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Abstract

Submarine canyons incising the continental shelf and slope are hot spots for topography-
internal wave interactions, with elevated dissipation and mixing contributing to regional
transport and biological productivity. At two Barkley Canyon sites (the continental slope
below the shelf-break, and deep within the canyon), four overlapping years of horizontal
velocity time-series data are used to examine the effects of irregular topography on the in-
ternal wave field. Mean currents are topographically guided at both sites, and in the canyon
there is an inter-annually consistent, periodic (~ week) up-canyon flow (-700 to -900 m)
above a near-bottom down-canyon layer. There is elevation of internal wave energy near
topography, up to a factor of 10, 130 m above the slope, and up to a factor of 100, 230 m
above the canyon bottom. All bands display weak inter-annual variability, but significant
seasonality. Sub-diurnal and diurnal flows are presumably sub-inertially trapped along to-
pography, and the diurnal band appears to be forced locally (barotropically). Both sites
have high near-inertial energy. At the slope site, near-inertial energy is attenuated with
depth, while in the canyon it is amplified near the bottom. Both sites show intermittent
near-inertial forcing associated with wind events, downward propagation of high-mode in-
ternal waves, and the seasonal mixed-layer depth, though fewer events are observed in the
canyon. Free semidiurnal internal tides are focused and reflected near critical shelf-break
and canyon floor topography, and appear to experience both local and remote (baroclinic)
forcing. The high-frequency internal wave continuum has enhanced energy near bottom
at both sites (up to 7x the open-ocean Garrett-Munk spectrum), and inferred dissipation
rates, €, increasing from a background of less than 1072 W kg~! and reaching 10~7 W kg~!
near topography. Dissipation is most strongly correlated with the semidiurnal (Ms) con-
stituent at both sites, with secondary contributions from the sub-diurnal (Subgk,) band on
the slope, and the near-inertial (NI) band in the canyon. Power laws for these dependencies
are € ~ M-8+ Sub%:3? at the slope, and € ~ M3-47+ NI%24 in the canyon. There is evidence
in spectra of a near-buoyancy frequency build-up of energy correlated with high-frequency
continuum variability, with a power law fit of Pg;, ~ €0-34%£0:08 that is independent of site
topography. Though some general results are expected from observations at other slope
and canyon sites, the greater temporal extent of these data provide a uniquely long-term
evaluation of such processes.
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1 Introduction

Internal waves (IW) are slow-moving, low-frequency, sub-surface gravity waves
that exist within density gradients in the ocean interior (Garrett & Munk,
1979). They have horizontal wavelengths up to kilometres long, and oscillate
in a range between the local Coriolis (inertial, f) and Brunt—Vaisila (buoy-
ancy, N) frequencies (Garrett & Munk, 1979). They are forced by weather -
as near-inertial (NI) TW generated by surface winds exciting currents in the
mixed layer (ML) that pump energy into the interior (Garratt, 1977) - or
by tides and currents moving across irregular seafloor topography, generating
baroclinic internal tides (IT) and IW that can propagate through the stratified
ocean (Hendershott & Garrett, 2018). As travelling IW approach irregular to-
pography, such as continental slopes or submarine canyons, they can focus and
break, leading to elevated mixing. Mixing can be linked to ocean circulation,
biogeochemical cycles, weather, and long-term climate (Kunze, 2017), so it
is important to understand forcing by the IW field. As incident IW and IT
have varying origins, amplitudes, and frequencies, each responds differently
to the influence of impacted topography. Sub-inertial IW and IT may be
trapped along topography, while those that are NI or super-inertial are free
to reflect and propagate through open water. By characterising the IW and
IT that comprise the local IW field, it may be possible to better quantify and
understand IW driven turbulence and mixing.

As the wind, currents, and tides are ever-present, IW are prevalent ocean phe-
nomena. As early as the mid-19th century, notable scientists such as Stokes
and Rayleigh were investigating properties of fluid density and stratification,
essential for IW propagation (Garrett & Munk, 1979). IW were mistaken
as consistent noise in early 20th-century hydrocast readings, and Ekman dis-
cussed their effects in his seminal theories on fluid mechanics (Garrett & Munk,
1979). In the late-20th century, Garrett and Munk (1979) developed the canon-
ical Garrett-Munk (GM) spectrum defining the characteristic frequency and
wavenumber continuum of open-ocean IW, to better understand their role in
ocean processes. Instrumentation improved, and scientists continued to un-
cover the contributions of IW to physical systems of all scales, from fine-scale
mixing to the large-scale meridional overturning circulation (Figure 1; Garrett
& Munk, 1979). Recently, studies have linked IW generation and dissipation to
the global oceanic energy budget (Carter & Gregg, 2002; Kunze et al., 2002;
Terker et al., 2014; Kunze, 2017), tide and wind forcing of IW to seasonal
variability of regional circulation processes (Alford et al., 2012; Thomson &
Krassovski, 2015), and enhanced mixing to IW interactions with irregular to-
pography (Nash et al., 2004; Kunze et al., 2012; Gemmrich & Klymak, 2015).
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Figure 1. Generalised depiction of IW processes in the ocean, as envisioned by Garrett and Munk (1979).
IW are forced by, coincide with, or contribute to most physical processes in the ocean.

Further research on IW interactions with irregular topography is thought to
be essential to understanding seasonal upwelling, diapycnal mixing, and cross-
shelf exchange (Burrier, 2019). As IW and IT approach seamounts, slopes,
or canyons, nonlinear processes may cause their energy to reflect, scatter,
or focus and break (Figure 3), dissipating as heat (Garrett & Munk, 1979;
Klymak et al., 2006; Kunze et al., 2012). Dissipation leads to an energetic
local environment, evident as near-bottom turbulent processes on the fine- (1
- 100 m vertical) and micro-scales (< 1 m vertical) (Garrett & Munk, 1979;
Carter & Gregg, 2002; Kunze et al., 2002; Kunze et al., 2012). These processes
lead to the elevated mixing of pollutants and biological constituents, and drive
regional transport of energy and momentum (Kunze et al., 2012). Topography-
forced TW mixing helps set ocean stratification, layers that even influence the
large-scale ocean-atmosphere coupled climate system (Garett & Munk, 1979).

In Canada, IW are regularly observed on the highly productive Vancouver Is-
land Continental Shelf (VICS) (Thomson & Crawford, 1982; Allen et al., 2001),
a relatively broad (about 80 km) shelf region with a canyon-incised continen-
tal slope. Regional observations have led to insight on non-linear wave-wave
interactions between surface generated NI IW and upward propagating semid-
iurnal IT (Mihaly et al., 1998), and the presence of diurnal baroclinic shelf
waves forced by tidal oscillations near the mouth of the Juan de Fuca Strait
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Figure 2. IW in a two-layer system. Graphic representation of the difference between barotropic and
baroclinic flows. Adapted from Kundu and Cohen (2008).

(Thomson & Crawford, 1982). Seasonally variable regional currents (Thom-
son & Krassovski, 2015) have been associated with observations of vorticity
stretching and upwelling at the head of shelf-incising Barkley Canyon, suggest-
ing considerable influence by this canyon on VICS water properties, transport
of biological constituents, and overall shelf productivity (Allen et al., 2001;
Juniper et al., 2013; Doya et al., 2013; Chauvet et al., 2018). However, there
is a lack of topography-IW observations at Barkley Canyon necessary to prop-
erly characterise its influence on the physical processes of the VICS. Further
research into Barkley Canyon’s IW field can provide insight into the effects
of topography-driven mixing on the productivity of not only the VICS, but
global shelf sites adjacent to canyon-incised continental slopes.

This study uses IW theory (Section 2) to evaluate horizontal velocity data
from two Barkley Canyon sites (Section 3), one on the adjacent continental
slope and one within the canyon, to characterise the topographic interactions
of IW and IT, and their potential influence on local mixing. Mean currents
(Section 4.1.1), and IW (Section 4.1.2) of sub-tidal, tidal, NI, and super-tidal
(high-frequency IW continuum and near-N) frequency bands are evaluated
for depth-dependence (Section 4.1.3) and seasonality (Section 4.2), including
a forcing analysis of variability due to regional currents, tides, and wind. The
high-frequency IW continuum (Section 4.2.5) is further evaluated for topo-
graphic influence through comparison with open-ocean GM theory, leading to
approximations of dissipation and diffusivity to estimate mixing. The sea-
sonal energy of the high-frequency continuum is correlated to low-frequency
constituents to identify which bands contribute most to high-frequency turbu-
lent processes. A near-N build-up of energy (Section 4.2.6) is also evaluated
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Figure 3. Graphic of IW interactions with slope topography (Lamb, 2014). The propagation angle of an
IW depends on frequency and stratification. Depending on the slope of topography, incident IW can be
scattered up, reflected down, or focused, possibly breaking.

for variability and energy contributions from lower frequency bands. Key find-
ings include deep-canyon topography-guided mean current layers (Section 5.1),
near-topography focusing of tidal energy with frequency-dependent seasonal-
ity and forcing (Section 5.2), attenuation of downward NI IW energy above
the continental slope (Section 5.3), elevated high-frequency TW continuum en-
ergy and dissipation linked to the semidiurnal constituent (Section 5.4), and
an energetic near-N band that is seasonally correlated with high-frequency
continuum energy (Section 5.5).
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2 Internal wave theory

Vertical displacements in a fluid can be classified as either barotropic, where
the displacement is dependent only on pressure, P(z) (where z is depth),
or as baroclinic, where the displacement is also a function of density, p(z),
temperature, T'(z), etc. (Figure 2). For example, surface tides are barotropic,
affecting most of the water column as the surface oscillates, while IW are
baroclinic, perturbations that exist along density interfaces in the stratified
ocean interior. IW are highly dependent on stratification, characterised by
the depth-dependent buoyancy frequency, N(z), defined as:

g dp
N3(z) = -+ -~Z 1
(2) =22 (1
where ¢ is the acceleration due to gravity, and pg a constant reference density.
In continuously stratified fluids such as the ocean interior, IW may exist both
non-isotropically and rotationally, with the relative effects of clockwise (CW)
and counter-clockwise (CCW) rotation described by the consistency relation:

cw (w+ f)?
CCW — (w— f)?

(2)

where w is frequency, and f the Coriolis frequency (f = 2Qsing, where (2 is the
rotation rate of the Earth, and ¢ is latitude). f and N(z) are the lower and
upper frequency bounds for 'free’ IW (Kundu & Cohen, 2008). IW generated
outside this frequency range are evanescent (trapped) to topography, unable
to radiate into the ocean interior (Flather, 1988).

As free IW and IT approach irregular topography (continental slopes, subma-
rine canyons, etc.), the angle of the incident ray to the horizontal, «, and the
slope of the topography, (3, have an influential relationship on the behaviour
of the topography-IW interaction (Figure 3) (Lamb, 2014; Xie & Chen, 2021).
The angle of incident, free IW in a continuously stratified fluid can be shown
to be:
2 2

i ®
(N(2)? —w?)

where o depends on N(z), so the path tends to bend with depth (Kundu & Co-
hen, 2008). The impacted bathymetric slope, f = VH, is determined from the
gradient magnitude of the local topography, and compared with « to identify
regions where IW and IT may break or reflect, known as criticality (Martini
et al., 2011). For Barkley Canyon, criticality of the semidiurnal constituent is
depicted in Figure 4. If § > «, the slope is supercritical and incident wave

alz) =
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Figure 4. Site map and semidiurnal criticality of Barkley Canyon. Criticality is found by dividing the
gradient slope (83) of topography by the depth-dependent semidiurnal propagation angle (ajps2). Most of
the region is supercritical (> 1) to the Mz IT, with notable exceptions on the shelf and canyon floor near the
AXIS site. Arrows at the SLOPE site indicate 30° rotation of velocity data to match approximate along-slope
(v) direction of mean currents. AXIS data were not rotated, as the along-canyon (v) component is aligned
approximately N-S. Dashed black lines indicate topography cross-sections used in Figure 5. Bathymetry
data obtained from NOAA (2021).

energy is reflected (see Figure 5). For  ~ «, the slope is near-critical and in-
cident wave energy is focused, potentially leading to non-linear breaking and
dissipation. If 8 < «, the slope is considered subcritical and incident wave
energy is scattered (Klymak et al., 2011; Lamb, 2014). When IW reflect from
near- and supercritical topography the wave frequency, angles of incidence and
reflection, and energy flux are conserved (Thorpe, 2001). Meanwhile, energy
density and wave amplitude increase, corresponding to decreased wavelengths
and group velocity, and a focused, energetic layer near topography that is sus-
ceptible to mixing (Thorpe, 2001; Lamb, 2014). Tt is largely incident low mode
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Figure 5. Site topography cross-sections with ray tracing. Depicted are the relative locations for the SLOPE
(left) and Axis (right) moorings. Horizontal cross-sections were taken in the W-E (SLOPE) and N-S (AXIS)
directions, represented by the dashed black lines in Figure 4. SLOPE sits below the VICS shelf-break while
AXIS is located on the floor of Barkley Canyon (right). An incident ray is shown for Mg, accounting for
depth-dependent stratification, as well as local criticality at each site. « is the angle of propagation, and
[ the slope of the topography. In general, the SLOPE region is supercritical, while the AXIS region is both
subcritical (floor) and supercritical (walls).

IW and IT, carrying energy from remote generation sites, that drive near- and
supercritical reflection-based dissipation (Nash et al., 2004). It is thought that
subcritical slopes only weakly dissipate low mode energy, though some models
suggest that nonlinear wave-wave interactions near the bottom do contribute
strongly to enhanced mixing (Xie & Chen, 2021).

Intensified near-slope layers are not uncommon (Polzin et al., 1997; Nash et al.,
2004; Kunze et al., 2012), and can elevate IW energy multiple orders of mag-
nitude with depth-dependent vertical scales hundreds of metres above bottom
(Hotchkiss & Wunsch, 1982; Gemmrich & Klymak, 2015), in turn elevating
mixing. These regions contribute to the generation of baroclinic IT, in addition
to frictional tidal oscillations in non-critical regions (Garrett & Kunze, 2007).
Topographically generated free I'T can radiate away baroclinically, potentially
impacting distant topography, dissipating their energy remotely (Kunze et al.,
2012). Dissipation occurs when shoaling IW overturn, isopycnals steepen into
unstable ’'internal bores’, or barotropic tidal currents generate breaking lee
waves and hydraulic jumps over irregular topography (Martini et al., 2013;
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Figure 6. A photograph and graphic showing laboratory evidence for the radiation of 2D IW, from a
source. Note the perpendicular phase (here indicated as ¢) and group velocities, and distinct propagation
angles. Adapted from Kundu and Cohen (2008).

Lamb, 2014). At latitudes where generated IT are trapped to topography,
baroclinic 'shelf waves’ may be generated and propagate along the continental
margin, where the bathymetric gradient acts as a restoring force for horizontal
propagation (Crawford & Thomson, 1984; Brink, 1991).

In addition to topographically generated IW and IT, there is significant in-
put into the oceanic IW field from wind (Alford et al., 2016). NI energy is
deposited into the surface mixed-layer (ML), forcing NI currents that ’strum’
IW modes. In general, the superposition of many modes forms an IW beam
(Lamb, 2014), and the relative rotation and propagation of these modes moves
energy downward to the base of the thermocline, then quickly into the interior
(Zervakis & Levine, 1995). For a flat-bottom basin bounded by the ocean sur-
face, the vertical structure of each IW mode strummed by the NI ML currents
exists as a solution to the Sturm-Liouville equation (Alford & Zhao, 2007):
02 N2(2)

@77(2) +

(=) =0 4)

with boundary conditions 1(0) = n(D) = 0, where D is the total water depth,
7 is surface displacement, n the mode number, and ¢, the modal eigenspeed.
Low-modes tend to dominate NI IW energy and largely propagate laterally,
while high-mode energy typically radiates downward (Alford et al., 2016).

Propagation of IW and IT can be considered using a simplified "two-wave
model’, first discussed in the 19th century by Rusell, Stokes, and Rayleigh, as
the superposition of two waves with slightly different wavelengths that form a
“slowly varying envelope” (Zhao, 2017) of energy. To describe the waves that
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comprise this envelope, the horizontal dispersion relation for IW and IT is:
w® = f? + 2k? (5)

where k is the horizontal wavenumber (Alford et al., 2012; Zhao, 2017). The
dispersion relation can be used to find group velocity (c,) - the velocity of the
energetic envelope - and phase velocity (¢,) - the velocity of the individual
waves within the envelope (Zhao, 2017), as:

dw oy w? — f?

T W ©)

Cg

and
w wey,

CPIEIW (7)

where phase propagation is both perpendicular and vertically opposite to the
motion of the envelope (Figure 6). Similarly, vertical propagation of IW energy,
such as for NI IW radiating from the ML into the interior, is described by the

vertical group velocity:
2 2
w® —
= f (8)
wm

where m is the vertical wavenumber (Alford et al., 2012; Alford et al., 2013).

Cyz
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3 Site and methods

Barkley Canyon

Four years of horizontal velocity data were obtained from two Barkley Canyon
moorings (ONC, 2019). Located approximately 48.33°N 126.03°W, the Barkley
Canyon region is 75 km southwest of the coast of Vancouver Island, incising
the continental slope and VICS (Figure 4). Barkley Canyon is a winding
canyon up to 6 km wide and 13 km long, with an adjacent shelf-break region
at around -150 m depth. Moored acoustic Doppler current profilers (ADCP)
emit acoustic beams that triangulate Doppler shifts in the water column to
provide horizontal (u, v) and vertical (w) velocity time series data for Ocean
Networks Canada’s (ONC) NEPTUNE cabled observatory. The placement of
the Barkley Canyon ADCP moorings across both continental slope and canyon
topography allows for spatial comparison of coinciding IW events, while ONC’s
Oceans 2.0 data portal offers over a decade of processed data, allowing for
typically difficult analysis of long-term variability.

Two ADCP moorings were selected for this study, located at upper continental
slope (SLOPE) and canyon-floor (AX1S) sites (Figure 4). The SLOPE platform
sits below the VICS shelf-break at a depth of -378 m (Figure 5), 15 km north-
west of Barkley Canyon, employing primarily Teledyne RDI 75 kHz Workhorse
Long Ranger ADCPs. The AXIs platform is located at a narrow north-south
channel on the floor of Barkley Canyon, about midway along its length at
a sharp bend, and a depth of -968 m (Figure 5), employing similar 75 kHz
instruments, as well as 55 kHz Nortek Signature55 ADCPs. The Teledyne RDI
75 kHz Workhorse Long Ranger instruments were set to a vertical resolution
of 8 m depth bins, and a continuous sampling rate of 2 seconds. The 55 kHz
Nortek Signatureb5 instrument was set to a vertical resolution of 20 m depth
bins, and a pulsed sampling rate of six 18-second interval pings followed by a
4.5-minute delay. For these sites, overlapping data coverage of good quality
(e.g. minimal data gaps) is during 2013, 2014, 2017, and 2018 (Figure 7), due
to ONC redeployment and maintenance schedules.

Processing

An initial quality check of backscatter intensity and beam correlation was
performed for the raw 2-second data, yielding quality thresholds of 65 and 115
counts, respectively. For the 75 kHz RDI AXIS instruments (2013 and 2014,
Figure 8) there is seasonal variation in the range of the beam-averaged intensity
and correlation, notably in the fall. This is likely associated with seasonality of
biological scatterers higher in the water column. The relatively shallow 75 kHz
RDI sLOPE instrument, and long range of the 55 kHz Nortek AXIS instruments
(2017 and 2018), yielded greater range in their QC profiles (not shown), so
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Figure 7. ADCP operating frequency, instrument ID, deployment periods, and data availability for the
SLOPE and AXIS moorings. ONC operates and maintains regional instruments as part of the NEPTUNE
cabled observatory (ONC, 2019). Due to maintenance and redeployments, only years with comprehensive
overlapping coverage (2013, 2014, 2017, and 2018) were selected for analysis.

the 2013 and 2014 profiles at AXIS were chosen as a baseline. Time-averaged
profiles indicate regions of good data (> 90% above threshold) below -50 m at
SLOPE, and below -700 m at AX1S. Masking above these depths avoids near-
surface side-lobe contamination and depth-dependent processing artefacts -
non-physical high-frequency spikes in power spectra obvious above about -600
m at AXIS. The expected range for the 75 kHz RDI AXIS instruments is well
above -700 m, so up to -600 m is retained in plots for reference, and a dashed
line at -700 m indicates the upper extent of the analysis region. For most of the
analysis the 2-second high-frequency data were averaged to 15-minute blocks.
All supplemental processing materials, including Python code and plots, are
available in a project GitHub repository (Anstey, 2022).

At SLOPE, to better match the general cross-slope angle of approximately 30°,
horizontal velocity data were rotated using a standard rotation matrix:

Upor = ucos(d) — vsin(6) 9)
Urot = usin(@) + vcos(0) (10)
where 6 is the rotation angle in radians. w is referred to as cross-slope, and v

as along-slope (Figure 4). At AX1s, the along-canyon (v) alignment is already
approximately north-south, and wu is referred to as cross-canyon.

To account for depth-dependent stratification in spectral analysis, horizontal
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Figure 8. Axis 75 kHz backscatter intensity (left) and beam correlation (right) QC percent-above-threshold
vertical profiles, for 2013 and 2014. The green line in each was selected as the ideal threshold value due
to the step-function-like steepness of the profile at 20% and 90% (vertical dashed lines), in addition to
the qualitative removal of depth-dependent processing artefacts above -600 m (horizontal dashed line) and
near-surface side-lobe contamination, when used together as a mask.

velocity data were WKB-scaled as:

uwkrp(2) = u(z) N]\(fi) (11)
and for energy density as:
owin(2) = 0 5 (12

with a reference buoyancy frequency of Ny = 2.53 x 1073 rad s=! averaged
around -900 m (Althaus et al., 2003). Buoyancy data were determined from
climatology data obtained from the nearby (20 km south of Barkley Canyon)
station LB14 (DFO, 2020). Data were sampled annually in May and Septem-
ber, during Fisheries and Oceans Canada (DFO) La Perouse cruises, casting
down to -1180 m. Depth profiles were obtained for temperature, pressure, and
salinity, S(z), to find potential density, pg(z), following the UNESCO EOS
80 polynomial (Mamayev et al., 1991). Depth-dependent buoyancy was then
determined as in Equation 1 (Figure 9). There is little inter-annual variability
in the buoyancy depth profiles.
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Figure 9. N2 parameter and WKB scaling factor. Note the different depth scales, and minimal variability
below -200 m. Buoyancy results were smoothed and averaged for the four analysis years of station LB14
CTD data (DFO, 2020), and are displayed through the water column (left) and below -200 m (centre).
Casts were taken in May (blue) and September (red). A WKB scaling factor (right) was determined for use
in Equation 12, based on Ng averaged around -900 m.

Spectra

Component-wise power spectral density (PSD) was determined from the 15-
minute averaged (Nyquist frequency of 5.55 x 10~* Hz) WKB-scaled horizontal
velocity data for each depth bin, using a Welch spectrogram process with a
Hanning window of 256 data-points (~ 2.7 days), 50% overlap, and detrended
in time to avoid a 0 Hz offset. Short 1.3 day and long 5.3 day spectra were
also computed. The noise floor of each instrument was determined from the
standard error of the mean relative to instrument sampling intervals and uncer-
tainties from Nortek (2020) and Teledyne Marine (RDI, 2020). 95% confidence
intervals were determined using a chi-squared method.

For rotational dependence, rotary power spectra were determined as for PSD,
using a modified spectrogram process based on the work of Gonella (1972)
and Thomson and Emery (2014). To summarise, the adjustment to find the
counter-clockwise (CCW) and clockwise (CW) components of a complex hor-
izontal velocity vector, w(t) = wu(t) + iv(t), is the addition or subtraction of
twice its quadrature spectrum, @, as:

1
CCW = 5[Suu + Suv + 2Q ] (13)

W = %[Sw S — 20u] (14)



Internal Waves at Barkley Canyon 14

where Sy, and S,, are the typical complex autospectra used for PSD (Thomson
& Emery, 2014).

The open-ocean GM IW spectrum was determined for local parameters of
f =109 x 107* rad s, g = 9.81 m s72, and N, along with canonical
values for the surface-extrapolated buoyancy frequency (Ngyr = 5.24 x 1073
rad s71), e-folding scale of N(z) (1.3 x 10®> m), mode scale number jx = 3,
and dimensionless IW energy parameter £ = 6.3 x 107° (Munk & Wunsch,
1998; Callies, 2016). The directional GM spectrum was adapted to rotary
form through application of the rotary consistency relation, as described in
Section 2 (Levine, 2002; Polzin & Lvov, 2011).

Slab model

For wind forcing of NI IW, a slab model was conducted as in D’Asaro (1995)
and Alford (2001), providing a simplified version of the ML response to NI
wind forcing (Alford et al., 2016). Though simple, the model is continuously
being improved to better account for non-homogeneous internal ML processes,
and ML to pycnocline energy transfer (Alford & Zhao, 2007; Jarosz et al., 2007;
Alford et al., 2016; Zheng et al., 2017; Voelker et al., 2020; Alford, 2020). From

surface wind time series, wind stress is calculated as in Garratt (1977):
70 = pCpV (2)? (15)

where p is the density of air (approximated as 1), V(2) is the complex wind
velocity vector, and Cp is the characteristic drag coefficient determined by:

Cp x 10% = 0.511/046 (16)

For appropriate slab model seasonality a ML of seasonally varying depth, H,
must be considered. Assuming a null initialisation parameter u;; at time ¢y,
wind generated slab layer currents at time ¢, are then computed as:

T,
Uro = U,]le_WAt — _H:)2 (1 — B_WAt) (17)

where a damped rotation frequency, w, is determined as:
w=r-+if (18)

with » = 0.15f is an artificial damping parameter, as defined in Alford (2001),

and:
B AT

T — ——
VN

(19)
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is related to the complex stress vector:

Ty + 1Ty

T = (20)

PML

where py;r, = 1024 kg m™3 is the average density of the ML. The slab currents
are then band-passed for their NI component, uy;.
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4 Results

4.1 Observations

4.1.1 Mean currents

Regional low-frequency mean currents are inter-annually consistent, topo-
graphically guided, and seasonally site-dependent (Figure 10). To identify
long-term mean currents, a 40-hour, 8th-order, digital low-pass Butterworth
filter was applied to the horizontal velocity data. There is little inter-annual
variability in mean currents, though each site has unique seasonality. At
SLOPE, mean currents below -50 m are as expected for this portion of the
California current system: generally poleward along-slope (up to > 0.2 m s™!)
through depth, with a quick transition to upwelling-favourable equatorward
flow in the late-spring (April/May), with the deep poleward currents shoaling
by fall (Thomson & Krassovski, 2015). In the canyon, mean currents between
-700 and -900 m are consistently positive (up-canyon/landward; Figure 10 and
Figure 11 - upper) up to > 0.05 m s~} with two-week rolling depth-average ve-
locities up to 0.02 m s~!, and annual means of 0.007 - 0.010 m s~*. Two-month
snapshots (Figure 11 - lower) show the up-canyon flow is comprised of pulses
of velocity propagating upward from the bottom with periodicity of about a
week. This periodicity is consistent both seasonally and inter-annually (not
shown). In contrast, there is mostly down-canyon flow < 50 m above bottom.

4.1.2 High-passed currents

High-passed (< 40-hour) velocity data show variable periodicity and vertical
structure. Subtracting the 40-hour low-pass currents from the total yields
residual high-passed currents - flows with periodicity less than 40 hours (Fig-
ure 12). A two-week snapshot during the annually recurring April/May mean
current transition reveals the presence of tidal and NI IW with non-uniform
vertical structure. At the SLOPE site, high-passed currents exceed 0.1 m s™!
in both cross- and along-slope directions, and there is periodic upward propa-
gation above -250 m depth (about 150 m above bottom). At AXIS, high-pass
currents are strongest below -750 m (about 250 m above bottom), exceed-
ing 0.2 m s~! and mostly along-canyon, with increased non-uniformity in the
vertical structure above.

Annual mid-depth (-195 m and -800 m) velocity power spectra at each site show
strong tidal and NI influence (Figure 13), with site- and frequency-dependent
topographic guidance. Inter-annual variability is minimal (each line of the
same colour is a different year), with annual spectra overlapping within a 95%
confidence interval. The low-frequency sub-diurnal broadband ranges up to
1.00 x 107° Hz. The most defined spectral peaks are of the diurnal (1.16 x
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Figure 11. 40-hour low-pass horizontal velocity data showing along-canyon mean currents for AXIS, in
2013 (top) and in a two-month snapshot (bottom). Mean up-canyon flow is within the dashed lines. A thin
near-bottom layer of mean down-canyon flow is below.

107° Hz), NI (1.73 x 107° Hz), and semidiurnal (2.24 x 107° Hz) frequencies.
Closely associated tidal constituents (such as Sy and M) were identified in
high frequency-resolution spectra (not shown) as having similar topographic
and seasonal responses, so shorter spectral windows are used for better seasonal
resolution. Tidal constituents are therefore referred to generally (e.g. diurnal).
Sum frequencies of K;Ms, fMsy, My, and Mg are evident, and are not considered
further. The high-frequency ITW continuum band (7.00 x 107° — 1.20 x 10~
Hz) ranges between Mg (~ 6.8 x 107® Hz) and an apparent energy build-up
occurring near N (between 2.00 x 107% —1.00 x 1073 Hz), discussed further in
Section 4.2.6.
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At sLOPE (Figure 13 - upper), the low-frequency (sub-diurnal) flow is almost
entirely along-slope (an energy ratio of up to 10:1, compared to cross-slope),
with strength increasing inversely to frequency (Figure 13), indicating the im-
portance of variability in the along-shelf currents. The diurnal constituent is
strongest cross-slope (over 3:1), similar to observations by Crawford (1984;
Crawford & Thomson, 1984) who noted diurnal tidal ellipses were rotated
cross-slope over the Vancouver Island continental slope. The NI peak is equally
distributed (1:1), indicative of rotary motion, and is indeed dominant in its
CW rotary component, as expected in the northern hemisphere. The semidiur-
nal constituent is somewhat stronger along-slope (up to 2:1), again suggesting
the influence of along-shelf currents (Rainville & Pinkel, 2006). The high-
frequency continuum is slightly stronger cross-slope, and trails off slightly
whiter than the expected open-ocean GM slope of -2 (discussed in Section
4.2.5). The apparent near-N build-up is partially resolved as a whitening
effect, and is better observed in the raw (2-second) spectra.

At Axis (Figure 13 - lower), compared to SLOPE, sub-diurnal power is weaker
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Figure 13. Mid-depth annual PSD (left) and rotary (right) spectra of WKB-scaled horizontal velocity data,
for SLOPE (top) and AXIS (bottom). Each line of the same colour is a different year. For PSD, cross- (blue)
and along-slope/canyon (red) components are shown. For rotary, CW (blue) and CCW (red) components
are shown. 95% confidence intervals are indicated by the upper-right black bar. Dot-dashed lines show

instrument noise floors.

Frequency constituents with integration ranges for primary tidal and NI bands

(vertical lines and green shading) are shown. Sum constituents (not discussed) are indicated by vertical
dotted lines without shading, including (from left to right) K1 Ma, fMa, My, and Mg. N is indicated by the
vertical line to the far right. For PSD, thick black lines indicate fits to the high-frequency continuum range,
and the dashed line is the GM79 spectrum (1/2 amplitude). For rotary, the GM79 spectrum is in rotary
components (CW upper). Spectra at both sites are characteristically red, with tidal and NI peaks.
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at frequencies below 4.00 x 107¢ Hz (Figure 13). Sub-tidal, tidal, and NI bands
all trend towards along-canyon (from 3:1 at sub-diurnal, to 2:1 at semidiurnal,
compared to cross-canyon), rectilinear motions. This is surprising for the NI
band as a strong CW component is expected in most observations, suggesting
strong topographic guidance of tidal and NI currents. Furthermore, mid-depth
NI energy at AXIS is about half that at SLOPE, suggesting attenuation with
depth. Above the semidiurnal peak, the super-tidal and high-frequency con-
tinuum ranges are mostly CW (about 2:1), suggesting high-frequency flows are
less guided by the relatively broad canyon. Compared to SLOPE, the near-N
energy build-up is obvious in 2013 and 2014, while in 2017 and 2018 the Nortek
55 kHz noise floor masks the effect.

4.1.3 Depth dependence

At each site, there is adjustment of spectral power near topography that is
frequency-dependent. The WKB-scaled PSD and rotary spectra were time-
averaged for annual 2D depth-frequency analysis (Figure 14). Results show
a general increase (or decrease, for NI at SLOPE) in spectral energy (over an
order of magnitude) in a concentrated layer < a few hundred metres above
bottom.

At sLoPE (Figure 14 - upper), the sub-diurnal, tidal, and high-frequency con-
tinuum bands show near-bottom intensification of IW energy. In contrast, the
NI band is attenuated approaching the sea floor, below an average depth of
-250 m (130 m above bottom). Near-slope adjustment is up to a factor of 10,
compared to background energy. Most bands show intensification most obvi-
ously in the along-slope component, suggesting strong topographic influence,
while the NI band is most obviously attenuated in its CW rotary component.

At axis (Figure 14 - lower), most constituents show rectilinear, along-canyon
near-bottom intensification, below an average depth of -750 m depth (230 m
above bottom). Near-bottom adjustment is up to a factor of 100, compared
to background energy. The sub-diurnal and diurnal intensification is entirely
along-canyon, with little to no power in the cross-canyon direction. The NI
band, in contrast to the CW energy attenuated near the sea floor at SLOPE, has
bottom-intensified flow that is almost entirely along-canyon (discussed further
in Section 4.2.3). The semidiurnal intensification is strongly along-canyon,
but with a medium-strength cross-canyon signal that is sharply attenuated
below -900 m. High-frequency continuum strength varies between cross- and
along-canyon.

A vertical scale analysis roughly agrees with the qualitative observations of
enhanced layer thickness. Gemmrich and Klymak (2015) found that mode-1
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Figure 14. Depth-frequency PSD for SLOPE (top) and AXIS (bottom), determined from WKB-scaled
horizontal velocity data. Components are separated as cross- (left) and along-slope/canyon (right). There
is near-bottom intensification of individual frequency constituents (and near-bottom attenuation of the NI
band, at SLOPE).
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IW incident on sloped topography can induce a near-bottom turbulent flow
layer, and that the vertical scale of the effect can be approximated as:

™Y (21)
N

where U is the forcing by horizontal velocity. For strong near-bottom velocities
(Figure 12) and approximate buoyancy values (Figure 9) for near-topography
depths at SLOPE (U ~ 0.15 m s™! and N ~ 3.5 x 1073 rad s™!, at -350 m)
and AXIS (U ~ 0.25 m s~! and N ~ 2.5 x 1073 rad s™!, at -900 m), estimates
yield vertical scales of 135 m and 314 m, respectively. Results are similar to
the qualitative thickness of 130 m above bottom at SLOPE, somewhat greater
than the observed 230 m above bottom at AXIS, and agree with the results of
Gemmrich and Klymak (2015) for similar forcing and stratification. It should
be noted that the CTD climatology data are from a nearby open-ocean site,
and so do not reflect changes in stratification near topography.

4.2 Band-integrated depth and seasonal changes

There is frequency-dependent variability in the seasonality of the near-topography
enhanced energy (and attenuation for NI at SLOPE). Little inter-annual vari-
ability is observed, noted only in the more intermittent sub-diurnal and NI
seasonality. WKB-scaled PSD and rotary spectra were integrated over band-
widths comprising each constituent’s peak or frequency range (shown as shaded
green in Figure 13), for each depth bin, yielding 2D estimates of 'depth-band’
power. Constituent integration ranges are sub-diurnal (< 1.08 x 107° Hz),
diurnal (1.08 — 1.30 x 10™® Hz), NI (1.52 — 1.95 x 10~° Hz), semidiurnal
(2.17 — 2.39 x 1075 Hz), high-frequency continuum (7.00 x 107° — 1.20 x 10~
Hz), and near-N (2.00 x 107* — 1.00 x 1073 Hz).

4.2.1 Sub-diurnal

At SLOPE (Figure 15 - upper), seasonality of sub-diurnal (< 1.08 x 107° Hz)
energy consists of intermittent pulses, strongest in fall and winter, and is one
of few observations that is not inter-annually consistent. At axis (Figure
15 - lower), seasonality is weak, showing an occasional fall or winter pulse. A
seasonal forcing analysis of the sub-diurnal constituent is inconclusive, as there
is no correlation with wind or tides (not shown), or the expected low-frequency
along-slope mean currents (Figure 10). Low-frequency flows can be affected
by a variety of physical processes near slope, shelf, and canyon topography,
such as upwelling and shelf waves (Cummins, 2000; Thomson & Emery, 2014;
Thomson & Krassovski, 2015), and is likely a complex combination of regional
physical processes. Further forcing analysis for the sub-diurnal range is beyond
the scope of this study.
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Figure 15. Band-integrated sub-diurnal PSD for SLOPE (upper) and Axis (lower), from WKB-scaled
horizontal velocity data. Cross- (left) and along-slope/canyon (right) components are shown. Each row
represents an analysis year, labelled at upper-left.
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Figure 16. Band-integrated diurnal PSD for SLOPE (upper) and AXIS (lower), from WKB-scaled horizontal
velocity data. Cross- (left) and along-slope/canyon (right) components are shown. Each row represents an
analysis year, labelled at upper-left.
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Figure 17. Diurnal barotropic forcing comparison. Phase-lag correlation and amplitude (scaled) compar-
isons for band-integrated power of diurnal surface level data (Tofino, orange) and WKB-scaled depth-mean
diurnal power (blue) at SLOPE (top) and AXIS (bottom). Black bars indicate seasonal correlation ranges.
There is a consistent yet minor phase-lag, less than the time-scale of each spectral estimate.
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4.2.2 Diurnal

Diurnal (1.08—1.30x 1075 Hz) seasonality at SLOPE (Figure 16 - upper) is inter-
annually consistent, with elevated energy late-spring through summer (months
5-8) and again (weaker) in the fall/early-winter (months 11-1). Seasonality at
AXIS is not readily apparent (Figure 16 - lower).

The diurnal band is in sync with the local barotropic spring-neap cycle, fort-
nightly and seasonally, at both sites (Figure 17). Surface-level data were ob-
tained from the Canadian Hydrographic Service (CHS, 2020) gauge in Tofino
(station 8615), approximately 90 km due north of Barkley Canyon, as hourly
time-series of deviation from chart datum, and power spectra diurnally band-
passed using a similar process as for velocity observations. Comparing long-
term seasonality, the Tofino barotropic spring-neap amplitudes peak in months
6-8 and 11-2, corresponding well with the diurnal observations at Barkley
Canyon, and are consistent inter-annually. Fortnightly, 3-month phase-lag cor-
relations were performed between the depth-mean diurnal power and surface-
level time series, for months 1-3, 4-6, 7-9, and 10-12, each year. Phase-lag
correlations range from 0 to 1 day at SLOPE (inter-annual average of 0.5 days),
and 0 to 2 days at AXIS (inter-annual average of 1.1 days) - both less than the
time-resolution of the spectral estimates (~ 2.7 days) used for correlations. It
should be noted that AXIS estimates are only partial-depth and cannot fully
resolve barotropic water-column motions, potentially contributing to observed
phase offsets. Regardless, the diurnal observations are mostly in sync with
both the fortnightly and seasonal local barotropic spring-neap cycle, indicat-
ing they are largely generated locally, within about 200 km Barkley Canyon
(discussed in Section 5.2).

4.2.3 Near-inertial

At sLOPE (Figure 18 - upper), near-surface NI (1.52 — 1.95 x 107° Hz) sea-
sonality is highly intermittent, with pulses occurring most likely in the fall
and early-winter, though possible year-round. Some of the fall and winter NI
events seen in the SLOPE data are also clear deep in AXIS observations (Figure
18 - lower). Seasonality is inter-annually consistent, but specific events are
not.

For prominent pulses at SLOPE, there are periods of downward propagation
of NI energy from the ML (above -50 m) to about -100 m, lasting up two
weeks, after which the deep response increases quickly. At AXIS, the timing
of observed pulses near the bottom appears to correspond to the delayed deep
response at SLOPE. Figure 19 shows a sample event in September of 2014. A
surface event deposits energy into the ML on September 3. Over the next 8
days, energy is transferred down to about -100 m. Upon reaching this depth,
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Figure 18. Band-integrated NI rotary PSD for SLOPE (upper) and AXI1S (lower), from WKB-scaled horizontal
velocity data. CW (left) and CCW (right) components are shown. Each row represents an analysis year,
labelled at upper-left.
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Figure 19. Transfer of NI energy in band-passed NI velocity (total) for September of 2014. A wind event
(DFO, 2021) excites NI energy in the ML around September 9. Energy is transferred down to about -100
m over about 8 days, after which there is a deep response.

6_ —
[ Fall 3 Spring
51 Winter Summer
2
c 44
2
v 31
5, )
' ﬂ]ﬂ
N l il
N i

- 10 12 13-15 16 18
Delay [days]

Figure 20. Histogram of delayed NI events. Delayed NI deep response events are most common and
short-lived in the fall, least common in summer, and longest in the winter.

there is an immediate deep response. Energy continues to pool around -100 m,
maintaining the deep response until September 14, when NI energy appears
to have dissipated. There are many of these events each year, enumerated in
Figure 20. The fall sees the most events, all of which are short lived, from 7-9
days, while the winter has the longest events, up to 16-18 days.

Slab model results indicate NI forcing is qualitatively linked with regional
wind events, mostly in the fall and early-winter (Figure 21). Wind data were
obtained from the closest Fisheries and Oceans Canada (DFO, 2021) weather
buoy, La Perouse (station 46206, 50 km north of Barkley Canyon), as time
series of magnitude and direction. Regional seasonally varying ML depth, H,
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Figure 21. NI forcing analysis for 2013. From top to bottom: wind direction and amplitude (DFO, 2021);
monthly-averaged ML depth for Line P station 3 as determined by Li et al. (2005); slab model NI CW
power and NI currents; seasonal mode amplitudes for SLOPE and AXIS; and for reference, band-integrated
NI CW power at SLOPE and AXIS. There appears to be a complex relationship between the wind, ML, slab
currents, and mode amplitudes in driving the NI observations, with the most obvious effects in the fall. Due
to significant data gaps, plots for other analysis years are in Appendix A.

is as defined by Thomson and Fine (2003) and Li et al. (2005) for nearby
(35 km north-west of Barkley Canyon) Line P Station 3. The ML is thick
in winter and spring (down to about -60 m), and thinnest summer through
early-fall (up to about -20 m). There are large wind data gaps during later
years (2014, 2017, and 2018), so 2013 is used as the sample year. Results for
later years are available in Appendix A. Results yield time series of NI ML
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currents exceeding 0.1 m s~! that are qualitatively similar to wind data, most
notably in the fall and early-winter. However, not every event that shows up
in the ML is evident in the NI depth-band observations.

Seasonal slab model correlations (not shown) with NI depth-band power sug-
gest interior NI response to wind forcing is strongest in summer and fall.
Seasonal correlations were obtained similarly to diurnal spring-neap forcing.
The slab model does poorly on a short-term basis, but if binned over three
weeks the amount of energy input by the wind and found in the ADCP data
shows reasonable agreement. It is possible that the apparent delay in the deep
response may affect correlation with the relatively quickly influenced ML. At
SLOPE, correlations are strong-positive in the fall, and medium-positive in
summer. At AXIS, correlations are strong-positive in summer, and medium-
positive in fall. Seasonal correlations are otherwise inconsistent, and may be
further complicated by the location of the wind data buoy, 50 km north of
Barkley Canyon. The fall and summer correlation periods encompass notable
wind events that occur while the ML is thin and there is a more notable deep
response.

Seasonally variable vertical mode projections may contribute to a greater NI
deep response (Figure 21 - modal decompositions). For NI IW generation
by NI ML currents, the stratification-dependent vertical mode structure is
determined as described in Section 2, where the ML currents from the slab
model are projected onto vertical modes. When the ML is thick, modes 1 and
2 dominate (~ 74%). When the ML is thin, contributions from low modes (1
and 2) and high modes (3, 4, 5) are about equal (~ 52% low modes). Similar
to the slab correlations, greater deep responses coincide to when the ML is thin
and higher modes are equal contributors, such as in the early-fall when strong
storms begin to arrive. High modes contribute most in the summer when the
ML is thinnest, though there are few storms this time of year. However, even
weak summer wind events occasionally warrant a deep response. In contrast,
there is often little or no deep response to the many strong wind events in
winter and spring when the ML is thick and low modes dominate. However,
it is difficult to separate this observation from coinciding ML processes that
may be more influential. A deep response associated with high-mode NI IW
is not entirely unwarranted, as other studies have shown a poor local response
to low-mode forcing, though the reasons are poorly understood (Gill, 1984;
Zervakis & Levine, 1995; Alford, 2003). It is likely that modal analysis is a
poor model, here, and that the complex balance of up and down low- and
high-mode energy, along with the non-local stratification profile (Section 3),
make identifying forcing of the deep response difficult.
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Figure 22. Band-integrated semidiurnal PSD for SLOPE (upper) and AXIs (lower), from WKB-scaled
horizontal velocity data. Cross- (left) and along-slope/canyon (right) components are shown. Each row
represents an analysis year, labelled at upper-left.
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4.2.4 Semidiurnal

Semidiurnal (2.17 — 2.39 x 1075 Hz) seasonality at SLOPE (Figure 22 - up-
per) is inter-annually consistent and subtle, showing a slight pulse that begins
in the late-spring/early-summer (months 4/5) and an even weaker pulse in
the fall/early-winter. Seasonality at AX1s (Figure 22 - lower) is not readily
apparent.

Semidiurnal barotropic spring-neap forcing is intermittently in-and-out of phase,
at both sites, suggesting some remote baroclinic forcing (Figure 23). Phase-lag
correlations were determined as for the diurnal band. The scaled semidiurnal
depth-mean band-power amplitudes vary greatly from the seasonal spring-
neap surface levels. Fortnightly phase-lags are inconsistent, and for 3-month
correlation periods range from 0 to 4 days at SLOPE (inter-annual average of
2.3 days), and from 0 to 6 days at AXIS (inter-annual average of 2.8 days). The
irregularity of the phase-offset suggests a mix of local barotropic and remote
baroclinic forcing.

4.2.5 High-frequency internal wave continuum

Variability of high-frequency ITW continuum energy (7.00 x 107> —1.20 x 10~*
Hz) at SLOPE (Figure 24 - upper) is inter-annually consistent, heightened in
spring through early-summer, and again through the fall. At Axis (Figure 24
- lower), variability is less apparent, though there is generally greater energy
in the fall.

At both sites, the observed high-frequency continuum amplitude is higher,
and the spectral slope steeper, as compared to the open-ocean GM spectrum
(Figure 25). For near-bottom depth-specific time series of WKB-scaled PSD
(-300 m at SLOPE and -900 m at AXIS), a power law of af® was fit to the high-
frequency continuum band and smoothed in two week intervals, resulting in
time series of power law amplitude (a) and slope (b). As the open-ocean GM
spectrum can vary slightly depending on f and other parameters, a similar fit
was applied to find agaos = 2.7 X 107° m? s72 Hz ! (its energy halved to
compare with observed u and v components) and bgar05 ~ —2.1. At both sites,
observed a ranges within 2 — 5 x 1072 m? s72 Hz!, and b within -2.0 — -2.3,
similar but generally higher amplitude and steeper slope compared to open-
ocean GM values. Time series of power law amplitude and slope are strongly
correlated, each a rough copy of depth-mean high-frequency continuum depth-
band power variability (not shown).

Elevated near-topography high-frequency continuum energy leads to enhanced
dissipation rates, ¢, at both sites (Figure 26). WKB-scaled high-frequency
continuum energy was 'whitened’ over the continuum frequency range - its
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Figure 23. Semidiurnal barotropic forcing comparison. Phase and amplitude (scaled) comparisons for
band-integrated power of semidiurnal surface level data (Tofino, orange) and WKB-scaled depth-mean
semidiurnal power (blue) at SLOPE (top) and Axis (bottom). Black bars indicate seasonal correlation ranges.
Though the instrument amplitude is highly irregular, there is a variable phase lag that suggests a mix of
local barotropic and remote baroclinic forcing.
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WKB-scaled horizontal velocity data. Cross- (left) and along-slope/canyon (right) components are shown.
Each row represents an analysis year, labelled at upper-left.
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Figure 25. Time-series of high-frequency continuum power law fits. High-frequency continuum amplitude,
a (left), and slope, b (right), of power law (af?) fits to lower-depth WKB-scaled PSD, at SLOPE (top) and
AX1S (bottom). For each site, each row is a year, labelled upper-right. Time series were smoothed over two
weeks. Compared to GM, amplitudes are elevated up to 2x GM in the centre of a near-bottom layer of
elevated energy, with spectral slopes as negative as -2.3.

power multiplied by f2 - then averaged to find mean continuum energy, E., in

depth and time. Determined similarly, a mean value of open-ocean GM energy

was found to be Egy &~ 8.1 x 1072 m? s72 Hz. The ratio of E./Egy is up to

7X Eqyr near topography, while away from topography FE. levels fall to equal

or below that of Egy (not shown). From IW interaction theory (Althaus et
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al., 2003), dissipation estimates were calculated from the WKB-scaled E, fits
as:
Ne (ES)
o 2 TG
Nem™ (Eam®)
where g9 = 4.1 x 1071 W kg—1, (E.*)?/(Egun>)? is the measured ratio of high-

frequency continuum energy to GM energy over the same frequency range, and
the upper bound f(R,,) is defined as:

F(R) = (Rg 1) {cosh_l(%) + 25“’;#/ o) (23)

as an energy ratio defined by Sun and Kunze (1999), with R, = 2.13 (Kunze
et al., 2002) for a high-frequency continuum with predominantly semidiurnal
forcing (discussed in Section 5.4). Results reach 10~ W kg~! near topogra-
phy, fluctuating with high-frequency continuum energy variability. Away from
topography, dissipation is on the order of 107 W kg~1 or less. Turbulent
eddy diffusivities, , are similarly elevated near topography (Figure 26). From
g, diffusivity was calculated as by Osborn (1980; Kunze et al., 2002), as:

E =

f(R.) (22)

ve

K= N (24)
where v = (0.2 is the mixing efficiency for high-Reynolds-number turbulence.
Turbulent eddy diffusivities reach 1072 m? s! near topography, again fluctuat-
ing with high-frequency continuum energy variability. Away from topography,
diffusivity values are on the order of 107° m? s~! or less, consistent with open-
ocean values (Gregg, 1989; Kunze et al., 2002).

Dissipation variability (derived from high-frequency continuum energy vari-
ability) is correlated with semidiurnal forcing at both sites (Figure 27), with
secondary contributions from the sub-diurnal band at SLOPE, and the NI band
at AX1S. Dissipation variability correlations were determined as for NI wind
forcing, for each constituent (not shown). At SLOPE, the semidiurnal band
shows moderate correlations throughout the year, and strong correlations in
the spring, while the sub-diurnal band shows weak to moderate correlations in
both winter and spring. At AXIS, the semidiurnal band is strongly correlated
all year; while the NI band is moderate to strongly correlated in the spring and
fall. There is no apparent fortnightly modulation of high-frequency continuum
energy or vertical scales associated with diurnal or semidiurnal spring-neap ef-
fects. To further quantify these relationships, power laws of ax? were fit to
scatter plots of depth-mean dissipation-power time series for each frequency
constituent. The process was bootstrapped for improved uncertainties. At
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Figure 26. Dissipation rates (left) and turbulent eddy diffusivity (right), for WKB-scaled horizontal
velocity spectra at SLOPE (top) and AXis (bottom). Both dissipation and diffusivity are heightened near
topography.
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Figure 28. Dissipation multivariate power law fits for SLOPE (top) and AXIS (bottom). Shown are com-
parison time series of depth-mean WKB-scaled dissipation (black), semidiurnal power law fits (red), and
multivariate power law fits (blue). Percent good is listed for each fit, as a measure of which fit line is closest
to € at each time step. Dissipation (black) time-series shows a seasonal trend towards a summer lull, with
more energetic fall events in later years. The purely semidiurnal fits (red) are conservative in estimating
periods of high and low energy at SLOPE, and often underestimate at AX1S. The multivariate fits (blue) are
improved, less conservative in estimating extremes at SLOPE, and fairly accurate at AXIS.

both sites the semidiurnal band shows the best fit, and is stronger at AXIS.
Secondary contributors (the sub-diurnal band at SLOPE, and the NI band
at AXIS) show less obvious fits. Both the semidiurnal and secondary bands
contribute to higher dissipation as they increase, but they do not drive each
other. The power law fits for semidiurnal driven dissipation are & ~ MJ-42+0-29
at SLOPE, and & ~ MJ304930 at Axis,

Multivariate analysis improves power law fits, reinforcing the importance of the
secondary contributing constituents (Figure 28). Secondary constituents were
added to the semidiurnal power law fits as az} + cxd, where z; is the depth-
mean semidiurnal band-power and x, is the secondary contributing band -
sub-diurnal (Subg;) at SLOPE, and NI at Ax1S. The process was again boot-
strapped for improved uncertainties. Multivariate power law relationships of
£~ MOSBEOIT L QUROS9E0I3 ap o o Jf1ATEOAS L NTO24H0.06 were found for
SLOPE and AXIS, respectively. At SLOPE, the purely semidiurnal fits are gen-
erally overestimated, and conservative in periods of high and low dissipation,
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while multivariate fits are less conservative and better reflect seasonal variabil-
ity. At AXIS, purely semidiurnal fits are reasonable, but generally underesti-
mate dissipation in 2017 and 2018, while multivariate fits are fairly accurate
in all years. A percent-good metric indicates the multivariate fits are better
than univariate for 68% of data points at SLOPE, and 62% at AXIS.

4.2.6 Near-N

The build-up of energy at frequencies close to N (here defined between 2.00 x
107* — 1.00 x 1073 Hz) is known as the near-N spectral ’shoulder’ (Leder,
2002). This feature was noted by Sabinin in 1966, and only occasionally in the
time since (Pinkel, 1975; Kase and Clarke, 1978; Leder, 2002; D’Asaro et al.,
2007; Pinkel, 2014; Alford, 2016), as it is typically unresolved in oceanographic
power spectra. The 15-minute data used in this study only partly expose this
feature. To properly analyse the shoulder, 2-second data from the 75 kHz RDI
instruments were obtained to allow for increased Nyquist frequency. The data
for this high-frequency range were then processed similarly to the lower fre-
quency constituents. Shoulder depth-band power is elevated near topography,
though less uniformly than for lower frequency constituents (Figure 29). At
SLOPE, shoulder power is mostly cross-slope and rectilinear, and somewhat
intermittent in its depth-dependent enhancement. At AXIS, shoulder power is
isotropic, and its depth-dependent enhancement more vertically uniform than
at SLOPE. Shoulder power variability at SLOPE is subtle, somewhat heightened
in the spring and fall, with intermittent brief pulses that are inconsistent in
both depth and time. At AXIS, there is subtly increased energy in the fall.

However, there are multiple issues with interpreting shoulder energy variabil-
ity at aAx1s. During 2013 and 2014, there were adjustments to ADCP beam
orientation (2013/05 and 2014/05) relative to canyon topography, an instru-
ment swap (2014/05), and a switch from 4- to 3-beam solutions (2013/05),
somehow resulting in distinct periods of higher variance (though this did not
affect lower frequencies, likely due to their broader horizontal scale). These
periods are defined as A)l, Ao, and Az. A; is 2013/01 - 2013/09, while the
first RDI 75 kHz instrument was operating with a 4-beam solution. A, is
2013/09 - 2014/05, after the same instrument was adjusted to a 3-beam solu-
tion, showing heightened variance up to 3x A;. Agis 2014/05 - 2014/12, after
a new 75 kHz 3-beam instrument was swapped in, and variance was lowered
to up to 2x A;. It is possible that the difference between A, and Aj could
be physical, as there is a coinciding drop in high-frequency continuum energy.
This is possible only if high-frequency continuum energy is not (or at least not
as much) affected by the instrument adjustments, which seems to be indicated
in the comparative variance of raw spectra. When an orientation adjustment
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Figure 29. Band-integrated shoulder PSD for SLOPE (upper) and AX1S (lower), from WKB-scaled horizontal
velocity data. Cross- (left) and along-slope/canyon (right) components are shown. Each row represents an
analysis year, labelled at upper-left.
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Figure 30. Power law relationship between dissipation and the spectral shoulder. Inter-annual depth-mean
scatter plot for WKB-scaled dissipation and shoulder depth-band power, for SLOPE (blue) and axis (yellow,
red, orange). SLOPE data is for all four analysis years. AXIS data is separated into three variance periods
determined by instrument swaps and adjustments, for 2013 and 2014. All power law slopes agree within
uncertainty, suggesting strong correlation to turbulence that does not depend on site topography.

coincided with a variance jump (as in 2014/05), the rotation was minimal (up
to ~20°), suggesting the wave field would have to be quite asymmetric to re-
sult in such a difference, which is unlikely. In 2017 and 2018, use of Nortek
55 kHz instruments at AXIS does not allow for clear resolution of the spectral
shoulder, as those instruments’ noise floors are higher than that of the previ-
ous Teledyne RDI 75 kHz ADCPs (Figure 13). Re-evaluation of the spectral
shoulder variance at AXIS is worthwhile, but beyond the scope of this study.

There is a distinct power law relationship between turbulent dissipation (and
therefore high-frequency continuum variability) and the spectral shoulder (Fig-
ure 30). Power law fits for WKB-scaled depth-mean dissipation and shoul-
der depth-band power (Ps;) were determined as for the high-frequency con-
tinuum analysis of Section 4.2.5. At SLOPE, there is a reasonable fit of
Py siops ~ 0361003 for all four years. At AXIS, a power law was fit to
each of the three variance periods in 2013 and 2014. Though amplitudes
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vary between periods, power law slopes are similar, with Pgj,_4, ~ g0-36£005

Psp_a, ~ e¥2%905 "and Pgj,_a, ~ %3003 Power law slopes at both SLOPE
and AXIS all agree within uncertainty (averaging Pg;, ~ 0-34£008) suggest-
ing a connection between spectral shoulder energy and turbulence that does
not depend on site topography. The shoulder appears to vary weakly with
high-frequency continuum energy, perhaps not responding as quickly to the
external forcing because of the time it takes for energy to cascade from low to
high wave frequencies.
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5 Discussion

5.1 Canyon axis mean currents

The periodic (~ week) up-canyon mean flow at AX1s (between -700 and -900
m), with its underlying near-bottom down-canyon layer, is notable for its sea-
sonal and inter-annual consistency and circulation implications (close to zero
net mean flow), important for understanding sediment transport and physical-
biological coupling influencing VICS productivity (Xu & Noble, 2009). In pre-
vious biological studies at Barkley Canyon (Cabrera et. al, 2018; Chauvet et
al., 2018), a two-layer flow system was noted similar to that of both Hudson
Canyon (Hotchkiss & Wunsch, 1982) and Monterey Canyon (Xu & Noble,
2009). These systems were attributed to circulation cells caused by along-
canyon pressure gradients driven by consistent large-scale quasi-geostrophic
along-shelf regional currents, similar to those observed at SLOPE. The up-
ward propagation of these currents was observed with periodicity ranging from
semidiurnal at Monterey Canyon, to > than a few days at Hudson Canyon, and
found to shoal at an angle similar to that of the up-slope gradient (Hotchkiss &
Wunsch, 1982; Petruncio et al., 1998; Xu & Noble, 2009). Tidal rectification,
where tides force an up-slope pressure gradient (Garrett, 2004), could also
drive a periodic mean up-canyon flow. The associated near-bottom (< 50 m)
down-canyon flow could be linked to turbidity currents, tidal resuspension, and
river-flood-induced underflows, that occur as shelf sediment descends through
canyons to the ocean interior (Xu & Noble, 2009; Juniper et al, 2013; Chauvet
et al., 2018). At Barkley Canyon, where large-scale regional mean currents
move consistently along-slope across the mouth and rim of the canyon, this
seems a likely explanation. However, tidal rectification and turbidity currents
cannot be ruled out.

To associate the observed AX1s mean flow with these potential forcing mech-
anisms, correlations were computed for the observed along-canyon periodic-
ity and mean currents at SLOPE, fortnightly spring-neap tidal influence, and
depth-mean semidiurnal depth-band power. Correlations are inconsistent (not
shown), and do not suggest forcing by these sources. However, though there is
no obvious connection to diurnal or semidiurnal spring-neap forcing, estimates
of total lower-canyon transport (below -700 m) from depth- and time-mean an-
nual velocities result in near-zero net up-canyon flow (annually between 0.004
- 0.005 m s™1), potentially consistent with tidal rectification theory (Garrett,
2004).

Though along-canyon mean flow systems have been noted at other canyons,
the periodicity and attributed forcing comparisons at Barkley Canyon do not
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align with other studies, as there is little correlation to SLOPE mean currents,
the spring-neap cycle, or semidiurnal energy. Speculatively, it is most likely
that this circulation is driven by the strong regional mean currents that exist at
SLOPE, though tidal rectification and turbidity currents may also contribute.
Potential canyon resonances could also modulate periodicity (La Souéf & Allen,
2014). It is possible that such circulation may be common in shelf-incising
canyons, but that forcing is dependent on unique site characteristics and re-
gional physical processes, and so is difficult to determine. Further evaluation
is necessary, and beyond the scope of this study.

5.2 Tidal currents

The diurnal and semidiurnal tidal constituents are two of the greatest sources
of IW energy, and affect mean currents, mixing, I'T and baroclinic shelf wave
propagation, and VICS circulation and productivity (Crawford & Thomson,
1984; Cummins & Oey, 1997).

For the diurnal constituent, there is elevated energy in the late-spring and sum-
mer. Results are consistent with previous studies in the region. Drakopolous
and Marsden (1993) associated strengthened diurnal tidal flow over the VICS
with increased stratification in summer, while Cummins et al. (2000) sug-
gest diurnal currents are seasonally responsive to the large-scale spring shift
to equatorward, upwelling-favourable mean currents. Xu and Noble (2009)
found inter-annually consistent K currents in Monterey Canyon that peaked
relative to the annual cycle of spring-neap tidal forcing, as observed here.

As the diurnal (and sub-diurnal) frequency is sub-inertial, diurnal IT are
evanescent (trapped) to topography north of their turning latitude (~ 30°N),
unable to radiate offshore. Cummins and Oey (1997) found that trapped di-
urnal IT generation was prevalent on the VICS adjacent continental slope,
similar to other Pacific slopes (Rudnick et al., 2015) and seamounts (Robert-
son et al., 2017). It is unlikely for there to be incident baroclinic diurnal IW
or IT unless they propagate along the shelf. However, if a diurnal spring-neap
phase-lag of up to a day is present, as potentially observed at SLOPE, this
suggests a remote baroclinic generation site within about 200 km, based on
a K; mode-1 wave speed of about ¢; ~ 2.0 m s™! (Crawford & Thomson,
1984). One candidate would be diurnal shelf waves generated by oscillatory
tidal currents near the mouth of the Juan de Fuca Strait (~ 100 km east
of Barkley Canyon) that propagate poleward along the VICS (Crawford &
Thomson, 1984; Flather, 1988). Confirmation of such waves would require
additional instruments along the shelf, and is beyond the scope of this study.
Other regions thought to be productive for baroclinic diurnal waves are either
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disconnected from the shelf (e.g. the abyssal Juan de Fuca Ridge) and can-
not propagate sub-inertially to Barkley Canyon (Lavelie & Cannon, 2001), or
too distant for the observed phase-lag (e.g. Mendocino Escarpment, 900 km
south of Barkley Canyon; Morozov, 2018). As there is enough uncertainty in
the correlations that the phase-lag could effectively be null, and considering
the vertically linear structure present, it is likely that the diurnal band is pri-
marily forced by the local barotropic spring-neap cycle, with possible seasonal
contributions from shelf-waves, mean current interactions, or stratification.

In contrast, the semidiurnal constituent is locally super-inertial, able to freely
propagate away from topography as I'T. There could be incident remote semid-
iurnal I'T at Barkley Canyon, contributing to the highly variable response. For
a semidiurnal phase-lag up to four days, as potentially observed at SLOPE, a
regional mode-1 M, phase speed of ¢; ~ 3.0 m s (Zhao et al., 2016) suggests
a baroclinic generation site up to 1000 km away. A likely candidate is the
Mendocino Escarpment running east-west off of Northern California, one of
the strongest generation sites for low-mode semidiurnal I'T in the northeast
Pacific (Althaus et al., 2003; Arbic et al., 2012; Zhao et al., 2017; Morozov,
2018). Strong tide-topography generated northward propagating mode-1 My
IT, along with the escarpment’s location about 800 km due south of Barkley
Canyon (~3.5 days), agree reasonably with the observed phase lag. Other
potential semidiurnal IT generation sites are closer (e.g. the mouth of Juan
de Fuca Strait ~100 km, or the abyssal Juan de Fuca Ridge ~400 km), or are
somewhat obstructed by land (e.g. the Haida Gwaii Islands to the north), but
could contribute.

Furthermore, for free incident semidiurnal IT, the criticality of the impacted
topography can lead to focusing, breaking, or reflection, contributing to the
elevated near-topography turbulent layers observed. Barkley Canyon is gener-
ally supercritical or near-critical to incident semidiurnal IT (Figure 4). Critical
slope regions were determined from the gradient of bathymetric data obtained
from the National Oceanic and Atmospheric Administration (NOAA) National
Centre for Environmental Information, as 3 arc-second resolution mean sea
level depth. At the SLOPE mooring, the local slope is # = 0.060, supercritical
to the semidiurnal propagation angle aj;s ~ 0.026 at that depth (Figure 5).
This suggests reflection and focusing of incident semidiurnal IT, as observed.
The SLOPE mooring sits adjacent to a large near-critical region below the shelf-
break (Figure 4), which, along with the VICS itself, is a source of semidiurnal
energy (Drakopoulos & Marsden, 1993). At other slope sites, there is evi-
dence of elevated near-bottom energy-flux associated with both semidiurnal
IT generation and incident reflection, with similar vertical scales within a few
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hundred metres above bottom (Terker et al., 2014; Xie & Chen, 2021). For the
AXIS mooring on the canyon floor, local criticality is 8 &~ 0.019 < a9 = 0.036
(Figure 5). As such, this portion of the canyon floor is subcritical to incident
semidiurnal IT, scattering energy along-canyon. However, as the canyon walls
are generally supercritical, and the surrounding floor is near-critical (Figure
4), the propagation (and generation) of semidiurnal IT at AXIs is likely com-
plex. Xu and Noble (2009) found that deep in Monterey Canyon semidiurnal
IT were not only scattered up-canyon along the subcritical floor, but also re-
flected down by the supercritical walls, highly focusing semidiurnal energy near
the bottom. The potential for scattering, reflection, focusing, and generation
of semidiurnal IT all near the AX1S mooring could lead to the observed highly
‘channeled’ deep-canyon semidiurnal response.

Together, the irregular nature of the semidiurnal spring-neap phase-lag and the
potential for critical IT-topography interactions suggests that forcing is a mix
of local barotropic and incident I'T. As the barotropic tide passes over Barkley
Canyon, near-critical slope and canyon topography generate and focus semid-
iurnal I'T. Remote incident IT are also subject to these effects, and alter ob-
served spring-neap phase based on their origin, likely Mendocino Escarpment
to the south. Finally, as the weak annual seasonality in barotropic spring-neap
forcing cannot explain observed large-scale inter-annual features, such as the
subtle yet consistent spring increase in semidiurnal energy at SLOPE, there may
be contributing effects due to seasonal changes in stratification (Drakopoulos
& Marsden, 1993; Cummins & Oey, 1997).

5.3 Near-inertial forcing

NI IW generated by wind events are thought to be significant contributors to
mixing in the deep ocean, of similar magnitude to the conversion of barotropic
tide to baroclinic internal tide energy (Alford et al., 2012). As such effec-
tive contributors to deep ocean energy, it is interesting that associated NI
energy can be so strongly attenuated with depth at SLOPE, while still eliciting
a deep response at AXIS. The timing of these events is qualitatively linked,
so the difference in topography likely modulates the response. Thomson et
al. (1990) found that NI IW become increasingly attenuated as they approach
slopes, absorbed by strong vertical shear in the background flow associated
with topographically trapped oscillations. Yet observed NI IW energy is en-
hanced near the canyon floor, not attenuated. Alford et al. (2016) note that
canyon walls confine the typically circular motion of NI waves, forcing them
rectilinearly along-canyon.

It may be that canyon topography uniquely effects the modal structure of
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ML generated NI waves, as deep canyon NI energy appears disconnected from
the surface. Mode-1 ML amplitudes up to 0.6 m s~! occur after notable
wind events, and while low modes generally dominate, more deep NI activity
is observed when the ML is thin and high modes are prevalent, similar to
findings by Jarosz et al. (2007) in DeSoto Canyon. Alford et al. (2016) note
that high mode waves propagate downward and equatorward, while low mode
waves contribute more to lateral propagation of NI energy. However, this
observation may simply be coincidental with more relevant processes, such as
enhanced NI energy transfer during periods of thin ML depth. Ultimately,
the downward propagation of NI IW is difficult to characterise, as there are
so many factors to consider - site-specific topography, complex ML processes,
seasonal thermocline thickness, [-plane effects, and near-surface mesoscale
vorticity adjusting local fy could all contribute (Alford et al., 2016). Potential
secondary forcing could be mean currents or lee waves across the mouth or
rim of the canyon, where topographic attenuation of downward NI energy
may be reduced due to the relative openness of those areas, possibly leading
to nonlinearities that could drive deep along-canyon NI currents (Alford et al.,
2016).

Regarding the delayed NI deep response to wind events, D’Asaro (1995) made
a similar observation of an 8-10 day event, and theorised that divergence-
forced NI pumping at the ML base causes oscillating pressure gradients in
the pycnocline, accelerating NI currents at depth. The rate and mechanism
of vertical energy transfer depends on the initial horizontal scale of the ML
NI currents, with smaller horizontal scale currents propagating vertical en-
ergy faster (D’Asaro, 1995; Zervakis & Levine, 1995). For large-scale ML NI
currents, vertical energy propagation is explained as the interference of low
modes with higher modes that have frequencies closer to f, called ’'inertial
beating’ (Gill, 1984; Zervakis & Levine, 1995). For small-scale ML NI cur-
rents, it is the timing of the horizontal departure of low modes that coincides
with vertical energy propagation (Zervakis & Levine, 1995). There is a notable
maximum associated with a timescale of the departure of modes 1 and 2 (up
to 10-20 days), after which the deep response rapidly increases and NI energy
is evenly distributed between the upper pycnocline and lower depths (Zervakis
& Levine, 1995).

The inconsistent results between canyon sites suggest that NI forcing is highly
complex, dependent on variable characteristics of wind events, ML processes,
and site-specific topography, leading to intermittent seasonality below the pyc-
nocline. Remote forcing is also possible, as free NI IW generated at the base of
the surface mixed-layer must propagate equatorward due to the effects of turn-
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Figure 31. High frequency-resolution mid-depth PSD of WKB-scaled horizontal velocity data, for SLOPE
(left) and Axis (right), in 2013. Frequency scale is zoomed to the tidal range. There are no additional peaks
or apparent blue-shift for the NI constituent, suggesting local or same-latitude forcing.

ing latitudes (Alford et al., 2016). There is often a blue-shift of the f spectral
peak associated with remote NI forcing (Garratt, 1977; Voelker et al., 2020).
High frequency-resolution spectra (Figure 31) do not resolve any blue-shift of
NI peaks, though there is some higher-frequency broadening of the NI peak at
AX1S. This suggests a combination of forcing due to local, same-latitude, or
remote wind events, that may be uniquely modulated by the canyon. Further
complicating analysis, strong qualitative and moderate quantitative correla-
tions suggest that deep observations are most responsive to wind events in the
late-summer and fall when the ML is thin, possibly coinciding with greater
high-mode contributions or NI energy transfer. To summarise the efficacy of
attempting to characterise vertical NI processes, Alford et al. (2016), when
discussing the foundational Ocean Storms Experiment (D’Asaro, 1995), stated
that “neither the decay of mixed-layer motions nor the rate of energy trans-
fer into the deep ocean can adequately be predicted for the best-documented
storm response on record”. Needless to say, additional research is necessary.

5.4 Continuum-dissipation estimates

Topographic focusing of low-frequency IW and IT enhances energy, elevating
the high-frequency continuum amplitude and driving mixing (Polzin, 2004).
This is indicated by the heightened amplitudes and steep spectral slopes of
the observed high-frequency continuum, as compared to open-ocean GM val-
ues (Figure 25). As IW energy cascades from low- (tidal and sub-inertial)
to high-frequency processes, continuum energy variability should reflect this
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transfer (Polzin, 2004). At both sites, high-frequency continuum energy vari-
ability correlations and power law fits indicate the semidiurnal constituent is
the greatest contributor to dissipation. Secondary contributors are the sub-
diurnal band at SLOPE, and NI band at AXIS. There are likely lesser contri-
butions from other constituents. For continental slopes, mean currents and
semidiurnal I'T have both been noted to contribute to increased near-bottom
dissipation rates (Nash et al., 2007; Kunze et al., 2012), as observed here.
Similarly, in submarine canyons, the semidiurnal constituent has been found
to be the primary contributor to seasonal, near-bottom mixing (Kunze et al.,
2002; Waterhouse et al., 2017). However, there is a lack of evidence for the
observed deep-canyon NI IW energy, as discussed in Section 5.3. Also evident
is the non-isotropic nature of the high-frequency continuum, in contrast to a
theoretical GM open-ocean IW field, though this departure from theory is not
surprising considering the strong topographic guiding of flow.

Winding canyons are hot spots for turbulence, as the reflection of IW at rough
topography generates dissipation and scattering (Thorpe, 2001). Near topog-
raphy in Monterey Canyon, Kunze et al. (2002) found spring-neap dependent
average turbulent dissipation rates from 107 to 107 W kg~! and diffusivity
from 107% to 1072 m? s, respectively, consistent with other studies (Carter
& Gregg, 2002) and similar to those observed here (¢ ~ 107% W kg™! and x ~
107 m? s71). Carter and Gregg (2002) used observed values from Monterey
Canyon for stratified turbulent layer thickness (~ 135 m), ¢ (1.36 x 107¢ W
kg™1), and global approximations of shelf length occupied by canyons (15,500
km) and canyon length (20 km) to estimate global dissipation in canyons as
roughly 56 GW, or 16% of global internal tide dissipation. Using this method
and e observations from the lower extent of the AXIS turbulent layer (¢ ~ 1077
W kg™1) results in an estimate of only 4 GW of global dissipation in canyons,
or 1% of global internal tide dissipation. This disparity indicates that individ-
ual canyon topography strongly affects dissipation rates, and assumptions for
global mixing budgets require further constraints. However, the observations
by Kunze et al. (2002) and Carter and Gregg (2002) use multiple moorings to
better estimate average dissipation in the Monterey Canyon stratified turbu-
lent layer, as compared to the single mooring at AX1S, making this a tenuous
comparison.

As it is difficult to quantify turbulence, it is hoped that a connection to semid-
iurnal (and secondary constituent) energy may be useful for models that may
not have access to data that can resolve such high-frequency processes, in
slope and canyon regions. The multivariate power law fits were found to be
£~ MOBEOIT L QUEOSOOIS g o o JIATEOAS | NTO2440.06 £ g1 OPE and
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AX1S, respectively. This builds on similar results by Klymak et al. (2006) at
the Hawaiian Ridge, who found that near the ridge dissipation scaled with
semidiurnal energy as e ~ M} 9% However, it is not enough to link dissipa-
tion to IW and IT driven high-frequency continuum energy, alone, as there are
many spatially and temporally variable regional processes that may also con-
tribute, such as large-scale ocean circulation, biogeochemical cycles, weather,
and long-term climate (Kunze, 2017). Furthermore, turbulence may be forced
intermittently by these phenomena (Klymak et al., 2006), making it difficult to
attribute individual contributors over long periods. Use of the observed fits for
modelling should be considered with these issues in mind, and improvements
could be the subject of further research.

5.5 Near-N spectral shoulder energy

The near-N spectral shoulder is a well known, yet often unresolved feature in
ADCP velocity spectra. As early as 1966, Sabinin described a prominent near-
N peak that widened with depth, ascribed to IW-buoyancy ringing (Pinkel,
1975), yet beyond the next decade subsequent observations are brief (Kase &
Clarke, 1978), and temporally sparse (D’Asaro et al., 2007; Pinkel, 2014; Al-
ford et al., 2016). The long-term, high-frequency sampling in this study allows
for a high Nyquist frequency and low noise floor that fully expose the shoul-
der, continuing the discussion. Observations indicate that shoulder energy is
intermittently depth dependent at SLOPE, and more uniformly so at AXIS, sim-
ilar to Pinkel’s (1975) findings. There is subtle shoulder energy variability at
both sites, being generally stronger in the fall, with correlations and power law
fits suggesting that shoulder energy is tied to the high-frequency continuum,
and therefore dissipation. This agrees with previous theories, arguing that
the near-N shoulder is a result of an enhanced cascade of energy from low-
to high-frequency turbulent processes due to resonant wave-wave interaction,
where energy collects at and above the “resonant buoyancy frequency” (Leder,
2002) - approximately the depth-mean value of N below the buoyancy variable
thermocline. In this study, Ny = 4.03 x 10~* Hz (averaged around -900 m and
varying insubstantially when expanded to the lower thermocline), central to
the observed shoulder, and similar to the ~2 cph value of Ny that defined the
spectral shoulder (2 - 5 cph) of Kase and Clarke (1978), who modelled the
near-N response with data from the GATE experiment.

However, seasonal forcing of the near-N spectral shoulder is inconsistent be-
tween studies. At Barkley Canyon, correlations and power law fits suggest
that high-frequency continuum energy is strongly linked to spectral shoulder
energy. As these power law fits overlap within uncertainty for both sites (av-
eraging Pgj, ~ %3410-08) "it is possible that this relationship is independent of
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site topography, likely due to the relatively small spatial scale of near-N mo-
tions. Furthermore, as high-frequency continuum energy is strongly suspected
to cascade from the semidiurnal constituent (and partially from secondary
contributors), the same forcing should apply to the spectral shoulder as the
cascade continues. Leder (2002) suggested that solitons forming in the troughs
of semidiurnal IT could contribute to near-N energy, but that it is unlikely,
and evidence against this theory was provided by D’Asaro et al. (2007) who
found no association between shoulder energy and observed solibores. Fur-
thermore, there are no obvious solibores noted in the Barkley Canyon obser-
vations. Pinkel (2014) suggested that sub-mesoscale currents could contribute
to near-N energy, and both Leder (2002) and Alford et al. (2016) attributed
enhanced high-frequency shear to wind-forced NI IW. Forcing by these con-
stituents agrees roughly with the possible secondary contributors to observed
high-frequency continuum energy (sub-diurnal at SLOPE, and NI at AX1s), but
is conspicuously lacking semidiurnal influence. It is possible that the near-N
spectral shoulder does receive energy from the high-frequency continuum, but
that turbulent processes are so variable, regionally, that forcing is unique to
each study site. Properly quantifying the nature of this enhanced cascade
of energy is important for better understanding the effects of turbulence and
mixing, and is left for further study.
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6 Summary and conclusions

It was found that there is significant influence from topography on the lo-
cal IW field at both sites. Continental slope and canyon topography guides
flow, with inter-annually consistent, periodic (about a week) up-canyon mean
currents (-700 to -900 m) above a near-bottom down-canyon layer. There is
frequency-dependent focusing of IW energy, generally up to a factor of 10,
130 m above bottom at SLOPE, and up to a factor of 100, 230 m above bot-
tom at AXIS. The near-topography elevated energy has unique seasonality
for individual frequency constituents, and varies little inter-annually. Sub-
diurnal and diurnal flows are presumably sub-inertially trapped along topog-
raphy, and the diurnal band appears to be forced locally (barotropically).
The NI band is attenuated near the slope, yet elevated near the canyon bot-
tom, with intermittent forcing that appears linked to regional wind events,
high-mode propagation, and the seasonal ML depth. Free semidiurnal IT
are focused and reflected near critical topography, and appear to experience
both local and remote (baroclinic) forcing. The high-frequency IW contin-
uum is elevated compared to the open-ocean GM spectrum (up to 7x GM),
with enhanced dissipation (reaching 10~7 W kg=!) and diffusivity (reaching
1073 m? s7') near topography. Dissipation—band-power variability correla-
tions suggest a cascade of energy from the semidiurnal constituent, yielding
inter-annual power law fits of ¢ ~ MJ***02% at SLOPE, and & ~ MJ04+030
at AX1S. Improved fits accounting for secondary constituents yield power law
relationships of & ~ MJ$*017 1 Gubls9*013 ot s10PE, and & ~ M,4T048 4
NI0-24+0.06 ot AX1S. There is evidence of a near-N spectral shoulder which may
collect energy from high-frequency continuum turbulence, possibly an addi-
tional step in the cascade of energy from low- to high-frequency dissipative
processes. The shoulder-dissipation energy variability correlations yield an
average, site-independent power law fit of Pg;, ~ g0-34£0:08,

Unfortunately, the WKB-stretch scaling applied throughout much of the anal-
ysis is based on deep CTD casts that were made nearby (20 km south of
Barkley Canyon), but away from topography. The stratification profile cap-
tures the surface ML and pycnocline, but does not account for adjustment
near the slope or in the canyon (Figure 9). Hotchkiss and Wunsch (1982)
noted increased stratification near areas of high topographic relief’, such as
the shelf-break and slopes. These highly stratified turbulent layers may more
strongly experience the effects of reflection, scattering, and IT and lee-wave
generation, as well as amplification of IW and IT. To properly account for
the effects of depth-dependent stratification variability, further research would
benefit from site specific climatology data.
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Results could be further improved through increased sampling consistency be-
tween instruments (there were maintenance periods and instrument redeploy-
ments during analysis years), additional instrument sites (along the length of
the canyon floor and rim), and additional overlapping comparison years be-
tween sites. Broader temporal coverage could provide insight into long-term
seasonality, while additional spatial coverage would allow for observations of
IW propagation. For NI wind forcing, reanalysis wind data may have provided
better (fewer gaps) temporal coverage for comparison.

Further research is required to: identify forcing for the sub-diurnal range’s
intermittent seasonality and the periodicity of up-canyon mean currents at
AXIS; accurately identify sites of origin for incident baroclinic shelf waves and
IT affecting the diurnal and semidiurnal responses; better quantify the down-
ward propagation of NI IW energy from the ML to the interior; profile the
attenuation of NI energy from the surface to deep canyon; and, improve power
law fits of dissipation and near-/N spectral shoulder energy to better model the
cascade of energy from low- to high-frequency turbulent mixing.

Barkley Canyon is a dynamic continental slope and submarine canyon region
with physical processes that are heavily influenced by topography. Continen-
tal slopes and canyons are known as hot-spots for IT generation and TW-
driven turbulence, contributing significantly to regional transport of energy,
shelf productivity, and even large-scale ocean circulation and climate effects.
As regional currents, tides, and wind all contribute to an energetic local IW
field, the Barkley Canyon portion of ONC’s NEPTUNE cabled observatory
is an important data network for understanding the effects of topography-IW
interactions on the VICS. Furthermore, results here may be valuable for char-
acterising mixing processes at other slope and canyon sites, and for better
estimating the global IW and IT energy budget. It is hoped that this study
has provided valuable insight leading to further research and collaboration,
and improved knowledge of the importance of shelf-incising canyon regions as
fundamental to both regional and large-scale physical ocean processes.
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A Appendix: Supplemental wind comparisons
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Figure 32. NI forcing analysis for 2014. From top to bottom: wind direction and amplitude; monthly-
averaged ML depth for Line P station 3 as determined by Li et al. (2005); slab model NI CW power and
NI currents; seasonal mode amplitudes for SLOPE and AXIS; and, band-integrated NI CW power at SLOPE
and AXIS. There appears to be a complex relationship between the wind, ML, slab currents, and mode
amplitudes in driving the NI observations, with the most obvious effects in the fall.
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: wind direction and amplitude; monthly-

averaged ML depth for Line P station 3 as determined by Li et al. (2005); slab model NI CW power and
NI currents; seasonal mode amplitudes for SLOPE and AXIS; and, band-integrated NI CW power at SLOPE

and AXIS.

amplitudes in driving the NI observations, with the most obvious effects in the fall.

There appears to be a complex relationship between the wind, ML, slab currents, and mode
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Figure 34. NI forcing analysis for 2018. From top to bottom: wind direction and amplitude; monthly-
averaged ML depth for Line P station 3 as determined by Li et al. (2005); slab model NI CW power and
NI currents; seasonal mode amplitudes for SLOPE and AXIS; and, band-integrated NI CW power at SLOPE

and AXIS.

There appears to be a complex relationship between the wind, ML, slab currents, and mode

amplitudes in driving the NI observations, with the most obvious effects in the fall.
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