Near-inertial wave propagation in the deep Canadian
Basin: Turning depths and the homogeneous deep layer

Joel Bracamontes-Ramirez', Maren Walter!', Martin Losch?

nstitute of Environmental Physics, University of Bremen
2 Alfred-Wegener-Institut, Helmholtz-Zentrum fiir Polar- und Meeresforschung

Key Points:

¢ In the deep Canadian Basin, there are near-inertial turning depths between 100
to 1200 m above the seafloor.

* Below the turning depths, the deep layer is quasi-homogeneous and locally unsta-
ble.

e Near-inertial turning depths inhibit internal gravity wave propagation and hence
reduce near bottom mixing.
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Abstract

The internal wave climate in the deep Arctic Ocean, away from the shelves, is quiet
because the ice cover shields the ocean from wind energy input, and tidal amplitudes are
small. Hence, mixing due to internal wave breaking is small. The shrinking Arctic sea
ice cover, however, exposes more open ocean areas to energy transfer by wind. Conse-
quently, more energetic near-inertial internal waves (NIWs) may carry energy to the bot-
tom, potentially enhancing deep mixing. In the deep Canadian Basin, weakly stratified
layers with local buoyancy frequencies smaller than the wave frequency may prevent NIW
propagation to the seafloor. We estimate the distribution of these near-inertial turning
depths from temperature and salinity data of the years 2005 to 2014. Near-inertial turn-
ing depths are ubiquitous in the deep Canadian Basin at ~ 2750 m depth, between 100
and 1200 m above the bottom. A deep homogeneous layer below 3300 m is characterized
by small squared buoyancy frequencies N2 ~ 0 with locally unstable layers (N? < 0).

The turning depths reflect NIWs and hence limit their contribution to deep mixing, but
the waves create an evanescent perturbation with exponentially decreasing amplitude

that can interact with the bathymetry, especially above slopes and ridges where the height
of the turning depths above the seafloor is small. After reflection, the main part of the
wave energy is trapped between turning depths and the surface, so that a potential in-
crease of wave energy input mainly affects mixing of mid-depth water masses like the At-
lantic Water.

Plain Language Summary

Over the last couple of years, Arctic Ocean summer sea ice has decreased. The larger
ice-free regions imply more open areas for wind to act on the ocean surface. As a result,
energy from the atmosphere goes into the ocean, triggering more energetic waves in the
ocean interior. These internal waves carry energy over longer distances and mix the wa-
ters where they break. To better understand this process, we studied temperature and
salinity data from 2005 to 2014. Our findings show widespread areas in the deep Cana-
dian Basin, at around 2750 m depth, where the further propagation of the waves is con-
strained by weak stratification. These depths are called near-inertial turning depths, and
they shorten the path of near-inertial waves and isolate the bottom from waves and mix-
ing. In addition, we found weakly stratified and unstable layers below 3300 m. Our re-
sults shed light on the link of surface-generate waves to the interior mixing rates in the
Arctic Ocean.

1 Introduction

The energy associated with the internal wave climate in the Arctic Ocean is lower
than in other oceans (D’Asaro & Morehead, 1991; Morison et al., 1985), partly because
a thick sea ice layer covers the ocean surface, preventing the wind from acting on it. The
ice cover varies non-uniformly in both time and space. In the marginal zone and towards
the coast, the sea ice has a seasonal cycle, with thinner sea ice that usually does not sur-
vive the summer (Walsh et al., 2017). In contrast, the sea ice is thicker at higher lati-
tudes and can survive several years (Kwok, 2018). This sea ice pattern is changing. In
the last decades, the summer ice cover has decreased considerably, which implies more
open ocean areas where the wind can act on and transfer energy and momentum into
the ocean (Rainville et al., 2011; Rainville & Woodgate, 2009). In particular, an increase
in near-inertial wave amplitude (Dosser et al., 2014; Dosser & Rainville, 2016) and ki-
netic energy (Fine & Cole, 2022) in the Canadian Basin and the enhancement of wind-
driven vertical heat fluxes and dissipation rates in the Eurasian Basin (Meyer et al., 2017;
Peterson et al., 2017) have already been observed.
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Furthermore, tidal energy is weak, partly because most of the Arctic Ocean lies north
of the critical latitude for the M tide at 74.5 °N. North of this latitude, semi-diurnal
tides cannot propagate freely but they can transfer energy into lee waves by non-linear
interaction with the topography (Vlasenko et al., 2003). This process is more likely to
be triggered on steep slopes, and typically lee waves tend to be dissipated near their gen-
eration zone (Rippeth et al., 2017; Lenn et al., 2022), providing another explanation that
the Arctic Ocean has a quiescent wave climate.

As the summer sea ice extent continues to decrease and the areas with seasonal sea
ice cover increase, wind-driven internal waves will be more energetic, mainly in the near-
inertial range (Rainville & Woodgate, 2009; Rainville et al., 2011). This shift in ice cover
dynamics and the fact that most of the Arctic Ocean is located north of the My criti-
cal latitude make the near-inertial waves (NIW) an important contributor to altering the
wave climate. In a fully sea-ice-covered Arctic Ocean, near-inertial internal waves gen-
erated at the surface are hypothesized to survive one round-trip to the bottom and then
dissipate partially under sea ice (Pinkel, 2005; Cole et al., 2018). In a feasible, less dis-
sipative future scenario with more open ocean areas (Kim et al., 2023), we expect surface-
generated NIWs to travel and carry energy over longer distances towards the slope or
the bottom.

As NIWs travel through the Ocean, they can reach depths at which their frequency
w exceeds the local buoyancy frequency N(z) and where they cannot propagate any fur-
ther as waves (Olbers, 2012). According to linear theory and experiments, waves are more
likely to be reflected at these so-called turning depths than to penetrate this depth or
break (Paoletti & Swinney, 2012). Hence, the NIW travel path to the surface is short-
ened after reflection at turning depths. Below a turning depth, wave amplitudes decrease
exponentially in what is known as the evanescent region (Sutherland, 2010). Hence if
turning depths are far above the topography, waves are unlikely to interact with the bot-
tom (Paoletti et al., 2014) and to account directly for deep mixing.

Turning depths for the semidiurnal tide, with N(z) < wpg, ~ 1.405 x 1074s7!
(N?(2) <1.974x1078s72), are ubiquitous in the entire Ocean (King et al., 2012). In
the South China Sea, turning depths were also found for the diurnal tide wg, ~ 7.292x
107557 (wk, =~ 0.5317 x 1078s72) (Liu et al., 2022). For NIWs, the buoyancy fre-
quency must be in the order of N(2) < w ~ 1.4x107%s71 (N?(2) < 1.959x1078s72),
which corresponds to the average Coriolis frequency in the Arctic Ocean (> 70°N). Such
a weak stratification is found mainly at great depths, for example, in the abyssal plain
of the Canadian Basin below ~ 2700 m (Timmermans et al., 2007; Timmermans & Gar-
rett, 2006). In addition, in the Canadian Basin interior, away from the continental slopes,
upward and downward NIW energy fluxes at the surface dominate (Halle, 2003; Pinkel,
2005) even though the weak tides do not generate strong upward internal waves. A pos-
sible explanation without observational evidence for this upward wave flux paradox is
that surface-generated NIWs reflect after encountering a turning depth in the interior
(Gregg, 2021).

In the Canadian Basin, deep mixing is enhanced on slopes, particularly in areas
with steep topography (Rainville & Winsor, 2008). If tides do not play a significant role
in driving the mixing interior beyond the critical latitude, the pathways of NIWs are key
to understanding the mechanisms that drive deep mixing in the Canadian Basin. Do near-
inertial turning depths exist in the Deep Canadian Basin? Do surface-generated NIWs
reach the bottom? What are the consequences of turning depths for deep mixing?

In this paper, we use temperature and salinity profiles from the Canadian Basin
to investigate the existence and distribution of near-inertial turning depths in the inte-
rior and to characterize the deep homogeneous layer. Section 2 describes data and meth-
ods. Section 3 gives evidence and distribution of near-inertial turning depths, and we
explored the effect of the non-traditional approximation on the detection of near-inertial
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Figure 1. Canadian Basin bathymetry, the blue sector marks the study area. The dotted
black line represents the critical latitude for the Ms tide and the dots are the location of the 196
profiles used for this study. In light and dark blue, yellow, and green the profiles used for the

transects shown in Fig. 4.

turning depths. Section 4 discusses the results and gives some insights into the conse-
quence of near-inertial turning depths with a focus on mixing. Finally, the main contri-
butions of this study are summarized in Section 5.

2 Data and Methods
2.1 UDASH temperature and salinity profiles

The Unified Database for Arctic and Subarctic Hydrography (UDASH) counsists of
over 250 000 high-quality temperature and salinity profiles from the Arctic and Subarc-
tic region for latitudes north of 65° N for the period 1980 to 2015. These data were mea-
sured by conductivity-temperature-depth devices (CTDs), expendable CTDs, drifting

buoys, profiling floats, and expendable, digital, and mechanical bathythermographs (Behrendt

et al., 2017; Behrendt et al., 2018). The mean vertical resolution of the data is 1.5m but
varies due to the range of instrumental sources between 1cm and 693 m. In this study,
we analyzed all available 21 748 profiles of temperature and salinity within the Canadian
Basin, which corresponds to 10 years of data from 2005 to 2014 for the region between
the 120° W and 160° W meridians and north of 70° N. Only 196 profiles (Fig. 1) were
deep enough to have a value at some depth where N(z)? < f? (see Section 3). These
profiles represent only 0.9 % of the available data, and all are CTD casts, with precision
and accuracy ranges of 0.02-0.001 °C and 0.002-0.0003 S/m for temperature and conduc-
tivity.

2.2 IBCAO bathymetry

The International Bathymetric Chart of the Arctic Ocean (IBCAQ) Version 3.0 has
a spatial grid resolution of 500 m. We computed the representative depth for each pro-
file as an average of the nearest bathymetric data points (Jakobsson et al., 2012).
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2.3 N?

tin COmputation and near-inertial turning depths

The deep Canadian Basin is weakly stratified with small N? between ~ 1078 —
10~7s72. As a consequence, the noise in the estimated N? is in the same order as the
relatively small Coriolis frequencies f2 (1.87 —2.12 x 108572 for 70 —90°N), and the
semidiurnal M, tidal frequency of waz, (w3, = 1.974 x 107®s72). For the determina-
tion of turning depths, it is therefore important to minimize the noise in the N? estima-
tion. To do so, we followed the methodology of King et al. (2012).

This method reduces the noise by taking vertical averages of the data over depth
bins. King et al. (2012) found that a 100 m-bin is the optimal vertical width for aver-
aging as the bin is wide enough to reduce the noise and narrow enough to preserve the
N? information. Observations in the upper layers of the Canadian Basin show upward-
and downward-wave energy flux with a peak within the near-inertial frequencies at ver-
tical wavelengths of 30-50m (D’Asaro & Morehead, 1991; Halle, 2003; Fer, 2014). Hence,
the 100 m-bin width may be too large to identify turning depths for NIWs in the upper
layers, or in general to study wave motions with similar or smaller vertical scales O(<100m)
since the background of N2 associated with the vertical scales in which these waves prop-
agate is smoothed (van Haren & Millot, 2006; Ghaemsaidi et al., 2016). However, we ex-
pect NIWs will encounter a deep turning depth close to the bottom where N2 is weak.
For traveling waves, the vertical wavelength increases as N? decreases. We can use the
following equation (Olbers, 2012), in which m and K}, are the vertical and the horizon-
tal wavenumbers, to calculate changes in the vertical wavelength of surface-generated
NIWs as they approach the bottom and roughly estimate whether a 100 m-bin is appro-
priate for finding turning depths for NIWs.

N2(z) — w?

m(z) = £K}, e

(1)

Using Eq. 1, we estimated K}, at the surface as a function of observed vertical wave-
lengths, 30-50m, and N =8.73x10"3s~! (5 c.p.h. ). N was computed from our dataset
as an average buoyancy frequency below the pycnocline. The value is consistent with pre-
vious estimates (Cole et al., 2018; Pinkel, 2005). Assuming a wave frequency w = 1.05 f,
we obtained a horizontal wavenumber Kj = 0.105—6.706 x 10~*m ™!, which is equiv-
alent to wavelengths of 5-10 km. These wavelengths are within the values expected for
the Arctic Ocean and are also within the order of the Rossby radius of deformation (Nurser
& Bacon, 2014). Therefore, we used this K}, to compute m at 1000 m, a depth 1500 m
well above N — w (where Eq. 1 no longer applies). At this depth, N ~ 1.03x102s~!
(e.g., see in Fig. 2) and the vertical wavelengths increase from 30-50 m to 230-400 m.
These vertical wavelengths are larger than 100 m, and they still increase as they approach
the bottom and IV continues to decrease with depth. Therefore, we argue that the 100 m-
bin averaging scale is appropriate for detecting turning depths in the deep Canadian Basin
in case surface-generated NIWs with vertical wavelengths of 30-50 m propagate to the
bottom.

Prior to binning, in-situ temperature and salinity data was converted to conser-
vative temperature (©) and absolute salinity (S4) (McDougall & Barker, 2014, 2011).
The profiles were vertically averaged in 100 m-depth bins (Op;p, S4pin) and spline fit-
ted ({©), (S4)) to their respective original depths. We utilized both (©) and (S4), and
the original profiles ©® and S 4, to calculate the experimental standard deviation of the
mean (oo and og,). Subsequently, we employed a Monte Carlo method to generate an
ensemble of 500 synthetic profiles by adding random Gaussian noise with a half-width
of 0o and og, t0 Opin and Sapin. These ensembles were then used to compute the fi-
nal averaged value of N2 in 100 m-bins, along with its experimental standard devia-
tion o2 of the mean (King et al., 2012).
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Figure 2. N2, profiles from a small geographical region show low temporal variability be-

tween 2005 and 2011. Below 2950 m, N? is generally smaller than f2,y and wZ,. (a) 100 m-
Ng,.. (b) Zoom in to 100 m-Ng,, for depths below 2500 m. In (a), the green line is the N2,
profile, computed conventionally from smoothed hydrography from 2005 (100 m-moving-average)
for comparison, see text for the details. The vertical lines indicate the frequencies for w2, and

fZ:on. In (a), and (b) the horizontal bars are the uncertainties o 2.

We identified depths where Ny, (2) < fZ, in which fy = 2Qsin(¢), and ¢ is the
latitude of each profile. This criterion defines turning depths for waves with fy < w,
which is what we expect for surface-generated near-inertial waves. In particular, we are
interested in regions where there are consecutive depths N2 (z) < f; Note that we

used N2 rather than Np;, to handle instabilities with N2, < 0.

bin bin

3 Results

3.1 Testing the computation of szin: a turning depth example
Especially at great depths, where the stratification is weak and N? is small, noisy
0 and S 4 profiles make identifying turning depths difficult. As an example of how the
post-processed Nb2m profiles improve this situation, we chose four profiles close to the same
location at ~ (73°N, 150 W), but from different years (2005, 2007, 2008, and 2011) to
illustrate the temporal (interannual) variability. In addition, and only for illustration pur-
poses, we compare the N7 profiles to N2, computed from original © and S profiles

of 2005 that have been smoothed by a 100 m-moving-average.

The temporal (interannual) variability of the N2, profiles is small (Fig. 2a) below
1000m (RM Sy2 = 6.83 x 107" s72). Below 2500 m, N2, approaches the local Corio-
lis frequency at 73°N (the location of these profiles) and the tidal frequency w?\b. These
frequencies nearly coincide, because the critical latitude for the M tide is at ~74.5 °N
(Rippeth et al., 2017). N2, decreases further until the deep homogeneous bottom layer
is reached, at ~2700m, where szm < 4 x 1078572, The following consecutive depths
satisfy the criterion N2, (z) < f2. In contrast, N2, fluctuates around fq% (Fig. 2a) so
that a turning depth cannot be identified in a statistically robust way. Note that all pro-
files have a very similar structure, implying that the post-processing method extracts
the persistent modes of the water mass structure and does not introduce artifacts.
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Figure 3. Averaged values of all profiles per depth for N2, and uncertainties o 2. Near-
inertial turning depth (NiTD) for the Canadian Basin at ~2750 m (green dot). Evidence of lo-
cally statistically unstable layers at two depths (red dots), within 3300-3500 m and 3700-3900 m.
Layers between 3700-3900 m are statistically unstable since NZ,, + on2 < 0.

3.2 Mean N2

bim and uncertainties o2

Near a turning depth, Ny, ~ fZ2 so that, if o2 is too large, there can be cases
for which N2, + o% > f; > N2, . We exclude these cases and, as a condition that
takes into account the estimated uncertainties, identify turning depths only if NN, gm +
o3 < f; For instance, although below 2800 m nearly all N7, < f2, there are few data
for which N2, +0% > f2 (Fig. 2b). These will not be termed turning depths, but only
the following depths for which N2, + 0% < f2.

NZ, *on: < f; or > fi varies between profiles and depths. On average, how-
ever, Nb2m < fg and oy is small (Fig. 3), so that we can apply a cumulative frequency
analysis to assess the occurrence of depths where szm—i—ajz\, < f2. We normalized szin
and oz by fq%? because the ratio N7, / fi is useful to define transitions between regions
(green and red dotted lines in Fig. 3 and 4). We found that below 2700 m the frequency
of occurrence for (Ny,,+0%)/f7 < 1 is higher than 90%, which is a robust result. There
is not only one 100 m-thick sporadic turning depth, but below the first depth at which
N24o? < f;, the stratification of the consecutive depths is also < f; Thus, the turn-
ing depth is not only a single location but a layer, making wave propagation less prob-

able than having a single 100 m-thick turning depth value.

On average, the deep Canadian Basin is characterized by values of the ratio N2, / f; <
1 with small uncertainties on2 < 0.3 fq% Particularly at 2750m, on2 ~ 0.29 fg and
szm / f; ~ 1, so that at this depth the mean value of Nme is comparable to the local
Coriolis frequencies within uncertainties o 2. Hence, we identified 2750 m as the statis-
tical near-inertial turning depth (NiTD) for the Canadian Basin.

Below 3150 m, Nme alternates between positive and negative values every 200 m
(values between red lines in Fig. 3) suggesting locally stable (N2, > 0) and unstable
(N2, < 0) layers within the (quasi-)homogeneous layer that extends to the bottom.

bin
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3300m. The red dotted lines refer to the unstable layers within 3300-3500 m and 3700-3900 m
defined by average N2, in Fig. 3.

Note that, between depths of 3550-4450m, N2, + 0% > 0, hence strictly speaking,
these layers are not unstable. In contrast, the layers between 3750-3850 m are locally un-
stable since N7, + 0% < 0. Geothermal heat fluxes from the seafloor (Timmermans

et al., 2003) may trigger instability. Alternatively, since the homogeneous layer has neu-
tral buoyancy stability, meaning that N = 0, the change in sign may be related to fluc-

tuations around 0. We discuss these possibilities in Section 4.2.

3.3 Spatial distribution and heights

The spatial distribution of near-inertial turning depths in the Canadian Basin is
nearly uniform at ~2750 m (Fig. 4, color change from lilac to green at N2, = fg), co-

inciding with the top of the homogeneous layer or below it (Fig. 5 d—f).

Most of the meridional variability appears to be related to the strength of the strat-
ification and its proximity to topographic slopes. For example, in the region between 72 °N—
76.5°N and > 143 °W, the turning depths occur in a deeper range between 2750-2950 m
(Fig. 5a—c) and are located below the top of the homogeneous layer. In this region, N2,
at 2750 m is relatively large (NbQm ~3-5x10 "8 s72) compared to the rest of the Cana-
dian Basin at the same depth (Nme ~0. 5-2x10 ~8572), and the top of the homogeneous
layer is also deeper than in the eastern Canadian Basin (Fig. 5a and d). Note that these
deeper near-inertial turning depths at ~2850 m are found over nearly flat bathymetry

(Fig. 4¢), and the latitude varies <2° (Fig. 1, green dots), illustrating that the merid-
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ional variability away from the slope is in part related to the strength of the stratifica-
tion for latitudes < 76.5°N.

As N2, decreases and fj increases, the near-inertial turning depths for latitudes
> 76. 5°N remain nearly constant at ~ 2750 m, except in the Marakov Basin, where the
near-inertial turning depths are deepest at ~ 3050 m, but have a relatively strong strat-
ification of N2, ~1.2-2.8x10 ~®s72, which is compensated by f;

A peak in N, /f2 (light green) below the NiTD at ~3150m is a consistent fea-
ture throughout the Canadian Basin (Fig. 4), coinciding with a slight increase in S4 with
depth while © remains constant (Fig. 5). Below 3300 m, the stratification is Nme <0
within the homogeneous bottom layer (color change from green to blue in Fig. 4), ex-
cept when S4 or O increases with depth. For example, in the deep western Canadian
Basin or on the slope in the eastern part (see Fig. 5).

To quantify the proximity to the bathymetry, we defined the turning depth height
as the distance from the sea floor to each near-inertial turning depth (Fig. 6). We com-
puted the sea floor depth for each profile by averaging the four nearest depths of the IB-
CAO bathymetry (Jakobsson et al., 2012) to the profile location.

Generally, the turning depth height distribution is related to the isobaths. Over
the slope between the 2500-3500 m isobaths and latitudes < 76 °N, the turning depth
heights are between 0-800 m. Below the 3500 m-isobath and over the Canadian abyssal
plain, the turning depth heights are between 800-1200 m, increasing northward to a max-
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imum of 1000-1200 m. Further northward, on the slope of the Alpha Ridge and the Makarov
Basin, the turning depth heights decrease to 0-800 m. Overall, surface-generated NIWs
traveling downward are unlikely to interact with the topography since the near-inertial
turning depths are far above the seafloor (up to 1000 m). We discuss the possible wave-
topography interactions in Section 4.1.

3.4 Non-traditional effects: critical N2 for NIWs

In stratified hydrostatic geophysical flows, only the vertical component of the Cori-
olis force is taken into account (f = 2Qsin(¢)). Under these assumptions, the frequency
band for internal gravity wave is bounded by f2 and N?2. Relaxing the hydrostatic ap-
proximation to the quasi-hydrostatic approximation, also called non-traditional approx-
imation (NT), involves including the horizontal components of the Coriolis force that vary
with the cosine of latitude. With this approximation, the frequency band for internal grav-
ity waves is expanded beyond f2 and N2. Among all effects of NT in wave propagation,
we are interested in those that happen at depths where N =~ 0 and in weakly strati-
fied layers comparable to the Coriolis force N = 2§2. Under NT, a reflection level no
longer exists at w = N(z) but at a critical buoyancy frequency w = N,.+(z) typically
smaller than the turning depth frequency calculated with the usual traditional approx-
imation (TA) (Gerkema et al., 2008). Explicitly, the critical buoyancy frequency, N +(2),
is defined as follows:

2 2 2
R i @

In which f, = 2 cos(¢) sin(«) is the cosine component of the Coriolis force, and
« is the angle to the North-South direction. If we set a = 0, the TA definition for a
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Figure 7. (a) Latitudinal variability of waves with frequency w®> = f? + f2 normalized by f.
Waves with equal and lower frequencies can propagate through arbitrary stratification, and waves
with higher frequencies cannot propagate through depths with certain small values of N¢r+. The
colors indicate the direction of propagation, being « the angle to the East-West direction. (b)
Example of minimum values of N¢,¢, under NT, for a specific range of waves with near-inertial
frequencies and meridional propagation (¢ = 90°), which could be generated at the surface by
wind forcing. Waves with these frequencies cannot propagate through depths with these specific

values of N¢r¢ (normalized by w).

turning depth is recovered, in which N(z) = w, and since f; = 0, the wave propaga-
tion is purely zonal, implying NT effects act only upon waves propagating with a merid-
ional component (King et al., 2012; Gerkema et al., 2008).

From Eq. 2, we obtain N,.; = 0 for a wave with frequency w? = f2+f2. Waves
with this frequency are known as gyroscopic waves, and they can propagate in layers of
neutral stratification (van Haren & Millot, 2005), so that there are no turning depth for
these waves. In the deep Canadian Basin, near(sub)-inertial fluctuations have been de-
tected (Timmermans et al., 2007), but the nature of the observations suggest these are
not gyroscopic waves but that they are related to bottom-trapped topographic Rossby
waves at the sub-inertial frequency range (Timmermans et al., 2010; Zhao & Timmer-
mans, 2018).

Note that, since Ng.;y = 0 when w? = f2 4 f2 any frequency higher than f? +
f2 result in Ng.;; > 0. Thus, the frequency f2? + f2 could be interpreted as the lower
limit for a wave to find a turning depth under the NT. For instance, Fig. 7a shows the
w lower limit as a function of f and a. In the Canadian Basin, these frequency values
are in the range of w ~ 1 — 1.07f4. Pure meridional propagation (o = 90°) is associ-
ated with the maximum frequencies (lilac line in Fig. 7a), and w decreases as the wave
approach zonal propagation (« = 0°).

From Eq. 2 we can estimate N..;; for specific near-inertial frequencies that account
for hypothetical waves generated at the surface. w = 1.06 — 1.08 f are typical near-
inertial frequencies observed in the Arctic Ocean (D’Asaro & Morehead, 1991; Halle, 2003;
Fer, 2014; Cole et al., 2018). In general, for latitudes > 72° N, near-inertial waves with
frequencies w > 1.06 f have a turning depth with N.;; in the range 0 < Ngi; < f in
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the Canadian Basin (Fig. 7b). Such frequencies N2, exist below NiTD at 2750 m in the
entire deep Canadian Basin (Section 3.2, Fig. 4). Thus, for both TA and NT, NIWs with
w > fand w > 1.06 f have a turning depth up to 1000 m above the sea floor. Under
NT, NIWs with frequencies w < 1.06 f traveling meridionally can propagate through
arbitrary stratification

4 Discussion

Our results of N2, and oy2 are comparable to previous observations of N? in weakly
stratified waters. For example, using the method of King et al. (2012), squared buoy-

ancy frequencies lower than the diurnal tidal frequency were found in the South China

Sea (Liu et al., 2022) with N2, ~ 5.317 x 107?572, This is comparable to the aver-

age szm below 3000m of ~ 3.1x1079s72+ 2.1x1079s~2. Furthermore, squared buoy-

ancy frequencies of N? ~ 4x10~8s~2 in the deep water of the Canadian Basin (Timmermans
et al., 2003; Timmermans & Garrett, 2006) are similar to our average N2 _ below 2500 m

bin
of ~1.16 x 1078572+ 0.32 x 1078572,

In addition, from the WOCE Database typical values of the experimental standard
deviation for the semi-diurnal tidal frequency of 0.3-0.10,,,, were computed (King et
al., 2012) for the world ocean except for the Arctic Ocean. Along with this, observations
of N in the deep Mediterranean Sea were calculated with a standard deviation of 0.8 f
over 100 dbar bins; this value was reduced to 0.4 f over 600 dbar bins (van Haren & Mil-
lot, 2006). This is similar to the o2 values, we found below the NiTD, of o2 < 0.3 f3
(O’N S 0.54 f¢)

The turning depths are related to the location of the deep staircases, the top of the
homogeneous layer and the N2 peak below it (see Fig. 5). For example, taking the top
of the homogeneous layer as the depth at which temperature and salinity begin to be
constant with depth (e.g. in Fig. 5e—f), Timmermans et al. (2003) reports layer thick-
nesses of ~1000m in the central Canadian Basin when the top of the homogeneous layer
is at ~ 2700 m, which is consistent with our definition of NiTD at 2750 m and also with
the turning depth height.

The homogeneous layer is deeper in the western Canadian Basin with its upper limit
varying meridionally by about 100 m (Timmermans et al., 2007). To the east it is shal-
lower with a thickness of 580m on the slope at 73.5°N, 137°W (Timmermans et al., 2007).
In our estimates, the turning depth is deeper to the west (Fig. 4) and the turning depth
height to the east is between 400-600m (Fig. 6). Our results are consistent with the spa-
tial variability of the homogeneous layer thickness (Timmermans et al., 2003; Timmer-
mans & Garrett, 2006). However, in general, the heights of the turning depths are thin-
ner than the thickness of the homogeneous layer, and the near-inertial turning depths
are deeper than the top of the homogeneous layer.

4.1 Wave-topography interactions and mixing below a turning depth

For ice-covered oceans, surface-generated internal waves are hypothesized to be par-
tially dissipated under sea ice after one round-trip from the surface to the bottom (Pinkel,
2005; Cole et al., 2018). The NiTD will reduce the distance and travel time of NIWs to
reach the surface after reflection, as NIWs cannot propagate through the NiTD. Gen-
erally, mixing is low on the flat bottom and increases towards the slopes and ridges (Rainville
& Winsor, 2008; Lincoln et al., 2016). In the Canadian Basin, the NiTD overlaps deep
slopes and steep topography close to the Alpha Ridge (refer to Fig. 4 and 6), which
might prevent waves from playing a more important role in controlling mixing rates above
the sea floor.

—12—



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

Even though waves cannot freely propagate across turning depths, part of the wave,
known as the evanescent tail, can penetrate. In this process, the wave’s amplitude de-
creases exponentially below the turning depth (Paoletti & Swinney, 2012). In the Cana-
dian Basin, shallow turning depth heights are located above steep and rugged topogra-
phy (Fig. 6). If those layers are not thick, the evanescent tails of the NIWs can inter-
act with the topography (Paoletti et al., 2014), and they might play a non-trivial role
in mixing the Arctic Ocean interior.

From water tank experiments and numerical simulations, Paoletti and Swinney (2012)
deduced that the horizontally-integrated vertical energy flux ® decays exponentially from
a turning depth in the following way ®(z) = @, e*~(*<=2) in which k, is the horizon-
tal wave number at the turning depth z.. From this relation, we can estimate the hor-
izontal wavelength, for which the energy flux ®(z) is reduced by an order of magnitude.
For turning heights above the bottom in the range of 100-1200 m, such a flux reduction
occurs for horizontal wavelengths of 300-3700 m. Therefore, although the energy flux is
reduced by an order of magnitude, NIWs at these wavelengths can still interact with the
bottom.

The magnitude of k. at turning depths is unknown. However, assuming the val-
ues estimated in section 2.3 and ignoring changes in k£ as the wave propagates, the flux
®(z) of a wave with a horizontal wavelength of 10 km reflecting off a 1200 m thick evanes-
cent layer decreases by a factor of about 2. The reduction of ® varies with vertical wave-
length and frequency range. For example, for w = 1.05f, shorter or longer initial ver-
tical wavelengths of 10-100 m result in horizontal wavelengths of ~1.8-18.8km and a re-
duction in wave flux by a factor of ~65-1.5. Similarly, for a fixed vertical wavelength of
50 m, a change in w between 1.01f and 1.1f results in a horizontal wavelength of ~7—
2km and a reduction in wave flux by a factor of ~1.4-3. In particular, significant re-
ductions in wave flux occur only for internal waves with horizontal wavelengths < 5000 m
at turning depths.

Wave-topography interactions below a turning depth have been studied using nu-
merical models and water tank experiments. For example, topography below a turning
depth can generate internal tides under tidal forcing (Paoletti et al., 2014), and evanes-
cent wave perturbations can generate propagating waves after reaching a depth where
w < N?(z) (Lee et al., 2020). Thus, despite the presence of NiTDs, NIWs can still par-
tially account for the deep mixing in the Canadian Basin.

At the top of the homogeneous layer there are thermohaline staircases with a step
size of ~10-50m and a transition layer of ~10-25m throughout the Canadian Basin
(Timmermans et al., 2003, 2010; Zhou & Lu, 2013; Zhou et al., 2014). These density struc-
tures act as a filter for internal waves (Ghaemsaidi et al., 2016; Sutherland, 2016), lead-
ing to wave reflection especially for waves with relatively short length scales. The ver-
tical location of the staircases varies, but assuming that the staircases are between 2500—
2700m (see Fig. 5), then N2, ~ 2-9x1078s72+ 1-2x107%s72. However, between each
step, the stratification is close to zero (N ~ 0), which cannot be accurately represented
by averaging over 100—meter bins. As a result, the binned szm fails to reproduce the
step-wise stratification with IV ~ 0 between steps.

We expected that surface-generated near-inertial waves interact with the staircases
before reaching the NiTD, modifying their propagation depending on the time and length
scales of the wave (Ghaemsaidi et al., 2016). For typical values of mid-water stair-cases
and internal waves in the Arctic Ocean, NIWs with wavelength of approximately 50 km
transmit across the staircases with little reflection (Sutherland, 2016). These NIWs can
continue to propagate downwards, but for the staircases in the deep abyss, the internal
waves immediately encounter the homogeneous bottom layer and the bottom itself. For
this case, let us assume a stratification that allows internal waves to propagate across
the deep staircases. We can then calculate the lower wavelength limit of the transmit-
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ting waves Ay =~ 0.57D (0.1 (w? — f2)/ N?)~1/2 (Sutherland, 2016), where D is the
total length of the staircase. For w = 1.05f, D = 150m and f = 0.5N (Np;, between
2500-2700 m), the lower bound for internal waves transmitting with little reflection is
Ar; ~4.6 km. Therefore, we would expect NIWs with longer wavelengths to be able to
propagate. However, we cannot rule out other processes, in which NIWs attenuate or
promote mixing, such as the onset of instability within the staircase.

4.2 Unstable layers and convective instability

If the main impact of the NiTD in the deep Canadian Basin is to isolate the bot-
tom from surface-generated wind-driven waves, NIWs will not play a substantial role in
driving the bottom layer dynamics, and other processes, for example, convective insta-
bility, govern bottom mixing.

Geothermal heat flux estimates in the Canadian Basin are Fr ~ 40—60 mW m~2
(Langseth et al., 1990). A considerable fraction of this heat remains in the homogeneous
bottom layer. Approximately Fyr ~ 0.1 — 45 mW m~2 escape through density stair-
cases above the bottom layer (Carmack et al., 2012; Zhou & Lu, 2013; Zhou et al., 2014;
Timmermans et al., 2003).

There are two main hypotheses for driving this heat flux transport. The heat is trans-
ported either horizontally and escapes near the slope where mixing is strong (Timmermans
et al., 2003), or it is driven vertically by thermobaric convection (Carmack et al., 2012).
There is evidence that convective instability controls the bottom layer (Zhou et al., 2014)
supporting the direct vertical flux of heat. Between 3300-3900 m, we identified consec-
utive locally unstable layers, which also supports the convective instability hypothesis.

The geothermal flux heats the layer from below, which increases the temperature
of the adjacent water parcels. This layer gains buoyancy and destabilizes the upper lay-
ers, which may be reflected in the alternating positive and negative N7, values. We ex-
pect that the homogeneous layer is close to neutral buoyancy N ~ 0, but finding ex-
act values of N = 0 is unrealistic. The locally unstable values of N7, might be related
to fluctuations around szm = 0, so that the layer does have neutral buoyancy but is
unstable, suggesting periods of convective mixing. In addition, the homogeneous layer
may have a theoretical thickness of 1051 m (Zhou et al., 2014) based on a comparison
of the deep Canadian homogeneous layer thickness to experiments conducted with salt-
stratified fluids heated from below. If we consider only the unstable layers (Figs. 3 and 4),
the thickness of the homogeneous layer is ~ 600 —700 m. However, assuming that the
top of the homogeneous layer is at ~3000 m, just above the peak in Nme (Fig. 3), the
thickness increases up to 1000 m, which is consistent with Zhou et al. (2014) and there-

fore with the convective instability hypothesis.

In the ocean, NIW-driven near-bottom dissipation is still largely unknown (Thomas
& Zhai, 2022). We cannot directly compare the results obtained by experiments and sim-
ulations described in this section to the actual ocean. However, our results show that
in the Arctic Ocean, near-inertial turning depths exist and may play a bigger role in the
propagation and reflection of NIWs than elsewhere. Further study is needed to under-
stand the wave dynamics in the changing Arctic Ocean. Finally, a homogeneous bottom
layer is also present in the Eurasian Basin, and the analysis of some profiles shows turn-
ing depths for NIWs (not shown). Hence some of the impacts and effects discussed in
this section might also apply to the Eurasian Basin.

5 Summary & Conclusion

Our analyses of buoyancy frequency N? in the deep Canadian Basin and interpre-
tations of near-inertial turning depths are summarized as follows:
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a65 1. From the analysis of N2, derived from temperature and salinity profiles of the

466 UDASH dataset from 2005 to 2014 and a statistical method of King et al. (2012),

a67 near-inertial turning depths are found in the deep Canadian Basin at ~2750 m depth
468 and between 100 m and 1200 m above the sea floor.

469 2. For the traditional and the non-traditional approximation, NIWs have turning depths
470 for frequencies w > fy and w > 1.06f4, respectively. Furthermore, under the

an non-traditional approximation, NIWs with frequencies w < 1.06 f, traveling merid-

a2 ionally can propagate through arbitrary stratification.

a73 3. There are layers below 3300 m that are locally slightly unstable, Nme < 0. These

a7 values are consistent with a homogeneous layer that is quasi-neutral with N ~

ats 0, and with the hypothesis that geothermal flux heats the homogeneous bottom

476 layer from below, destabilizing the overlying layers.

ar7 4. After reflection at the NiTD the evanescent wave tails may interact with bathymetry,
a78 mainly over slopes where the turning-depth heights above topography are small.

479 The evidence presented in this study cannot prove with certainty that NIWs re-

480 flect at turning depths in the deep Canadian Basin. However, we provided different sce-

481 narios involving near-inertial wave reflection from turning depths. Further measurements,
482 numerical simulations, and theory are necessary to understand the interaction of near-

283 inertial waves upon reflection from turning depths and to link surface-generated waves

a8 to mixing rates in the interior and above slopes in the Canadian Basin. This understand-
485 ing may become very important for correctly representing the changing Arctic Ocean and
286 its future state in climate projections.
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