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The ocean-interior shows omnipresent internal wave motions whose importance becomes more and more
acknowledged for deep mixing across the stable vertical density stratification for heat and suspended matter
redistribution. To observationally study vertical propagation variations of internal tides away from a steep
topographic slope, a >1-km long mooring with 760 high-resolution temperature sensors was deployed at 2380 m
depth halfway Mount Josephine NE-Atlantic Ocean for 4 months. In the lower 150 m above the seafloor, internal
waves slosh, become highly non-linear and break vigorously, every tidal cycle. After signal separation using
semidiurnal band-pass and harmonic filters, the vertical phase propagation shows: 1. Phase differences of 90° are
observed in isotherms and cross-slope currents over typically 600 m in the vertical, 2. Non-linearity is already
found in harmonic records that describe 300-m large-scale internal tides, 3. Non-uniform thin-layer stratification
causes about 50% of the semidiurnal variance in small-scales, 4. Upward internal tide propagation starts at the
top of non-linear wave breaking, 5. Downward propagation from above leading to energy-focusing at 700 m
above the ocean-floor and about 700 m below the nearest seamount-ridge generates interior hydraulic jumps

during spring tide.

1. Introduction

Amongst the main generators of internal waves are tidal motions,
after interaction with the omnipresent ocean-floor topography (LeBlond
and Mysak, 1978; Garrett and Kunze, 2007). Acknowledging that in-
ternal wave propagation is an essentially three-dimensional (3D-x,y,z)
phenomenon in contrast with 2D-x,y propagating surface waves, one
type of (2D-z,x) model assumes that major internal wave-generation
occurs at ocean-floor slopes y that ‘critically’ match the slope of inter-
nal tide energy propagation (e.g., Pingree and New, 1991; Gerkema,
2002; Lamb, 2004). Such model results, e.g., in semidiurnal lunar My
internal (baroclinic) tide being generated from an My surface (baro-
tropic) tide. The stratification supporting internal waves in these models
is either constant or a smoothly varying function of the vertical z
(commonly monotonically decreasing with depth), whilst being fixed in
t, X, y. At the same critical slopes incoming internal tidal energy is
trapped, because wave energy cannot (theoretically) reflect from the
matching topography slope, and large turbulent mixing is expected (e.g.,
Slinn and Riley, 1996). In this paper, we are concerned with internal tide
generation from a large seamount above a steep slope where consider-
able internal wave breaking occurs. The observational study uses a
densely instrumented, more than 1 km long mooring with
high-resolution sensors.
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From laboratory models (e.g., Mowbray and Rarity, 1967) it has been
recognized that internal wave energy is contained in beams or rays
(regions of large amplitude) that propagate along certain ‘characteristic’
paths having a slope to the horizontal that depends on N(x, y, z, t), the
local buoyancy frequency, and f(¢), the local inertial frequency at lati-
tude ¢. In sufficiently stratified waters N » f, downward internal-wave
phase propagation (a phase advance in time with increasing depth)
implies upward energy propagation, and vice versa (LeBlond and Mysak,
1978). Thus, the monitoring of vertical phase differences also provides
insight in energy propagation, whereby it is noted that directions of
phase and energy propagation are parallel in the horizontal.

In the (Mowbray and Rarity, 1967) constant-N experiment, fainter
beams at larger angles to the horizontal were recognized that corre-
sponded to a higher harmonic frequency. Away from the source, internal
waves rapidly disperse. These beams are well-separated in space and
waves do not proceed from one beam to the other (Dauxois et al., 2017).
If an observational antenna of sufficient length would be moored in the
laboratory model, it would thus register different energy at different
harmonic frequencies at various heights above the basin-floor.

Oceanic wave beams are the small vertical scale component of
propagating internal waves that radiate from ocean-floor topography
during the conversion of barotropic (surface) to baroclinic (internal) tide
in the stratified ocean (Bell, 1975). Initially, main sources were
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considered at the continental shelf edge (LeBlond and Mysak, 1978;
Pingree and New, 1991). More recently, abrupt topography like
mid-ocean ridges are also thought responsible for considerable internal
tide generation (Garrett and Kunze, 2007).

The energy conversion rate depends on the value of N and on the
topography slope for barotropic tidal current component W (Baines,
1982; Gerkema et al., 2004). Ocean-floor slope criticality with most
energy conversion occurs when the slope to the horizontal of internal
wave beams is close to that of y ( Balmforth and Peacock, 2009). As
propagating internal wave frequencies (c) are generally found in the
band f < ¢ < N, their beam-slopes § depend on local f, N and c: § =
sin’l((Gz—fz)l/z/(NZ—fz)l/z), e.g., LeBlond and Mysak (1978). An
ocean-floor slope is supercritical when y > §, steeper than the internal
wave slopes of interest. An ocean-floor slope is subcritical when £ > .

However, spatially and temporally monochromatic internal wave
trains do not well describe most geophysical internal waves (Sutherland,
2013). This shows in numerical models even for N(z), in which phase
and amplitude changes are no longer found across beams but throughout
a basin over short scales (Gerkema, 2002). Indeed, oceanic observations
have shown higher tidal harmonics in consistent sequences in
descending order at various deep-ocean locations reflecting highly
non-linear ‘broadband’ waves (van Haren et al., 2002, van Aken et al.,
2007). Observations have also shown that internal wave beams appear
‘patchy’ in the ocean rather than showing a confined high-energy range
(Lien and Gregg, 2001, van Haren et al., 2010; Johnston et al., 2011).

These observations suggest the model of a constant-N ocean is too
simplified and effects of variable N(x, y, z, t) in thinner and thicker
layers on internal wave generation, propagation and interaction are not
to be overlooked. The stable vertical density stratification imposed by
solar radiation in the ocean is not fixed but varies in x, y, z, t. It is
modified on the large scale by basin-wide circulation, on medium scale
by eddies that spin off boundary flows and on small scales by internal
wave straining. This leads to a complex of non-uniform stratification
through which internal waves of various scales propagate, or become
trapped (e.g., for 6 < f, 6 > N).

Detailed observations of internal wave-induced turbulence have
demonstrated particularly strong diapycnal mixing during short bursts
of incoming nonlinear waves and bores above steeply sloping topog-
raphy (e.g., Grue et al., 2000; Klymak and Moum, 2003; Winters, 2015;
Sarkar and Scotti, 2017) and near the top of seamount(-ridge)s (e.g.,
Legg and Klymak, 2008). Nonlinear bores have important effects on
sediment resuspension (Hosegood et al., 2004) and occur every tidal
period although with varying amplitude and time of arrival. It led to the
suggestion that internal wave generation above topography may be a
rather broadband phenomenon generating non-linear internal tides at
the source rather than monochromatic waves (van Haren, 2006).
Internal-wave generation by turbulence has been suggested in the
stratified layer below the mixing layer near the sea-surface (Gregg et al.,
1985; Moum et al., 1989).

Frontal bores occurring every tidal period are accompanied by O(10
min) pulses of baroclinic vertical current componentw ~ 0.1 ms ™ » W,
and irregular small-scale waves superimposed on an asymmetric tidal
signal. The energy-conversion rates -p<bW> and -p<bw>, in which b
denotes buoyancy, p a reference density and <> tidal averaging, to in-
ternal tidal energy will also depend on internal tides generated else-
where and thus modifying b for band-broadening away from
monochromatic waves. This may be related to the generation of higher
tidal harmonics as shown in numerical modelling taking into account
nonlinear effects (e.g., Lamb, 2004). If so, it may explain the intermit-
tent character of internal tides being generated from non-deterministic
baroclinic motions rather than from deterministic barotropic tides. In-
ternal tides generated from the latter require further interactions with
other waves, currents or varying stratification to produce intermittency
that is typically observed in the ocean (Wunsch, 1975).

In this paper, we are curious what is observable using a mooring
equipped with an unusually large number of 760 high-resolution
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temperature (T-)sensors that was moored above a steeply sloping ocean-
floor of Mount Josephine in the Northeast-Atlantic Ocean for 4 months.
An overview of the data is presented in van Haren (2022). It builds
further on 100-200 T-sensor multiple-site moorings above the same side
the seamount and demonstrating the largest turbulence over steep
slopes that are supercritical for semidiurnal internal tides (van Haren
etal., 2015; van Haren, 2017). The present purpose is to provide insight
in connections between the seamount-slope, internal wave breaking
exceeding 100-m above the ocean-floor, and internal tide generation at
the top of the breaker zone or at the ocean-floor proper. Vertical phase
relationships are inferred for tides extracted via harmonic analysis and
band-pass filtering, which also separates barotropic motions from the
records.

2. Technical details

‘KmT’, an 1140-m long T-sensor array was deployed for four months
in 2019 at 37° 00'N, 013° 44.5'W, with local ocean-floor at z = —2380 m
on the eastern flank of Mount Josephine (Fig. la), about 400 km
southwest of Lisbon (Portugal). KmT was the follow-up of a similar but
shorter 400-m array that was deployed four years earlier at a site 3.5 km
to the East, in about 500-m shallower waters. Its data will be discussed
briefly to support the data from KmT.

For the study on internal wave-turbulence from near to far above a
sloping ocean-floor, 760 NIOZ4 high-resolution T-sensors were taped to
the nylon-coated 0.006-m outer diameter steel mooring cable and to an
inline-frame approximately halfway the cable. The T-sensors were at
1.5-m vertical intervals between z = —1234 and —2372 m. A 4.2-kN
elliptic buoy was at —1105 m, 100 m above a similar second buoy
holding a downward looking 75-kHz RDI/Teledyne Longranger acoustic
Doppler current profiler (ADCP) with 20° acoustic beam-slant angle to
the vertical. The inline-frame held a second 75-kHz (deep-water version)
downward looking ADCP to cover the lower 600-m range of the T-
Sensors.

The ADCPs sampled at a rate of once per 900-s average values in 60
vertical bins of 10 m. Due to sidelobe reflection, the nearest bin of good
data is 45 m above the seafloor. The horizontal beam spread averaging
of current components varied between about 15 and 420 m. Such scales
of averaging are larger than the sizes of most turbulent overturning in
the ocean. Turbulent overturns are thus not well resolved by these
ADCPs and they merely provide a coarsely sampled impression of major
(tidal) water-flow motions. The error in one 900-s sample of current
amplitude is 0.014 m s~%, so that at semidiurnal frequencies it is 0.002
m s~! following random statistics. Vertical currents are generally well-
resolved and extend above noise level between f and N. For Az = 10-
m-scale shear amplitude |S| = ((Au/Az)*+(Av/Az)*)? however, the
instrumental noise level is high throughout, except at near-inertial fre-
quency. It is not considered here.

In contrast, the T-sensors sampled at a rate of once per 1 s and resolve
the most energetic turbulent overturning scales down to the Ozmidov
scale of stratified turbulence.

The mooring assembly was held tautly upright with net 5-kN buoy-
ancy and the 8-kN bottom-weight generated net-anchoring with
approximately 3 kN. The ADCPs’ tilt and pressure sensors demonstrated
that even under maximum 0.3 m s~! current-flow speeds the top of the
mooring deflected little, vertically by < 0.2 m and horizontally by < 20
m. Shipbone SeaBird SBE9plus Conductivity-Temperature-Depth (CTD)
data were obtained near the mooring in cross-slope direction.

2.1. Site characteristics

The average local ocean-floor slope of y = 9+1° is scale-dependent.
When computed using a 6-km horizontal scale, the larger scale slope is
about 8°. When computed using a 2-km horizontal scale, local slopes go
up to 10°. At the mooring site, y » fy2 = 4 + 1.5° for dominant M in-
ternal tide beam-characteristics of energy propagation (Fig. 1) under
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mean local stratification conditions resulting in N = 1.8 + 0.6 x 10>
s~} ~ 20f. The site is therefore considered supercritical for freely
propagating internal tidal waves.

Over the >1 km vertical range of T-sensors, the beam-slopes vary by
a factor of 1.8, due to the vertical decrease with depth in mean strati-
fication (outside large-turbulence zones just above topography). In the
interior, internal wave beams generally slope steeper at greater depths.
At the present site however, stratification has a local maximum between
—1800 < z < —1350 m and local minima in the 200-400 m thick layer
above the seafloor as evident from snapshot CTD-profiles (Fig. 1b).
Hypothetically, for example, for the intermediate vertical range between
—1600 and —1800 m, propagating waves reaching the mooring line in
that interval can originate either from [-1300, —1500] m or from
[-1900, —2050] m on the seamount slope (Fig. 1). For comparison,
modelled horizontal extent of breaking internal wave turbulence above
a supercritical slope reaches about 1 km horizontally from the slope
(Winters, 2015). This breaking potentially does not reach the mooring
line in the intermediate depth-range. Most intense breaking is expected
to reach the mooring in the lower 200 m above the seamount slope.

The top of the mooring and the uppermost sensors were about 120
and 240 m below the crest of the nearest ridge at z = —980 m, respec-
tively. The ridge is part of nearest sub-summit at —800 m, about 14 km
west-northwest of the mooring. Mount Josephine’s absolute summit
extends up to —250 m. The top of the mooring reached into waters of the
Mediterranean Sea outflow, potentially between about —1000 and
—1400 m, so that partially salinity-compensated apparent density in-
versions were occasionally registered in the upper range of T-sensors
when a Mediterranean outflow lens passed (Hebert et al., 1990).
Non-turbulence-induced artificial inversions are recognizable in the
T-records as thin-layer instabilities lasting longer than a day. They can
be distinguished from genuine turbulent overturning which are not ex-
pected to last longer than the inertial period (e.g., Dale et al., 2006).
Mediterranean outflow intrusions are thus easily detectable and they are
excluded from turbulence analyses.

bathenetry (m)

Deep-Sea Research Part I 196 (2023) 104021

Fig. 1. Site information. (a) East-west Mul-
tibeam transect along 37 °00'N of the ba-
thymetry of Mount Josephine around the
mooring site, drawn in an aspect ratio of
vertical:horizontal = 8:1. The mooring
outline is included, together with schematics
of a few-only (~semidiurnal) internal tide
beam-characteristics of energy propagation
(blue-dashed) from upper and lower slope
and, in green-dashed, the spatial extent of

internal wave breaking following a model by

1600 Winters (2015). The insert shows the ba-
thymetry from the 1’-version of Smith and
Sandwell (1997), with the black dot indi-

1800 cating the mooring site. (b) Logarithm of
buoyancy frequency computed over
100-dbar (~100-m) vertical intervals from

2000 CTD-profiles  across the slope at
water-depths of 2200 m (green), 2400 m
(blue) and 3200 m (red).

2200

2400

2600+ 1

2800 : . .

-3 28 26
IgN) (s

2.2. Temperature sensors

NIOZ4 are self-contained T-sensors with a precision better than 5 x
10~*C after drift-correction, a drift of about 1 x 1073°C mo ™! after
aging, and a noise level of <1 x 10~%C (van Haren, 2018). Every4h,a
synchronization pulse is sent via induction to all T-sensors of which the
internal clock is adjusted to a single standard clock, so that the entire
T-sensor range is sampled with less than 0.02 s delay between the sen-
sors. In comparison with previous smaller moorings, the synchronizer
for KmT is housed in a larger container holding twice the amount of
batteries. The synchronizer is attached to the inline-frame, in the middle
of the two T-sensor cable sections. The inline-frame is non-swiveled and
attached directly via shackles to the mooring cables above and below,
because the synchronization pulse is sent via flexible electrician’s wire
to the mooring cables. The wire is not to be cut by a potentially spinning
frame. Two T-sensors are attached to the inline-frame and synchronized
via the wire.

Although previously the synchronization was successfully used up to
400-m cable-length (van Haren, 2017), the present result for two sec-
tions of 510 and 630-m cable-lengths was unexpected as 93 out of 760
T-sensors showed difficulties in synchronization. A problem showed in
the coating of the cable, which was scratched in some places causing
electric leakage. But the range seemed to be the largest problem, as
about 80 of the 93 failing synchronizations occurred at a distance of
more than 400 m from the synchronizer. This distance is clearly the limit
of the present electronics set-up for synchronization in seawater.

Failing synchronization is corrected by searching for the moment of
acoustic mooring release upon recovery, which provides a time-stamp to
within 1 s as the rather slim and heavily buoyant mooring ascents at a
speed of about 1.3 m s~!. The average correction to this time-stamp is 8 s
over the 4-month record. The synchronizations to the time-stamp are
interpolated over the entire 4-month record and implemented when
they exceed half the (sub-)sampling interval for the portion of the record
investigated. Remaining errors are within 1 s for these 93 T-sensors,
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which is negligibly small on a tidal scale lasting half-one day and also on
the energy-containing turbulence scales that typically last 1000-3000 s.
Some 53 T-sensors demonstrated electronics, data storage, battery, noise
or calibration problems. The data from these sensors are linearly inter-
polated between those from neighboring T-sensors.

2.3. Post-processing methods

The moored T-data are converted into Conservative Temperature
data © (IOC, SCOR, TAPSO, 2010). They are used as tracer for density
anomaly variations following the relation 86y = ad0®, o = —0.053 +
0.01 kg m 2 °C™!, where « denotes the linear coefficient of local fit and
subscript 2 the reference pressure level of 2 x 107 N m~2. This relation is
established from shipborne CTD-data between 1250 and 2400 m ob-
tained within 1 km horizontally from the KmT-site. Thus, given the
reasonably tight density-temperature relationship, the number of
T-sensors and their vertical spacing of 1.5 m, in combination with their
low noise level, allows to calculate turbulence values like dissipation
rate ¢ via the reordering of unstable overturns for every 1-s sampled
vertical profile (Thorpe, 1977). Reordered profiles are used to compute
1.5-m-small-scale buoyancy frequency N,. Further details on the
computation of turbulence values from moored T-sensors are given in
(van Haren, 2017, 2018).

The >1-km vertical range of densely spaced moored T-sensors also
allows for an investigation of small and large baroclinic (vertically
inhomogeneous) internal waves. Such analysis requires separation from
barotropic (vertically homogeneous) surface waves in the same band,
notably tidal motions. Barotropic tidal motions are considered highly
deterministic, with long wavelength for their waves. Baroclinic tidal
motions have finite (spectral) bandwidth and short wavelengths and are
known for their intermittency or highly variable occurrence in time
(Wunsch, 1975).

To separate these tidal motions, two methods can be used. First, the
vertical average data can be considered as barotropic, and the residue
from the original times series as baroclinic. Unfortunately, KmT covers
only half the local water column, and a proper vertical average cannot
be established. Second, a sharp band-pass filter like harmonic analysis
(Dronkers, 1964) can be used to separate, per vertical level, the deter-
ministic part of the signal. The baroclinic signal per vertical level is
obtained by subtracting the harmonic from the original signal. Har-
monic analysis is only useful when the time series are considerably
longer than the typical intermittency period of a few days for a baro-
clinic tide, at least longer than a fortnight and preferably longer than a
month. Harmonic analysis also has a disadvantage as the deterministic
signal may contain some of the baroclinic signal in a time series. In
general, the baroclinic portion in a sharp harmonic filter is limited as
internal wave energy is distributed over a wider (flat, albeit finite-width)
band. Unfortunately, harmonic analysis cannot be associated with error
analysis. At least, not in random-statistics sense and it is nonsensical to
do so for pure deterministic signals. However, what is commonly done,
as a sort of best practice, is to take the standard deviation of the residual
signal, which results after subtracting the harmonic from the original
signal, as a measure for error. This only works in areas where deter-
ministic signals are dominant, such as in shallow water tides, because
the residuals may reflect other non-random oceanographic dynamics
such as baroclinic tides.

Here, harmonic analysis (Pawlowicz et al., 2002) will be applied to
the semidiurnal signal that is band-pass filtered between [1.74, 2.12]
cpd (short for cycles per day) for each of the 760 T-records. The
band-pass filtered records contain signals at all scales including the
smallest, presumably intermittent scales. The harmonic analysis uses all
statistically independent constituents within that frequency band for a
4-month time series. Three different records will be compared: the
harmonic records for all independent constituents, the harmonic records
for My and solar S only, and the band-pass filtered records. The com-
parison focuses on vertical phase differences and internal (non-)linearity
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in time-depth images and provides an indication of errors to (in)
consistencies.

3. Observational results
3.1. Overview of mooring data

In Fig. 2, a 2-d/1146-m time/vertical overview is given of temper-
ature and current observations around spring tide. Conservative Tem-
perature (Fig. 2a) demonstrates >100-m amplitude of semidiurnal tidal
isotherm-excursions in the t,z-plane that are largest near the ocean-floor.
Away from the ocean-floor, not only excursion-amplitudes decrease, but
also the phase of the tidal motions differs by about a quarter-period with
that of the deepest isotherm. On top of the semidiurnal periodicity,
shorter period variations are seen, which, however, may occur on a
semidiurnal periodic interval, e.g., between —1800 < z < —1600 m.

The short-period variations in this 200-m vertical range appear with
turbulent overturns, at about z = —1700 m, 700 m above the local
ocean-floor (Fig. 2b). These interior overturns are not directly associated
with internal wave breaking observed during a different phase of the
tide in the lower 200 m above the ocean-floor. This lower 200-m high
turbulence zone is somewhat larger than the modelled vertical extent of
a sloshing internal tide (Winters, 2015). This zone is considerably larger
than the Ekman layer of frictional flow, which is even during the
strongest turbulence smaller than 35 m from the seafloor. Thus, the
ADCPs have not sampled the frictional flow layer, as it is less than the
range of sidelobe contamination above the seafloor.

Largest turbulence dissipation rate occurs in weak stratification, but
rapid restratification is observed immediately surrounding such zones
(Fig. 2c). Every semidiurnal period, the turbulence commences at the
ocean-floor just after the turn of tide to onslope motion (Fig. 2d). This is
different from modelling results of lee-wave breaking near the top of a
seamount-ridge, where turbulence occurs during the downslope phase
and halts just before the flow reversal (Legg and Klymak, 2008). The
thereby enhanced turbulence reaches down to about 400 m below the
ridge-crest (which is well above the turbulence patches observed here as
the top of the mooring was about 300 m below the nearest ridge-crest.)

Not only isotherms but also the cross-slope current component
indicate a relatively large phase difference of more than 90° in the
vertical. From about z = —1700 m co-phases suggest a downward phase
propagation towards the ocean-floor as well as an upward phase prop-
agation towards the surface, best visible around day 139.6 in Fig. 2d.
This will be further investigated using harmonic analysis and band-pass
filtering below.

The along-slope current component shows less clear vertical phase
propagation. Its amplitude seems to increase in the range —2335 < z <
—2100 m, but only in southward direction. After subtraction of the tidal
motions, a ‘residual’ flow of v = —0.06 m s~ ! results for this two-day
period. The residual flow will be important for potential redistribution
of suspended matter when that is whirled up by the turbulence induced
by breaking internal waves. The tidal flow components have approxi-
mately the same amplitudes for z < —2280 m and z > —1800 m, as will
become clearer below.

The high-resolution temperature observations show thin-layer
stratification throughout (Fig. 2¢), down to the 1.5-m sampling level.
This is likely due to straining by the internal wave activity with asso-
ciated shear-turbulence. High-frequency internal wave activity may
result from the large turbulence at the seafloor, e.g. after the passage of a
bore. Somewhat less likely, closer to the topography the turbulence may
proceed some distance <1 km (Winters, 2015) along isopycnals. The
coarser sampled horizontal current components (Fig. 2d and e) also
show layering O(10) m, which supersedes the larger tidal scales both in
time and vertical. Obviously, the small-scale motions have a baroclinic
character as these contribute to intermittency despite their occurrence at
quasi-semidiurnal periodicity. The vertical current component (Fig. 2f)
changes character at about z = —2000 m, above which it is dominated by
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Fig. 2. Data-detail of two days around spring tide. In all panels, the ocean-floor is at the level of the x-axis. (a) Conservative Temperature from KmT-sensor data sub-
sampled at 0.1 Hz, with black contours at 1 °C intervals. These contours are repeated in all subsequent panels, for reference. (b) Logarithm of non-averaged tur-
bulence dissipation rate from the data in a. (c) Logarithm of 1.5-m-scale buoyancy frequency calculated from the vertically sorted version of a. (d) East-West
horizontal current component from 900-s sampled, 10-m binned ADCP-data (ADCP-data are contaminated in the range up to 45 m above the seafloor due to
sidelobe reflection). (e) As d., but for North(positive)-South(negative) horizontal current component. (f) As d., but for vertical current component measured by ADCP.

Note the different scale compared to d., e.

internal waves near N ~ 25 cpd, or 1 h periodicity. For z < —2000 m,
semidiurnal periodicity is visible. However, also in these w small-scale
motions supersede the larger structures and a quasi-semidiurnal
appearing intermittency is observed.

3.2. Semidiurnal motions and scales

A nine-day plot over the 1140-m vertical range of observations
demonstrates the non-barotropic character of 4-month harmonic records
(Fig. 3a). While a neap-spring variation reflecting the interaction be-
tween deterministic My and S, is observed throughout the vertical, the
precise occurrence of neap- (or spring-)tide varies considerably. Third
largest semidiurnal tidal constituent N is indistinguishable from the
level of flat internal wave band. Also, the phase and amplitude of
semidiurnal isotherm-excursions differs. In the upper 600 m of the T-
sensor range, My and Sy are dominant as their excursions are almost
indistinguishable from those describing the full set of statistically in-
dependent harmonic constituents in the semidiurnal band. (Compare the
two isotherms at z = —1600 m). In the lower 500 m of the T-sensor range
however, the full set of harmonic constituents displays excursions that
show a more non-linear, cnoidal character rather than linear sinusoidal
motions. These observations suggest that non-linearity may already be
incorporated in quasi-deterministic (semidiurnal) signals extracted by
harmonic analysis, and that the harmonic signals describe large-scale
baroclinic motions but not barotropic signals.

The harmonic analysis extracts 50 + 5% of the temperature variance
in the semidiurnal band, as was inferred by comparison with the other
50% ‘residual’ of the band-pass filtered records (Fig. 3b) after

subtraction of the semidiurnal harmonic records (Fig. 3a) from the
original records (white isotherms in Fig. 3b). Although the residuals
contain considerable high-frequency motions besides non-phase-
coupled baroclinic tides by definition, these may occur at semidiurnal
periodicity as reported above. Especially around mid-range —1900 < z
< —1600 m such semidiurnal periodicity is obvious. As these signals are
not captured as quasi-deterministic by harmonic analysis, they are part
of the broader semidiurnal band at non-deterministic tidal frequencies.
They contribute to intermittency and, considering their finer vertical
scales, to smaller baroclinic motions. Such motions are considered to
follow from interactions between larger scale internal tides, e.g. prop-
agating in beams, and thin-layer stratification, thereby possibly gener-
ating interfacial waves (van Haren and Maas, 2022).

The combination of the larger and smaller scale baroclinic motions is
contained in the semidiurnal band-pass filtered signal (Fig. 4). The
comparison of Fig. 4a with Fig. 3a subtly shows more non-linear ex-
cursions in the former, at all levels including in the upper 600 m of the
range. Although the large-scale baroclinic motions appear dominant, the
small-scale baroclinic motions reflect the different non-linear deviations
from sinusoidal motions in each and every isotherm. This also shows
without addition of time-averages per record (Fig. 4b). Most obvious are
the thin-layers of near-zero value interrupting the vertical higher
amplitude columns during neap-tide. In detail, the columns show small-
scale amplitude variations and, by vertical wiggles, phase variations. On
larger scales, the layer between —2200 < z < —1800 m shows smaller
amplitudes during most of the displayed period compared to the rest of
the vertical range.

The large-scale baroclinic motions are best represented by the non-



H. van Haren

i g A

WA il AA/Z A v

P/ e,

n 133 134 135 136

time (yearday)

AR

f ‘/\v“

137 138

Deep-Sea Research Part I 196 (2023) 104021

(°C)

A

Vi

Fig. 3. Time-vertical plots of nine days of KmT-sensor data from neap to spring tide. In all panels, the ocean-floor is at the level of the x-axis. (a) Harmonic analysis
using all independent constituents from the semidiurnal (SD) band computed for each of the 760 4-month records. In black, isotherms are given at 1 °C intervals. In
white, four isotherms are given from combined lunar M, and solar S, only, no other SD-harmonics. For comparison with b., data are supplemented with time-mean
values of the original records. (b) Residuals after subtraction of harmonic data in a. from original records. The white isotherms are from the original records, for

reference. Baroclinic near-seafloor n(eaps) and s(prings) are indicated.

uniform verticality of the columns (Fig. 4b). Every deviation from ver-
tical implies a phase change. Thus, following the large-scales starting
around mid-range at about z = —1800 m which is the latest occurring in
every vertical profile around neaps and earliest around springs, internal
tidal energy is transported downward towards the ocean-floor, because
phase-propagation is upward, and upward towards the surface, because
phase-propagation is downward, around neap-tide (day 132). In
contrast during the more energetic (baroclinic) spring-tide (day 139),
energy is transported to mid-range, upward from the range below and
downward from the range above.

This vertical phase-(and thus energy-) propagation is confirmed in
the current components, which reveal consistently similar results best
visible in the cross-slope u-current component (Fig. 5). Below z < —2000
m, the band-pass filtered semidiurnal currents are mainly directed along
the slope, but increasingly turn to cross-slope directions with almost
exactly obliquely directed major axis of the current ellipse at z = —2330
m, the deepest point of good data. It is expected that the current-ellipse
major axis will be directed cross-slope with upslope flow leading a cold-
water frontal bore closer to the seafloor, as has been observed above
deep-sea sloping topography previously (e.g., van Haren, 2006).

At 100-m scales, variations are added to this pattern, see also the
two-day detail in temperature (Fig. 6). Examples are a switch between
up- and down-going energy between —1600 < z < —1400 m, at which
largest amplitudes are found, and down-going energy for z < —2200 m
which is observed consistently during spring-tide. This may be due to a
local focusing of internal tide energy. Such variations are better visible
in the band-pass filtered signal (Fig. 6b), but can also be discerned in the
harmonic records (Fig. 6a). These observations also follow from 4-
month harmonic analysis data that show approximately the same ver-
tical profiles of amplitude and phase, for both M5 and S, separately. This

suggests the two constituents are coupled and not found in separate
beams. Over a horizontal range of 5 km the vertical variation is only 17
m between them (near the same slope-source).

The variations with time and vertical in direction of internal tide
propagation demonstrate a more complex internal wave pattern than is
generally modelled using mono-chromatic waves. Even larger
complexity is expected when the variations in N(x, y, z, t) are accounted
for. Such variations are partially brought about by the breaking and
restratifying effects of internal waves. Another side-effect may be that
the source of internal waves will vary and may not necessarily be at the
ocean-floor, as often modelled for internal tides. The above spring-tide
observations suggest a source O(100) m above the ocean-floor, i.e. at
the top of variable vertical motions periodically brought about by the
non-linear wave breaking. This associates with a previously suggested
finite bandwidth source of internal tides (van Haren, 2006) rather a
monochromatic wave source.

For consistency check, the observations are compared with similar
ones (Fig. 7) computed using data from a smaller 400-m range T-sensor
mooring that was deployed at the same latitude but at a slightly shal-
lower (z = —1890 m) site in 2015 (van Haren, 2017). From above, the
spring-tide data show upward energy propagation, while energy prop-
agates downward between about —1800 + 50 < z < —1625 + 25 m and
either upwards or downwards in the lower 20-50 m. Except the
ambiguous directions near the seafloor the propagation directions are
the same as observed in Fig. 6.
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Fig. 4. SD band-pass filtered (bpf) KmT-sensor data. The filter cut-off frequencies are at [1.74 2.12] cpd. (a) Similar to Fig. 3, but for SD-bpf records supplemented
with time mean values of the original records, for comparison with Fig. 3. (b) Bpf data only. The arrows indicate possible (vertical) directions of propagating internal
tide energy inferred from vertical phase variations. The green shading of near-zero values is attributable to modulations such as during neaps.
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Fig. 5. As Fig. 4b, but for ADCP-measured current components. (a) East-West. (b) North-South.
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4. Discussion and conclusions
4.1. Vertical amplitude and phase variations of baroclinic tides

The KmT-observations show a dominant large, about 300-m scale
baroclinic character of semidiurnal tidal motions, with noticeable small,
10-50-m scale baroclinic motions and negligible barotropic motions.
These scales of motions are also observed in currents, which thus pro-
vide rather patchy time-vertical images. Not only amplitudes vary, but
also the phases. Vertical phase differences of some 100° over about 400
m also have been observed in My-currents in the Bay of Biscay previously
(Pingree and New, 1991; van Aken et al., 2007).

4.2. A cartoon of baroclinic energy propagation near a seamount

The vertical phase-variations can be interpreted in terms of internal
wave propagation through a sufficiently stratified deep ocean. As
sketched in a cartoon (Fig. 8), energy often propagates towards the
ocean-floor in the lower 50-200 m, depending on the amount of wave
breaking which is fed by the sloshing of the large-scale internal tide.
Above this intense breaking-wave turbulence zone, energy propagates
upward away from the slope, as if being generated by the non-linear
waves and their breaking. Internal tide breaking does not occur
continuously, but in pulses that are +5% (semidiurnal) periodic with the
main driver (van Haren, 2006). The largest pulse associates with an
upslope propagating highly non-linear bore, occurring at the turn of
warming to cooling phase of the sloshing tide. Such bores are accom-
panied by short and intense pulses of large vertical velocities and
irregular small-scale waves superimposed on an asymmetric tidal signal.
Their non-linearity is further exemplified by variations in frontal arrival
and steepness, height, form, and which is communicated to the
non-linear generation of internal tides. This occurs consistently each
semidiurnal period during most energetic spring-tide.

1000
F

-z (m)

2000

0 10
X (km)

Fig. 8. Cartoon of internal wave propagation above a supercritical deep-sea
slope during spring-tide. Dash-dot lines indicate vertical co-phase lines, infer-
red from Fig.. 6 and 7. The dashed arrows represent the direction of internal
wave energy propagation inferred from the vertical phase variation. Upward
energy propagation away from the slope seems to start at the top of large
turbulence areas. Only vertical directions are determined, not the ambiguous
horizontal as indicated by ‘?’. An ‘X’ implies unlikely horizontal direction after
comparison with the other mooring results.
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Such internal-wave generation by non-linear waves sloshing up- and
down a slope has some resemblance with convective plumes impinging
on the bottom of the near-surface mixing layer at the end of every night
(Gregg et al., 1985; Moum et al., 1989). That convection-turbulence
generates internal waves that propagate downwards into the interior.
Here, the tidally periodic bursts of vertical motions associated with in-
ternal tide breaking (and non-linear bore formation) have much larger
amplitudes than barotropic linear wave vertical tidal motions, which are
normally considered to generate internal tides following
flow-interaction with topography.

Higher up internal wave energy propagation alternates, across
thinner layers when stratification increases. This leads to local diver-
gence of energy, when a layer with upward propagation is above a layer
with downward propagation. Local convergence of internal tide energy
is expected when a layer with downward propagation is above one with
upward propagation, such as around z = —1800 m. In the range —1850
< z < —1600 m, internal hydraulic jumps are observed, which are not
related to flow over a sill but likely result from internal tide interaction.

It is noted that, unfortunately, horizontal propagation directions
cannot be unambiguously established from the present 1D mooring data.
The ADCP’s u and v give particle velocities, not phase velocity (of wave
propagation). In theory phase velocity can be obtained by investigating
differences in the acoustic echo intensity in the different beams, but this
provides only good results for an instrument fixed in space (instead of
rotating in a mooring line), higher-resolution (instead of the coarse
sampling in a 75 kHz LongRanger instrument), fast sampling (1 instead
of 900 s per sample) and for small-scale well-defined features such as
turbulent bores (but not internal tides) (van Haren, 2007). The ADCP’s
poor resolution in time and space, including its bad data in the lower 45
m above the seafloor, prevent quantitative comparison of
energy-conversion rates via baroclinic and barotropic internal tide
generation.

4.3. Qualitative effects of non-linear internal tide generation

The suggested non-linear internal tide source at the top of the
breaker zone some distance above the ocean-floor disconnects internal
wave generation from the precise topographic slope angle. This may
explain previous ocean observations that internal tides are not neces-
sarily generated over critical slopes where the topography slope matches
that of the internal tide. Rather, steep supercritical slopes demonstrate
stronger wave breaking and thus (part of) internal tide generation some
distance above it. Such internal tide generation is then governed by
stratification in the interior instead of that close to the ocean-floor. Once
generated, internal wave propagation is not smooth as much as strati-
fication is not constant but varying over thinner and thicker layers in
space and time.

The non-linear source may be one explanation for the difficulty of
observing internal wave beams in the ocean. First, internal tidal waves
are not monochromatic, but generated over a finite bandwidth. Even if
they were generated at only two frequencies, e.g. My and Sy, their energy
would spread through the ocean with separable characteristics as their
slope-angles are different. Second, interactions of internal tides with
stratification via local interior shear, reflection, breaking and isotherm
straining (Alford and Pinkel, 2000) may generate interfacial waves, but
certainly will attribute to intermittency via smearing over smaller scales.

As a result, even in the vicinity of large ocean-topography internal
tide beams of characteristics have a patchy character as observed (van
Haren et al., 2010). Likewise, interactions between internal tide beams
and topography or thin-layer stratification unlikely yield freely propa-
gating higher tidal harmonics, as modelled (e.g., Peacock and Tabaei,
2005; Diamessis et al., 2014). Such models do find (first) higher har-
monics in their proper beams or near their source, but not throughout
the deep ocean. This contrasts with common ocean observations of
higher harmonics sequences at different fixed-point sites in a basin (e.g.,
van Haren et al., 2002; van Aken et al., 2007). Such observations likely
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reflect forced non-resonant non-linear motions that are bound to the
main, semidiurnal wave.
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