflection off the canyon-sidewalls and the three- 
dimensionality of flows. Such effects may be essential for up-welling 
flow given that 1D (2D)-models (Ferrari et al., 2016) require a reduc-
tion of turbulent buoyancy flux towards the thalweg-seafloor, which is 
not observed. Recall that such lack of turbulent-flux reduction is found 
in tidally (all phases) averaged profiles. 

However, as was previously observed above a Great Meteor 
Seamount slope in turbulent diffusivity profiles (van Haren and Gos-
tiaux, 2012), the present turbulence-value profiles including those of 
buoyancy flux (∝ turbulence dissipation rate using constant mixing ef-
ficiency and four tidal-period averaging) show temporary lower values 
towards the seafloor during the warming tidal phase. The reduction by 
more than one order of magnitude (in 2-h averaged values) is observed 
for h < 4 m. Thus, for brief moments during a tidal cycle a thin layer of 
up-welling flow may be generated that is not hypsometry related (Kunze 
et al., 2012). Likewise, we recall that from repeated CTD-observations 
above a shallow water slope Emery and Gunnerson (1973) estimated 
that during 40% of a tidal cycle no effect of a sloping bottom was noticed 
like during the warming phase in present data, while during the 
remaining 60% either restratification occurred or internal wave 
breaking. 

Thus, although up-welling cannot be inferred from tidally averaged 
profiles of buoyancy flux at a single location in the thalweg, temporary 
and 3D-effects are hypothesized to combine and may explain dye- 
experiments deeper in the canyon that suggest net up-welling flows 
(Wynne-Cattanach et al., 2024). Ongoing analysis of other observations 
in the canyon will therefore address the tidal phasing of the up-welling. 
This suggests nonlinear processes should not be under-estimated. 
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Appendix A. Turbulence values calculated from moored T-sensors 

Given the reasonably tight density-temperature relationship, the number of moored T-sensors and their spacing of 0.5–2.0 m, in combination with 
their low noise level and precision, allows for accurately calculating values of turbulence dissipation rate ε and Kz via the reordering of unstable 
overturns making vertical density-profiles statically stable (Thorpe, 1977). These overturns follow reordering every 2 s the 152-m high potential 
density (Conservative Temperature) profile σ2(z), which may contain unstable inversions, into a stable monotonic profile σ2 (zs) without inversions. 
After comparing observed and reordered profiles, displacements d = min (|z-zs|)⋅sgn (z-zs) are calculated necessary to generate the reordered stable 
profile. Test-thresholds are applied to disregard apparent displacements associated with instrumental noise and post-calibration errors (Galbraith and 
Kelley, 1996). Such a test-threshold is very low <5 × 10− 4◦C for original sampled non-spiked NIOZ T-sensor data. Otherwise, identical methodology is 
used as proposed in Thorpe (1977) and used in, e.g., Levine and Boyd (2006); Aucan et al. (2006); Nash et al. (2007), see van Haren and Gostiaux 
(2012) for details. It includes a constant mixing efficiency of 0.2 (Osborn, 1980; Oakey, 1982), an Ozmidov scale LO = (ε/N3)0.5 (Dougherty, 1961; 
Ozmidov, 1965) – root-mean-square (rms) overturn scale drms = (1/n Σd2)0.5 = LT ratio of LO/LT = 0.8 (Dillon, 1982) over many-n samples and the 
computation of local small-scale buoyancy frequency Ns(t,z) from the reordered stable density (temperature) profiles (Thorpe, 1977; Dillon, 1982). 
Although individual values of mixing efficiency vary over at least an order of magnitude (Oakey, 1982; Dillon, 1982), moored T-sensor data allow for 
sufficient averaging to warrant the use of overturning and constant mixing efficiency in the computation of turbulence values. When sufficient 
averaging over time and/or depth is applied, various types, conditions and stages of turbulence are included, each with different efficiency (Mater 
et al., 2015). Large-scale overall mean N is computed as rms (Ns), a linear operation as N2 ∝ dσ2/dz. Then, using d rather than drms as explained below,  

ε = 0.64d2Ns
3,                                                                                                                                                                                              (A.1)  

Kz = 0.2εNs
− 2.                                                                                                                                                                                             (A.2) 

In (A.1), and thus (A.2), individual d replace their rms-value across a single overturn as originally proposed by Thorpe (1977). The reason is that 
individual overturns cannot easily be distinguished, because overturns are found at various scales with small ones overprinting larger overturns, as one 
expects from turbulence. 

This procedure provides high-resolution time-vertical images of turbulence values, for qualitative studies. Subsequently for quantitative studies, 
‘mean’ turbulence values are calculated by arithmetic averaging over the vertical < … > or over time [.], or both, which is possible using moored high- 
resolution T-sensors (van Haren, 2017). This ensures the sufficient averaging required to use the above mean constant values (e.g., Osborn, 1980; 
Oakey, 1982; Mater et al., 2015; Gregg et al., 2018). 

Using similar moored T-sensor data from Great Meteor Seamount, van Haren and Gostiaux (2012) found turbulence values to within a factor of 
three like those inferred from ship-borne CTD/LADCP profiler data using a shear/strain parameterisation near the seafloor. Their values compare well 
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with microstructure profiler-based estimates in similar sloping topography areas by Klymak et al. (2008). Comparison between calculated turbulence 
values using shear measurements and using overturning scales with LO/drms = 0.8 from areas with such mixtures of turbulence development above 
sloping topography led to consistent results (Nash et al., 2007), after suitable averaging over the buoyancy scales. Thus, from the argumentation above 
and the reasoning in Mater et al. (2015), internal wave breaking is unlikely to bias turbulence dissipation rates computed from overturning scales by 
more than a factor of two to three, provided some suitable time-space averaging is done instead of considering single profiles. This is within the range 
of error, also of general ocean turbulence measurements (Oakey, 1982). 

Appendix B. Figure B1

Fig. B1. As Fig. 4, but for period approximately around neap tide near the start of the mooring period.  
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