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ABSTRACT

Submarine canyons that incise continental slopes are considered an important conduit for transport of suspended
matter between shelf seas and deep-ocean. However, the exact mechanisms influencing matter transport and
deposition are still largely unknown. We present moored observations of current flows, acoustic echo intensity
and, in high-resolution, temperature variation from two contrasting mooring sites 6.5 km apart horizontally in
790 and 1130 m water depth in one of the tributaries incising the flank of the easternmost branch of Whittard
Canyon, North-East Atlantic Ocean. The shallow site is situated on a steep thalweg slope which is supercritical for
semidiurnal internal tides that have >100 m amplitudes and turbulent overturning evenly distributed over the
240 m range of observations, with no particular intensification near the seafloor. In contrast, the deep site is
located on an along-canyon slope that is approximately critical for semidiurnal internal tides, with steeper slopes
up-canyon and to the sidewalls. The internal tide amplitude at the deep site is about 75 m. In the lower 100 m,
flow intensifies and becomes more rectilinear along the canyon axis, together with intensifying mean turbulence
dissipation rate and tidally-averaged down-canyon flow. Over a semidiurnal tidal period three episodes of
relatively large turbulence are observed. Turbulence is largest when an upslope moving bore passes. Smaller but
still relatively large turbulence is associated with a secondary upslope bore and with strong convective over-
turning during the downslope tidal phase. The convection is clearly distinguished in temperature variance
spectra between the buoyancy and Ozmidov frequencies, the range in which anisotropic stratified turbulence is
expected. Averaged over the entire depth-time series, mean turbulent kinetic energy dissipation amounts to 4.4
+ 2 x 107 m? s, equal for both sites. In the tributary, the first upslope moving bore and the convective
overturning at the deep site will affect sediment resuspension most.

1. Introduction

semidiurnal tides dominate internal wave energy.
Submarine canyons are known to act as conduits for matter and

Ocean seafloor topography form important boundaries where matter
can be resuspended and different water masses are mixed. Large-scale
flows may be intensified and ocean-interior ‘internal’ waves that are
supported by the usually stable density stratification may break over
topography (e.g., Thorpe, 1987). Of the various types of topography,
submarine canyons incising the continental slope are especially inter-
esting because they ‘match’ internal waves and turbulent motions in
their complex three-dimensional structure. Nearby varying sloping
topography of various scales may lead to complex reflection and
focusing of internal waves (Petruncio et al., 1998; St. Laurent et al.,
2001; Vlasenko et al., 2016), resulting in, for instance, intensification of
flows near the seafloor and turbulent resuspension of matter. In this
paper we are interested in the detailed structure of near-bottom turbu-
lence and internal wave deformation in a tributary of the Whittard
canyon on the Celtic shelf edge (Lo Iacono et al., 2020), in an area where
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associated compound transport from the productive continental shelfs to
the food limited deep sea. Various processes have been identified for the
episodic and continuous transport of (organic) matter varying from tidal
currents, internal waves, storms, cascading events and anthropogenic
activities like trawling (Palanques et al., 2009; Puig et al., 2014; Maier
et al., 2019). The transport of (organic) matter through submarine
canyons and the subsequent deposition has important implications for
the benthic fauna thriving in these systems (Vetter et al., 2010; Rob-
ertson et al., 2020), as well as on the carbon cycle if organic matter is
rapidly buried and withdrawn (Masson et al., 2010). Internal waves,
which have been observed in many submarine canyons globally (for an
overview Puig et al., 2014), cause periodic resuspension and dispersal of
matter and are typically associated with the presence of nepheloid
layers. These layers with elevated concentration of suspended particu-
late matter form pathways of lateral matter transport and can contribute
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to the accumulation and focusing of matter in particular canyon areas
(Gardner, 1989; Wilson et al., 2015). From observations along a ship-
borne CTD-transect and current meters and transmissometers moored at
5 m above the seafloor at three sites in Baltimore Canyon, Gardner
(1989) inferred that sediment resuspension occurred under upslope
moving [internal tidal] bores that were followed by seaward isopycnal
transport into the interior forming nepheloid layers.

Although large-scale internal waves are generated at the Celtic shelf
break via cross-slope tidal flow (Pingree et al., 1986), the direction of
propagating internal waves onto the shelf is quite random (Holt and
Thorpe, 1997). This random propagation direction indicates effects of
three-dimensional topography of the submarine canyons, also affecting
near-surface solitary high-frequency internal waves (Vlasenko et al.,
2014).

Deeper down, numerical modeling efforts demonstrate semidiurnal-
tidal-baroclinic enhanced near-bottom flow, and higher available po-
tential energy around near-critical bottom slope angles along the thal-
wegs (Aslam et al., 2018), with the suggestion of small-scale
larger-energy spots when the slope angle of the seafloor is supercriti-
cal for internal tides.

Slope criticality occurs when the slope to the horizontal of energy
beams of propagating internal waves matches that of the seafloor slope
y. As propagating internal wave frequencies (o) are generally found in
the range f < 6 <N, their beam slopes p depend on local f, N and c: p =
sin'l((Gz-fz)l/z/(Nz-fz)l/z), e.g. Leblond and Mysak (1978). A seafloor
slope is supercritical when y > B, steeper than the internal waves of
interest. A seafloor slope is subcritical when § > y.

On basis of geological data it has been suggested that around such
depths where more internal wave energy reaches the seafloor the net
transport of suspended matter is up-canyon (Gardner, 1989; Amaro
et al., 2016). This may be related to the fate of upslope propagating
internal tidal bores (Gardner, 1989) that have thus far been mainly
studied in detail over two-dimensional large-scale slopes (e.g., Klymak
and Moum, 2003; Hosegood et al., 2004). It was found that the sediment
resuspension on such large-scale slopes is associated with internal wave
breaking and not with (tidal) flow friction over the seafloor, as has been
confirmed in (frictionless) models (e.g., Gemmrich and Klymak, 2015).
The frictional law-of-the-wall is thus not applicable in case of effects of
internal wave breaking over sloping topography.

In a historic wedge-shaped laboratory model without rotation, in-
ternal waves incoming from offshore demonstrated most turbulence
generation in the apex, where the modelled bottom slope met the water
surface, when moving over sub-critical (smaller seafloor-than internal-
wave-) slopes (Cacchione and Wunsch, 1974). Canyons are thought to
trap internal waves from above and outside the canyon, through
reflection from the super-critical (larger seafloor-than internal-wave-)
slopes, and channel and trap the energy toward the canyon floor and
head (Gordon and Marshall 1976; Hotchkiss and Wunsch 1982). More
recently, models and observations over quasi two-dimensional large--
scale underwater topography like over large seamounts showed the
tendency of more intense nonlinear internal-wave-induced turbulent
overturning at just super-critical internal (tidal) wave slopes (e.g., Lamb,
2004; van Haren, 2006; Aucan et al., 2006; van Haren et al., 2015;
Winters, 2015). Some observations showed intense turbulence over
sloping seafloors not at all related with internal wave slope-criticality in
areas of topographically trapped waves (van Haren et al., 2014). The
effects of bottom slope angle on internal wave turbulence generation
may be different in three-dimensional canyons however, either due to
the proximity of steeper sloping sidewalls (Vlasenko et al., 2016), or due
to reflection of internal tide energy at steeper super-critical up-canyon
walls (Nash et al., 2004; Zhao et al., 2012; Hall et al., 2014). Possibly,
although perhaps less likely in small canyons, the effects of cross-canyon
ridges being a dominant turbulence generation mechanism (Thurnherr
et al., 2020) may also play (a secondary) role.

In this paper we present a short (two-day) overlapping period of two
identical heavily instrumented lines that were moored in a short
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distance from each other in a tributary of the easternmost canyon branch
of Whittard Canyon. The moorings carried acoustic profilers and high-
resolution temperature sensors. We focus on the detailing of the differ-
ence in internal tide wave, energy, turbulence and character between
the two sites.

2. Materials and methods

A total of 242 ‘NIOZ4’ self-contained temperature ‘T’ sensors are
used sampling at 1 Hz, with precision better than 5 x 10 °C and a noise
level of about 6 x 10 °C (van Haren, 2018). The T-sensors are taped at
2.0 m intervals to two 245 m long, 0.0063 m diameter nylon-coated steel
cables. 19 T-sensors showed various electronic (noise, calibration)
problems and are not further considered. These data gaps were inter-
polated. The T-sensors are synchronized via induction every 4 h. Thus,
each entire vertical profile of 240 m is measured with a variation of less
than 0.02 s.

The two instrumented cables are used in two identical sub-surface
taut-wire moorings. In each of the moorings, the lowest sensor was
placed 7 m above the seafloor just above the acoustic releases and the
upper about 70 m below a single elliptic floatation providing 3 kN of net
buoyancy. The float held a downward looking 75 kHz Teledyne-RDI
Longranger Acoustic Doppler Current Profiler (ADCP) that sampled
water-flow currents and acoustic echo intensity at a rate of once per 120
sin 5 m vertical bins. The ADCP has four acoustic beams that are slanted
at an angle of 20° to the vertical. The current components are averaged
over the four beams per depth level, i.e., over horizontal distances be-
tween 15 and 200 m. For typical current speeds of 0.25 m s, the 1-Hz
sampling rate of the T-sensors represents a 0.25 m horizontal scale
resolution. The T-sensor data thus have more than 100 times better
resolution of internal wave — turbulence characteristics than the ADCP-
data.

The moorings were deployed at 48° 36.48'N, 9° 51.42'W, 1130 m
water depth, mooring ‘1d(eep)’, and 48° 38.28'N, 9° 47.40'W, 790 m
water depth, mooring ‘2s(hallow)’, in a tributary of the easternmost
canyon branch of Whittard Canyon, Bay of Biscay, NE-Atlantic Ocean
(Fig. 1) in mid-May 2018. The presence of tributaries that connect the
interfluves at shallower depths with the main canyon thalweg are a
prominent feature of the eastern flank of this canyon branch (Fig. 1). The
two moorings were more or less located on the central axis, the thalweg,
of the tributary, and were placed 6.5 km apart horizontally. On 1-km
scales, the local along-canyon bottom slope angles are about >3° and
~1.7° for 2s and 1d, respectively. The nearby canyon-sidewalls have
angles >3°. Due to the high (fisheries) risk in the area and adverse
weather conditions the moorings were not left unattended and they were
recovered before the end of the eight-day cruise. Therefore, their records
overlap by two days only.

The moored observations are supported by shipborne SeaBird Elec-
tronics SBE-911 Conductivity Temperature Depth CTD-profiles which
were aligned on a transect along the axis of the side branch, to within 1
km from the mooring sites. The CTD-data are used to establish a local,
preferably linear, temperature-density relationship to be able to
compute turbulence values from the moored high-resolution T-sensor
data (van Haren and Gostiaux, 2012). In addition, the CTD was equipped
with a Wetlabs FLNTU to measure turbidity and fluorescence.

During post-processing, the T-sensor data are converted to Conser-
vative Temperature (®) values (IOC et al., 2010) mainly to correct for
pressure compressibility effects. Over a range of 300 m above the sea-
floor, ® are used as a tracer for variations in potential density anomaly
referenced to a level of 1000 dbar (c;) following a reasonably tight,
constant linear relationship obtained from CTD-data (Fig. 2),

86; = 0,80, for mooring 1d with oy = —0.127 £ 0.003 kg m™>°C", €))
861 = 0,80, for mooring 2s with a, = —0.19 =+ 0.01 kg m>°C"", 2

in which oy denote regression coefficients under local conditions
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Fig. 1. Multibeam map of the easternmost branch of Whittard canyon, with CTD (yellow dots) and mooring (red squares) locations (1d(eep) and 2s(hallow)) in the
tributary and water-flow current ellipses from tidally band-pass filtered ADCP data with cut-offs at 0.6 and 6 cpd (cycles per day) from about 30 m (blue) and 280 m
(red) above the local seafloor. The ADCP compass data are corrected for the local declination.

(Fig. 2d).

Turbulence values are obtained using the moored T-sensor data by
calculating ‘overturning’ scales. These scales follow after reordering
every 1 s the 240 m high potential density (conservative temperature)
profile 61(z), which may contain inversions, into a stable monotonic
profile 61(zs) without inversions (Thorpe, 1977). After comparing
observed and reordered profiles, displacements d = min(|z-z;|)-sgn(z-zs)
are calculated necessary for generating the reordered stable profile.
Certain tests apply to disregard apparent displacements associated with
instrumental noise and post-calibration errors (Galbraith and Kelley,
1996). Such a test-threshold is very low for NIOZ-temperature sensor
data, <5 x 10%°C (van Haren, 2018). Then, using d rather than its
rout-mean-square rms value as explained in the paragraph below,

e = 0.64d°N?, )

the turbulence dissipation rate, where N denotes the buoyancy fre-
quency computed from each of the reordered, essentially statically sta-
ble, vertical density profiles. The numerical constant follows from
empirically relating the root-mean-square ‘rms’ overturning scale with
the Ozmidov-scale of largest isotropic turbulence overturns in a strati-
fied fluid Lo = 0.8d.ms (Dillon, 1982).

In (3) we use individual d to replace overturning scales, rather than
taking their rms-value across a single overturn as originally proposed by
Thorpe (1977). The reason is that we cannot easily distinguish indi-
vidual overturns, first, because overturns are found at various scales
with small ones overprinting larger overturns, precisely as one expects
from turbulence, and, second, because some exceed the range of tem-
perature sensors. Instead, we first calculate non-averaged d in (3) for
high-resolution time-depth images of &(t, z). Subsequently, we calculate
‘mean’ turbulence values by arithmetic averaging in the vertical [ ] or in
time <>, or both. (This yields average values which are about a factor of

2 lower than if we would use the rms-value of d, commonly defined as
‘Thorpe-scale’, and mean N, both arithmetic operations over the entire
vertical range, in (3).) Arithmetic averaging is mandatory over the
vertical overturning scales to represent proper turbulence dissipation
rates. Although turbulence dissipation rates are not normally distrib-
uted, arithmetic averaging is also used for time averaging, for consis-
tency. Geometric time averaging following arithmetic vertical averaging
would provide a factor of 1.5-2 lower mean values than presented in this
paper. We note that this discrepancy is still within the error range, see
next paragraph. The small discrepancy between geometric and arith-
metic time averaged values may be because ocean turbulence temper-
ature variance and dissipation rate are not necessarily log-normally
distributed due to intermittency and multiple nonlinear sources
(Cimatoribus and van Haren, 2015; Cael and Mashayek, 2021). The 1-Hz
sampling of moored T-sensor profile data allows sufficient averaging
over all different turbulence characteristics.

The errors in the mean turbulence values thus obtained depend on
the error in N, the error in the temperature-density relationship while
the instrumental noise error of the thermistors is negligible. Given the
errors, the estimated uncertainty in time-depth mean estimates of
dissipation rate amounts about a factor of two, which is the minimum
error range for turbulence values (Oakey, 1982). It is presently impos-
sible to try better in natural waters where turbulence values from indi-
vidual overturns vary over four orders of magnitude (e.g., Oakey, 1982;
van Haren and Gostiaux, 2012; Gregg et al., 2018). Using similar
T-sensor data from Great Meteor Seamount, van Haren and Gostiaux
(2012) found turbulence values to within a factor of three similar to
those inferred from ship-borne CTD/LADCP profiler data using a
shear/strain parameterisation near the seafloor. Their values comply
well with profiler-based estimates in similar sloping topography areas by
Klymak et al. (2008). It has been argued that Lo/d;ms varies as a function
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Fig. 2. Shipborne CTD-observations down to 5 m above the seafloor to within 1 km horizontally from the moorings 1d in black and 2s in red. (a) Conservative
Temperature. (b) Absolute Salinity, with the x-axis range approximately the same as in a. in terms of density variations. (c) Density anomaly referenced to the surface.
(d) Conservative Temperature-density anomaly (referenced to 1000 dbar) relationships, from the lower 300 m of CTD-profiles, with best-fit lines in light-blue and

green, respectively.

of stratification, stage and type of turbulence generation (e.g., Chala-
malla and Sarkar, 2015; Mater et al., 2015). While this is acknowledged
for specific unique conditions like pure convection and/or low Reynolds
number flows, there are several reasons why it may not apply, and
cannot be applied, to the present ocean data, as partially outlined in van
Haren (2017) and summarized hereafter.

The moored high-resolution T-sensor data provide every second a
240 m tall profile of temperature and thereby a priori insight in
particular internal wave turbulence processes. However, we are not
primarily concerned with individual overturning values. Instead we give
“suitably averaged” turbulence values, as detailed below. In any given
high Reynolds number environment like the deep ocean, shear- and
buoyancy(convection)-driven turbulence intermingle and are hard if not
impossible to separate. Examples of numerical modelling studies of
particular stages of instability developments show that a finger of
convective instability develops secondary shear instability along its
fringes (Li and Li, 2006), while the roll-up stage of shear instability
develops secondary convective instability mushrooms (Matsumoto and
Hoshino, 2004). Comparison between calculated turbulence values
using shear measurements and using Thorpe overturning scales with
Lo/dims = 0.8 from areas with such mixtures of turbulence development
above sloping ocean topography led to ‘consistent results’ (Nash et al.,
2007). Thus, from the argumentation above and the reasoning in Mater
et al. (2015), internal wave breaking unlikely biases turbulence dissi-
pation rates computed from Thorpe 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
our error.

3. Observations

The two moorings were deployed and recovered in the tributary of

Whittard Canyon during the short 8-day cruise with the R/V Pelagia
(cruise 64PE437). In this paper we discuss the two days of time-
overlapping data when the moorings were simultaneously collecting
data. Although Conservative Temperature is presented and used
throughout, we will henceforth refer to it as ‘temperature’ in the text.

3.1. Average profiles

The first and second moments of statistical probability function of
temperature and along-canyon current component show considerable
differences for the two moorings which were only 6.5 km apart hori-
zontally and 340 m vertically (Fig. 3a and b). The shallower mooring 2s
demonstrates temperature and current vertical variations of which the
time-mean values (current only) and standard deviations are more
constant in the vertical over the range between 7 and 247 m above the
seafloor than at the deeper mooring 1d. While temperature variations
show a maximum between about 60 and 80 m above the seafloor in both
moorings (Fig. 3a), the 2s-mooring shows considerable smaller and
vertically near-constant current changes (Fig. 3b). At mooring 1d, the
mean along-tributary current varies from upslope to downslope while its
standard deviation increases monotonically towards the seafloor. The
cross-tributary current component has considerably smaller amplitudes
(Fig. 1). Likewise, the time-mean dissipation rates are vertically near-
homogeneous at 2s, while monotonically increasing over one order of
magnitude towards the seafloor at 1d (Fig. 3c). However, the two-day
time and 240-m vertical mean values are statistically indistinguishably
identical for both moorings: [<e;>] = 4.41 + 2 x 107 m23'3, [<ea>] =
4.44 £ 2 x 107 m%3 (the insignificant digits are kept to demonstrate
the small difference between the values). This mean turbulence dissi-
pation rate is found in stratified waters with almost identical mean
buoyancy frequencies from reordered profiles: [<N;>] = 3.1 £ 0.3 x
102 s for mooring 1d and [<N>] = 3.0 + 0.3 x 103 s for mooring
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Fig. 3. Vertical profiles of time-mean characteristics from two days of simultaneous mooring data from 1d (red) and 2s (blue, vertical scale to right). The y-axes are
shifted to present data with respect to the local seafloor. (a) Standard deviation of Conservative Temperature variations from T-sensor data. (b) Mean values (+and o,
respectively) and standard deviation (solid lines) of along-tributary current component from ADCP-data. (c) Logarithm of time-averaged dissipation rate from T-

sensor data.

2s, or mean buoyancy periods Ty = 21/N of about 2050 s. Although
large-scale mean buoyancy frequencies vary somewhat on the long term,
the average semidiurnal internal tidal slope angle for propagating waves
is 1.7 £+ 0.2°. This angle is close, ‘critical’, to the bottom slope angle in
along-tributary direction at the deep site. It is significantly smaller than
all other ‘supercritical’ side-canyon slopes.

As will become clear from the time series below, the dominant var-
iations with time have a semidiurnal tidal periodicity. The tidally band-
pass filtered current ellipses are more or less directed East-West and
have about the same amplitude at about 280 m above the seafloor at
both moorings (Fig. 1). Closer to the seafloor, presumably a topographic
correction forces the more or less rectilinear tidal flow in the direction of
the tributary axis, with a strong amplitude increase at the deep site only.

3.2. Time series

With reference to the ADCP’s pressure (p) sensor, the taut-wire
moorings did not move more than about +£0.1 m vertically due to
mooring drag. This was anticipated given the current magnitudes <0.3
m s and the large floats used. The observed pressure variations are
mainly due to surface elevations, which are dominated by a barotropic
semidiurnal tide (Fig. 4a). Time series of temperature variations in both
the upper 2s and lower 1d T-sensors in the deep ocean interior are also
dominated by semidiurnal variations (Fig. 4b), but these variations are
out-of-phase with the surface tidal pressure variations by approximately
100°. The temperature variations are also considerably deformed from a
sinusoidal signal like the pressure record, i.e. they are strongly

nonlinear, more resembling a saw-tooth signal with a long increase and
short drop in temperature (upper 2s and lower 1d), a triangular (lower
2s) or a block (upper 1d) signal. The lower 2s signal demonstrates a
relatively strong higher tidal harmonic signal, notably fourth-diurnal.
The lower 1d signal shows relatively strong high-frequency tempera-
ture variations occurring approximately half-way the long increase in
temperature. Vertically, the tidal cooling phase starts near the seafloor
compared with higher-up at 2s, and the opposite (higher-up before the
seafloor, at 1d (Fig. 4b). In complete order, cooler phase waters pass at
upper-1d T-sensor, then lower-1d, upper-1d and lower-2s.

The 80-m vertically averaged dissipation rate time series, low-pass
filtered with cut-off at 20 cpd (cycles per day) ~ 0.5N, demonstrate
only partial correspondence with the semidiurnal signals (Fig. 4c). Most
agreement with a semidiurnal signal shows the upper 1d record, which
has smallest turbulence dissipation rate, and which corresponds in time
series variation with the lower 1d temperature record (Fig. 4b). On
average more equal dissipation rates are observed in the other three
records that nonetheless vary over 1.5 orders of magnitude with time
and without clear dominance of semidiurnal or fourth diurnal signals,
except perhaps in the second part of the upper 2s record (semidiurnal).
The lower 1d record generally shows highest peaks during a tidal period,
which occur during the time of sharp temperature decreases and in a
double fashion of two peaks about 2h apart of which the second one is
the highest in all three cases. More high peaks in the lower 1d record
associate with the high-frequency temperature variations during the
warming phase in a tidal period. Then also a peak in lower 2s dissipation
rate record is observed.
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80 m from upper (dashed) and lower (solid) ranges of each mooring.
3.3. Time-depth series

An overview of the two-day, 240-m time-depth series of temperature
demonstrates the clear domination by the internal tide in the signals at
the two mooring sites (Fig. 5). Isotherms make vertical excursions with
time suggesting wave heights of more than 200 m (crest-to-trough) at
mooring 2s and over about 150 m at mooring 1d. This is 40 to over 50
times larger than the surface tidal range (Figs. 4a and 5). While the
surface tidal (pressure) signals are undistinguishably identical at the two
sites, the internal tide (isotherm-excursion) signals have a different
appearance between the two sites (Fig. 5). The different appearance
occurs every semidiurnal period, with small changes between these
periods. Although the internal tidal isotherm excursions have a large
phase difference with the surface tidal elevations, they are approxi-
mately in-phase between the two moorings along the (sub-)canyon.

At the shallow site, the largest isotherm excursions occur in the
relatively warmer waters higher-up in the range of observations
(Fig. 5a). While the plotted temperature range is 2.8 °C, in both panels of
Fig. 5, the larger upper layer excursions cause the isotherms to become
more densely packed in the lower layer, especially during downward
warming and upward cooling phases (Fig. 5a). Over hundred meter
thick near-homogeneous layers are found between about —750 < z <
—600 m, during the warm phase of each semidiurnal period, e.g., on day
134.78, and the first cooling maximum or cold front, e.g., on day 134.93.
A secondary cold front is typical for the lower half of Fig. 5a following a
downdraught of relatively warm water from above that reflects the
fourth-diurnal temperature signal.

At the deep site, no clear distinction is observed in the internal tidal

wave isotherm displacements between lower and upper half of the range
of observations in Fig. 5b. Isotherms approximately maintain their dis-
tance throughout a semidiurnal cycle, and thus do not strain as much as
at mooring 2s in Fig. 5a. They do show much more high-frequency
variations and are less smooth, especially in the lower —1100 < z <
—1050 m towards the end of the warming phase, e.g., days
134.6-134.75. The single cold front initiating the cooling phase, e.g., on
day 134.85, is considerably sharper than in Fig. 5a but it occurs on
average 1 h later in time near the seafloor. The sharp front extends up to
about 100 m above the seafloor and forces upward displacement of
isotherms throughout the range of observations. This contrasts with the
less intense frontal passage in Fig. 5a, which is associated with partial
continued warming in the upper layer above the cooling passing near the
seafloor. Nevertheless, judging from both the moment of maximum
warming and the passage of 1 °C cooler water near the seafloor, these
observables occur about 1 h earlier at the shallow site than at the deep
site (cf., Fig. 4b).

The associated time-depth distribution of (non-averaged) turbulence
dissipation rate (Fig. 6) shows even more contrast between the two sites
than the temperature time-depth distribution.

At the shallow site, higher turbulence dissipation rate is found
throughout the vertical, but in different patches of about 100 m tall at
different times across different vertical ranges (Fig. 6a). The above
mentioned near-homogeneous layers associate with enhanced dissipa-
tion, as do the warm downdraughts in the upper layers. Near the sea-
floor, higher dissipation is found in smaller portions notably occurring
every end of a warming phase when packed isotherms touch the sea-
floor. During the first cold phase of each semidiurnal period an about
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Fig. 5. Simultaneous time-depth series of Conservative Temperature with black contours every 0.5 °C. The purple graphs indicate pressure at the ADCP shifted
vertically by about 50 m. (a) Mooring 2s, with data from 10 T-sensors linearly interpolated between neighbouring sensors. The horizontal axis is at the local seafloor.

(b) As (a), but for mooring 1d with data from 9 T-sensors interpolated.
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Fig. 6. As Fig. 5 including the black contours every 0.5 °C, but for (non-averaged) turbulence dissipation rate. Colour ranges and scales are identical in a. and b.

100 m thick near-homogeneous layer passes that episodically reaches to
the seafloor. Cold fronts occasionally show large dissipation, in the
present record only on day 135.33.

At the deep site, strong dissipation reaches to the seafloor during the
passage of all cold fronts (Fig. 6b). The largest >50 m tall but least
intense dissipation peak is at the first front followed by a more intense
and smaller ~50 m tall patch passing with a second front about 2 h later.

The seafloor is also reached by moderate dissipation under every
warming phase when the high-frequency isotherms excursions are
observed and where stratification is not particularly weak. In the upper
layer, turbulence dissipation is much less intense and its rates contrast
with the larger dissipation rate values observed near the seafloor.

To investigate if large dissipation rates associate with large relative
acoustic echo intensity that may reflect suspended matter, we compare
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Fig. 6 with Fig. 7 and investigate episodes with high turbulence levels.
The association is known to hold for frontal bores, one per tidal period,
moving upslope over and touching the seafloor whereby sediment is
resuspended (Hosegood et al., 2004). This is observed here too, but at
the deep site only (Fig. 7b) and for more than one peak in dissipation
rate near the seafloor per semidiurnal period. It is noted that the dissi-
pation peak associated with the second front shows less correspondence
in echo intensity. Two further observations are noticed in the present
data.

At the shallow site, largest echo intensity is associated with tem-
perature between 10 and 10.5 °C and corresponds with the large dissi-
pation observed during the downward warm water from above (Fig. 7a).
As far as can be observed, high echo intensity reaches (near) the seafloor
from above, and never reaches upward from below.

At the deep site, higher echo intensity reaches not only upward from
the seafloor during cold-phase frontal bore passages, but also episodi-
cally during the 4 h before under the high-frequency internal motions
under the warm phase from above (Fig. 7b). There is no association with
material being pushed downward by the warmer waters above, as we
observe a layer of weaker echo intensity between the intermediate iso-
therms of 8.0 and 8.5 °C. Nonetheless, the entire upper layer shows
enhanced echo intensity for temperature >8.5 °C, although having
lower values than observed at the shallow site. It is noted that the quasi-
permanent high echo intensity levels exceeding noise levels in this upper
layer somewhat complicate the correction method for sound attenuation
in water proposed by Gostiaux and van Haren (2010), cf. Appendix A. A
difference in the amount of suspended matter in the water column was
observed in the (limited) CTD transect along the axis of the tributary
(Fig. 8), in which the shallower part showed relatively low turbidity
values compared to the deeper part, pointing to enhanced particle load
at depth as was also observed in the moored ADCP data (Fig. 7). As we
use single acoustic frequency instrumentation, direct comparison of
echo intensity with suspended matter content is difficult and we are
reluctant to infer quantitative results on sediment transport.

The upper layer higher echo intensity during the warming phase is
not associated with particular along-canyon v-current component
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(Fig. 9). During its passage, the v-component is directed down-canyon,
partially, before turning up-canyon.

At the shallow site of mooring 2s, an upward, positive vertical phase
propagation of 2.5-3 h is observed in positive maximum v and about 6 h
in the transition between positive to negative v, over the 240 m vertical
range of observations (Fig. 9a). In the lower 50 m near the seafloor a
distinct small positive-v pulse is associated with the secondary cold-
‘front’ passing 5-6 h after start of the large positive v-pulse. This pro-
vides a fourth-diurnal harmonic in v. Recall that positive-v is directed
up-canyon (Fig. 1).

At the deep site of mooring 1d, the single vertically uniform transi-
tion from negative to positive, down-to up-canyon, v-component is
associated with the steep front in isotherms leading the up-canyon
propagation of the cold water phase (Fig. 9b). The preceding high-
frequency internal motions are associated with down-canyon v when
its speed values are >0.3 m s near the seafloor.

3.4. Frequency distributions

The large number of T-sensors provide opportunity to improve scalar
temperature statistics even though the time series length is limited. We
separated the records from both moorings in two parts, the upper 100 m
and the lower 100 m of the 240 m vertical ranges. Average temperature
variance spectra were computed (Fig. 10a,c) as well as coherence over 2
and 10 m vertical distances between all possible pairs of independent T-
sensors (Fig. 10b,d). The comparison between the shallow site (Fig. 10a
and b) and deep site (Fig. 10c and d) supports some of the time series
observations and adds new information especially when focusing on the
super-buoyancy frequencies that contain a transition from stratified
anisotropic to isotropic turbulence.

At the shallow site, very similar shapes of temperature variance are
found in upper and lower layers, but the level of variance is about half an
order of magnitude larger for the lower layer, except at the semidiurnal
frequency (Fig. Sa). Outside the tidal and inertial harmonic frequencies
6 > My, fourth diurnal lunar frequency, the turbulence inertial subrange
6% scaled spectra (Tennekes and Lumley, 1972) slope —1/3 in the

dl (dB)
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1 1 1
1352 1354 1356
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Fig. 7. As Fig. 6, but for ADCP’s relative echo intensity corrected for water attenuation and noise level of sound following Gostiaux and van Haren (2010), see

Appendix A.


hansvh
Cross-Out

hansvh
Replacement Text
10a


H. van Haren et al.

Continental Shelf Research 236 (2022) 104679

0
- ke
—e—lE 0.275
e 025
500 0225
27.35 0 £ -
E 0.175
N

T T T T

0 2 4 6 8

T T T T
10 12 14 16

Distance (km)

Fig. 8. Z,x map of turbidity in colours (NTU) and density anomaly o, in black contours (kg m™) from CTD transect made along-tributary between days 135.6 and
135.8. The five diamonds on top indicate the relative station positions. The two red dots on the sloping seafloor indicate the relative mooring sites.

-z (m)

-0.4

Il 1 1
1346 1348 135

Il | | 1
1352 1354 1356 1358
time (yearday)

L |
136 136.2

Fig. 9. As Fig. 6, but for ADCP’s along-canyon current component.

log-log plot, which is a slope of —2 in unscaled log-log plotting. This 6™
is the canonical internal wave slope (Garrett and Munk, 1972), which is
normally considered for freely propagating internal waves in the range f
< 6 < N while internal tides are not included in the model description.
Here, the slope extends between (f <) M4 < 6 < Ngmax = 60, Where Ny
max denotes the maximum small-2-m-scale buoyancy frequency in thin
layers in the record ranges and 6o the Ozmidov frequency that separates
the buoyancy range of stratified anisotropic quasi-2D turbulence at 6 <

60, and the inertial subrange of isotropic 3D turbulence at 6 > 6o. We
compute the Ozmidov frequency using the mean current flow speed
observed by ADCP in both upper and lower layers. Indeed, a kink is
observed in spectral slope to 0 (i.e. —5/3 of inertial subrange in unscaled
log-log plotting) near oo for both layers. At the Ozmidov frequency, the
coherence at 2-m intervals is approximately 0.5 + 0.05, with slightly
larger values for the upper layer, while the coherence at 10 m vertical
intervals drops into noise levels, equal for both layers. At large-scale
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Fig. 10. Spectra for lower and upper 100 m (purple/black and light-blue/red, respectively) of T-sensor data. (a) Log-log plot of temperature variance from mooring
2s scaled with the inertial subrange slope —5/3 (horizontal black line) in nearly raw (10 degrees of freedom ‘dof’; thin-line graphs) and moderately smoothed (50 dof;
thick-line graphs) forms. Vertical colour lines indicate the associated mean large-scale N and maximum small-scale N; nax buoyancy as well as the Ozmidov fre-
quencies 6. Vertical black lines indicate the minimum buoyancy frequency Ny, tidal My M4, and inertial f frequencies. The sloping lines indicate several deviations
from the inertial subrange (see text). (b) Coherence between all possible pairs of 2-m (thick-line graphs) and 10-m (thin-line graphs) separated T-sensors from
mooring 2s. (¢) As a., but from mooring 1d. All slopes are identical as in a., for reference, but vertical lines show locally calculated values (except for My, My). (d) As

b., but from mooring 1d.

mean buoyancy frequency N, 2-m interval coherence values are >0.9,
while 10-m interval coherence values are about 0.5.

At the deep site, the upper layer temperature variance is approxi-
mately the same in level (slightly larger) and shape as at the shallow site,
except for a variance-dip in the internal wave band for M4 < ¢ < 0.5N
(Fig. 10c). This dip may associate with a slope of +2/3 (or —1 in an
unscaled log-log plot) for open-ocean internal waves far from bound-
aries (van Haren and Gostiaux, 2009). It includes less internal tide
nonlinearity as the fourth diurnal tidal harmonic is rather weak. In the
lower layer, the fourth diurnal frequency is less weak in variance,
although still an order of magnitude smaller than in the lower layer at
the shallow site, but for 6 > 0.5N variance is larger at the deep site up to
more than one order of magnitude at 6 > 6. For the buoyancy-Ozmidov
frequency band N < ¢ < 6 the lower layer deep site spectrum slopes at
+4/15, which is —7/5 in an unscaled log-log plot. This significant de-
viation from the inertial subrange 6> scaling points at convective
turbulent overturning of an active scalar (Pawar and Arakeri, 2016; van
Haren and Dijkstra, 2021), and which is separated at 6o from the inertial
subrange slope for an environment with dominant shear-induced tur-
bulent overturning of a passive scalar (Warhaft, 2000). Its spectral
variation is about 1.5 times rougher than would be expected for
(random) statistical spectral noise variation as observed for the inertial
subrange at 6 > 6. This rougher, less smooth spectral slope corresponds
with similar findings for shear-dominated strong intermittent internal
wave breaking above an open ocean slope in the same range that is also

10

attributed to anisotropic ‘stratified’ turbulence (van Haren, 2019). At
the deep site, the frequencies of 6o and N max do not coincide, which
may have to do with unresolved small-scale motions. However, the
temperature variance demonstrates that for the upper layer the internal
wave slope transits at Ng max to the inertial subrange slope. The corre-
sponding 2-m coherence is larger in the lower layer than in the upper
layer and at the shallow site. For both sites, upper layer coherence shows
approximately the same coherence plot, with slightly different Ozmidov
frequency, while the 10-m coherence is reached at 6o/Nsmax for both
layers.

3.5. Convection and shear details

The spectral information is an average over the two-day time series
and 100 m vertical sections. Within those time-depth intervals stratifi-
cation, internal wave and turbulence properties vary considerably. For
example, the minimum buoyancy frequency in weakly stratified layers
reaches down to Ny, = 0.25 + 0.05N, about 10 cpd (compare with an
open ocean minimum value of about 5 cpd (van Haren and Gostiaux,
2009), thereby smearing the boundaries of the transition between in-
ternal waves and stratified turbulence. The frequency information thus
represents average information that may be dominated by a particular
process for the time-depth interval. Here we seek to clarify the observed
difference between lower layer convective and shear induced turbu-
lence, that resulted in the difference in lower-layer spectral slopes in
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Fig. 10a,c between the two sites.

In detail plots of 2.3-h duration, which is just longer than the mini-
mum buoyancy period of about 8000 s, and depicting the lower 110 m
above the seafloor, we highlight two phenomena that are essentially
different between the two sites and occur every tidal period. In Fig. 11,
we focus on the end of the warming phase. In Fig. 12, we show the
turbulence around 2 h after the passage of the front starting the cooling
phase.

In both Figs. 11 and 12, the shallow site turbulent overturning shows
many time-length scales that generally are associated with shear-
induced turbulence. The warming phase is more stratified near the
seafloor and thus characterized by smaller scales (Fig. 11a) than the
cooling phase (Fig. 12a). The deep site shows turbulent overturning that
is more vertically oriented in tall short-timescale up- and down-going
motions that are associated with convective turbulence. While the ver-
tical excursions have roughly the same time-depth scales between the
two periods, the warming phase shows convection in stably stratified
waters throughout Fig. 11b, whereas the cooling phase convection is
initially occurring in unstable waters in which relatively cooler water is
moved over warmer, less dense water (Fig. 12b). After about 1.5 h, one
local (minimum) buoyancy period, the convection occurs in stably
stratified waters as during the warming phase.

While convection is best understood to occur under unstable condi-
tions of warmer water under cooler water as driven by gravity, here
possibly initiated by the advecting up-canyon flow when it peaks just
after the front at some distance above the seafloor whereby denser water
from deeper down the canyon is driven over less dense water from
higher-up, the convection under stable conditions (‘stratified convec-
tion’) is suggested to be driven by internal waves overcoming reduced
(density-difference driven) gravity (van Haren, 2015). Although in the
ocean salinity may contribute to density variations even though the
temperature-density relationship seems tight as at the present site
(Fig. 2d), stratified convection has also been observed under internal
waves in a fresh-water lake (van Haren and Dijkstra, 2021). We note that
the present cooling phase stratified convection occurs when the iso-
therms bend downward, so no longer move upward as during the start of
the cooling phase. In both phases, convection occurs during most intense
tidal along-canyon flow, whether down-canyon (warming phase) or
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up-canyon (cooling phase). Near-bottom intensified tidal flow is not
observed at the shallow site.

4. Discussion and conclusions

The 240-m vertical and two-day time mean turbulence dissipation
rates are highly comparable between the two sites, to within one stan-
dard deviation or well less than a factor of two. The mean values are of
the same order of magnitude as values found under breaking internal
waves above deep-sea sloping topography where freely propagating
semidiurnal internal tides dominate (van Haren and Gostiaux, 2012; van
Haren, 2019). Our values are also highly comparable with those
observed just shelf-ward of the East Atlantic shelf-break where very
energetic tides are found on the relatively shallow Celtic Shelf (Palmer
et al., 2015; Inall et al., 2021).

In detail however, over distances as short as 6.5 km, we find
considerable large differences between our two observational sites in
internal wave breaking processes and turbulence episodes near the
seafloor. The deep site shows most resemblance with internal tide
sloshing against more open large-scale two-dimensional topography like
a large seamount (e.g., low-resolution data in Aucan et al., 2006;
high-resolution data in van Haren and Gostiaux, 2012). Per tidal period,
two or three peaks in vertically averaged turbulence dissipation rate are
observed in the tributary, of which the largest occurs during the passage
of the warming to cooling phase upslope propagating front. The sec-
ondary front observed at the deep site in the canyon 2 h later during
maximum upslope flow, which was also observed above Great Meteor
Seamount (van Haren and Gostiaux, 2012), associates with weaker
stratified waters and weaker acoustic echo intensity, although turbu-
lence overturning reaches the seafloor. The third large turbulence
episode at 1d, which was not clearly observed in van Haren and Gostiaux
(2012), reaches the seafloor during the (maximum) warming
down-going phase. At the deep site in the tributary this turbulence has a
distinct convective character, which contrasts with dominant
shear-induced turbulence during the passages of the frontal bores.

Spectrally, the convection is found in the band between the buoy-
ancy and Ozmidov frequencies, when internal waves transit to aniso-
tropic stratified turbulence. The convection extends coherence over 2-m
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Fig. 11. 2.3 h, lower 110 m detail of Fig. 5, with different colour scales, demonstrating convective turbulent overturning near the seafloor at the deep site only during

the down-canyon warming phase.

11



H. van Haren et al.

Continental Shelf Research 236 (2022) 104679

935 |
0 (°C)

9.3

9.25

9.2

-z (m)

1 1 1 1 1 Il
135.41 13542 13543 13544 13545 13546 135.47 13548 135.49
time (yearday)

Fig. 12. As Fig. 11, with different colour scales, but during the up-canyon cooling phase about 2 h after the passage of a first near-bottom front.

vertical scales to higher frequencies by at least half an order of magni-
tude. At the transition from anisotropic to isotropic (homogeneous,
small-scale) turbulence indicated by the Ozmidov frequency, the tem-
perature variance attains the inertial subrange spectral slope of shear-
induced turbulence. It is noted that despite the different characters,
both dominant turbulence episodes occur when near-bottom tidal flow
is near-maximum, although opposite in sign.

As the echo intensity from a single frequency instrument is an un-
reliable estimator of suspended matter content (e.g., Haalboom et al.,
2021), net sediment-fluxes could not be quantified. However, given the
two largest peaks in turbulence energy dissipation occurring every tidal
period during the upslope phase of the tide, it may affect upslope net
sediment transport just above the seafloor as was measured with a
bottom lander along the main axis of the western branch at depths
smaller than 2500 m (Amaro et al., 2016). The present observations are
from one tributary and do not provide insight in the net transport
through the entire canyon system. However, there are no reasons to
think that other tributaries and the main channel of the easternmost
branch will behave very differently than the investigated tributary. This
is suggested even when taking into account that turbulence intensity
varies considerably along a thalweg and over a semidiurnal period, and
that the internal tide is heterogeneous between the different tributaries
as shown by the modelling results by Vlasenko et al. (2016) and Aslam
et al. (2018).

Enhanced turbidity pointing to elevated levels of suspended partic-
ulate matter in the water column was also observed around the deep site
1d in the CTD transect (Fig. 8). Resuspension of matter and subsequent
matter dispersal in the tributary via nepheloid layers might be an
important mechanism in lateral matter transport to the main thalweg.
Although we do not have information on bed shear stresses, our pre-
sented data on near-bed (down to 7 m above the seafloor) turbulence
demonstrate that internal wave breaking is more important than fric-
tional shear for generating turbulence away from the seafloor and likely
dominates resuspension of matter from the seafloor. Learning from
previous experiments with the same equipment but with T-sensors to
within 0.5 m from the seafloor (van Haren and Gostiaux, 2012), episodic
large overturns do not stop at 7 m above the sloping seafloor but actually
touch it. This is confirmed from numerical modelling of internal wave

breaking over sloping topography by Gemmrich and Klymak (2015).
The frictional law-of-the-wall is not applicable in such cases.

At the shallow site where large isothermal excursions exceeding the
range of T-sensors are observed, turbulence dissipation is much more
distributed over the 240 m range of observations and less affects the
seafloor. No convective overturning is observed during the warming
phase. The character of internal wave and turbulence is identical over
the range of observations, with slightly more variance and higher tidal
harmonics in the lower 100 m above the sea floor. The temperature
variance changes slope from —2 (internal wave slope) to —5/3 (shear-
induced turbulence subrange) at the Ozmidov frequency that coincides
with the 2-m small maximum buoyancy frequency.

Together with terrain complexity, abovementioned physical pro-
cesses are also important factors determining faunal patterns in Whit-
tard Canyon, either having a direct influence through the high current
speeds or indirectly affecting food supply via resuspension and focusing
of organic matter (Demopoulos et al., 2017; Pearman et al., 2020). The
vertical tidal displacement as observed at both mooring stations will
further replenish organic matter to the fauna over the semi-diurnal tidal
cycle (van Haren et al., 2014; Hall et al., 2017), being an important
mechanism to supplement food delivery from surface waters (Mohn
et al., 2014).

Unfortunately, due to technical reasons our time series were limited.
For future observations it is suggested to set-up a high-resolution
network of moorings at short distances, also occupying the side-walls
for a three-dimensional impression of the development of internal
tides dissipating their energy in deep-sea canyons of the continental
slope.

In summary, the two sites demonstrate the following differences:

- Larger than 100 m internal wave amplitudes at the shallow site
where the thalweg seafloor slope is supercritical for semidiurnal
internal tides,

- Flow intensification near the seafloor at the deep site where the slope
is approximately critical for semidiurnal internal tides,

- Three episodes of enhanced turbulence are observed over a tidal
period, a primary and a secondary bore during the upslope phase and
convective overturning during the downslope phase,
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- The primary bore and the convective overturning at the deep site
show elevated turbulence reaching the seafloor with potentially most
effect on sediment resuspension.
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Appendix A. Calculating the relative acoustic echo intensity

The acoustic echo intensity needs correction for water attenuation of
sound to obtain a measure for suspended matter as a function of time
and depth. We followed the procedure outlined by Gostiaux and van
Haren (2010), to fit a log-linear profile from acoustic theory to the noise
level of the instrumentation by seeking the minimum value at each
depth level (Fig. Al). It is seen, that true noise levels as in pure water are
not reached in the short two-day records, and the fits are slightly
different between the two mooring sites. The time-depth image of Fig. 7
is thus the echo intensity relative to the smooth fits in Fig. Al.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.csr.2022.104679.
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