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The importance of internal waves in the Western Arctic Ocean is assessed using a combina-
tion of observations from Ice-Tethered Profilers drifting in the Canada Basin between Fall
2005 and Fall 2014 and numerical simulations of internal wave propagation and stability in
measured stratifications typical of the Western Arctic.

The Ice-Tethered Profiler dataset provides the first decade-long record, with broad spatial
coverage, for the near-inertial internal wave field in the Arctic Ocean. Since the Ice-Tethered
Profiler sampling pattern only marginally resolves the near-inertial frequency, complex de-
modulation is used to estimate wave amplitudes from vertical isopycnal displacements.

Using this technique, a seasonal cycle in average near-inertial wave vertical displacement
amplitude is identified for the upper ocean. Waves are largest during summer when sea-ice
extent and speed are at a minimum, with a second peak in early winter associated with
strong storms. Seasonal variations in wave amplitude are connected to changes in sea-ice
properties that affect how readily the ice responds to wind forcing.

In addition to seasonal variability, near-inertial wave amplitude has a slight increasing
trend paralleling the decline in sea-ice extent over the last decade. Variance in the distribu-
tion of wave amplitudes doubled between 2005-2007 and 2012-2014, with larger-than-average

waves generated more frequently in both summer and winter.



Numerical solutions for the vertical structure of internal waves propagating through ob-
served stratification profiles from the Canada Basin indicate that the double-diffusive stair-
case within the Atlantic Water layer significantly modifies the internal wave field, causing
reflection for discrete vertical wavenumber bands and amplifying wave energy at depths
where constructive interference occurs.

Near-inertial internal waves of average amplitude are predicted to be stable within the
Atlantic Water layer, but the fraction of larger-than-average waves that are potentially shear
unstable has more than doubled over the last decade. An increase in episodic internal wave
mixing events is predicted in the Canada Basin. The internal wave field in the Western Arctic
Ocean will likely continue to evolve as sea-ice extent and thickness decline, and multiyear

ice is replaced by first-year ice.
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Chapter 1
INTRODUCTION

The overall goal of my PhD research is to assess the importance of internal waves in
the Western Arctic Ocean; to determine how the internal wave field varies spatially and
temporally and where the energy transported by surface generated internal waves ultimately

ends up.
1.1 Internal wave basics

Internal waves are oscillatory disturbances in stably stratified fluid, in which the density
of the fluid varies with depth due to changes in salinity or temperature. Internal waves
propagate both horizontally and vertically, transporting energy through the fluid, which is
deposited at the location of wave breaking or dissipation. Internal waves are restricted to
frequencies in a range between the Brunt-Vaisala or buoyancy frequency N - the natural
frequency of oscillation of the stratified fluid - and the Coriolis or inertial frequency f - the
resonant planetary frequency. An internal wave with a frequency w &~ NN causes oscillations
within the fluid at a slight angle to the vertical, as fluid is displaced due to a combination
of buoyancy and gravity forces.

Internal waves near the inertial frequency, w ~ f, known as near-inertial waves, are
additionally affected by the Earth’s rotation. Purely inertial motion is horizontal rotation
in circles caused by the Coriolis force. Near-inertial internal wave motion occurs in tilted
ellipses at a slight angle to the horizontal, with slow vertical propagation through the fluid.
Near-inertial waves are primarily wind generated, and these surface-generated waves rotate

clockwise in the Northern Hemisphere. The near-inertial frequency band, f < w < 1.1f, has



been shown to contain most of the variance in the wind-generated internal wave spectrum
(Garrett and Munk, 1972; Garrett, 2001), making near-inertial waves particularly important
to oceanic energy transport.

The local inertial frequency increases with latitude, with the inertial period approaching
12 hours in the Arctic. Since internal waves cannot propagate freely if their frequency
falls below the local inertial frequency (provided N > f), near-inertial waves are generally
restricted from propagating poleward. In the Arctic Ocean, near-inertial internal waves have
horizontal wavelengths on the order of 10-100km, vertical wavelengths on the order of 10-
100m, and horizontal velocities of a few centimeters per second (Pinkel, 2005, 2008; Cole

et al., 2014).
1.2 Global relevance of internal waves

Ocean internal waves are important globally due to their role in transporting energy from
the winds and tides - both vertically into the ocean interior and horizontally across ocean
basins. When these internal waves dissipate or cause mixing as they overturn and break,
their energy is transferred to smaller scales.

The large-scale ocean circulation requires small-scale mixing to vertically transport heat
to the cold, dense water in the abyssal ocean, allowing upwelling towards the surface, in order
to balance the sinking of dense near-surface water at high latitudes (Wunsch and Ferrari,
2004). The total estimated energy required is roughly 2TW (Munk, 1966; Munk and Wunsch,
1998), with about 1TW each from the tides and the wind.

The diffusivity associated with the required energy transport is about 107* m?/s (Munk
and Wunsch, 1998). Observed diffusivities due to internal wave breaking are typically in the
range 107° m?/s to 107 m?/s (Gregg, 1989; Waterhouse et al., 2014), with higher values
found at ‘hot spots’ such as regions of rough topography where tidal flow generates energetic
internal waves (e.g.: Garrett and Kunze (2007)).

In the majority of the world’s oceans, wind generated near-inertial waves carry signifi-

cant energy from wind forcing, particularly winter storms, (D’Asaro et al., 1995) vertically



downward into the ocean interior. Wind generation of near-inertial waves occurs when wind
stress resonantly forces the air-water (or air-ice) interface at or near the inertial frequency,
which is the frequency most efficient at transferring energy. In the Northern Hemisphere, the
Coriolis force acts to displace fluid to the right, therefore anti-cyclonic or clockwise inertial
oscillations are set up in the mixed layer. These purely horizontal inertial oscillations create
disturbances at the base of the mixed layer, generating a freely propagating near-inertial
wave in the stratified water column below (D’Asaro, 1985).

Globally, wind driven near-inertial currents in the mixed layer are estimated to contain
0.3-1.4TW of energy available to generate downward propagating internal waves (Alford
et al., 2012), suggesting that near-inertial waves may be an important consideration in the
global energy budget. The mixing caused when these waves break is episodic and spatially

variable (Alford, 2003), vertically transporting heat, salt, and nutrients.
1.3 Arctic internal wave history

The earliest investigation of Arctic internal waves was likely by Ekman (1905), who hypoth-
esized that the ‘dead water’ encountered by Nansen’s Arctic expedition in 1883 on the Fram
was a result of internal waves generated by the ship’s passage, carrying energy away and lim-
iting the ship’s forward motion. Observations of Arctic internal waves from ice camps during
the 1980s and 1990s found a quiescent Arctic Ocean with limited vertical mixing (e.g.: the
Arctic Internal Waves Experiment, AIWEX Spring 1985 - Levine et al. (1987); D’Asaro and
Morehead (1991); Merrifield and Pinkel (1996), and the Surface Heat Budget of the Arctic
experiment, SHEBA 1997-1998 - Pinkel (2005)). The energy level of the observed internal
wave field is an order of magnitude or more below that at lower latitudes (Levine et al.,
1985, 1987), with diffusivities closer to 107% m?/s (Rainville and Winsor, 2008; Fer, 2009),
consistent with the diffusivity necessary to produce the observed Arctic Ocean stratification
(Steele et al., 2001; Zhang and Steele, 2007).

Within the main Arctic basins, internal wave energy levels are lower in part due to weak

tidal forcing and the lack of a freely propagating internal tide. Tidally forced internal waves



are generated when the barotropic tide sloshes back and forth over topographic features,
launching upward propagating internal wave beams at the tidal frequency. The M2 and S2
semi-diurnal tidal frequencies in the Arctic fall within the near-inertial band, making internal
tides difficult to distinguish from wind-generated near-inertial waves. However, the majority
of the Arctic Ocean lies north of the critical latitude for the dominant semi-diurnal lunar M2
tide (74.5°N), so that internal tides cannot propagate freely, and dissipate locally (Simmons
et al., 2004). Localized topographic mixing associated with internal tides may be important
(D’Asaro and Morison, 1992; Fer et al., 2010; Lenn et al., 2011), but likely occurs primarily
at isolated topographic ‘hot spots’ far from the interior of the main Arctic basins.

Low internal wave energy levels in the Arctic are also attributed to the influence of sea-
ice cover. Sea ice acts as a barrier between the wind the and ocean surface, requiring wind
forcing to accelerate the ice in order to generate inertial currents in the mixed layer and
near-inertial waves in the stratified water column below. Sea ice may also limit momentum
transfer from wind forcing to the internal wave field by acting as a rigid lid on the water
column below and thus reducing vertical oscillations (Plueddemann et al., 1998), although
this assumes a rigid, nearly immobile ice pack. Dissipation of internal waves in the turbulent
boundary layer under the sea ice may limit internal wave propagation across the Arctic by
preventing internal wave reflection from the sea ice, and reducing energy transfer into the

ocean interior (Morison et al., 1985; Pinkel, 2005).
1.4 Arctic internal wave generation

Near-inertial waves in the Arctic are generated by wind forcing on open water or on sea ice,
with the resulting motion leading to inertial currents in the mixed layer. Horizontal variations
in velocity cause convergence and divergence within the mixed layer at the inertial frequency,
which drives vertical ‘inertial pumping’ at the base of the mixed layer and excites internal
waves in the stratified water column below.

Wind forcing drives clockwise inertial rotation of sea-ice floes and spatially inhomoge-

neous sub-inertial ice drift. The rough bottom of the ice can impulsively force the water



column, with horizontal variations in bottom roughness that result in a pattern of forcing
moving at the ice velocity (D’Asaro and Morehead, 1991; McPhee and Kantha, 1989). Ice
motion generates inertial currents in the mixed layer, with impulse or sub-inertial forcing
also generating motion at frequencies in the inertial range, but less efficiently than continual
forcing of the mixed layer by wind or ice motion at the inertial frequency.

Momentum transfer between the wind and sea ice, and between the ice and ocean, de-
pends critically on the properties of the sea ice, which may include its extent, thickness,
age, roughness, and ability to deform. Thin, patchy first-year ice, with large melt ponds and
areas of open water, will move very differently in response to wind forcing than will thick,

rigid multiyear ice, rafted into large ridges, with high internal ice stress.
1.5 Changing Arctic conditions

During the last decades, conditions in the Arctic Ocean have changed dramatically, with
significant reductions in sea-ice area and volume. The decline in sea ice has accelerated
during the last decade in particular, with sharp decreases in summer extent (Serreze et al.,
2007; Stroeve et al., 2012), overall ice thickness (Rothrock et al., 2008; Lindsay and Schweiger,
2015), and ice age, as multiyear ice has melted out (Comiso, 2002). In the Western Arctic,
the ice pack has evolved from perennially ice-covered with predominantly thick, multiyear
ice to seasonally ice free with extensive regions of thin, weak, first-year ice.

Ice motion is influenced by internal ice stress, and air-ice and ice-ocean drag, which are
themselves affected by ice extent, thickness, and deformation (Hakkinen et al., 2008). As the
characteristics of the sea ice have evolved during the last 30 years, the magnitude of inertial
oscillations in the sea ice has increased (Gimbert et al., 2012a,b). Spreen et al. (2011) and
Rampal et al. (2009) both observed increased sea-ice drift speeds in recent decades, and
a sharp increase in ice deformation. Winter storms in the Arctic may also be increasing
in frequency and intensity (Serreze et al., 1997; McCabe et al., 2001; Zhang et al., 2004),
increasing the strength of the wind forcing on the sea ice, and potentially causing an increase

in sea-ice drift speeds (Hakkinen et al., 2008). It has been suggested that these changes in
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Figure 1.1: Bathymetric map of the Arctic Ocean (Jakobson and et al., 2012), with inflow
of Pacific and Atlantic waters indicated. General location of the study region in the Canada
Basin is circled in red.

sea-ice extent and ice motion could be causing an increase in the energy of the Arctic internal
wave field, particularly during the increasingly ice-free summer months, but this has not been

well quantified (Gimbert et al., 2012a; Rainville et al., 2011).

1.6 Study region

This research seeks to address, in part, how changes in Arctic conditions over the last decade
have affected the near-inertial internal wave field in the Western Arctic. In particular, the
study area is the Beaufort Gyre region in the Canada Basin, from roughly 72°N to 82°N and
roughly 130°W to 160°W. This Basin is a smooth abyssal plain, averaging roughly 3500m
deep, with the continental slope of Canada and Alaska to the south, the Canadian Arctic
Archipelago to the east, and the Northwind Ridge separating it from the Chukchi to the
west. The Beaufort Gyre is the main circulation feature, with large-scale atmospheric and

oceanic circulation typically in the anti-cyclonic direction during the last decade.



The density stratification in the central Canada Basin is set primarily by salinity. A
shallow near-surface mixed layer extends to between ~10 m and ~50 m depth (Toole et al.,
2010), above a sharp halocline. The seasonal Near-Surface Temperature Maximum (NSTM)
(Jackson et al., 2010; Steele et al., 2011) lies between the mixed layer and the local tem-
perature maximum associated with Pacific Summer Water. At a depth of roughly 200m,
the Atlantic Water layer begins, characterized by a strongly stratified halocline within which
temperature and salinity increase monotonically with depth. In the Beaufort Gyre, the
temperature maximum is found near 400m depth. Above the Atlantic Water temperature
maximum, double-diffusive processes create a staircase-like stratification feature (Padman
and Dillon, 1987, 1988, 1989) composed of multiple mixed layers, separated by thin strat-
ified interfaces. Below this double-diffusive staircase, interleaving Atlantic water layers are

created by thermohaline intrusions (Walsh and Carmack, 2003; McLaughlin et al., 2009).
1.7 Recent Arctic internal wave observations

Recent measurements of the internal wave field in the Western Arctic Ocean display seasonal
variations, with more energetic waves associated with reduced sea ice. Using a mooring array
on the Beaufort Continental Slope, Martini et al. (2014) observed enhanced near-inertial
wave energy during ice-free and ice-forming periods, with a peak in internal wave energy
during ice formation in the fall, corresponding to <90% ice concentration. Rainville and
Woodgate (2009) found enhanced inertial velocity and shear during ice-free periods in the
shallow Chukchi Sea. In the fall and early winter of 2009 in the Canada Basin, Cole et al.
(2014) measured elevated near-inertial wave energy relative to that in late winter. However,
Guthrie et al. (2013) compared historic data records with recent CTD measurements in the
Beaufort Sea, and found no trend in internal wave energy over the last 30 years. Many
observations in the Arctic are limited temporally (e.g. summer research cruises and short
term drifting ice camps), or spatially (e.g. moorings), and rarely have the high temporal
resolution and long duration required to quantify the seasonal or interannual evolution of

the internal wave field.



1.8 Impacts of Arctic internal waves

1.8.1 Heat flux

Increases in internal wave energy could potentially increase mixing and dissipation rates,
with implications for the vertical transport of heat and nutrients. Within the Canada Basin,
the presence of a strongly stratified halocline limits vertical heat flux from the Pacific and
Atlantic water layers to the mixed layer and thus the sea ice (Toole et al., 2010). The
overall heat content within the Atlantic Water layer in the central Canada Basin is sufficient
to completely melt the sea ice, however the presence of a double-diffusive staircase that is
laterally coherent over more than 800km (Timmermans et al., 2008a) indicates extremely
limited vertical mixing at those depths. In fact, the estimated vertical heat flux from the
top of the Atlantic Water layer is only one tenth that from the mixed layer to the sea ice in
the central Canada Basin (Timmermans et al., 2008a).

Heat flux from the Pacific Water most likely does contribute to sea-ice melt. Shimada
et al. (2006) hypothesized that increased momentum transfer from wind forcing to the upper
ocean in the presence of reduced or weakened sea-ice cover on the Beaufort Slope affects the
large-scale circulation of Pacific Summer Water in recent years and locally increases sea-ice
melt. Yang et al. (2004) found that storm-driven mixing events in the Beaufort Sea penetrate
into the halocline, particularly in winter and spring when the stratification is weak, driving
episodic fluxes of warm water from the thermocline to the surface. However, Peralta-Ferriz
and Woodgate (2015) found correlations between wind forcing and mixed layer deepening
explained only 1-20% of the variance in mixed layer depth, particularly in the Western Arctic

when the near-surface is strongly stratified.

1.8.2  Nutrient transport

Biological productivity of phytoplankton and ice algae in the Western Arctic Ocean is con-
trolled by the depth of the euphotic zone relative to the depth of the nutricline (Palmer et al.,
2013). In the Canada Basin, the euphotic zone is typically 50-60m deep during summer, and



the nutricline is typically 60m deep or more. The depth of the nutricline may be increasing
in the central Canada Basin, as nutrient utilization on the shelves increases and the Beau-
fort Gyre strengthens (McLaughlin and Carmack, 2010). The limiting nutrient in the Arctic
is typically nitrogen (Tremblay and Gagnon, 2009), which is supplied by a combination of
buoyancy driven winter mixing and the inflow of Pacific and Atlantic waters. Currently, the
nutrient rich Pacific Water (Walsh and et al., 1989) is not experiencing persistent vertical
mixing within the central Canada Basin (Woodgate et al., 2010), although it is hypothe-
sized that intermittent mixing due to severe storms and internal waves may be important
(Tremblay and Gagnon, 2009).

In Fall of 2013, in the shallow Chukchi Sea, Nishino et al. (2015) observed an increase
in vertical nutrient fluxes and primary productivity during three storm events, which they
attribute to a vertically displaced halocline combined with wind driven near-inertial waves
causing turbulent mixing. However, in the southeast Beaufort Sea in the fall and winter of
2004, Tremblay et al. (2008) found that storm-driven mixing did not significantly increase
nutrient flux to the surface, due to the strength of the halocline in that region. Ardyna et al.
(2014), by contrast, found an increase in fall phytoplankton blooms in the Arctic Ocean over
the last 15 years, which they link to a combination of increased open water in September
and October and increased frequency and intensity of fall storms, suggesting an increase in
wind-driven vertical mixing causing nutrient transport.

Any increase in mixing due to an increase in internal wave energy in the Canada Basin
could affect the vertical flux of heat or nutrients, either directly or by weakening the strati-
fication enough to permit increased storm-driven mixing. Mixing due to internal waves also
has the potential to draw heat downward from the surface ocean. The implications for sea-ice
melt and biological primary productivity are uncertain, but potentially significant.

This thesis investigates the changing internal wave field in the Western Arctic Ocean.
This is accomplished by, first, quantifying variations in the near-inertial internal wave field
spatially, seasonally, and interannually using the Ice-Tethered Profiler dataset, and connect-

ing observed variations in wave energy to changing sea-ice conditions. The ultimate fate
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of the energy transported by the internal waves is then investigated using a 1-D numerical
model to assess the evolution of the waves as they propagate through the unusual stratifica-
tion in the Western Arctic Ocean. This approach also allows for an assessment of internal

wave stability and thus the potential for mixing at different depths.
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Chapter 2

NEAR-INERTIAL INTERNAL WAVE FIELD IN THE
CANADA BASIN FROM ICE-TETHERED PROFILERS

Published citation: Hayley V. Dosser, Luc Rainville, and John M. Toole, 2014: Near-
Inertial Internal Wave Field in the Canada Basin from Ice-Tethered Profilers. J. Phys.
Oceanogr., 44, 413426. doi: http://dx.doi.org/10.1175/JPO-D-13-0117.1
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revised by P.L. 94-553) does not require the AMSs permission. Republication, systematic
reproduction, posting in electronic form, such as on a web site or in a searchable database,
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permission or a license from the AMS. Additional details are provided in the AMS Copyright
Policy, available on the AMS Web site located at (http://www.ametsoc.org/) or from the
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2.1 Abstract

Salinity and temperature profiles from drifting Ice-Tethered Profilers in the Beaufort Gyre
region of the Canada Basin are used to characterize and quantify the regional near-inertial

internal wave field over one year. Vertical displacements of potential density surfaces from
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the surface to 750 m depth are tracked from Fall 2006 to Fall 2007. Due to the time
resolution and irregular sampling of the Ice-Tethered Profilers, near-inertial frequency signals
are marginally resolved. Complex demodulation is used to determine variations with a
timescale of several days in the amplitude and phase of waves at a specified near-inertial
frequency. Characteristics and variability of the wave field over the course of the year are

investigated quantitatively and related to changes in surface wind forcing and sea-ice cover.
2.2 Introduction

The Arctic Ocean is undergoing rapid changes. The reduction in summer sea-ice cover in
recent years (Serreze et al., 2007), coupled with an increase in ocean surface forcing by storms
(Hakkinen et al., 2008), may be driving an increase in seasonal internal wave generation
(Rainville et al., 2011), though this correlation has not been well quantified. As the Arctic
Ocean continues to respond to a changing climate, there is an expectation of increased mixing
associated with internal waves over both the shelves and in the deep basins, particularly for
wind-generated motions whose frequency is close to the local inertial frequency. As such, the
need for multi-year time series of internal wave activity in the Arctic is increasing.

Surface generation of internal waves in the Arctic is primarily a result of surface forcing
by wind and the motion of sea ice (D’Asaro, 1985), both of which transfer momentum to
the ocean surface mixed layer. This forcing results in perturbations at the base of the mixed
layer and in the halocline. These density perturbations define an internal wave propagating
in both the vertical and horizontal directions. Free internal waves in a resting ocean have
frequencies that fall between the local inertial frequency f and the background buoyancy
frequency N. Typically, there is a peak in wave energy and shear associated with near-
inertial waves at the low frequency end of the spectrum: frequencies between f and roughly
1.1f (Garrett, 2001). These near-inertial waves have horizontal wavelengths on the order
of kilometers, vertical wavelengths on the order of 10-100 m, and have been observed to
dominate the internal wave field in the Arctic (Pinkel, 2005).

Previous observations of internal waves in the Arctic have been temporally as well as
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Figure 2.1: (a) Trajectories of ITP 4 (green), ITP 5 (blue), and ITP 6 (pink) in the Beaufort
Gyre region (inset) of the Canada Basin from early September, 2006 to early September,
2007. White squares mark the end of each record. Colours show bathymetry. (b) Typical
ITP potential temperature and salinity profiles for the Canada Basin from September 6",
2006. The double-diffusive staircase stratification extends from the top of the Atlantic layer
to the Atlantic Water temperature maximum.
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spatially limited, lacking year-round or multi-year time series. Observations from ice camps,
such as the Arctic Internal Waves Experiment (AIWEX Spring 1985) (Levine et al., 1987,
D’Asaro and Morehead, 1991; Merrifield and Pinkel, 1996) and the Surface Heat Budget of
the Arctic (SHEBA 1997-1998) experiment (Pinkel, 2005) have provided information on the

propagation characteristics and spectral distribution of Arctic internal waves.

Under ice cover, Arctic internal waves typically have an energy level one to two orders of
magnitude lower than that seen in other oceans (Levine et al., 1985, 1987). The importance
of localized topographic mixing and increased heat flux associated with the internal wave
field has been highlighted by measurements from research vessels during summer cruises,
such as those of D’Asaro and Morison (1992), and more recently Rainville and Winsor
(2008), Fer et al. (2010), and Lenn et al. (2011). There is also the potential for mixing
due to internal waves to modify the unique stratification features found in the Beaufort
Gyre region, which are described in detail in Section 2.3. Current observational efforts, for
example the ICORTAS moorings on the Beaufort Shelf [Personal communication; Harper
Simmons and Kim Martini] and the expendable current profilers deployed near the North
Pole (Guthrie et al., 2013), aim to provide temporal information about the wave field and
its forcing.

The focus of the present work is the quantification of near-inertial internal wave am-
plitudes from Ice-Tethered Profiler (ITP) observations (Krishfield et al., 2008; Toole et al.,
2011) collected in the Canada Basin region of the Arctic Ocean. The ITP instruments are
moored in large ice floes, and drift with the ice throughout the year. They record vertical
CTD profiles with high vertical resolution from near the ice-ocean interface to the base of
the Atlantic Water layer. ITPs have collected year-round continuous time series since 2004,
with data from over 60 instruments publicly available, and new instruments deployed each
year (http://www.whoi.edu/itp). A significant number of these ITPs collected data in the
Beaufort Gyre region of the Canada Basin, many as part of the Beaufort Gyre Exploration
Project (http://www.whoi.edu/beaufortgyre). Year-round and multi-year I'TP measurements

with wide spatial coverage can provide a quantitative picture of the seasonality and longterm
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time evolution of the internal wave field in the Arctic Ocean.

ITPs have been used to study large-scale and mesoscale properties of the Beaufort Gyre
under sea-ice cover, including fresh water content and stratification changes over the past
decade (Proshutinsky et al., 2009), seasonal mixed layer evolution (Toole et al., 2010), and the
eddy field of the Canada Basin (Timmermans et al., 2008b). An ITP equipped with a velocity
sensor has recently been deployed in the Arctic and used to estimate high frequency motions
associated with internal waves (Cole et al., 2014). Most ITPs, however, only measure scalar
fields and extracting the near-inertial internal wave field from a typical ITP dataset is non-
trivial. The sampling schedule of the I'TPs is generally not designed to capture internal waves,
but rather to mostly eliminate aliasing due to motions at the semi-diurnal tidal frequency
and near the inertial (or Coriolis) frequency, f, while still sampling infrequently enough to
provide measurements over a year or more. The goal of this study is to demonstrate that,
despite these limitations, it is possible to accurately quantify near-inertial wave properties
using the existing I'TP dataset. The instrument and dataset are discussed in Section 2.3,
while the technique used to determine vertical displacement amplitudes associated with the
near-inertial waves is described in Section 2.4. Uncertainty in the wave amplitude estimates
is quantified in Section 2.5, while the resulting near-inertial wave field and connections to

atmospheric forcing and sea-ice cover are presented in Section 2.6.
2.3 Data

The ITP data used herein were collected by 3 instruments, (ITP 4, ITP 5, and ITP 6), that
drifted in the Beaufort Gyre region of the Canada Basin between early September 2006 and
early September 2007. The region traversed by these three instruments has relatively simple
bathymetry (Fig. 2.1a). I'TPs are anchored in the sea ice by a surface buoy, and sample the
water column from ~7 m below the surface to 750 m depth. Temperature and conductivity
are measured at 1 Hz by a Sea-Bird CTD, and these data are transmitted by an inductive link
to a surface unit, where they are relayed to shore by the Iridium satellite system (Krishfield

et al., 2008). The ITP data are mapped to a pressure grid using 1-dbar bin-averaging. While
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the instrument itself remains moored in a perennial ice floe, the surrounding sea-ice cover
changes seasonally, with thinner, patchier ice in the summer.

Stratification in the central Beaufort Gyre is determined primarily by salinity, with several
distinct water masses (Fig. 2.1b). The near-surface mixed-layer extends from the surface to
between ~10 m and ~50 m depth, frequently terminating in a sharp halocline, as discussed
by Toole et al. (2010). Below this is the seasonal Near-Surface Temperature Maximum
(NSTM) (Jackson et al., 2010; Steele et al., 2011), observed above the local temperature
maximum caused by the intrusion of Pacific Summer Water (PSW). A strongly stratified
halocline associated with the Atlantic Water layer begins at a depth of about 200 m, within
which temperature and salinity increase monotonically with depth. In the Beaufort Gyre,
the Atlantic Water temperature maximum is found near 400 m depth.

Above the Atlantic Water temperature maximum, double-diffusive processes create a
staircase-like stratification profile (Timmermans et al., 2008a). The staircase is composed
of multiple density layers in which both temperature and salinity are constant, separated
by thin interfaces in which both temperature and salinity increase with depth. Layers can
range in thickness from one meter to tens of meters. Below the double-diffusive staircase
are interleaving Atlantic water layers characterized by thermohaline intrusions (Walsh and
Carmack, 2003; McLaughlin et al., 2009).

The typical sampling schedule for the I'TP instruments is two one-way vertical profiles
per day beginning at 00:00 and at 06:00 UTC. The instrument moves vertically along the
wire at approximately ~0.25 m/s; profiles to 750 m typically take less than 1 hour. The
time separation at a given depth between pairs of profiles is thus depth dependent, with
samples near the surface separated by less than 6 hours, and samples at depth by more
than 6 hours. This uneven sampling schedule was designed so that each pair of profiles is
separated by roughly half a semi-diurnal tidal/inertial period (which are within 2% of each
other in the central Arctic): a near-inertial wave crest measured at 00:00 would be followed
by a wave trough at around 06:00. Within the Canada Basin, the inertial period varies
between Ty = 12.15 hours at 80°/N to Ty = 12.45 hours at 74°N. The time-resolution from
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the ITP is not sufficient to determine daily variations in the near-inertial wave field, nor to
perform an accurate frequency decomposition. This paper demonstrates that it is possible,
however, to use ITP data to quantify variations in the amplitude of near-inertial waves over

a timescale of a few days.

2.4 DMethod

A linear near-inertial wave is associated with a sinusoidal vertical displacement n;(t) =
A, cos (—wt + ¢), where w is wave frequency and ¢ is phase. This signal is captured, although
poorly, by most I'TPs deployed to date. To obtain an estimate of the near-inertial wave
amplitude A,(z,t), equivalent to half the maximum peak-to-trough vertical displacement,
vertical displacements of isopycnals are tracked through time and a complex demodulation
is performed on the sub-daily displacements. Simply taking the difference between pairs
of profiles separated by ~ 6 hours would result in a systematic underestimation of wave
amplitudes (by 36% on average).

The total vertical displacements of the isopycnals,

77(27 t)tot = Niow + nr + Niws + €, (21)

are a combination of low frequency (sub-inertial) vertical heaving, 7, random noise in
the data (uncertainty in isopycnal depth), €, and high frequency oscillations, which can be
expressed as a superposition of near-inertial internal waves, n;, and (super-inertial) motions
associated with the continuum internal wave spectrum, nyyg. Plueddemann et al. (1998)
noted that near-inertial oscillations dominate on timescales of less than a day. The impact
of nyws and e on the accuracy of the near-inertial displacement estimates is discussed in
Section 2.5.

In the Canada Basin, the My and S; tidal frequencies fall within the near-inertial band.
Barotropic tides in the Beaufort Gyre are generally weak (Kowalik and Proshutinsky, 1994;

Padman and Erofeeva, 2004), and are not expected to generated large internal tides, par-
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Figure 2.2: (a) Left panel: Potential temperature (red) and salinity (blue) profiles as in Fig.

2.1b. Right panel: Depths for a subset of isopycnals (black lines - plotted roughly every
15m) for ITP 6. The colours indicate potential temperature. (b) Left panel: Three sample
isopycnals over a 7 day period. The coloured vertical lines are potential density values, the

dashed black lines show the depths of the isopycnals, and the thick grey line shows the mean
vertical displacement calculated as a ‘daily average’. Right panel: The same three isopycnals
with the mean removed, leaving only displacements near the inertial frequency.
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ticularly considering the smooth bathymetry of the central Canada Basin. Furthermore,
because most of the Canada Basin lies above the critical latitudes for the semidiurnal and
diurnal tides, remotely generated internal tides cannot propagate across the basin and do
not contribute to the observed isopycnal displacements for the three I'TPs discussed here.
Topographically trapped internal tides (e.g., Fer et al., 2010) will not be present away from
rough topography. Vertical isopycnal displacements are therefore assumed to be primarily

associated with wind-driven inertial motions.

2.4.1 Isopycnal displacements

Vertical displacements of isopycnals throughout the sampled water column (Fig. 2.2a) are
estimated by tracking potential density (henceforth referred to as ‘density’) surfaces corre-
sponding to the initial profile for each I'TP, from early September, 2006. Potential density is
calculated relative to the surface from the base of the mixed layer to the base of the double-
diffusive staircase at 400 m, and calculated relative to 400 m for the remainder to the water
column. This deeper reference level ensures that the derived potential density profile for
lateral density intrusions below the Atlantic Water temperature maximum increases mono-
tonically with depth. The choice of 400 m does not impact the resulting vertical displacement
estimates.

Tracked isopycnals were initially separated by 1 m in the vertical, with the exception
of the double-diffusive staircase in which individual density steps were tracked instead. No
value is recorded if an isopycnal is statically unstable at a given time. Isopycnal depths can
be determined for over 90% of all data points over the course of the year.

Within the double-diffusive staircase, vertical displacements are estimated by tracking the
depth of the top and bottom of each constant density step, for which the second derivative
of potential temperature with depth is at a minimum or a maximum respectively. This
secondary condition on potential temperature is used in addition to density to avoid issues
with conductivity sensor lag at sharp density interfaces (Johnson et al., 2007). This procedure

is also used for the interleaving Atlantic Water layers immediately below the staircase.
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Following the idea that the average of two profiles taken exactly half an inertial period
apart would exclude the inertial signal, low frequency heaving with periods of a day and

more is removed (Fig. 2.2b) by subtracting the average of each pair of profiles,

1

N = Ntot — Mow = Mtot — 5(770:00 + 76:00)- (2.2)

This is similar to how Leaman and Sanford (1975) separate the inertial signal from low-
frequency motions. This decomposition is not perfect, particularly because of the finite
time the instrument requires to profile and because the inertial period is not exactly 12 h.
Presumably a small amount of non-inertial high-frequency variance, nwg, is also mapped
into 7,0, and removed. However, this decomposition takes advantage of the sampling of the
ITP and provides a consistent definition of the low-frequency field with minimal aliasing of

the inertial displacements.

2.4.2  Complex demodulation

Slow time variations in amplitude, A, and phase, ¢, for periodic motions at frequency w
are estimated using complex demodulation (Emery and Thompson, 1998). Least-squares
harmonic fits are applied to overlapping segments of isopycnal displacements, 7(t) (Eqn.
2.2), using a cosine wave of the form A, cos (—wt + ¢). Near-inertial waves are assumed to
be coherent for at least ~ 8 wave periods, so that a 4 day window of data can be used for
each cosine fit. This technique can be used with unevenly spaced data, and requires only
that the segment of data be longer than one wave period, and that the number of points be
much higher than the number of frequencies to fit.

The near-inertial frequency used is w = 1.05f, (where f is the local inertial frequency,
which varies with latitude as the ITP drifts). It was determined that w = 1.05f explained
the most variance in the data overall. The amplitude estimates were, however, relatively
insensitive to the particular choice of near-inertial frequency w, in the range 0.9f to 1.1f.

Vertical displacements for each isopycnal are combined with those of the isopycnals im-
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Figure 2.3: (a) Data: Vertical displacements for an isopycnal from Fig. 2.2b combined with
the isopycnals immediately above and below to give 24 data points (grey dots) per four day
window. (b) Method: A harmonic least-squares fit (w = 1.05f) to each window of data
gives the amplitude and phase of the ideal cosine (thin black line) that best explains the
variance in the data. (c) Result: The complex demodulation procedure produces a slowly
varying wave amplitude (thick black line) A, (¢) and phase ¢(t) (not shown) corresponding to
a near-inertial wave (thin black line - extrapolated using linear interpolation between daily

values for A, and ¢).
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mediately above and below, tripling the number of data points per fit and reducing the
impact of random noise. This assumes wave coherence over ~ 2-5 m in the vertical. For
each time window, the amplitude and phase of the near-inertial wave that best explains the
data are obtained (Fig. 2.3). The window is then shifted forward in time by one day, and a
new amplitude and phase estimate are determined.

Waves with a frequency very different than the fitted frequency, or waves that are coherent
for less than roughly 4 days, are not well captured using this technique. Cosine fits that
explain little variance in the data are excluded based on the R? value. The coefficient of

determination R? is calculated from:

M)
RQ —1_ Z(ndata nflt) -, (23)
Z(ndam - ndata)

where, for each segment of time, 7444, gives measured vertical displacements, 7y;; gives vertical
displacements of the ideal cosine wave, the overbar denotes the time average of 74414, and the
sum is taken over the 24 points in a given four day window (2 profiles per day, over 4 days,
for 3 isopycnals). Any fit with an R? value of < 0.25 (explaining 25% or less of the variance
in the data) is excluded from the results. The amplitude A, of any fit is also restricted to
be less than 1.5 times the maximum measured displacement over the four day window.
The average R? value for the entire wave field for ITP 6 is R? = 0.6; in other words,
60% of the variance in the observed near-inertial vertical displacements can be explained by

slowly-varying near-inertial waves (Fig. 2.4). Values are comparable for ITPs 4 and 5.

2.5 Uncertainty analysis

Several factors contribute to the uncertainty of the near-inertial wave field estimated using
the method outlined in the previous section. This section investigates uncertainty caused by
errors in the determination of isopycnal depths, by the presence of motions at super-inertial
frequencies (internal wave continuum), and by the range of near-inertial frequencies present

in the wave field (relative to the specified frequency of 1.05f).
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Figure 2.4: (a) Vertical displacement wave amplitude field for one full year of data from I'TP
6, over the top 200 m of the water column. Waves with larger vertical displacements are
red. Gaps are regions without data, or for which R? < 0.25. (b) Depth-averaged vertical
displacement wave amplitude for the top 200 m (blue line), the double-diffusive staircase
region from 200-400 m (red line), and the lower water column from 400-750 m (grey line).
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The determination of isopycnal depths is limited by instrument noise. It is also limited
by the vertical spacing between the processed salinity and temperature data provided by the
ITP group (1 dbar). Because dissipation is so small in the Arctic Ocean, observed density
inversions are likely instrument noise as opposed to actual overturns (Johnson and Garrett,
2004). The Thorpe displacements (Thorpe, 1977) are thus used as a measure of uncertainty
in isopycnal depth (e in Eqn 2.1).

Above the thermohaline staircase, the depth of an isopycnal is known to within 1 m,
while for the water column below it is known to within 2 m. These values are comparable to
the vertical spacing of the data points. Within the double-diffusive staircase it is difficult to
determine the noise, €, however it is expected to be of the same order as in the water column
above. The possibility of a small systematic bias between the upward and downward I'TP
profiles used to determine isopycnal depth was investigated, but was found to contribute
negligibly to the overall error in the wave field.

To account for potential aliasing of high-frequency internal waves into the near-inertial
wave estimates, isopycnal displacements consistent with the spectral shape of the Garrett-
Munk (GM) model of internal waves (Garrett and Munk, 1972; Gregg and Kunze, 1991),
but an order of magnitude smaller [(Levine et al., 1985), Appendix|, are included in the
uncertainty analysis.

Statistical estimates of uncertainty in the near-inertial wave amplitudes are obtained
using Monte-Carlo simulations. The complex demodulation method is applied to an ensemble
of 300 known test waves with arbitrary phase and a specified (near-inertial) frequency of
1.05f. Each test wave is subsampled to match the I'TP sampling as outlined in the previous
section. The uncertainty, 04,, is taken to be two standard deviations (95% confidence
interval) from the mean difference between the amplitude estimates and the known test wave
amplitude. This procedure is repeated for every latitude and sampling interval considered
in the analysis of the TP data.

Variance in the data not associated with near-inertial waves is accounted for by adding

random noise consistent with the uncertainty in isopycnal depth, €, and variance consistent
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Figure 2.5: (a) Time series consistent with variance at the GM/10 spectral level (black
line - vertically offset by 3 m), sub-sampled to match the ITP (black dotted line), appears
similar to random noise (grey dotted line - vertically offset by -3 m). (b) Time series for
a known near-inertial test wave with an amplitude of 4 m with GM/10 and random noise
superimposed (grey line). This wave is subsampled to match the ITP (black circles), and
wave amplitudes estimates are determined using complex demodulation (thick black line).
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with the continuum internal wave spectrum, n;ws = GM /10, onto a known test wave. This
causes an absolute error in wave amplitude of +0.5 m above the double-diffusive staircase,
+1.0 m within the staircase, and £1.5 m below. The variation with depth is a result of
the increase in € and the decrease in stratification with depth. In the absence of a near-
inertial wave, the complex demodulation method is unable to find an appropriate cosine fit
to €+ npws over 90% of the time, as expected. When sub-sampled to match the I'TP, a time
series consistent with GM/10 appears similar to random noise, (Fig. 2.5), resulting in wave
amplitude estimates that are statistically indistinguishable from zero.

Varying the frequency of the known test wave between f and 1.1f (relative to the specified
cosine fit frequency of 1.05f) causes a relative (percent) uncertainty in the wave amplitude of
between 25%A,, and 40%A,, (Fig. 2.6a). This relative uncertainty varies slightly with depth
due to the changing sampling interval between pairs of data points, but is predominantly
affected by the latitudinal dependence of the local inertial frequency, f. Uncertainties are
higher when the time-interval between measurements is almost equal to half the local inertial
period. The restrictions on the R? value for a given fit and on the maximum amplitude
relative to the measured displacements ensure that fits which are badly constrained are
excluded from the wave amplitude estimates. A typical relative uncertainty is ~ 30%A,,.

The uncertainty reported in Section 2.6 includes both the absolute and relative uncer-
tainty. This uncertainty is £2 m or less for most amplitude estimates. The average is +1
m, with 95% of amplitudes inferred from the dataset accurate to within +3 m or better (+1
m for the top 200 m). The large majority of wave amplitude estimates (Section 2.6) are
thus statistically significant and are a good representation of the variance in the data points
regardless of associated uncertainty (Fig. 2.6).

Uncertainties from the Monte-Carlo simulations do not represent a measure of disagree-
ment between the amplitude estimates and the variance in the data points, which is quantified
by the coefficient of determination R* (Section 2.4). Rather, they characterize how accu-
rately the ITP measurements are able to capture the wave field in the presence of numerous

sources of uncertainty.
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Figure 2.6: (a) Percent uncertainty in the wave amplitude estimates as a function of latitude
based on Monte-Carlo simulations. (b) Example of 25% uncertainty in amplitude. Black dots
are near-inertial vertical displacements from ITP 6 over 7 days measured near the surface.
The thin black line shows the cosine wave fits determined using complex demodulation. The
thick black line gives the associated vertical displacement amplitude estimates. The grey
band shows the uncertainty in these estimates through time. (c¢) As in panel (b), but for an
uncertainty of 40%.
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Figure 2.7: (a) Time-averaged vertical displacement amplitude < A, > vs. average isopy-
cnal depth for I'TPs 4, 5, and 6. The thick black line is the average of the three. The
black horizontal lines show the combined error range. (b) As in (a), but for the WKB-scaled
time-averaged vertical displacement amplitude, < A, \/ZN (z)/Np) >. The grey panel indi-
cates depths within the double-diffusive staircase for which WKB-normalization is not truly
applicable due to sharp changes in N(z).
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2.6 Discussion

The goal of this work is to quantify the near-inertial wave field from ITP data. The vertical
displacement amplitude for near-inertial waves, and its associated uncertainty, is estimated
for three I'TPs that sampled in the central Canada Basin during 2006-2007. This field, shown
in Fig. 2.4a for the top 200 m of the water column sampled by I'TP 6, can be connected to
physical processes influencing the waves, such as sea-ice cover and wind forcing.

During winter, wind speeds are typically higher, and fractional sea-ice cover is typically
nearly 100% in the Beaufort Gyre region. During summer, the fractional sea-ice cover and
ice thickness in the area around the ITP can decrease significantly. The instrument itself
remains moored in a large ice floe ideally composed of thick multi-year ice. Wind speeds
in summer are typically lower. The ITP drifts with the ice, whose motion is primarily a
result of surface wind stress. This results in a strong inertial component to the ice motion,
particularly for thinner, patchier summer sea ice, as investigated by Gimbert et al. (2012a).
The near-inertial wave field will therefore be impacted by both wind forcing and sea-ice
cover, on a range of timescales.

The amplitudes of the near-inertial waves observed increase with depth as shown in Fig
2.4b, reaching 3-5 m on average below 400 m (Fig. 2.7a), although highly variable, often

1 'When the effects of decreasing stratification are taken into

as large as 10 m or more.
account via Wentzel-Kramers-Brillouin (WKB)-normalization [e.g., Pedlosky (2003)], most
of the large-scale vertical variations in wave amplitude are eliminated (Fig. 2.7b). WKB-
normalization, A, \/EN (2)/Np), in which Ny is the average buoyancy frequency, assumes that
the background buoyancy profile N(z) varies slowly and smoothly on a vertical scale much
larger than that of the waves.

Depth-averaged WKB-scaled near-inertial wave amplitudes are spatially distributed fairly
evenly over all latitudes and longitudes traversed by the I'TPs. Topographically-generated

waves are unlikely due to the smooth bathymetry in the central Canada Basin. The WKB-

!For a wave with an amplitude of 3-5m at depths below 400m, a typical uncertainty is 4+-2m.
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Figure 2.8: (a) WKB-scaled depth-averaged vertical displacement wave amplitude for the
three ITPs, < A,1/(N(2)/Ny) >, plotted vs. time. The mean has been subtracted for each
ITP and a 30-day low pass filter has been applied. The value of the mean for each ITP: 1.4
m for ITP 4, 2.2 m for ITP 5, and 1.4 m for ITP 6. (b) Fractional sea-ice cover around the
ITPs over the course of the year, derived from SSM/I ice concentration satellite data and
smoothed using a 30-day low pass filter.
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scaled amplitude varies temporally on timescales from days to many months. On a seasonal
timescale, wave energy is lower during winter, and increases significantly during summer
(Fig. 2.8a). These variations may reflect seasonal changes in sea-ice cover (Fig. 2.8b).
Fractional sea-ice cover around the ice floe drifting with each ITP was derived from SSM/I
ice concentration satellite data (Cavalieri et al., 1996, updated 2008), gridded in 25 km x
25 km boxes. The mean was removed from each wave amplitude time series and both fields
were smoothed using a 30-day low-pass filter. The average percent uncertainty in the depth-
averaged WKB-scaled wave amplitude is ~ 30%, resulting in an overall uncertainty of +1

m.

As sea ice around the ITPs decreases during summer (July to September), a corresponding
increase in wave energy is observed, with an increase in the average wave amplitude of 0.45
m relative to winter (January to March). This change in amplitude represents ~ 20% of the
total variance in the wave field over the course of the year. 2 In the Beaufort Gyre region of
the Canada Basin, winds and storms are weaker during summer and increase during winter
(Overland, 2009). In other words, near-inertial wave energy is observed to be highest during

summer when winds are weakest, but sea-ice cover is reduced.

On a daily timescale, wave energy is higher and more variable during periods of less than
100% sea-ice cover (Fig. 2.9). Increases in wave amplitude tend to be episodic, with sudden
jumps in energy associated with sudden decreases in ice fraction around the ITP. During
periods of 100% ice cover, wave energy is lower and less variable. The WKB-scaled vertical
displacement amplitude from ITP 6 (shown depth-averaged over the top 200 m in Fig. 2.9),
has an overall uncertainty of +1 m.

High wind events were frequently associated with peaks in near-inertial wave amplitude
(Fig. 2.10). 3 During winter, sea-ice cover inhibits direct wind forcing of the ocean surface

and damps near-inertial waves, which may help explain the mismatch between the strength

2The remaining variance in the wave field is due variations on shorter than seasonal timescales, with
interannual variability explored in Chapter 3: Dosser and Rainville (2015).

3Similar to observations of inertial velocity by Rainville and Woodgate (2009) in the Chukchi Sea.



32

Wave Amplitude [m]

(b) S S S SR S R S R S
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
Date [06-07]

Fractional Ice Cover (SSM/I)

Figure 2.9: (a) Daily WKB-scaled vertical displacement wave amplitude, <
A \/_ N(z)/Ng) >, from ITP 6, depth-averaged over the top 200 m. The dark and light
grey lines show the mean wave amplitude during periods of < 100% sea-ice cover and 100%
sea-ice cover, respectively. (b) The fractional sea-ice cover around the ITP over the course
of the year, derived from daily SSM/I ice concentration satellite data.
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Figure 2.10: Time series of WKB-scaled vertical displacement amplitude for ITP 6 (black
line), depth-averaged over the top 200 m, and the magnitude of the daily wind stress following
the track of ITP 6 (thin grey line). Both fields have been band-pass filtered between 1/30
cpd and 1/7 cpd.

of the wind forcing and the strength of the wave response. Wind stress was determined using
NCEP/ NCAR 10-m winds from the NCEP (National Centers for Environmental Prediction)
Reanalysis project (Kalnay et al., 1996; Kanamitsu et al., 2002), interpolated from the global
grid to the drifting ITP position. At high latitudes, this reanalysis wind data lacks the
resolution to resolve the spatial and temporal patterns most efficient at generating near-
inertial waves [(Alford, 2003), Personal communication; Harper Simmons and Kim Martini].

Despite these limitations, wave amplitude is observed to covary with surface wind forcing
(Fig. 2.10). The depth-averaged WKB-scaled wave amplitude over the top 200 m is weakly
correlated with the magnitude of surface wind stress from daily NCEP/ NCAR data, follow-
ing the track of ITP 6 (correlation is R = 0.3, statistically significant at the 95% confidence
level). Both fields have been bandpass-filtered between 1/30 cpd and 1/7 cpd to partially

account for the mismatch in seasonal variability. 4

4This filtering ensures the wave amplitude and wind records have equal degrees of freedom.
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If only summer months (July - September) are considered, the correlation value rises to
R = 0.5, significant at the 95% confidence level. For only winter months (January - March),
the correlation is R = 0.3. If a slight lag of 1-2 days is used during winter, presumably
reflecting the time needed for the wind to transfer momentum through the sea ice to the
water below ° | the correlation rises to R = 0.4.

The relationship between wind, sea ice, and near-inertial waves is complex, and much
remains to be done before a comprehensive understanding of internal wave generation and
propagation is reached for the Canada Basin. In the present work, the near-inertial wave
field has been quantified using the ITP dataset, and shown to have clear connections to

physical processes on multiple timescales.
2.7 Summary

The near-inertial internal wave field in the central Canada Basin from Sept. 2006 to Sept.
2007 is estimated using three Ice Tethered Profiler instruments. This paper demonstrates
that it is possible to use the I'TP dataset to extract and quantify the near-inertial wave
field at all depths, including regions of complex stratification such as the double-diffusive
staircase found in the Canada Basin. The results are accurate, physically reasonable, and
the magnitude of the near-inertial wave field can be linked to sea-ice cover and surface wind
forcing.

On timescales of days to weeks, fluctuations in wave energy are connected to both in-
creased surface wind forcing and decreased sea-ice cover, with a weak correlation between
wind stress and wave amplitude. On a seasonal timescale, decreased sea ice around the I'TP
during summer is linked to increased wave energy. Thick winter ice may prevent momentum
transfer from winter storms to the ocean, damping wave motion and resulting in a mismatch
between wind forcing and the wave response. During summer, thin, patchy ice may allow

more direct wind forcing of the surface ocean and increased near-inertial wave generation.

5The impact of sea-ice properties on wind forced internal wave generation is discussed further in Chapter
3: Dosser and Rainville (2015).
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There is a quantifiable connection between seasonal changes in sea ice and wave energy for
the Canada Basin during 2006-2007, with ~ 20% of the total variance in the depth-averaged
wave field explained by changes in sea-ice cover.

As seasonal sea-ice cover continues to decrease, and the Canada Basin becomes ice-
free during the summer, it is expected that direct wind forcing on the ocean’s surface will
significantly alter the properties of the internal wave field, particularly in the near-inertial
band. The potential impacts of an evolving internal wave field are significant, and include
increased vertical heat flux due to wave breaking and an increase in the associated mixing,
as well as potential erosion of stratification features such as the double-diffusive staircase
and the summer halocline. The extent and magnitude of such changes in the annual and
interannual variability of the wave field are currently unknown.

Building on the work presented here, it is possible to investigate and quantify such changes
using the greater ITP dataset. The full ITP dataset is extensive, with wide spatial coverage
and over 8 years of observations. There are currently several ITPs deployed in the Canada
Basin, with more deployments likely during the next several years. Despite their limitations,
ITPs provide the best opportunity to investigate the relative roles of wind forcing, sea-ice
cover, and stratification on the near-inertial wave field in the Arctic Ocean, providing insight

into the impact of rapid climate change.

2.8 Appendix: Arctic internal wave spectrum

This section presents observations from a mooring deployed in the central Canada Basin,
which confirm that the internal wave continuum in the Arctic is at least one order of mag-
nitude less energetic than at lower latitudes.® As part of the Beaufort Gyre Exploration
Project (BGEP, see Proshutinsky et al., 2009), a bottom-anchored mooring has been de-
ployed near 74°N, 140°W (site “D”) since 2002. In addition to a moored profiler sampling

the properties of the water column between 50 and 2000 m on a time scale of a day, BGEP

6Note also the sharp peak in both velocity (a) and vertical displacement (b) at the inertial frequency f.
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Figure 2.11: (a) Horizontal velocity spectrum at 25 m, and (b) vertical displacement spectrum
near 2600 m, measured from a mooring deployed near 74°N, 140°W in 2007-2008. In both

cases, the measured spectra (gray) are about 10 times less energetic than the Garrett-Munk
spectral model (black lines).

mooring-D was equipped in 2007-2008 with an up-looking Acoustic Doppler Current Profiler
(ADCP) mounted on the 50-m sub-surface buoyancy sphere, and with fixed-depth temper-
ature sensors in the deep bottom thermohaline staircase (Timmermans et al., 2010). These
instruments sampled fast and accurately, providing velocity estimates every hour for the

ADCP and temperature every 3 min at depth.

While the ADCP does not provide estimates of isopycnal displacements, it allows us
to estimate the near-surface horizontal velocity spectrum (Fig. 2.11a). The annual mean
amplitude of the inertial currents, rotating clockwise in time, at this location is 1.5 cm s},
with maximum values reaching 6 cm s~! (not shown). These measured inertial currents
are of the same order as those measured by Plueddemann et al. (1998). The buoyancy

frequency near 25 m depth is about 6 cph. Assuming a near-inertial frequency of 1.05f, the

mean vertical displacements associated with these waves are roughly 1 m, in agreement with
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values found using the I'TP data.

Deeper, the time series measured by the temperature sensor chain is coherent in depth,
consistent with low-mode vertical heaving of the water column (Timmermans et al., 2010).
Converting the temperature anomalies to a vertical displacement by using the mean vertical
gradients, the spectrum of vertical displacement shows high sub-inertial energy, and a well-
defined inertial peak (Fig. 2.11b). The near-inertial peak in displacement is what the method
outlined in the paper captures (in the upper ocean). The buoyancy frequency near 2600 m
is about 0.25 cph. In both cases the energy level of the internal wave continuum (between
f and N) is about one order of magnitude smaller than the Garrett-Munk spectral level, as
observed previously (e.g., Levine et al., 1985, 1987). Note that the Garrett-Munk spectrum
has no energy for displacements at the inertial frequency, but a large amount of near-inertial

variance is observed in the deep ocean.
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Figure 2.12: Percentage of variance in measured isopycnal displacements from I'TPs explained
by cosine wave fits with various frequencies within the near-inertial band.

2.10 Appendix: Unpublished material

2.10.1 Choice of near-inertial frequency

The complex demodulation technique to determine near-inertial wave vertical displacement
amplitude uses least-squares harmonic fits to overlapping segments of isopycnal displace-
ments, 1(t), with cosine waves of the form A, cos(—wt + ¢). The near-inertial frequency
used, w = 1.05f, explaines the most variance in the measured isopycnal displacements (Fig-
ure 2.12). However, any near-inertial frequency w, in the range 0.9f to 1.1f results in similar

values for the vertical displacement amplitude estimates.
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Chapter 3

DYNAMICS OF THE CHANGING NEAR-INERTIAL
INTERNAL WAVE FIELD IN THE ARCTIC OCEAN

Note: Chapter is in revision in the AMS Journal of Physical Oceanography as of August
2015. Subject to AMS Copyright as of date of publication.
Citation: Hayley V. Dosser and Luc Rainville: Dynamics of the changing near-inertial inter-

nal wave field in the Arctic Ocean. J. Phys. Oceanogr.

3.1 Abstract

The dynamics of the wind-generated near-inertial internal wave field in the Canada Basin
of the Arctic Ocean are investigated using the drifting Ice-Tethered Profiler dataset for the
years 2005 to 2014, during a decade when sea-ice extent and thickness decreased dramatically.
This time series, with nearly ten years of measurements and broad spatial coverage, is used
to quantify a seasonal cycle and interannual trend for internal waves in the Arctic, using
estimates of the amplitude of near-inertial waves derived from isopycnal displacements. The
internal wave field is found to be most energetic in summer when sea ice is at a minimum, with
a second maximum in early winter during the period of maximum wind speed. Amplitude
distributions for the near-inertial waves are quantifiably different during summer and winter,
due primarily to seasonal changes in sea-ice properties that affect how the ice responds to the
wind, which can be expressed through the ‘wind factor’ - the ratio of sea-ice drift speed to
wind speed. A small positive interannual trend in near-inertial wave energy is linked to the
pronounced sea-ice decline during the last decade. The overall variability in the internal wave
field increases significantly over the second half of the record, with an increased probability

of larger-than-average waves in both summer and winter. This is linked to an overall increase
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in variability in the wind factor and sea-ice drift speeds, and reflects a shift in year-round
sea-ice characteristics in the Arctic, with potential implications for dissipation and mixing

associated with internal waves.

3.2 Introduction

The standard picture of Arctic internal waves derives from observations made during the
1980s and 1990s (e.g., the Arctic Internal Waves Experiment - ATWEX Spring 1985, Levine
et al. (1987); D’Asaro and Morehead (1991); Merrifield and Pinkel (1996), and the Surface
Heat Budget of the Arctic Experiment - SHEBA 1997 to 1998, Pinkel (2005)), which found
a quiescent Arctic Ocean with an internal wave field energy level an order of magnitude or

more below that at lower latitudes (Levine et al., 1985, 1987).

Low internal wave energy levels in the Arctic are attributed to the presence of sea ice,
which causes dissipation of internal waves in the under-ice surface boundary layer, limiting
energy propagation across the Arctic (Morison et al., 1985; Pinkel, 2005; Fer, 2014). It has
been suggested that sea ice impedes momentum transfer from the wind to the water column
(Plueddemann et al., 1998), with ice deformation being of more importance to internal wave

generation (Halle and Pinkel, 2003).

At lower latitudes, internal waves carrying wind energy through the water column are
associated with significant diapycnal mixing, resulting in water mass modification and redis-
tribution of ocean properties (Munk and Wunsch, 1998). The impact of rapid Arctic sea-ice
decline on internal wave generation, propagation, energy, and the associated mixing rates is
largely unknown. This paper presents long-term estimates of the internal wave climate in
the Canada Basin, and seeks to address the question of changes in internal wave energy in
the Arctic by quantifying the relationship between sea-ice properties and the amplitude of

near-inertial internal waves, both spatially and temporally.
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Near-inertial waves in the Arctic

The near-inertial frequency band, from roughly f — 1.1f, where f is the local Coriolis fre-
quency, contains most of the energy in the internal wave field (Garrett and Munk, 1972;
Garrett, 2001), matching observations of the internal wave spectrum in the Arctic Ocean
(Halle and Pinkel, 2003; Fer, 2014; Cole et al., 2014). Near-inertial internal waves are likely
whenever wind stress resonantly forces the air-ice or air-water interface at or near the inertial
frequency. In the Northern Hemisphere, anti-cyclonic or clockwise inertial oscillations are set
up in the sea ice and mixed layer. These purely horizontal oscillations create disturbances
at the base of the mixed layer, generating a freely propagating near-inertial wave in the
stratified water column below (D’Asaro, 1985). The result is vertical propagation of energy
through the water column to depths at which the internal waves can become unstable and

break (Gregg et al., 1986; Hebert and Moum, 1994).

Near-inertial internal waves can also be generated as a result of the motion of drifting
sea ice. The rough bottom of the ice impulsively forces the water column, or there may be
horizontal variations in bottom roughness that cause vertical motion of the fluid below. The
resulting pattern of forcing moves at the sea-ice velocity, and can generate near-inertial waves
with horizontal and spatial scales consistent with observations (D’Asaro and Morehead, 1991)

and related to ice roughness and ice-ocean drag (McPhee and Kantha, 1989).

In the presence of sea ice, the transfer of momentum from the wind to internal waves is
also complicated by variations in the air-ice drag coefficient. The drag coefficient for thick,
rigid multiyear ice, rafted into peaks and ridges and possibly covered in deep snow, is very
different from that for thin, patchy first-year ice, with large melt ponds and surrounded by
areas of open water. Yet the ice concentration as measured by satellite can be the same for
both. Martin et al. (2014) found that modelled momentum transfer was at a maximum for
~80% ice concentration, since sea ice provides a rougher surface than open water. Andreas
et al. (2010) considered changes in sea-ice form drag associated with leads and melt ponds in

the marginal ice zone and found maximum momentum transfer for ~50% ice cover. These
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studies were not considering ice motion at the inertial frequency or the generation of internal
waves by sea ice. Nevertheless, energy in the internal wave field is expected to be closely
linked to sea-ice characteristics that affect the drift speeds or deformation of the ice.

In most of the world’s oceans, internal waves at tidal frequencies are a dominant contrib-
utor to the oceanic variance (Garrett and Kunze, 2007). These ‘internal tides’ are generated
when the barotropic tide sloshes back and forth over topographic features such as the North-
wind Ridge or the Yermak Plateau, launching upward propagating internal wave beams at
the tidal frequency. In the Arctic Ocean, the M2 and S2 tidal frequencies fall within the
near-inertial frequency band. However, because the majority of the Arctic Ocean lies north
of the critical latitude for the dominant semi-diurnal lunar M2 tide (74.5°N), topographically
generated internal tides are evanescent and must dissipate locally (Simmons et al., 2004).
Localized topographic mixing associated with the internal tides may therefore be important
(D’Asaro and Morison, 1992; Plueddemann, 1992; Fer et al., 2010; Lenn et al., 2011; Rippeth
et al., 2015), but a significant internal tide within the central Canada Basin, away from the

basin boundaries, is not expected.

Changes in the Arctic

In recent decades, the Arctic Ocean has undergone rapid changes. Sea ice decline has ac-
celerated over the last decade, with significant decreases in summer sea-ice extent (Serreze
et al., 2007; Stroeve et al., 2012) and thickness (Rothrock et al., 2008; Lindsay and Schweiger,
2015), and less multiyear ice overall (Comiso, 2002). Winter storms may be increasing in
frequency and intensity (Serreze et al., 1997; McCabe et al., 2001; Zhang et al., 2004) with
an associated increase in sea-ice drift speeds (Hakkinen et al., 2008).

Ice speed varies roughly linearly with wind speed, and is influenced by internal ice stress
and air-ice and ice-ocean drag, which are in turn related to the concentration, thickness,
and deformation of the ice cover (Hakkinen et al., 2008). Spreen et al. (2011) and Rampal
et al. (2009) both reported increased sea-ice drift speeds in recent decades, as well as a sharp

increase in ice deformation rate (Rampal et al., 2009). The magnitude of inertial oscillations



43

in the sea-ice has also increased during the last 30 years (Gimbert et al., 2012b), due to
the changing characteristics of the sea ice (Gimbert et al., 2012a). It has been suggested
that these changes could cause an increase in the energy of the Arctic internal wave field,
particularly during the summer months, but this has not been readily apparent (Gimbert
et al., 2012a; Rainville et al., 2011).

Previous measurements of the internal wave field in the Arctic Ocean have shown in-
dications of a seasonal cycle related to sea-ice cover (Plueddemann et al., 1998; Halle and
Pinkel, 2003; Rainville and Woodgate, 2009). Martini et al. (2014) observed a seasonal cycle
in near-inertial wave energy using a mooring array on the Beaufort continental slope, and
found a peak in internal wave energy during ice formation in the fall, corresponding to <90%
ice concentration. Cole et al. (2014) found elevated near-inertial wave energy in the Canada
Basin in the fall and early winter of 2009 relative to that in late winter. Dosser et al. (2014)
found indications of a seasonal cycle in near-inertial vertical displacement wave amplitude,
with larger waves during periods of < 100% sea-ice concentration. However, comparisons of
historic data with recent XCP and CTD measurements by Guthrie et al. (2013) found no
trend in internal wave energy in the Beaufort Sea over the last 30 years, which they attribute

to an increase in the strength of the near-surface stratification.

Estimating the internal wave field in the Western Arctic

This paper presents the first multiyear record of internal waves in the Arctic Ocean, with
spatial coverage over much of the Canada Basin. Observations of Arctic internal waves have
typically been spatially and temporally limited, due to the difficulty of making wintertime
measurements and the battery power required to obtain the necessary time resolution from
a mooring or profiler. Ice-Tethered Profiler (ITP) data provides a nearly decade-long record,
from 2005 to 2014, with year-round measurements from just below the mixed layer to ~750m
depth. Spatially, the ITPs provide coverage over much of the study region; the Beaufort Gyre
region of the Canada Basin, from roughly 72°N to 82°N and from roughly 130°W to 160°W
(Figure 3.1).
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Figure 3.1: ITP trajectories in the Canada Basin from 2005 to 2014 (coloured by year).
Bathymetry is given by grey-scale contours, with land in dark grey.
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The paper is organized as follows: In Section 3.3, the data products used are described.
The methods used to calculate the near-inertial wave field are explained in Section 3.4. A
clear spatial trend in near-inertial wave amplitude with latitude is investigated in Section
3.5.1. Seasonal variations in the wave field are quantified and compared to changes in the
wind factor, which relates to wind speed and ice speed, in Section 3.5.2, and increasing
interannual trends in near-inertial wave energy and variability are shown to correspond to
trends in sea-ice properties in Section 3.5.3. In Section 3.6, air-ice-ocean dynamics pertaining
to wave generation are discussed and connected to the observed seasonal and interannual

variations.

3.3 Data

3.83.1 Ice-Tethered Profiler

The data used herein were collected by 27 I'TPs that drifted in the Beaufort Gyre region of
the Canada Basin between Fall 2005 and Fall 2014 (Appendix), completing a total of just
over 30000 density profiles. This represents a subset of the total ITP dataset, but includes
the majority of profiles in the Canada Basin. Excluded were I'TPs that stopped profiling
after a month or two (to minimize a seasonal bias in number of measurements), and those
with drift tracks outside of the chosen study region.

ITPs are anchored in a perennial ice floe by a surface buoy, and report temperature and
conductivity at 1Hz, corresponding to roughly every 0.25m in the vertical, from ~7m below
the surface to ~750m depth. The data are transmitted by an inductive link to a surface
unit, where they are relayed to shore by the Iridium satellite system (Krishfield et al., 2008).
Most ITPs sample the water column twice per day, with one-way vertical profiles beginning
at 00:00 and 06:00 UTC. Other sampling schedules include 4 profiles per day, and others
have more frequent sampling of the upper water column. The profiling instrument moves

1

vertically at ~0.25m s, so that a 750m profile takes about 1 hour to complete. Each surface

unit also reports hourly GPS position data.
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Raw temperature, conductivity, and pressure profiles from all 27 I'TPs are processed fol-
lowing similar techniques to those used by the ITP group at the Woods Hole Oceanographic
Institution (www.whoi.edu/itp, Krishfield et al. (2006)). Processing steps include identifica-
tion and removal of unphysical data, corrections for the sensor response behaviour (including
thermistor lag, temperature and conductivity sensor physical separation, and conductivity
thermal mass). As noted in Krishfield et al. (2006), a pressure correction is needed because
of geometry, and because the CTD sensors are in the wake of the instrument during down
profiling. However, here that correction is chosen to be a pressure offset that can only vary
linearly with time (calculated over the length of each deployment, to allow for sensor drift).
In contrast to the WHOI processing, the correction used here is independent of drift speed,
as no solid correlation between ice speed and pressure offset was found for the entire ITP
dataset. The processing also ensures that the time-mean density profiles from all up and
down profiles are the same. The spatial and temporal patterns and conclusions discussed
herein are not changed if the WHOI correction (empirically relating pressure offset to ice

drift speed) is applied instead.

3.3.2  Wind Velocity

Wind velocity was obtained from ERA-interim 10-m winds from the European Centre for
Medium-Range Weather Forecasts (ECMWEF) reanalysis (Dee et al., 2011), which is cal-
culated on a 0.75x0.75 degree grid. Comparisons (not shown) with 10-m winds from the
NCEP (National Centers for Environmental Prediction) Reanalysis project (Kalnay et al.,
1996; Kanamitsu et al., 2002), calculated on a 2.5x2.5 degree grid, did not significantly al-
ter the results presented herein. The wind velocity data currently available from reanalysis
products is gridded every 6 hours, and so cannot resolve the inertial frequency band partially

responsible for wave generation (Alford, 2003; Martini et al., 2014).
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3.3.3 Sea-ice concentration

SSM/T satellite passive microwave data (Cavalieri et al., 1996, updated 2008), provided
25kmx 25km gridded sea-ice concentration. Sea-ice concentration in a 125kmx125km box
around the ITP was selected for the analysis herein, as 125km is of the same order as the
horizontal resolution of the wind velocity data, is a reasonable horizontal scale for wind
forcing by storms, and is comparable to the expected horizontal extent of the internal waves
themselves (a typical horizontal wavelength for a near-inertial wave with vertical wavelength
between 10-100m would be roughly 5-50km). Average sea-ice concentration is generally not
very sensitive to the choice of box size, from 25km up to values of several hundred kilometres.
The average values of sea-ice concentration reported herein are not necessarily representative
of the overall Canada Basin average as I'TPs do not sample uniformly; regions of open water,

for example, are very rarely sampled.

3.3.4  Sea-ice velocity

The motion of the I'TP surface unit provides the velocity of the ice floe in which the in-
strument is anchored. Each ITP track is determined from hourly GPS measurements, and
frequently shows the ITP moving in inertial circles and/or traveling rapidly in a given di-
rection. Sea-ice velocity is separated into sub-inertial (< 0.9f, herein referred to as ‘ice
drift speed’ or ‘sub-inertial ice drift speed’) and near-inertial (0.9 — 1.1f) bands, with the
near-inertial band further separated into the clockwise (CW) and counter-clockwise (CCW)
components of motion using rotary spectral analysis. The inertial CW component of sea-ice

velocity dominates over CCW for most time periods.

3.3.5 Barotropic tide

The AODTM-5 barotropic forward tide model for the Arctic Ocean (Padman and Erofeeva,
2004) is used to determine the tidal current velocity associated with the semi-diurnal tidal

components (M2, S2, N2, K2) in the Canada Basin. The model provides values on a 5km
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regular grid based on solving the shallow water equations following Egbert and Erofeeva
(2002). Tidal current speeds are determined along each ITP track for the full semi-diurnal

tidal signal, and for specific components of interest.
3.4 Methods

The typical ITP sampling scheme poorly resolves isopycnal displacements associated with
near-inertial waves. FEach day, a pair of profiles separated by ~6 hours is collected, an interval
chosen to minimize ‘potential biases’ associated with inertial waves in daily averages. The
near-inertial signal can be extracted from the data by taking advantage of the coherence of
near-inertial waves over a few days, and the fact that the inertial period is not exactly 12
hours. Dosser et al. (2014) describes how complex demodulation can be used to estimate
the vertical displacement amplitude of near-inertial internal waves from ITP data. This
procedure is briefly summarized here.

Instantaneous depths for isopycnals initially separated by ~25cm in the vertical are de-
termined for each ITP, and a daily mean is subtracted to retain higher-frequency vertical
isopycnal displacements. A sinusoid with a specified frequency (chosen to be w = 1.05f) is
least-squares fit to four-day segments of vertical displacement data. Sliding the sinusoid in
one-day increments provides daily vertical displacement amplitude estimates A,,, which vary
on a timescale of four days. To reduce the effect of instrument noise, data points from 5
adjacent isopycnals above and below each fit (spanning ~3-9m in the vertical) are combined
to provide 10x as many data points. This procedure assumes a typical wave is coherent over
roughly 8 inertial periods and about 5m in the vertical.

In the analysis described herein, near-inertial wave amplitude estimates have been re-
stricted to the upper water column, from just below the near-surface mixed layer, between
~10m and ~50m depth (Toole et al., 2010), to the top of the Atlantic Water layer at roughly
200m depth (Figure 3.2). This near-surface depth range is most relevant to an investigation of
the interactions between wind, sea-ice, and ocean dynamics. The deepest density included in

the analysis corresponds to the 1027.1kg m~2 isopycnal, chosen since it is consistently above
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Figure 3.2: One year of data from a single ITP instrument (ITP 6) for wind speed, sea-ice drift
speed, percent sea-ice concentration, and near-inertial internal wave vertical displacement
amplitude from below the mixed layer down to roughly 200m depth.
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the Atlantic Water layer.

The significance of each amplitude estimate is characterized by the R? value of the least-
squares fit; amplitudes from fits explaining 25% or less of the variance in the data are
excluded. Uncertainty in the remaining estimates (95% confidence interval) is determined
from ensemble Monte-Carlo simulations, which account for instrument noise and uncertainty
in isopycnal depth, aliasing of high-frequency motions associated with the internal wave
continuum, and the effect of specifying a particular frequency for the fit. w = 1.05f explains
the most variance in the measured isopycnal displacements. However the results are fairly
insensitive to this choice, with a reduction in variance explained of 5% or less for w in
the range 0.9 — 1.1f. The energy in a near-inertial wave is proportional to the vertical
displacement amplitude squared, but highly dependent on intrinsic wave frequency. While
an increase in the average wave amplitude indicates an increase in the overall energy of the
wave field, values of energy cannot be precisely quantified using I'TP data since exact wave
frequencies cannot be determined.

The total uncertainty in a given amplitude estimate A, is the sum of a relative uncertainty
of £25-40% A,, which varies by latitude due to the changing Coriolis frequency, and an
absolute uncertainty of between +0.5-1.5m, with 95% of amplitudes accurate to within +1m
or better. The majority of wave amplitude estimates are statistically significant and explain
on average 60% of the variance in the data points. Amplitude estimates for a given time
are likely not independent over the depth range considered, and are also dependent over
the four-day segment used for the fit. Accounting for this, the total number of amplitude

estimates included in (for example) a monthly average results in negligible total uncertainty.

The distribution of calculated wave amplitudes over the upper water column is non-
normal, with a long tail, as expected for internal waves (Figure 3.3¢). Since the distribution
is not Gaussian, the mean and the median differ, with the mean being skewed high. The
median of the distribution is used for the analysis herein for any calculation of ‘depth-average’

or ‘time-average’, to characterize a ‘typical’ wave amplitude. As a result, most average values
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Figure 3.3: (a) Time series of individual measurements (grey dots) and monthly averages
(black line) for the depth-averaged near-inertial wave vertical displacement amplitude from
Fall 2005 to Fall 2014. Labels mark the 1st of Jan of each year. (b) Spatial map of depth-
averaged wave amplitude following the ITP tracks from 2005 to 2014. Black line: 1000m
isobath. Red line: critical latitude for the M2 semi-diurnal tide at 74.5°N. (c) Probability
density distribution of calculated near-inertial wave amplitude estimates from all ITP data

considered herein. Dark and light grey lines indicate the median and mean amplitude for
the distribution, respectively.
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reported will be slightly lower than if the mean were used. The key findings of this paper

hold regardless of whether the median or mean is used.

To provide an uncertainty estimate for a calculated median wave amplitude, bootstrap-
ping is used (Efron and Tibshirani, 1993). This method provides an estimate of the standard
error of the median for a non-normal distribution, and is typically very small (O(107>m))
for the near-inertial wave field due to the well-sampled wave amplitude distribution. When
the standard deviation is reported below, it serves as a measure of the variability in the
wave field about the median value, equal to the square root of the variance. The standard
deviation is often large (0.7m in Figure 3.3c), owing to the high variability in wave amplitude

on a range of temporal and spatial scales and to the long tail of the amplitude distribution.

3.5 Results

The complex demodulation technique applied to the ITP dataset allows for an assessment
of the near-inertial wave field spanning nearly 10 years (Figure 3.3a) - the first record of
such length for internal waves in the Arctic Ocean. As a result of the drift of the sea ice in
which the I'TPs are anchored, measurements of the near-inertial internal wave field capture
variations in both time and space. During the time period analyzed, the I'TPs transited a
significant fraction of the Beaufort Gyre (Figure 3.1). If the entire data record is viewed
as a spatial map (Figure 3.3b), bearing in mind that every measurement corresponds to a
different time, possibly separated by years, then spatial patterns in the near-inertial wave
field can be investigated across a large fraction of the Canada Basin. If the entire data
record is treated as a time series, both seasonal and interannual variations in the wave
field can be quantified and compared to changes in wind forcing and sea-ice characteristics,
providing insight into internal wave evolution in the Arctic over the last decade. With over
10° individual estimates of near-inertial wave vertical displacement, the resulting distribution

of wave amplitudes (Figure 3.3c) provides a robust statistical basis for analysis.
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Figure 3.4: Average scaled near-inertial wave amplitude binned by half degree latitude (black
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amplitudes (black line). Grey lines show one standard deviation from the average wave
amplitudes. Error bars are 95% confidence intervals based on standard error. The vertical
red line indicates the critical latitude for the M2 semi-diurnal tide.

3.5.1 Spatial pattern

The dominant spatial pattern in the depth-averaged near-inertial wave field is a decrease in
wave amplitude with increasing latitude (Figure 3.3b), with larger waves near the south of the
Beaufort Gyre. To ensure that this pattern is not a result of the stratification in the region,
which varies spatially, seasonally, and with depth, the amplitude estimates need to be nor-
malized by a function of the stratification ([following the so-called Wentzel-Kramers-Brillouin
approximation] Pedlosky (2003)). Stronger stratification suppresses isopycnal displacement
and results in waves of smaller vertical displacement amplitude, A,. To account for the effect
of variations in stratification on the measured near-inertial wave field, a scaled wave ampli-
tude, A, is calculated: A, = A,v/(N(2)/N,), where N(z) is the buoyancy frequency at each
depth of each ITP profile and N, is a constant reference buoyancy frequency, calculated as
the dataset average. The scaled wave amplitude is used for all analysis hereafter.

The scaled wave amplitude displays a roughly linear decreasing trend with latitude (Fig-
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ure 3.4), with only a slight increase below the critical latitude of the M2 semi-diurnal tide
(74.5°N). The standard deviation of the wave amplitude estimates also decreases with lati-
tude. Assuming a linear trend, average wave amplitude decreases from 1.85 to 0.75m between
72°N and 82°N, a change of 12% per degree latitude (relative to the average wave ampli-
tude). The rms sub-daily (high-frequency) vertical displacements of isopycnals in the water
column also show a latitudinal trend (Figure 3.4), confirming that this spatial pattern is not

an artifact of the complex demodulation technique described in Section 3.4.

Guthrie et al. (2013) hypothesized that the relatively weak internal wave signal in the
Canada Basin was a result of the strength of the near-surface stratification. The scaled wave
amplitude accounts for variations in the buoyancy frequency with depth, as well as the slight
latitudinal variations across the Basin (Figure 3.5a). Note, however, that this scaling cannot
account for the potential interactions between stratification features and the generation or
propagation of individual internal waves. For example, inertial wind energy may result in
mixed-layer deepening as opposed to near-inertial wave generation, or internal waves may
reflect from double-diffusive layers in the Atlantic Water. While interesting, such impacts
are outside the scope of the current work, as I'TP data does not allow for a detailed analysis
of either the generation of the propagation of individual internal waves.

The observed isopycnal displacements could also be associated with a semi-diurnal in-
ternal tide. Freely-propagating internal tides are possible south of the critical latitude for
the M2 tide (74.5°N ), and across the whole basin for the weaker S2 tide. Some large wave
amplitudes are observed south of 74.5°N (Figure 3.3b). This area has a potential spatial /
temporal bias caused by many ITP profiles taken near the shelf in the southwest corner of
the Basin during the summer of 2013 (Figure 3.1, Appendix). Data very close to the shelf
typically has more gaps and incomplete profiles due to the I'TPs’ rapid transit along the
shelf, making it impossible to determine if the wave field has a spring-neap cycle. A trapped
(evanescent) internal tide could cause elevated displacements near the Northwind Ridge and
the Canadian Arctic Archipelago, where tidal current speeds are high. The central Canada

Basin is smooth and far from rough topography, with small barotropic tidal currents (Figure
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Figure 3.5: (a) Average buoyancy frequency, (b) tidal current speed for the semi-diurnal
barotropic tide, (¢) wind speed, (d) percent sea-ice concentration, (e) sub-inertial ice drift
speed, and (f) clockwise inertial ice speed following the ITP tracks, binned by half degree
latitude (black lines with markers), with linear fit (black lines). Grey lines: one standard
deviation from the mean. Error bars: 95% confidence intervals based on standard error. In
(b), the M2 (grey line) and S2 (dashed grey line) components are shown, as is the M2 critical
latitude (vertical line).
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3.5b). In fact, the semi-diurnal barotropic tidal current strength increases with latitude,
which would result in larger internal tides to the north. Thus tidal forcing cannot explain

the latitudinal trend in internal wave amplitude in the central Basin.

Internal waves generated at the inertial frequency are restricted to propagate equator-
ward, suggesting a possible accumulation of wave energy in the southern Basin. However the
‘one-bounce’ hypothesis of Pinkel (2005) predicts significant if not total wave dissipation in
the under-ice boundary layer following a single reflection from the sea floor. If a significant
fraction of near-inertial wave energy in the Canada Basin were to survive a single bounce,
the wave field in the southern Basin would contain a combination of locally and remotely
generated waves - with frequencies above the local inertial frequency. Further investigation
would require determining if the peak in the internal wave spectrum around the local inertial

frequency f is broader to the south in the Arctic, which is not possible using I'TP data.

Comparison with the spatial distribution of wind speed, sea-ice concentration, and CW
inertial and sub-inertial sea-ice drift speed shows no comparable latitudinal trend (Figure
3.5¢-f) that can fully explain the trend in wave amplitude. ! However, both wind and sea
ice show variations with latitude that could potentially result in more energetic internal
waves to the south. Slightly higher measured average wind forcing to the south, combined
with increased open water, likely explains the more rapid ice drift and prevalence of inertial
motions in the ice. These in turn could result in the generation of more energetic near-inertial
waves, as could direct wind forcing on the open ocean. Changes in wind and ice concentration
are only 1% per degree latitude toward the south, compared to the 18% increase per degree
latitude for wave amplitude. Sea-ice CW inertial and sub-inertial drift speed increase by
7% and 5% per degree respectively, so may partially explain the variation with latitude in
the near-inertial wave field. Other possible contributions to the spatial pattern in the wave
field include the presence of older, thicker, more rigid sea ice to the north and east of the

Canada Basin, and potential wave interactions with the eddy field. Further study is needed

!Spatial maps are in the Appendix for comparison with Figure 3.3(b).
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to determine the exact combination of causes.

The primary goal of this study is to examine the relationship between local sea-ice con-
ditions and wind forcing and the near-inertial internal wave field. To better understand the
relationship between the wind, the sea ice, and the internal waves, it is necessary to examine
temporal as well as spatial variations. The presence of the large-scale spatial pattern acts
to bias temporal measurements. To ensure that temporal variability is biased as minimally
as possible by the decrease in wave amplitude with latitude, a linear fit to the latitudinal
trend (Figure 3.4) is removed from the wave amplitude estimates. The results presented in
the following Sections do not change significantly if this adjustment is not made. However
temporal correlations are slightly higher when the large-scale north-south spatial pattern has

been accounted for.

3.5.2  Temporal variations: Seasonal

The dynamics of the near-inertial wave field are influenced seasonally by both sea-ice prop-
erties and wind forcing. Unlike ice concentration and CW inertial ice speed, the near-inertial
wave field does not immediately appear to be dominated by an obvious seasonal cycle (Figure
3.6), but is highly variable on both short (days to weeks) and long (seasonal to interannual)
timescales, as are the wind and sea-ice drift speed.

Based on monthly average vertical displacement amplitude for all years from 2005 to
2014, the seasonal cycle in the near-inertial wave field (Figure 3.7a) has a maximum during
the summer sea-ice melt period (August 1st - October 1st) when ice concentration (Figure
3.8b) and thickness are at their lowest, and a minimum in early spring when sea ice is at its
thickest and most rigid (March 1st - May 1st). Wave amplitudes decrease through the fall
during ice formation, then increase slightly in early winter (December 1st - February 1st),
during a period of near-total sea-ice cover, when wind speeds are rising and strong winter
storms occur frequently (Figure 3.8a). The magnitude of the seasonal cycle in the near-
inertial wave field is small, on the order of 1/4 the average wave amplitude, but statistically

significant. It is likely the I'TPs may be underestimating the magnitude of the seasonal cycle,
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Figure 3.7: Seasonal variations in the near-inertial internal wave field. (a) Scaled vertical
displacement wave amplitude estimates are binned by month (black dots). The annual mean
has been removed for each year to avoid introducing an interannual bias, and the overall time
series average has been added to the monthly anomalies to provide physical context. One
standard deviation is shown by the dashed lines. The solid grey lines (nearly overlaying the
black line) are uncertainty estimates from bootstrapping, which provides the standard error of
the median for a non-normal distribution (95% level). Coloured bars show periods of interest.
The months January through June have been repeated to show the complete, uninterrupted
seasonal cycle. (b) Distribution of scaled near-inertial internal wave amplitudes for summer
(June to November, black line) and winter (December to May, grey line). The variance and
median for each distribution is given. The two distributions differ at the 95% confidence
level based on a Kolmogorov-Smirnov significance test.
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due to their infrequent sampling of open water and low-ice conditions.

While the uncertainty in the calculated monthly average wave amplitude is nearly neg-
ligible, the interannual variability in the seasonal cycle for near-inertial waves is high, as
indicated by the standard deviation (Figure 3.7a). To determine the statistical significance
of seasonal differences, the median amplitude of waves during summer (June to November)
is compared to that during winter (December to May) and found to be significantly higher,
indicating larger, more energetic waves overall during the summer (Figure 3.7b). While the
summer and winter distributions of wave amplitude estimates are notably different, with the
median wave amplitude 16% larger during June to November compared with December to

May, their variances are similar.

Near-inertial waves and sea ice

The increase in near-inertial wave amplitude during summer is likely driven by two factors.
First, summer sea ice is thin and patchy, providing maximum area for direct contact between
the wind and the ocean’s surface. Second, the sea ice is in free drift during summer, which
may increase wave generation through resonant inertial responses in the sea ice to wind
forcing. The resulting clockwise oscillations ice motion translate into inertial oscillations in
the water column below. Note that the seasonal cycle for CW inertial ice speed (Figure 3.8d)
has a sharp peak in summer matching the decrease in ice concentration during melt (Figure
3.8b).

Gimbert et al. (2012b) observed a small secondary peak in CW inertial oscillations in
sea-ice drifter motion during the winter months, which is not seen in the I'TP data. Overall,
the seasonal variations in the near-inertial internal wave field do not follow those of the CW
inertial ice speed. The I'TPs may be underestimating CW inertial oscillations in the ice, as
the instruments are typically deployed in large, thick ice floes that are less likely to regularly
enter a state of rapid free drift. The impact of CW inertial ice motion on the near-inertial
wave field may thus be an underestimate, particularly in summer.

Outside of the summer months, when the sea ice is a coherent pack with ~100% con-
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Figure 3.8: As in Figure 3.7a, but for the seasonal cycle in (a) wind speed, (b) sea-ice
concentration, (c) sub-inertial ice drift speed, and (d) CW inertial ice speed.
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centration and low CW inertial ice speeds, an alternate mechanism for wave generation is
required to explain variations in the near-inertial wave field. The seasonal cycle for the
sub-inertial ice drift speed (Figure 3.8¢c) agrees fairly well with that for the near-inertial
waves. Sub-inertial ice motion can generate near-inertial waves when horizontal gradients in
ice drift speed or bottom roughness induce a vertical velocity perturbation of the stratified
water column at the resonant inertial frequency (McPhee and Kantha, 1989). The ice drift
speed does not have a second peak in early winter, and increases more gradually than the
near-inertial wave amplitude through the summer.

The wind speed, which drives sea-ice motion and is highly correlated with ice drift speed
on short timescales (Hakkinen et al., 2008), is relatively small in summer when the wave
field is most energetic and largest in winter when the wave field is at a minimum (Figure
3.8a). This is in contrast to the seasonal cycle for near-inertial waves at lower latitudes,

which matches that of the wind forcing.

Near-inertial waves and wind factor

It seems likely that the amplitude of the near-inertial waves is strongly affected by the ease
of momentum transfer from the wind through the sea ice to the stratified ocean below. The
properties of the ice that impact momentum transfer are not available for this analysis, but
their effect on ice motion is simplistically represented by the ‘wind factor’, the ratio of the
ice drift speed to the wind speed. Martini et al. (2014) found that the wind factor had
some agreement with the near-inertial internal wave field near the continental slope of the
southern Canada Basin on weekly timescales.
The wind factor is calculated as:

wind factor = |Uce| /| Wwindl,

assuming ocean current speeds are low relative to sea-ice drift speed (Wadhams, 2000). For
consistency with the available 4x daily re-analysis data for wind speed, sub-inertial ice drift
speed is used. This excludes the inertial component of wind forcing and sea-ice motion from

the calculated wind factor values. If the ice is in free drift, the wind factor can be related
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to the ratio of the air-ice to ice-ocean drag coefficients (Wadhams, 2000). If the ice is not
in free drift, internal ice stresses will affect the ice speed, which in turn modifies the wind
factor.

If the wind factor is high, it indicates that the wind can move the ice easily. This may be
because the ice-ocean drag is low, because the ice surface is rough, so that the air-ice drag
is high, or because internal ice stresses are weak. If the ice cover is patchy and in free drift,
the air-ice drag will increase due to the increase in form drag. If the wind factor is low, sea
ice is resistant to wind-driven motion. This may be because the surface of the ice is smooth,
so that the air-ice drag is low; because the bottom of the ice is rough, so that ice-ocean drag
dominates; or because internal ice stresses are limiting the ice response to the wind forcing.

Comparing seasonal variations in the wind factor with those in the near-inertial internal
wave field shows very good agreement (Figure 3.9). During summer, even relatively weak
wind forcing can easily accelerate the ice, leading to a peak in ice speed and thus in wind
factor. The strength of the ice response decreases to a minimum in March, matching the
minimum in the near-inertial wave field.

The wind factor plateaus in early winter but does not show a second peak like that in the
near-inertial wave field. During this time period, wind forcing is increasing but the sea-ice
response decreases. This could be caused by variations in air-ice and ice-ocean drag, or by
changes in the rigidity and internal stresses of the ice pack. The close agreement between the
near-inertial wave field and the wind factor suggests that seasonal variations in the energy
of the Arctic internal wave field are caused by sea-ice properties that determine how readily

the ice responds to wind forcing.

3.5.8  Temporal variations: Interannual

Interannual variability in the vertical displacement amplitude of near-inertial internal waves
(Figure 3.10) is significantly correlated with the wind factor (r = 0.6). Neither the wind speed
nor sea-ice concentration alone can explain the variations in near-inertial wave amplitude on

these timescales. Note that the peak in near-inertial wave amplitude during the summer of
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Figure 3.10: Interannual variations from Fall 2005 to Fall 2014. Data is binned by month
and coloured by calendar year, matching Figure 3.1. From top to bottom, fields are: scaled
near-inertial wave vertical displacement amplitude, wind factor, wind speed, and sea-ice
concentration. Tan vertical bars indicate the summer sea-ice melt from Aug 1st to Oct 1st.
Horizontal black lines give the overall time series average for each field.
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2013 may be partially caused by a spatial bias due to an unusually high number of ITPs
drifting near the continental slope in the south-west corner of the Basin, south of the critical
latitude for the M2 tide. The high correlation with the wind factor should not be construed
as an indication of a linear relationship between wind factor and wave amplitude, but rather
as a suggestion that seasonally varying sea-ice properties impacting ice speed are important
to the average energy of the wind-generated near-inertial wave field.

Compared to pre-2008 values, the median near-inertial wave amplitude (Figure 3.11) is
slightly higher for the periods 2008-2011 and 2012-2014. The variance in the distribution
of near-inertial wave amplitude estimates doubles between the early part of the record (pre-
2007 sea-ice minimum) and the later part of the record (post-2012 sea-ice minimum). This
increase in variance in later years indicates an overall broadening in the distribution of wave
amplitudes, with a higher probability of large waves. Results are significant at the 95%
confidence level based on a Kolmogorov-Smirnov significance test for the difference between
distributions.

Interannual trends in the near-inertial internal wave vertical displacement amplitudes are
small but significant during both the summer (Figure 3.12a) and the winter (Figure 3.12b)
seasons, with 1.0% per year and 2.5% per year increases in wave amplitude respectively
(Table 3.1). The trend in the winter months may be influenced by unusually large waves
associated with the 2012 sea-ice minimum. In fact, the highest average wave amplitude for
both summer and winter occurs during 2012.

The variance of the wave field (Table 3.1) increases dramatically by 11% per year (based
on a linear trend) for wave amplitude estimates during summer (Figure 3.12¢) and by 15% per
year for the winter (Figure 3.12d). The winter trend is largely driven by changes occurring
around the time of the second peak in the seasonal cycle, and may be related to the timing
of the sea-ice freeze-up. The summer trend could be caused by an increase in the variance
of inertial ice speed during the summer, or by the higher likelihood of open water in the
vicinity of the I'TPs.

Sea-ice concentration trends (Table 3.1) show a decline during the summer at a rate of



Trend Variance
Field Summer Winter Summer Winter
Near- (10 £ 9) x (22£9) x (0.04 £ (0.06 £
inertial 10~3m/yr 10~3m/yr 0.02)m? /yr 0.01)m? /yr
wave +1.0%/yr +2.5%/yr +11%/yr +15% /yr
amplitude
Wind (0.071 + (0.059 + (0.06 + (0.05 +
factor 0.005)%/yr 0.005)%/yr 0.04)%?2 /yr 0.03)%2 /yr
+5%/yr +6%/yr +9%/yr +9%/yr

Wind speed (0.04 £ 0.01)m (0.03 £ 0.01)m (0.0 £0.1)m? (0.0 £0.1)m?

s~ /yr s~ /yr 572 /yr 572 /yr

+0.7%/yr +0.5%/yr +0.6%/yr +0.4%/yr
Sea-ice con- || (—=1.2+£0.1)%/yr  (0.09 £0.02)%/yr | (56 +30)%*/yr (0.3 £0.6)%/yr
centration —1.4%/yr +0.1%/yr +17%/yr +5%/yr
CW inertial (1.7 +£0.1)mm (0.44 4 0.04)mm (40 & 20)mm? (6 + 2)mm?
sea-ice s71/yr s71/yr s72/yr s72/yr
speed +10% /yr +7%/yr +18% /yr +26% /yr
Sub-inertial (3.8 £0.3)mm (3.3 £0.3)mm (130 + 40)mm? (170 + 70)mm?
sea-ice s71/yr s71/yr s72/yr s72/yr
speed +5%/yr +5%/yr +4%/yr +6%/yr

Table 3.1: Trend column - Interannual trends for summer (June to November) and winter
(December to May) calculated as the slope of a least-squares fit to the data. Variance
column - Interannual trends in the variance of each field during summer and during winter.
The relative %-change per year is reported below each absolute trend value.
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Figure 3.11: Distribution of scaled near-inertial wave amplitude from 2005 to 2007 (light
grey line), from 2008 to 2011 (grey line), and from 2012 to 2014 (black line). The variance
and median of each distribution is given. Differences are significant at the 95% confidence
level based on a Kolmogorov-Smirnov significance test.

-1.4% per year, consistent with previous observations of total Arctic sea-ice extent (Comiso
et al., 2008), with a +17% per year rise in variance associated with the increased frequency
of low ice concentrations. Although wind speed only marginally increases over the course
of the record and does not show any significant increase in variance along the I'TP tracks,
both CW inertial and sub-inertial ice speed have positive interannual trends in magnitude
and variance (Table 3.1), with a +26% per year increase in the variance of CW inertial ice
speed during the winter months. The percent increases per year in wind and ice drift speed

are comparable to Arctic-wide trends from Spreen et al. (2011) for the period 2004-2009.

The wind factor has somewhat larger interannual trends than the near-inertial wave field
(Table 3.1) during both summer and winter, but comparable increases in variance. This
may reflect increased variance in the sea-ice speed, and/or increased variability in sea-ice
properties, particularly as large amounts of multiyear ice melted out of the Canada Basin

during this decade.

These results reflect the trajectories of the I'TPs, and not overall Canada Basin aver-
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Figure 3.12: Interannual trend in scaled near-inertial wave amplitude for (a) summer (June
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linear fit with the given slope. Errorbars give 95% confidence intervals based on standard
error. Variance in the wave field by year is shown for (¢) summer and (d) winter. Grey lines

are linear fits.
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ages. Despite the purposeful deployment of ITPs in large ice floes, the overall change in
observed sea-ice characteristics during the last decade is still apparent, as the Canada Basin
transitioned from a thicker, multiyear ice pack to relatively younger, thinner ice cover. Ac-
companying the slight increase in the overall energy of the near-inertial wave field, evidence
suggests that the declining sea ice is driving an increase in the frequency of unusually large
near-inertial waves. The episodic generation of these large amplitude waves would cause

intermittent spikes in the energy of the wave field.
3.6 Discussion: Dynamics of the near-inertial wave field

Key results for the near-inertial internal wave field include: 1) The presence of a latitudinal
trend in wave amplitude, with larger waves in the south of the Canada Basin, 2) A seasonal
cycle in wave amplitude, with monthly variations closely matching those in wind factor, and
summer sea-ice conditions associated with more ice motion and a more energetic wave field,
and 3) A slight interannual trend in wave amplitude linked to decreased sea-ice concentration
and increased ice speeds, and a large interannual trend in variance suggesting that the

generation of highly energetic near-inertial internal waves is on the rise.

3.6.1 Near-inertial wave generation

Interpretation of the agreement between near-inertial wave amplitude and the wind factor on
seasonal to interannual timescales must necessarily consider how wind forced sea ice results
in wave generation. The seasonal agreement between the two (Figure 3.9) is closely tied to
the seasonal cycle in sub-inertial ice drift speed (Figure 3.8c). The wind factor should not
be viewed as a predictor or driver of near-inertial wave generation, but rather as a ‘rule of
thumb’ for the typical Arctic sea-ice response to wind forcing (Wadhams, 2000), which is
itself the primary driver of Arctic internal wave generation.

Internal wave generation is not directly captured by the I'TPs, and the uncertainty in
individual wave amplitude estimates from ITP data can be up to 4+1m, as discussed in

Section 3.4. Despite this, short timescale correlations (days to weeks) between wind forcing,
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sea-ice properties, and wave amplitude suggest how wave generation is affected by changing
conditions. Individual estimates of wave amplitude were correlated to daily averaged wind

2 The wave amplitude time series

speed, ice speed, ice concentration and wind factor.
has a low but significant correlation with wind speed (r = 0.2 at the 95% level), wind
factor (r = 0.2), and ice drift speed (r = 0.3). Wind speed correlates strongly with sea-ice
drift speed (r = 0.6), indicating that sea-ice motion is closely tied to changes in the wind
on short timescales, despite the lack of agreement on seasonal and interannual timescales.
This matches findings from Thorndike and Colony (1982), who found that geostrophic winds
accounted for over 70% of the variance in daily sea-ice motion, a result that was corroborated
by Rigor et al. (2002). When lagged by 1-3 days, correlations rise slightly, but remain below

r = 0.5, suggesting a finite amount of time for momentum transfer from the wind, through

the sea ice and mixed layer, into internal wave generation.

Neither sea-ice concentration nor CW inertial ice speed are significantly correlated with
the near-inertial wave field for the full record on a daily timescale. Over shorter time periods
- months to seasons as opposed to the entire record - correlations between different fields and
the near-inertial waves are often higher, suggesting seasonal variations in the mechanisms
behind internal wave generation. In particular, correlations between the near-inertial waves
and the CW inertial ice speed are generally significant during the summer (though still
typically low), when the ice is in free drift. Low correlation values are likely partially due
to the limitations of the I'TPs (which cause large uncertainties in individual wave amplitude
estimates as discussed in Section 3.4) and also to an internal wave field that is no doubt

composed of both locally and remotely generated waves.

Wind factor does not well explain variations in the near-inertial internal wave field on
daily timescales, and what agreement there is is likely attributable to the (slightly higher)
correlation with ice drift speed. There is no reason to expect a direct linear relationship

between wind factor and the amplitude of any given wave. In fact, rather than a proportional

2 Associated scatterplots are in the Appendix.
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increase in wave amplitude for a given increase in either wind or ice speed, it is the timing
of wave generation that seems to be driven by an increase in wind forcing accelerating the
sea ice, as demonstrated qualitatively in the case study below.

In turn, the ice motion forces a near-inertial wave, either through variations in horizontal
sub-inertial drift speed or through inertial ice motion. The wind factor acts as a simple proxy
for sea-ice properties that affect the ice response, which could include ice thickness, strength,
age, roughness, internal stresses, and amount of open water or ice in free drift. Wind factor
thereby provides information about how such properties affect the average energy of waves
generated on longer timescales.

For example, the near-inertial wave field (Figure 3.7a) is more energetic during May to
August than during October to January, despite similar values of the average monthly sub-
inertial ice drift speed (Figure 3.8¢) for the two periods. Wind speeds are lower (Figure 3.8a)
and the wind factor is higher (Figure 3.9) in May-August than October-January, indicating
that sea-ice properties during summer allow the ice to respond more readily to wind forcing.

Exactly how various sea-ice properties affect near-inertial wave generation remains an
open question that cannot be addressed by the ITP dataset at present. A complete under-
standing would likely require detailed information on not only local sea-ice characteristics,
but also inertial current speeds in the mixed layer, on both daily to weekly and seasonal

timescales.

3.6.2 Case study - ITP 41

To better understand the connections between short timescale variations in the wave field,
wave generation, and the seasonal and interannual patterns previously identified, ITP 41 is
used as a case study (Figure 3.13). This record begins in October 2010 and runs through
July 2012.

During the summer melt, near-inertial wave amplitude is elevated on daily and monthly
timescales. The is associated with a rapid decrease in ice concentration and increase in

CW inertial ice speed (Figure 3.13a). The ice is likely patchy, thin, and weak, in free drift,
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Figure 3.13: Data from October 2010 to July 2012. Near-inertial internal wave amplitude
estimates and ice speed are from ITP 41. (a) Daily average sea-ice concentration and CW
inertial ice speed. (b) Daily average wind speed. (c) Daily average sub-inertial ice drift speed

(thin red line) and depth-average near-inertial wave amplitude (thick black line).

(d) 30-

day running means of wind factor (dashed orange line) and depth-average near-inertial wave
amplitude (solid black line). (e) Near-inertial internal wave vertical displacement amplitude
with depth and time. Coloured bars show seasonal periods of interest as in Figure 3.7a.
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increasing momentum transfer from the wind to the ocean. Wave generation is expected to
be predominantly due to wind forcing driving an inertial response in the ice cover, which

then translates into the mixed layer and the water column below.

In fall and early winter, near-inertial wave amplitude increases sharply during several sig-
nificant storm events, in which wind speeds exceed 10m s~ (Figure 3.13b). Ice concentration
is close to 100%, though it sometimes drops slightly during a storm as wind forcing perturbs
the newly formed ice. Storms cause an increase in sub-inertial ice speed, and sometimes in
inertial ice speed (Figure 3.13a-c), presumably depending on ice characteristics. The timing
of individual wave generation events is therefore tied to storms driving horizontal variations
in ice drift, which causes vertical inertial pumping at the base of the mixed layer. Particu-
larly energetic periods are also accompanied by an increase in inertial ice oscillations driving

an inertial response in the mixed layer.

During late winter (March and April), the near-inertial internal wave field is at a minimum
(Figure 3.13c), though waves continue to be generated (Figure 3.13c,e). Wind speeds are
high, but sea ice is at 100% concentration and is likely thick and rigid, with high internal
strength that limits ice deformation. Both inertial and sub-inertial ice speeds are small and
less variable, suggesting that the wind is unable to transfer momentum effectively to the ice,
even during storms. This record is from recent years, when less multiyear ice was present
in the Canada Basin. Momentum transfer from wind forcing to sea-ice motion in winter
may have been further reduced by the lower drag coefficient for first-year ice compared to

multiyear ice (Wadhams, 2000).

During all seasons, variations in the wind factor are similar to those in the near-inertial
wave field on longer (weekly to monthly) timescales (Figure 3.13d). The timing of individual
wave generation events is linked to rapid variations in wind and thus sea-ice speed, while
the overall momentum available for wave generation on seasonal and interannual timescales
appears to be determined by ice characteristics that affect air-ice and ice-ocean drag and

internal ice stresses, and are here simplistically reflected by the wind factor.
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3.7 Summary

The near-inertial internal wave field is quantified using nearly a decade (2005-2014) of obser-
vations from drifting Ice-Tethered Profilers in the Beaufort Gyre region of the Canada Basin.
Vertical displacement amplitude for near-inertial waves is compared to wind speed, sea-ice
concentration and ice drift speed to determine how wind-ice-ocean dynamics have affected
Arctic internal waves over the last decade, both spatially and on seasonal and interannual

timescales.

The near-inertial wave field displays a spatial pattern consistent with a linear decrease
in vertical displacement wave amplitude of 12% per degree latitude to the north, decreasing
by over 1m on average between 72°N and 82°N. This pattern may be partially explained
by slightly elevated wind and ice speeds, and lower sea-ice concentration in the south of
the Canada Basin. The latitudinal trend in wave amplitude could also be caused by the
strictly southward propagation of internal waves generated at the inertial frequency. This is
inconsistent with the idea that internal waves are dissipated in the under-ice boundary layer
following a single reflection from the sea floor (Pinkel, 2005), although it is possible that
the under-ice boundary layer (Morison et al., 1985) is becoming less dissipative. Further

investigation is necessary to determine the exact causes of this spatial pattern.

On a seasonal timescale, near-inertial internal waves are largest during the summer
months, with a second peak in late fall as wind forcing increases, and a minimum in late
winter. Median wave amplitude is 16% larger during summer and fall (June to November)
than during winter and spring (December to May). Both seasonal and interannual variations
in the near-inertial internal wave field are found to match changes in the wind factor, the
ratio of sub-inertial ice drift speed to wind speed. Momentum transfer varies based on the
characteristics of the sea ice, such as ice concentration, thickness, roughness, form drag, and
internal ice stresses. Many of these properties are reflected in how readily the wind is able

to accelerate the sea ice, which is simplistically captured by the wind factor.

There is a small but significant interannual trend during both the summer and winter
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months, with a 5% increase in the median amplitude of the near-inertial waves over the
course of the record, paralleling the decline in sea-ice cover during the summer and the
increase in sea-ice speed during both summer and winter. More importantly, the variance in
the distribution of near-inertial wave amplitudes doubles between the years 2005-2007 and
2012-2014, with an 11% increase in variance per year during summer and a 15% increase
in variance per year during winter. Therefore, while the average amplitude of near-inertial
waves is only slightly larger in recent years, unusually large waves are generated much more
frequently.

Near-inertial internal wave generation in is known to occur due to horizontal variations
in sea-ice velocity (or wind velocity over open water) driving vertical inertial pumping at
the base of the mixed layer. During summer free drift or a strong winter storm, the wind
can excite a clockwise inertial response in the sea ice. Large inertial ice speeds are highly
intermittent and cannot fully explain the seasonal cycle in the near-inertial waves. Some
agreement is found between near-inertial wave amplitude estimates and sub-inertial ice drift
speed. While the timing of near-inertial wave generation matches rapid variations in wind and
sea-ice speed, the average energy in the wave field on seasonal timescales is more closely tied
to how readily the ice responds to wind forcing, suggesting that changing ice characteristics
- such as the continued dramatic reduction in multiyear sea ice in the Canada Basin - are
impacting the energetics of the Arctic internal wave field.

The ITPs do not directly measure internal wave generation, and cannot be used to dis-
tinguish between locally generated downward propagating waves, and remotely generated
upward propagating waves. They lack sufficient time resolution to measure the internal
wave frequency spectrum, so do not provide accurate estimates of internal wave energy. De-
spite these limitations, the I'TP dataset has provided unique information about the spatial,
seasonal, and longterm evolution of the near-inertial wave field in the Arctic, and brought to
light potential connections between wind forcing, local sea-ice properties, and the resulting
internal waves.

The near-inertial internal wave field in the Canada Basin has become increasingly ener-
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getic and variable over the last decade, reflecting a fundamental shift in year-round sea-ice
characteristics in the Arctic Ocean. As the properties of the sea ice continue to change, the
internal wave field will likely continue to evolve as well. This may have important implica-
tions for mixing in the upper ocean due to wave overturning and dissipation, as the most
energetic waves are those most likely to become unstable and break. Any resulting increase
in mixing would influence the vertical flux of heat and nutrients, and possibly weaken the

stratification of the upper halocline.
3.8 Appendix: Details and biases of ITP sampling

The analysis herein uses data from 27 I'TPs which completed density profiles and recorded
hourly GPS position between August 2005 and October 2014 (Figure 3.14) in the Beaufort
Gyre region of the Canada Basin (72°N to 82°N and 130°W to 160°W). Measurements were
made during all months of the year for all years within that timespan. I'TPs which profiled
for only a month or two before failing were excluded from the analysis, as were those I'TPs
whose drift tracks were outside the study region. The 30364 profiles used in the analysis
represent 85% of the total number of ITP profiles recorded in the Canada Basin. As such,
the information in Figure 3.14 is for those ITPs and time periods used in this analysis, and
does not represent all profiles currently available for all ITPs.

As ITPs are typically deployed during late summer to early fall, in the thickest ice floes
available, there is a slight spatial bias in the month of year profiles were taken (Figure 3.15a),
with the average latitude for profiles slightly further south in the Canada Basin from April
to August. However, the variability in this average latitude of measurement is very high,
and the associated spatial pattern in month of year of measurement (Figure 3.15b) does
not match that for the near-inertial wave amplitude estimates (Figure 3.3b). This slight
temporal measurement bias in ITP sampling may partially explain the latitudinal trend in
wave amplitude, though largely by its connection to sea-ice concentration and speed, which
are considered separately. Note that numerous measurements were made during the summer

of 2013 in the southeast corner of the Basin, in a region south of the M2 critical latitude and



ITP | Years Sampled Months of Year Sampled
Aug [Sep [Oct [Nov |Dec |Jan |Feb (Mar |Apr |May [Jun [Jul |Aug |Sep [Oct
1 2005-2006 :
2006-2007
3 2005-2006
4 2006-2007
5 2006-2007
6 2006-2007
2007-2008
8 2007-2008
11 2007-2008
2008-2009
13 2007-2008
18 2007-2008
33 2009-2010
2010-2011
34 2009-2010
35 2009-2010
41 2010-2011
2011-2012
42 2010-2011
52 2011-2012
53 2011-2012
55 2011-2012
62 2012-2013
64 2012-2013
65 2012-2013
68 2013-2014
69 2013-2014
70 2013-2014
7 2013-2014
78 2013-2014
79 2013-2014
80 2014-2015

78

Figure 3.14: Ice-Tethered Profilers used for the analysis herein, listed by I'TP number, years
sampled, and months for which data was available for the analysis (shaded grey). As ITPs
are typically deployed in late summer or early fall, the months of August through October
are repeated. For ITPs which profiled for longer than 15 months, an additional row lists the
second year, with repeated months shaded a darker grey. Eg: For ITP1, data from Aug 2005
to Jan 2007 was used. For ITP 8, data from Aug 2007 to Oct 2008 was used. For I'TP 79,
data from Mar 2014 to Sep 2014 was used.
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30

therefore permitting generation of a semi-diurnal internal tide. A temporal/spatial bias for

that time period is discussed further in the text.
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3.10 Appendix: Unpublished material

3.10.1  Spatial pattern in wind and sea ice

Spatial patterns in wind and sea-ice speed and ice concentration following the ITP tracks
(Figure 3.16) show little agreement with the spatial distribution of depth-averaged near-
inertial internal wave amplitudes (Figure 3.3b). Neither wind nor sub-inertial sea-ice drift
speed show any clear spatial pattern in either the latitudinal or longitudinal directions.
The patterns in clockwise inertial ice speed are roughly opposite to those in percent ice
concentration, with larger inertial oscillations when ice cover is low and ice floes are mobile,
as discussed above. Neither has the linear increase to the south across all longitudes visible

in the near-inertial wave amplitude data.

3.10.2  Scatterplots

Individual estimates of wave amplitude are compared to wind speed, sub-inertial ice drift
speed, and wind factor (Figure 3.17). These fields are smoothed with a 4-day running mean
to match the 4-day timescale associated with the waves. The high variance in wave amplitude

is immediately evident from the scatter. Note that the average uncertainty associated with
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Figure 3.16: Spatial patterns following the ITP tracks for (a) wind speed, (b) percent sea-ice
concentration, (c) sub-inertial sea-ice drift speed, and (d) clockwise inertial sea-ice speed.
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Figure 3.17: Scatterplots of all data from 2005 to 2014 for (a) wave amplitude estimates
vs. 4-day running mean of wind speed, (b) wave amplitude vs. 4-day running mean of sub-
inertial ice drift speed, (c) wave amplitude vs. 4-day running mean of wind factor, and (d)
wind speed vs. ice drift speed. Correlation coefficients and linear fits to the data are shown.
4-day running mean is used to match degrees of freedom with wave amplitude estimates.
Colours correspond to those in Figure 3.13.

individual amplitude estimates for the wave field can be up to =1m. The wave amplitude
time series has a low but significant correlation with both wind speed (r = 0.2, Figure 3.17a),
wind factor (r = 0.2, Figure 3.17c¢), and ice drift speed (r = 0.3, Figure 3.17b). Wind factor

does not well explain variations in the near-inertial internal wave field on short timescales.
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Neither sea-ice concentration nor CW inertial ice speed are significantly correlated with the
near-inertial wave field. Wind speed and sea-ice drift speed are correlated at r = 0.6 (Figure
3.17d). The motion of the sea ice is closely tied to changes in the wind forcing on short

timescales, despite the lack of agreement on seasonal and interannual timescales.
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Chapter 4

INTERNAL WAVE PROPAGATION AND STABILITY IN THE
WESTERN ARCTIC

Note: Sections of this chapter were part of collaborative work with Sasan Ghaemsaidi
and Thomas Peacock at the Environmental Dynamics Lab at MIT. I am second author on a
manuscript based on this collaboration that is currently in revision in the Cambridge Journal
of Fluid Mechanics as of August 2015. Subject to Cambridge Journals Copyright as of date
of publication.

Citation: Sasan J. Ghaemsaidi, Hayley V. Dosser, Luc Rainville, Thomas Peacock: The

impact of multiple layering on internal wave transmission, J. Fluid Mech.

4.1 Introduction

Internal wave energy levels in the Arctic Ocean were determined observationally as early as
the 1980s and 1990s. Observations from ice camps supported the idea of a quiescent Arctic
Ocean with limited vertical mixing, and an energy level an order of magnitude below that at
lower latitudes (e.g.: the Arctic Internal Waves Experiment, AIWEX Spring 1985 - Levine
et al. (1985), 1987; D’Asaro and Morehead (1991); Merrifield and Pinkel (1996), and the
Surface Heat Budget of the Arctic experiment, SHEBA 1997-1998 - Pinkel (2005)).

Recent observations indicate that Arctic internal waves are more energetic during ice-free
or ice-forming conditions (Rainville and Woodgate, 2009; Cole et al., 2014; Martini et al.,
2014). No trend in average diffusivity over the last 30 years was found in the Western Arctic
(Guthrie et al., 2013), suggesting that the internal wave field remains relatively low energy
on average. However, the generation of unusually large wind forced near-inertial waves is

becoming more common as sea ice declines and multiyear ice is replaced by first-year ice in
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Figure 4.1: Potential temperature and salinity profiles from an Ice-Tethered Profiler in the
Canada Basin, showing details of the typical stratification in the region from the surface
mixed layer to ~800m depth. Water masses are indicated. The inset shows details of the
double-diffusive staircase found above the Atlantic Water temperature maximum.

the Canada Basin (Chapter 3: Dosser and Rainville (2015)). Depending on the details of the
propagation of high energy internal waves through the stratification in the western Arctic
Ocean, internal wave instability and breaking may become more common.

The internal wave field in the Arctic Ocean is a combination of downward propagating
wind generated near-inertial waves and upward propagating waves from either a topograph-
ically generated internal tide (Halle and Pinkel, 2003) or surface generated internal waves
that have reflected off the ocean floor (Pinkel, 2005). Most of the energy in the internal wave
spectrum is found in the near-inertial band (Chapter 2: Dosser et al. (2014) - Appendix),
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w & f, where the Coriolis period 27/ f varies from just over 12 hours in the northern Canada
Basin at 85°N to about 12.7 hours in the far south of the Basin at 70°N.

A typical stratification profile in the Canada Basin (Figure 4.1) is dominated by salinity
variations. A seasonally varying mixed layer roughly 15-25m deep on average (Toole et al.,
2010) overlays the often-present near-surface temperature maximum (Jackson et al., 2010;
Steele et al., 2011), and a local temperature maximum associated with Pacific Summer
Water. A strong halocline and thermocline are associated with the Atlantic Water layer,
which is both warmer and saltier than the overlying Pacific Water. Below the Atlantic
Water temperature maximum, potential density is nearly constant with depth. Heat within
the Atlantic Water layer is sufficient to completely melt the sea ice, but is trapped at depth
due to the strength of the halocline, isolating it from the ice in the absence of vertical mixing
(Turner, 2010). The monotonically increasing temperature and salinity within the Atlantic
Water layer and low levels of turbulent mixing have led to the formation of a ‘double-diffusive
staircase’ stratification feature above the temperature maximum.

The double-diffusive staircase in the Arctic Ocean (Figure 4.2) is formed by diffusive
convective instability, rather than by salt fingers as is common at lower latitudes. The
salinity, and therefore density, stratification is stable; the energy for convection is contained
in the unstable thermal stratification. A parcel of warm, salty water displaced into cooler,
fresher water will cool due to the rapid diffusion of heat relative to salt. The parcel will
then be denser than the surrounding fluid, sink and overshoot its original depth, resulting
in an oscillation. These instabilities create overturning convective cells, resulting eventually
in a series of well-mixed layers or ‘steps’ of constant density with thickness from O(1m) or
less to O(10m) or more, separated by thin interfaces, O(10cm), with strong salinity and
temperature gradients (Turner, 1968).

Such staircases have been widely observed in the Western Arctic (Padman and Dillon,
1987, 1988, 1989; Timmermans et al., 2008a). Vertical heat flux through a double-diffusive
staircase is estimated using the laboratory derived ‘4/3 flux laws’, based on the gradient of

potential temperature across the stratified interfaces (Marmorino and Caldwell, 1976; Kelley,
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Figure 4.2: Potential temperature, potential density, and buoyancy frequency for the double-
diffusive staircase, from a high-resolution CTD profile in the Canada Basin.
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1984). Heat fluxes from the staircase in the Canada Basin are quite low, originally found to
be 0.05 —0.2W/m? (Padman and Dillon, 1987), based on the 4/3 flux law of Marmorino and
Caldwell (1976), and more recently 0.22 4+ 0.10W/m? (Timmermans et al., 2008a), based on
the 4/3 flux laws determined by both Marmorino and Caldwell (1976) and Kelley (1984).
These heat fluxes are an order of magnitude smaller than the estimated heat flux from the
mixed layer to the sea ice, and two orders of magnitude below the Basin-average heat loss

from the Atlantic Water, making them relatively unimportant to sea-ice melt (Turner, 2010).

The double-diffusive staircase in the Canada Basin is coherent over hundreds of kilome-
tres across the Basin (Rudels et al., 2009; Timmermans et al., 2008a), with individual layers
persisting over several years. A double-diffusive staircase can only persist if up-gradient
double-diffusion of heat is larger than down-gradient turbulent diffusion due to mixing. The
coherence of the staircase in recent years suggests a lack of persistent turbulent mixing, with
the exception of the Basin peripheries, in which the staircase structure is eroded (Timmer-
mans et al., 2008a). The impact of the double-diffusive staircase on internal wave propaga-
tion and stability is an open question, as is the effect of an increasingly but intermittently

energetic internal wave field on the staircase stratification.

Most longterm observational platforms in the Arctic Ocean, including Ice-Tethered Pro-
filers, lack the resolution to determine how individual internal waves evolve as they propagate
vertically. Internal waves have vertical scales which may be smaller, larger, or comparable
to vertical variations in the double-diffusive staircase stratification. Pinkel (2008) observed
near-inertial waves in the Western Arctic that were energetic over a broad band of vertical
wavelengths, between 10m (the smallest resolvable scale) and several hundred meters. Cole
et al. (2014) found that the shear spectrum for internal waves in the Canada Basin had
a peak between 10-50m vertical wavelength. A typical mixed layer in the double-diffusive
staircase can be on the order of 1m thick in the upper staircase, to tens of meters thick in
the lower staircase, with stratified interfaces on the order of 10cm thick (Timmermans et al.,
2008a). Few existing datasets capture the details of internal wave propagation through the

staircase, or possible causes of wave instability associated with wave-stratification interac-
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tions. In order to progress further, a combination of theory and numerical simulations is
necessary.

Eckart (1961) considered internal waves in stratified fluid in which two strongly stratified
layers were separated by a weakly stratified layer, an example being the seasonal and main
ocean thermoclines. Ray theory (also called WKB-theory, e.g. Lighthill (1978)) treats waves
as particles and incorrectly predicts total reflection for waves whose wavelength is short
compared to vertical variations in the stratification. Likewise, total transmission of wave
energy may be incorrectly assumed for waves whose vertical wavelength is long compared to
variations in the stratification.

Treating the situation as an eigenvalue problem, Eckart (1961) found resonant energy
transmission back and forth across the weakly stratified layer for vertical wave modes in
the strongly stratified layers whose frequencies and vertical wavenumbers matched. ‘Eckart
resonance’ in the atmosphere was investigated by Fritts and Yuan (1989) for internal waves
propagating between the stratosphere and the ionosphere.

In the ocean, Mysak (1978) provides an overview of internal and near-inertial wave prop-
agation through variable stratification with realistic vertical variations, including work by
Mysak and Howe (1976), who derived a formula for reflected and transmitted energy of an
upward propagating internal wave of specified frequency and vertical wavenumber, scattering
from a layer of random small-scale fluctuations in the stratification. They found significant
wave reflection if the layer was very thick compared to the scale of the waves, or if the vari-
ance in the vertical wavenumber spectrum for the stratification was high. D’Asaro (1982)
demonstrated observationally and using a slab model that near-inertial waves encountering
the turbulent benthic boundary layer are partially absorbed and significantly reflected from
the layer, despite the vertical width of the layer potentially being thin compared to the
vertical scale of the incident waves.

Sutherland and Yewchuk (2004) derived analytic solutions and performed laboratory ex-
periments for internal waves encountering a single mixed layer in a constant stratification

profile. They found that, contrary to the predictions of ray theory for complete wave reflec-
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tion, internal waves whose vertical scale is comparable to or smaller than the mixed layer
are still able to partially or completely ‘tunnel’ through, transmitting some wave energy,

depending on their vertical wavenumber and frequency.

This work was extended to numerical solutions for internal waves in vertically varying
background stratification and shear by Nault and Sutherland (2007), and to internal wave
beams by Mathur and Peacock (2009), who found significant modification of the waves
due to variations in the stratification. The evolution of surface forced internal waves in
realistic ocean stratifications with complex vertical structure was modelled numerically by
Ghaemsaidi et al. (2015a), and extended to layered stratifications similar to an Arctic double-

diffusive staircase by Ghaemsaidi, Dosser, Rainville, and Peacock (2015).

The current work builds on these earlier studies, with a focus on exploring the parameter
regime most pertinent to internal waves in the Western Arctic Ocean. In this research, an an-
alytic solution is derived for two mixed layers separated by a stratified interface, and used to
further validate the numerical solution technique for use with layered stratifications. Numer-
ical solutions for successively more realistic idealized layered stratifications are determined,

and the physics underlying their effect on the internal wave field is discussed.

Finally, the impact of the unusual double-diffusive staircase stratification ubiquitous to
the Arctic Ocean on internal wave propagation, vertical energy flux, and wave stability
is determined using observed stratification profiles. The vertical displacement amplitude
distribution for near-inertial waves determined from the Ice-Tethered Profiler dataset is used

to provide realistic values for internal waves in the current Arctic climate.

The key questions are:
I. Does the double-diffusive staircase affect Arctic internal wave propagation and stability?
II. Can unstable internal waves affect the stratification through overturning and mixing?

IIT. Do internal waves contribute significantly to mixing in the Arctic Ocean?
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4.2 Theory

For the case of a rotating Boussinesq fluid with no background flow, small amplitude internal

waves are described by the following governing equations:

ou 1

i fu— %px (4.1)
% = —fu (4.2)
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where @ = (u,v,w) is the velocity associated with the waves, p and p are the perturbation
pressure and density respectively, po is a reference density, p(z) is the background density
profile, f is the Coriolis parameter, and the simplifying assumption that the waves have no
structure in the y-direction has been made, so that y-derivatives are zero.

The Taylor-Goldstein equation describes the vertical structure of an internal wave prop-
agating through an arbitrary density stratification. It was independently derived by G. I.
Taylor and S. Goldstein in 1931, replicated here with the inclusion of rotation. Eliminating
pressure by taking the curl of the momentum equations gives:

Pu  Pw @—I—i%
ooz otdx ' 0z pyOx’

(4.6)

Equations (2), (4), and (5) are used to eliminate v, p, and u respectively, leaving an equation
solely in terms of the vertical velocity w:
O*w D*w

82 2 2 2
—V w—i-N——Ffw

p— . 4.
ot? 0x? 0 (4.7)

Here N2(2) = —(g/po)dp/dz is the vertically varying background buoyancy frequency profile.
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Figure 4.3: Left: Cartoon illustrating an incoming ‘incident’ internal wave encountering a
single mixed layer, partially reflecting and partially transmitted. The internal wave decays
exponentially in amplitude within the mixed layer. Right: Cartoon illustrating an internal
encountering a series of mixed layers in a double-diffusive staircase stratification. This wave
will also partially reflect and partially transmit, depending on the vertical scale of the wave
relative to the thickness of the mixed layers and stratified interfaces within the staircase.

In a depth-dependent stratification, the z-direction structure of the wave solution may not

be oscillatory for all depths, so that any basic state field a(z, z,t) is given by:
a(z, z,t) = a(z) exp(kxr — wt), (4.8)

in which a(z) is the unknown depth-dependent term, k is the horizontal wavenumber, w is

the wave frequency, and the actual measured field is taken to be the real part of (8).

Combining this with equation (4.7), and replacing the vertical velocity by the vertical
displacement 7 associated with the wave (w = 0Jn/0t) leads to the form of the Taylor-

Goldstein equation used for this analysis:

iy, (4.9)
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Solutions to this 1-D ordinary differential equation describe how the vertical displacement

of an internal wave in an arbitrary stratification varies with depth.

For internal waves under the influence of rotation, the frequency for freely propagating
waves is constrained to f < w < N. In regions where the stratification is approximately
constant (N (z) =~ Np), the z-structure of the wave is given by 7(2) = A, expwmz, in which
A, is the vertical displacement wave amplitude and m is the vertical wavenumber, giving
the standard dispersion relation:

2 kQN()Q+m2f2

iy x e (4.10)

Other fields of interest can be calculated from the governing equations:

w

—wn

0 = —u(f/k)0n/0z
p = (po/g)N*ij

P = po(N? —w?) /ﬁdz. (4.15)

(4.11)
i = (w/k)d7/02 (4.12)
(4.13)
(4.14)

Here 4 = (u,v,w) are the horizontal and vertical velocities, p is the density, and p is the

pressure associated with the internal wave.

Vertical energy flux is used to characterize wave transmission through the double-diffusive
staircase, and is calculated from F, = (wp), where () denotes a horizontal average over one
wavelength and a temporal average over one wave period. Using (11) and (15), and assuming

N =~ N, the vertical energy flux above and below the staircase is:

F, = po(w/m)(Ng — wz)A% exp 2imz. (4.16)
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Figure 4.4: Transmitted vertical energy flux ratio calculated for the density profile in the
left panel, with the associated buoyancy frequency profile for a single mixed layer or ‘step’
with thickness L = 2m. Here f is the Coriolis frequency (calculated at 75°N) and N = N, =
0.005rad s~! is the constant background buoyancy frequency.
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4.3 Analytic solutions

Analytic solutions of the Taylor-Goldstein equation can be determined for internal waves
propagating through simple layered stratifications, such as the constant stratification profile
with a single mixed layer examined by Sutherland and Yewchuk (2004). In this scenario,
an incident, oscillatory internal wave encounters the mixed layer, and is partially reflected.
Within the mixed layer, the wave is evanescent - that is, its amplitude decays exponentially
with depth. On the other side of the mixed layer, the transmitted wave is once again

oscillatory (Figure 4.3).

Boundary conditions above and below the mixed layer require that the vertical velocity
and pressure be continuous, which is equivalent to requiring that the streamfunction be
continuous and differentiable in a fluid with zero mean flow. For a mixed layer of thickness
L, they found the transmission coefficient for a 2-D, Boussinesq internal wave in a non-
rotating fluid (their equation 2.3, rearranged):

Ng Jw? -

T= 1+ sinh®(Lmg)| (4.17)

(Ng/w? = 1)

in which mg = k is the vertical ‘wavenumber’ in the mixed layer. The transmission coefficient

is defined as the fraction of transmitted to incident vertical energy flux F), for the waves.

This equation predicts complete transmission for waves whose vertical wavelength A, is
large relative to L (Figure 4.4). However, partial transmission also occurs for waves with
A, < L. Internal waves are evanescent within the mixed layer, so that this transmission
indicates wave ‘tunnelling’ between the two stratified regions, which Sutherland and Yewchuk

(2004) describe as analogous to quantum mechanical tunnelling across a potential barrier.

Tunnelling can occur whenever an internal wave encounters a layer within the stratifi-
cation for which N < w. In the double-diffusive staircase, the constant density ‘steps’ are
such layers, for which N = 0. Ray theory predicts wave reflection, however, the actual wave

solution within the weakly stratified or mixed layer gives an exponential decrease in wave
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Figure 4.5: Transmitted energy flux ratio calculated for the density profile in the left panel,
with the associated buoyancy frequency profile for two mixed layers or ‘steps’ with L = 2m
separated by a stratified interface with A = 20cm. The first mixed layer begins at h = bm.

amplitude with depth - the wave is evanescent. If the layer is sufficiently thin relative to the
exponential decay scale of the wave, energy is transferred through, producing a propagating

internal wave on the other side.

For the single layer case considered by Sutherland and Yewchuk (2004), transmission is
predicted to be small for internal waves whose frequency w is nearly equal to Ny. The cause
of this is not well documented in the literature, but the likely explanation is as follows:
The angle of incidence of such a wave with the mixed layer will be nearly zero, the wave
will approach and reflect almost vertically. The phase of the reflected wave will be nearly
opposite that of the incident wave (Ghaemsaidi et al., 2015a), which is not the case for
w << Ny. Thus the reflected wave will be almost totally out of phase with the incident

wave, leading to destructive interference and reduced transmission of wave energy.
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As a step toward understanding propagation through the double-diffusive staircase strat-
ification (Figure 4.3), the equation for transmission through a two layer stratification in a
rotating fluid, with a stratified interface separating two mixed layers, is derived as part of

the current analysis. The stratification profile (e.g. Figure 4.5) is:

(

0, forh<z<(h+1L)
N(z)=140, for(h+L+A)<z<(h+2L+A) (4.18)

Ny, otherwise

\

where h is the depth of the top of the first mixed layer and N(z) is shown in Figure 4.5.

The Taylor-Goldstein equation (4.9) specifies the vertical structure of the waves in each

region:
¢
Are "% 4 Ape'™, for z < h
Bye 0% + Bye™o*, for h<z < (h+ L)
M(2) = $ Ajae ™ + Apae™, for (h+L) <z < (h+ L+ A) (4.19)

B367m02 _‘_B46m027 for (h+L+A) <z < (h+ 2L+A)

Ape "=, for z > (h+ 2L + A).

\

Here A;, Ag, and Ar are the incident, reflected, and transmitted vertical displacement wave
amplitudes respectively, A;n and Ara are the reflected and transmitted wave amplitudes
within the stratified interface of thickness A, and B; through B, are the evanescent wave
amplitudes within the mixed layers of thickness L. The vertical wavenumber is denoted by
m where the wave is oscillatory and by mg where it is evanescent. It is defined as positive,

so that an incident wave propagates downwards.

These 5 equations are solved for Ar by assuming a continuous background density pro-

file, which imposes the requirement for continuity of the vertical displacement 7 and of its
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Figure 4.6: Transmission for different step and interface thicknesses for a wave of given
A, and w crossing the two step stratification shown in Figure 4.5. The vertical black line
provides a rough upper limit for typical values of A for Arctic double-diffusive staircases.
Inset shows transmission for smaller \,. Black circle shows resonant transmission for L, A
matching the stratification in Figure 4.5.
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derivative at the top and bottom of each mixed region. After some algebra, the solution is:

|AT|2 —2imA 1 1 m(Q) m?
T:|AI|2:(1—€ ) Z+§ W—i_m_% (1 — cosh2myL) | +

L (4.20)

1 1 /myg m
~(3+e ™) cosh(2mgL) — =1 | — — — ) sinh 2myL
4( +e ) cosh(2mgL) 2Z<m mo)sm mo

This collapses to the solution of Sutherland and Yewchuk (2004) in the limit A = 0, with
mixed layer thickness 2L, and noting m?/m32 = NZ /w? — 1 and my = k in non-rotating fluid.

Equation (4.20) indicates that internal wave transmission through a layered stratification
is sensitive to the incident vertical wavenumber m, the wave frequency w and background
buoyancy frequency Ny which determine the wavenumber in the mixed layers mg, and the
thickness of both mixed layers L and stratified interface A. Rotation enters the equation
only by limiting the allowed values of w for the incident wave. The specific parameters of
interest are mA, which relates the incident wavelength A\, = 27/m to the stratified interface
thickness, moL, which relates the evanescent decay scale to the mixed layer thickness, and
m/my, the ratio of the incident wavenumber to the ‘wavenumber’ in the mixed layer.

The result (Figure 4.5) is similar to the single mixed layer case (Figure 4.4), with slightly
reduced transmission overall, and a sharp peak in transmission at low frequencies, which
occurs for A, ~ 3m in the example shown A = 20cm and L = 2m (corresponding to

m =~ 2rad m~! and mg ~ 0.06rad m~! for w ~ f).
4.4 Resonant transmission

This is an example of what will be referred to as ‘resonant transmission’ - near complete
transmission of incident wave energy occurring at certain combinations of incident verti-
cal wavenumber and frequency (Figure 4.7). Resonant transmission is due to one of two

mechanisms, depending on the details of the stratification:

e Resonance between the incident and reflected wave in the strongly stratified interface

between mixed layers Ghaemsaidi et al. (2015a). Within the stratified layer, the in-
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Figure 4.7: Cartoon showing an internal wave incident on a series of mixed layers separated
by thin, stratified interfaces. The waves are oscillatory above and below the mixed layers
and within the interfaces, and evanescent within the mixed layers. Resonance occurs for
oscillations due to internal waves or interfacial waves in or on the stratified interfaces that

are in phase and constructively interfere.
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ternal wave will be oscillatory in the vertical. If the incident vertical wavenumber is
such (relative to the thickness of the layer) that the reflected wave is mostly in phase
with the incident wave, constructive interference occurs and resonantly enhances wave
transmission through the mixed layer by amplifying the internal wave energy exiting

the stratified layer.

Ghaemsaidi et al. (2015a) determined the transmitted wave amplitude: Ar = A;(1+7),
where 7 = (m — mg)/(m + mg) is the reflection coefficient, which is negative if the
reflected wave switches phase. The condition for resonance is mA = (n—3)m or mA =
(n — 1), where n is an integer. This condition is satisfied when the stratified layer is
exactly filled by (integer multiples of) quarter wavelength increments for the incident
wave, A = n( %lAz), allowing constructive interference upon reflection. Sutherland
and Yewchuk (2004) also considered a case with wave transmission across a strongly
stratified interface (‘ N2-barrier’) between two weakly stratified layers and found a series

of transmission peaks which associated with resonance between the incident wave and

wave modes trapped within the stratified interface.

Resonance between the incident internal wave and interfacial waves along thin, strong
stratified interfaces. An analytic solution is presented in Sutherland and Yewchuk
(2004) for a discontinuous density profile in which a single mixed layer is bounded by
two infinitely thin interfaces with infinitely large N. Resonance occurs if the vertical
wavenumber and frequency of the incident wave are such that the incident internal

wave linearly couples with the interfacial waves.

Physically, the propagating internal wave impacts the stratified interface, forcing it to
oscillate and generating an interfacial wave. The internal wave is evanescent within
the mixed layer, but will generate a similar interfacial wave on the other side. If the
interfacial waves are resonant with the incident wave, energy is efficiently transmitted
through the mixed layer. In the simple case studied by Sutherland and Yewchuk (2004),

this occurs when the frequency of the interfacial wave is equal to w(mgyL/2)/2.
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Varying the mixed layer thickness L and interface thickness A (Figure 4.6) when solving
equation (4.20) strongly affects wave transmission. Thinner mixed layers or ‘steps’ (lower
L) lead to more transmission, as does a thicker stratified interface (higher A). The resonant
transmission peak, which occurs for certain combinations of L and A, is found to repeat
(Figure 4.6 inset). For L > \,, the peaks occur at A = (n — 1)7/m, and for L < A, the
peaks occur at A = (n — $)7/m, with n an integer, in agreement with the conditions from
Ghaemsaidi et al. (2015a) for resonant transmission between incident and reflected internal
waves in a stratified layer.

The resonant peak shifts depending on the reflection within the interface. For L < A,,
resonance occurs when a quarter wavelength of the incident wave fits approximately within
the stratified interface (or three-quarters wavelength etc), so that the phase of the reflected
wave causes constructive interference both within the interface and in the stratification above
the relatively thin mixed layer. Significant transmission is possible for a fairly broad range
of interfaces thicknesses, in this case.

For L > )., the wave will experience significant exponential decay within the thick
mixed layers. Resonance occurs only for a small range of A, the values of which approach
A = (n—1)m/m as L increases. In this case, an integer number of half wavelengths must fit
within the interface, and resonance occurs due to constructive interference in the interface
alone, since the reflected wave will also experience significant exponential decay.

In Figure 4.5, resonant transmission occurs at A\, ~ 3m with L = 2, which is an inter-
mediate case between these two regimes, in which constructive interference occurs primarily
within the interface, but also to some degree within the stratification above the mixed layer
(black circle in Figure 4.6). In the Arctic Ocean, most stratified interfaces are quite thin, with
A on the order of 10cm, while the thickness of the double-diffusive steps varies dramatically,
from L ~ O(1m) or less to O(10m) or more. Vertical wavelengths range from O(10-100m)
or more. This suggests that resonance and wave transmission within the double-diffusive
staircase will depend more heavily on the incident vertical wavenumber than on the exact

thickness of the stratified interfaces.
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Figure 4.8: As in Figure 4.4 and 4.5, but showing wave transmission calculated by the model.
Bottom panels show the difference between the model and the analytic solutions. Note the
contour scale difference between the upper and lower panels.

As the goal of this work is to examine the impact of a double-diffusive staircase on internal
wave propagation, it is necessary to examine stratifications with many different mixed layers
or ‘steps’, and with different values of N above, below, and between these steps. Equation

(4.9) is solved numerically for a series of idealized and measured stratification profiles.

4.5 Numeric solutions

A numerical solution to equation (4.9) is found for waves propagating through a background
buoyancy profile N(z) with arbitrary nonuniform stratification, to determine the structure
of the internal wave vertical displacement 7(z), and its derivative di/dz with depth. Equa-

tion (4.9) is solved numerically as an ordinary differential equation boundary value problem
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(MATLAB bvp/jc function is used), for a wave of prescribed incident amplitude A;. The
transmitted wave amplitude A7 is determined, with the transmission coefficient physically

interpreted as the ratio of the transmitted to incident vertical energy flux.

Two boundary conditions are applied at the boundaries above and below the nonuniform
stratification region. Both 7(z) and di/dz are expressed in terms of the incident, reflected,

and transmitted wave amplitudes, and it is required that:

Mi(z1) = Are”"™* 4 Age"™* (4.21)
g
d—n(zl) = —umAre”"A +amAge™ (4.22)
z
M(z2) = Ape™""2® (4.23)
g
d_Z(ZQ) = —1myApe 2?2 (4.24)

in which z; and zy are the depths of the upper and lower boundaries and m; and msy are
the vertical wavenumbers at those depths, where the buoyancy frequency is N = N; and
N = N, respectively. This provides two conditions at each boundary, and it is noted that
the solution is highly sensitive to the values of the background buoyancy frequency at the

boundaries (Appendix).

This numerical approach was developed in collaboration with Tom Peacock’s research
group at MIT, which resulted in a manuscript (Ghaemsaidi, Dosser, Rainville, and Peacock,
2015) that examines internal wave transmission through single and double mixed layers, and
through a segment of a measured double-diffusive staircase profile from the Arctic Ocean.

The current work represents an extension of that earlier study.

Comparisons between the numeric and analytic solutions for the one and two mixed layer
(or ‘step’) stratifications (Figure 4.8) show that the numeric solutions are very accurate for
the parameter range considered, to within 1% for the two step case. Note that the numerical

model reproduces the resonant peak in transmission.

Ghaemsaidi et al. (2015b) examined transmission for these cases as a function of the inci-
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Figure 4.9: From Ghaemsaidi et al. (2015b) (their Figure 3): “Wave transmission for (a) a
single mixed layer of thickness L and (b) two mixed layers of thickness L/2 separated by a
stratification layer of thickness A = L/2.” Here #; is the angle of incidence of the wave to
the horizontal, § = tan™! k/|m,|.
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dent wave angle to the horizontal § = tan™! k/|m;| and moL = kL (Figure 4.9). This allows
for a more direct comparison with Sutherland and Yewchuk (2004), (although Sutherland
and Yewchuk defined © such that © = cos™ (w/Ny) ~ 90° corresponds to near-inertial waves,
as opposed to § = 0°, used herein and by Ghaemsaidi et al. (2015)) and excellent agreement
is found for the single mixed layer case (Figure 4.9a). For the case with a stratified interface,
a series of transmission peaks is observed. These are attributed to resonance caused by the
reflection of internal waves in the uniform stratification regions as discussed above and in

(Ghaemsaidi et al., 2015a).

Ghaemsaidi et al. (2015b) also performed a series of laboratory experiments, which were
compared with numerical solutions to a version of the Taylor-Goldstein equation that in-
cluded viscosity. The experiments were performed in a salt-stratified tank, filled via the
double-bucket method, with waves generated by an oscillating cylinder within the tank.
Wave propagation was measured using particle image velocimetry (PIV). Very good agree-
ment was found with the numerical solutions in both the single and double mixed layer
cases (Figure 4.10), with clear wave propagation below the mixed layers, and wave reflection
visible off of each mixed layer, including reflection off the lower step in the two step case.

These results provide validation of the numerical model solutions to the Taylor-Goldstein
equation for use with layered stratifications, and identify some likely transmission features

for internal waves encountering successively more complex stratification profiles.

4.6 Propagation through idealized stratifications

To gain insight into the how different aspects of a double-diffusive staircase stratification
affect internal wave transmission, the numerical model is used in this analysis to determine
wave solutions for a series of increasingly complex ideal stratification profiles, designed to
represent aspects of a realistic double-diffusive stratification. Idealized stratifications consid-
ered: 4.6.1) increased stratification in the interfaces between mixed layers, 4.6.2) increased

number of mixed layers, and 4.6.3) changing value of N at the boundaries.
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Figure 4.10: From Ghaemsaidi et al. (2015b)(their Figure 5): Internal wave propagation
through the stratification shown in the left panels in a laboratory experiment and from the
numerical model. “Results for (a) - (c) single and (d) - (f) double mixed layers; snapshots
of the experimental (middle column) and theoretical (right column) vertical velocity wave-
fields are presented at an arbitrary phase. The wavefields have been normalized by the
characteristic vertical velocity amplitude.”

4.6.1 Interface stratification

Mixed layers within a double-diffusive staircase form when convection locally mixes a con-
tinuous density profile. The integrated density with depth remains the same, so that the
strength of the stratification in the interfaces between mixed layers must increase to com-
pensate. This is analogous to locally mixing a linear density profile, and requiring that the

total change in density with depth Ap/Az = Ny remain constant.
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Figure 4.11: Two step stratification with a sharply stratified interface (left panel), and
associated wave transmission (middle panel). The right panel shows the difference between
the sharply stratified interface case and the two layer stratification in Figure 4.5.

A stratification with two mixed layers and a sharply stratified interface (Figure 4.11)
can be compared to the original two step stratification (Figure 4.5), and has similar wave
transmission for large vertical wavelengths and w < Ny. However, the small transmission
peak at A\, = 3m caused by resonant transmission within the interface has shifted to a broad
transmission peak at about A, ~ 20m (for w ~ f).

This peak is still caused by resonance due to wave reflection within the strongly stratified
interface. The stratification within the interface is roughly 5 times stronger than N, above
the mixed layer, and so the vertical wavelength within the interface is roughly 5 times
smaller than the incident vertical wavelength. Therefore, resonant transmission occurs for
A, =~ 20/5 = 4m in the interface, consistent with the transmission peak at ~3m in the

original two step stratification.

4.6.2  Number of steps

A double-diffusive staircase is composed of a series of mixed layers separated by thin, strongly

stratified interfaces. The number of these steps can be in the decades up to a hundred or
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0.0025rad s~t. The top panel shows transmission for select frequencies w as a function of
vertical wavelength )\,. The maximum wave frequency shown is N = Np,;.

more. Increasing the number of steps in an idealized stratification profile with sharp interfaces
creates complex transmission patterns (Figure 4.12), with an increasing number of resonant
transmission peaks. Note that the numerical model has difficulty converging to a solution
for some A, and w in the 10 step case, due to the presence of multiple sudden jumps in N
at the ‘corners’ of each interface. In a measured double-diffusive staircase, the stratification

across the interfaces increases smoothly to a maximum, eliminating this issue.

For each additional step, another resonant transmission peak appears (although some are
too thin to be visible in Figure 4.12). This is because internal wave reflection occurs in each
additional stratified interface, and constructive or destructive interference occurs between
the waves incident from above and the waves reflected from every interface below. Resonant
transmission still occurs according to the criteria discussed above for the two layer cases,
but the peaks are broadened by the successive reflections, as the oscillations need only be

approximately in phase between successive layers. The overall effect is to selectively transmit



111

certain vertical wavenumber bands, while largely reflecting others.

In the limit that A\, is much larger than the non-uniform stratification region, even the
case with 10 steps shows almost complete transmission, as expected. However, for A, less
than or comparable to the thickness of the non-uniform stratification region, significant wave

reflection is often present, when resonant tunnelling does not occur.

4.6.3  Value of N for the boundary conditions

Model sensitivity to the boundary conditions is explored in detail in the Appendix. For
a real ocean stratification profile, a constant value of N is imposed above and below the
double-diffusive staircase. This ensures that the incident and transmitted waves have well-
defined vertical wavenumbers and are not evanescent. The values used are representative of
the measured stratification immediately above and immediately below the staircase.

These boundary values for N are determined by smoothing the measured density profile
on a 30m scale, and using a spline-fit to ensure that the total integrated density matches
that of the original profile. In other words, the smoothed density profile approximates the
density profile that existed prior to double-diffusive mixed layer formation. The constant
values of N at the boundaries are chosen to match Np,, and Np, from the corresponding
smoothed N(z) profile, where ‘T'op’ denotes the upper boundary and ‘Bot’ the lower.

For a double-diffusive staircase, Ny, > Np. Density increases rapidly over the upper
staircase and slowly in the lower staircase, below the Atlantic Water temperature maximum.
The impact of such a change in stratification between the boundaries is significant (Figure
4.13, for which Nz, = 0.01rad s71 and Np, = 0.0025rad s7!). When making comparisons
with previous results, note that doubling Nr,, approximately halves the value of the incident
vertical wavelength (Appendix), so that A, = 30m in Figure 4.13 is equivalent to A\, ~ 60m
in previous sections for which Nr,, = Ny = 0.005rad s™!. Thus, a comparison with the five
step profile in Figure 4.12 should consider A, < 50m in Figure 4.13.

The transmission peaks in the case with realistic boundary conditions (Figure 4.13) have

become more distinct, with wave reflection occurring for a wider range of wavelengths be-
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tween them. No analytic prediction exists for the location of the transmission peaks, however
it would involve additional parameters for the ratios of the vertical wavenumbers above and

below the varying stratification region, within the stratified interfaces and the mixed layers.

Resonant transmission still occurs for integer multiples of some constant times the verti-
cal wavenumber. Visualized similarly to the transmission peaks observed by Sutherland and
Yewchuk (2004) for internal waves encountering an ‘N2-barrier’, peaks occur for increments
of moL (Figure 4.14), where my = k for non-rotating waves. Increased transmission is still
due to resonance between the incident and reflected waves within each stratified interface.
Focusing on near-inertial waves, transmission is reduced by as much as to ~50% for inci-
dent vertical wavelengths of A\, < 50m and by up to ~30% even for long incident vertical
wavelengths, A, > 50m. This idealized stratification is the best approximation to a real

double-diffusive staircase stratification examined herein.
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In summary

1) Internal waves can tunnel through one or more mixed layers, even when their vertical
wavelength is less than or comparable to the mixed layer thickness.

2) For multiple mixed layers separated by stratified interfaces, resonant transmission peaks
cause the stratification to act as a filter on the propagation of waves in certain vertical
wavenumber bands.

3) For a staircase-like profile, even waves whose vertical wavelength is much larger than the

non-uniformly stratified region can experience significant reflection, at all frequencies.

4.7 Propagation through observed double-diffusive staircase stratifications

The idealized stratifications investigated above outline effects of layered stratifications on
internal wave propagation, and provide physical explanations for different transmission fea-
tures. Observed Arctic double-diffusive staircase stratifications are investigated using the

same numerical model to determine their impact on internal wave propagation and stability.

4.7.1 Data

Detailed measurements of the double-diffusive staircase in the Western Arctic were made
during the “Beringia” cruise from August 19th to September 25th, 2005, aboard the ice-
breaker Oden (Rainville and Winsor, 2008). The cruise crossed the Canada Basin from
south to north, then proceeded past the North Pole across the Amundsen Basin. Measure-
ments included regular CTD and microstructure profiles, and rapid sampling CTD profiles
taken with a Rockland Scientific Vertical Microstructure Profiler (VMP).

The regular CTD profiles are from the ship’s rosette CTD, and have a typical vertical
resolution of about 1m. The vertical resolution is due mostly to the response of the tempera-
ture and conductivity sensors (which are matched in processing), and the fast profiling speed
(~1m/s) of the large rosette, which also entrains some water as it profiles. During “Beringia”,

Rainville and Winsor made several profiles using a smaller VMP, on which SeaBird 3 and 4
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Figure 4.15: Temperature, potential density, and buoyancy frequency from a regular CTD
(blue), a fast sampling CTD (black) and a temperature microstructure profiler (red, with
density from the regular CTD). Bottom row shows a larger version of the depth range 250-
275m, chosen to show details of the smaller steps in the staircase.
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temperature and conductivity sensors were mounted and sampled at a faster rate (64 Hz).
The resulting density profile from this ‘high-resolution CTD’ is estimated from the coherence
spectrum of temperature and conductivity and has a vertical resolution better than 0.5 m.
Given that it is very difficult to accurately measure both conductivity and temperature
(and match them) at higher resolution, an even higher resolution estimate of the stratification
profile is obtained by use of a fast response temperature sensor (FPO7, micro temperature
sensor) to resolve variations on a centimetre scale. Scaled temperature in a limited range
is used to estimate potential density by using temperature as a tracer. Since salinity domi-
nates density, this ‘micro-temperature’ estimate of density is only approximately valid over a
small depth range. Filtering the micro-temperature signal to eliminate turbulence, potential
density is likely resolved to about 5cm in the vertical. Data from all three instruments are

linearly interpolated to a 5ecm grid before buoyancy frequency is calculated.

4.7.2  Staircase description

Profiles from the “Beringia” cruise in the Canada Basin show a distinct double-diffusive
staircase above the Atlantic Water temperature maximum. Data from the station at 73°N
and 151°W (Figure 4.15) is used with the numerical model discussed above to assess typical
internal wave transmission through the staircase. Timmermans et al. (2008a) noted that,
due to the lateral coherence of the double-diffusive staircase in the Canada Basin, individual
mixed layers could be traced across the entire Basin (roughly 800km). For this reason, a
detailed exploration of internal wave transmission through the staircase as measured at a
single location may be relevant to much of the central Canada Basin in the Western Arctic.

The staircase observed during “Beringia” extends from ~ 200 to 350m depth, with a series
of many of small (O(1m) thick) steps above 300m, and a few very thick steps (O(10m)+)
below (Figure 4.15). The stratified interfaces between mixed layers are thin, O(10cm), as
measured by the microstructure profiler, and sharply stratified (N ~ 0.015rad s™').

The value of N at the top and bottom boundaries of the staircase is chosen based on

smoothing the density profile as described in Section 4.6.3. In this way, Np,, = 0.01rad
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Figure 4.16: Transmitted vertical energy flux for internal waves of given frequency w and
incident vertical wavelength A\, through a high-resolution CTD profile of the double-diffusive
staircase (black line - Figure 4.15), with Np,, = 0.0lrad s™' and Np, = 0.0025rad s~
The top panels shows transmission for select frequencies. The incident wave amplitude is
A, =1m.

s71 and Np, = 0.0025rad s~! are consistent with the observed buoyancy frequencies just
outside of the staircase depths, preventing any jump in average N at the upper or lower
boundary (Appendix). Within the staircase steps, N ~ 0, but cannot be distinguished from
zero within the instrument noise (roughly +5 x 10 %rad s™! for the fast sampling CTD).

4.7.8  Transmission through the staircase

The double-diffusive staircase stratification profile calculated from the fast sampling CTD

data (Figure 4.15) is used to numerically determine internal wave transmission (Figure 4.16)
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since the fast sampling CTD provides high vertical resolution and measures conductivity,
allowing for a direct calculation of density and thus N(z). This stratification profile is used
as a ‘reference run’ representing the best estimate of internal wave transmission through a
typical staircase in this region, for comparison transmission through with other profiles.

The ratio of transmitted to incident internal wave vertical energy flux is calculated for
a wave whose vertical displacement amplitude is A, = 1m, a typical amplitude for the
upper Arctic Ocean (Chapter 3: Dosser and Rainville (2015)). Wave frequencies between
f and Np, are considered. The maximum wave frequency possible, Np, = 0.0025rad s 1,
is the background buoyancy frequency at the base of the staircase, and the minimum is
f =1.4x 107%rad s~!, the Coriolis frequency, which varies from 1.35 — 1.45 x 10~ *rad s!
across the Canada Basin.

The incident vertical wavelength A, of the waves ranges from 10-100m. Waves with A\, <
10m experience zero transmission through the staircase. Characteristic vertical wavelengths
observed for Arctic near-inertial internal waves in the Canada Basin above the staircase
depths are in the range 10-50m (Cole et al., 2014). Pinkel (2008) observed near-inertial
waves in the Western Arctic on vertical scales between 10 and several hundred meters, and
found that waves were energetic over a broader band of vertical wavelengths than is typical
for the global ocean, with a fairly flat spectral slope for A, > 50m.

Similarities between the wave transmission through the staircase in Figure 4.16 and wave
transmission through the idealized 5 step stratification in Figure 4.13 are immediately ap-
parent. A series of resonant transmission peaks result in near-complete transmission for
certain wavelengths, and significant reflection of others. These peaks are quite narrow, so
that a near-inertial wave with A, = 30m is completely transmitted through the staircase,
while a wave with A\, = 35m experiences 40% reflection into the upper ocean, and a shorter
wavelength, A\, = 15m, wave is almost completely reflected.

Significant internal wave tunnelling is evident at short wavelengths, for example a \, =
10m wave experiences 75% transmission for w ~ f, despite the fact that several steps in

the staircase are significantly thicker than 10m. At long wavelengths, transmission increases
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Figure 4.17: Density and buoyancy frequency profiles for the reference run staircase (black)
and the corresponding smoothed stratification (light blue). Transmission vs wave frequency
is shown for the double-diffusive staircase (black) and the smooth stratification (light blue),
for a range of incident vertical wavelengths.

toward 100%, but a wave with A, = 100m still has 10% reflection off the staircase. As
the wave frequency increases towards Np,, transmission decreases. Resonant transmission
occurs due to resonance of internal waves within the stratified interfaces, and may also occur

for resonance with interfacial waves along the interfaces.

If the double-diffusive staircase stratification is replaced with a smooth density profile in
which the overall change in density with depth is conserved, but no mixed layers are present,
internal waves experience almost complete transmission (Figure 4.17). Thus the presence of
the double-diffusive staircase acts to:

1) Filter wavenumber bands out of the internal wave field reaching the deep ocean, while still
allowing certain short initial vertical wavelength waves to transmit by resonant tunnelling.
2) Reflect significant amounts of internal wave energy back into the upper ocean, even for

waves whose vertical wavelength is comparable to the total thickness of the staircase.
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Figure 4.18: Impact of instrument resolution on wave transmission. (a) As in Figure 4.16
for the high-resolution CTD, (b) transmission for N(z) from a regular CTD, and from (c) a
temperature microstructure profiler (white patches indicate the numerical model was unable
to converge on a solution). Bottom row shows the difference between: (d) the high-res CTD
and the regular CTD, (e) the high-res CTD and the microstructure profiler, (f) the regular
CTD and the microstructure profiler. Note the different contour scale for the bottom row.
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4.8 Observational considerations

Accurate estimates of the impact of measured Arctic Ocean stratification on the internal wave
field for different datasets would be of benefit to observational oceanographers (for example,
the double-diffusive staircase varies spatially across the Arctic). The numerical model used
here could be implemented for stratification profiles anywhere in the Arctic Ocean, though

that is beyond the scope of the current investigation.

4.8.1 Instrument resolution

As mentioned previously, the “Beringia” dataset comprises measurements from 3 separate
instruments: a regular CTD with nominal 1m vertical resolution (‘normal CTD’), a fast
sampling high-resolution CTD with better than 0.5m resolution (‘high-res CTD’), and a
microstructure profiler with ~5cm resolution (‘micro-T?). Such high resolution measurements
are rare in the Arctic, but CTD profiles are common. The N(z) profile calculated from each
instrument (Figure 4.15) results in slightly different values of wave transmission (Figure
4.18). Note that boundary conditions Nr,, and Np, for all three runs are identical.

The difference in internal wave transmission calculated from the microstructure data
relative to the high-res CTD is minimal (Figure 4.18¢), with less than 5% difference for most
wavelengths. This suggests that the vertical resolution from the high-res C'TD is sufficient to
resolve the details of the staircase that affect internal wave propagation. Differences with the
regular CTD (Figures 4.18d,f) are more significant, though still below 15% for A, > 25m.
Differences for shorter wavelengths are largely due to slight offsets in the location of the
transmission peaks relative to A,.

The stratification from the regular CTD decreases internal wave transmission (Figures
4.18d,f), consistent with CTD measurements of significantly reduced N within the interfaces.
A more strongly stratified interface increases transmission (Figure 4.11), particularly for
small A\, and for w >> f. The effect of weakened stratification in the stratified interfaces

dominates over their artificial thickening relative to the mixed layers (caused by the inability
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Figure 4.19: Impact of instrument noise removal (by averaging N within the mixed layers
of the staircase) on transmitted energy flux. Left panel is the reference run from Figure
4.16. Middle panel shows transmission for the same stratification, but with all values below
N =5 x 107 %ad s7! set to their average value of 4 x 10~ "rad s~!. Right panel shows the
difference between the two (note the different contour scale).

of the regular CTD to fully resolve the interfaces, Figure 4.15), which increases transmission
(Figure 4.6).

Transmission of internal wave energy determined from a regular CTD profile will under-
estimate transmission by about 10-15% for most wavelengths for a near-inertial wave, but
accurately capture the resonantly transmitted wavelength bands. This suggests that future
research can take advantage of datasets such as the Ice-Tethered Profiler data to investi-
gate spatial and temporal variations in internal wave transmission, reflection, and staircase

characteristics.

4.8.2  Instrument noise

Due to instrument noise in the measured profiles of temperature and conductivity, values
of N(2)* = (g/po)dp/dz within fully mixed layers oscillate around N = 0 to within roughly
+5 x 107%rad s7!. Instrument noise is removed by averaging all N(z) values below N =
5 x 107 %rad s, since the average taken over the noise measured in a mixed layer should be

N =~ 0. (The actual average value within the mixed layers is N ~ 10~ "rad s™1.)
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Internal wave transmission with instrument noise removed (Figure 4.19) is nearly identical
to the reference run, with a difference of less than 5% for most combinations of w and A,.
The largest differences of 90%+ occur for waves with w ~ N. Internal wave transmission is
therefore relatively insensitive to instrument noise for w << N, so a measured stratification
profile from CTD data does not introduce significant uncertainty into the result for internal

wave energy flux transmission through a layered stratification.
4.9 Stratification considerations

To understand how different aspects of the staircase stratification affect internal wave trans-
mission, the numerical model is used to examine: 1) transmission through the many small,
O(1m) thick steps in the upper staircase relative to the several large, O(10m) thick steps
in the lower staircase, and 2) transmission through a staircase on the slope in the southern
Canada Basin, for which mixing processes have partially eroded the steps, leading to weak

stratification or eroded layers rather than the sharply defined steps in the central Basin.

4.9.1  Upper vs lower staircase

The upper portion of the double-diffusive staircase is characterized by a series of many
thin O(1m) mixed layers and a rapidly decreasing background density gradient. The lower
staircase has comparatively few mixed layers, but they are much thicker, O(10m) or more.
The background density changes slowly as both temperature and salinity continue to increase
towards the Atlantic Water temperature maximum at the base of the staircase. Double-
diffusive staircases exist in regions of the Arctic outside the Canada Basin, but are often
quite different from the laterally coherent staircase in the central Canada Basin, with fewer
steps of widely varying thickness.

For shorter vertical wavelengths A, < 50m, internal waves propagating through the upper
staircase (Figure 4.20) have higher transmission than waves propagating through the full
staircase, with the exception of those that resonantly tunnel through the staircase in both

cases. A near-inertial wave experiences between 10-30% reflection for typical incident vertical
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Figure 4.20: Buoyancy frequency profile N(z) and associated transmitted vertical energy flux
for: top row - reference run (as in Figure 4.16), middle row - upper staircase (above 275m -
red line in 1st panel), and bottom row - lower staircase. The x-axes are scaled to allow direct
comparison between runs, despite differing values of N, (e.g. wave with incident wavelength
A, = 20m and Ng,, = 0.01rad s~ in the upper staircase has a wavelength of A\, ~ 40m when
it encounters the lower staircase with Nz, = 0.005rad s™*, see Appendix). Thus, the x-axis
for all runs shows values of ), incident at the top of the staircase at z = 200m.
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Figure 4.21: Density and buoyancy frequency profiles for an eroded staircase on the slope in
the southern Canada Basin and associated transmitted vertical energy flux. Np,, = 0.01rad
st and Np,; = 0.0025rad s™! as in the reference run (Figure 4.16).

wavelengths, A\, = 10 — 50m. Mixed layers within the upper staircase are typically only a
few meters thick, smaller than the vertical scale of internal waves in this wavelength range,

so that evanescent decay within the mixed layers is small.

Internal waves propagating through the lower staircase (Figure 4.20) experience signif-
icant reflection for A\, < 25m, with a transmission peak at A\, =~ 10m. These waves have
vertical scales that are similar to, or smaller than, the thickness of the largest mixed layers.
They experience significant evanescent decay across thick mixed layers, causing reflection.
For propagation through the full staircase, the upper staircase causes multiple resonant
transmission peaks and the lower staircase primarily increases reflection for short \, < 25m

waves, and introduces selective reflection of longer A, waves.

4.9.2  Eroded staircase on the slope

In the presence of enhanced turbulent mixing due to internal tidal dissipation, frontal insta-

bilities associated with coastal currents, or enhanced shear at the peripheries of eddies, the
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sharply defined steps in the double-diffusive staircase can become eroded (Figure 4.21). The
result is a staircase in which the interfaces are less strongly stratified and mixed layers may
merge or become weakly stratified. Eroded staircases are common at the peripheries of the
Canada Basin (Timmermans et al., 2008a). One such staircase was sampled at 72°N and
152°W during the 2005 “Beringia” cruise.

The eroded staircase (Figure 4.21) permits enhanced wave transmission, often 50% in-
crease or more, for shorter vertical wavelengths (A ~ 40m or less) relative to the sharply
defined staircase used for the reference run (Figure 4.16), including significant transmission
for A, < 10m. Resonant transmission peaks are visible despite the reduced number of fully
mixed layers. The eroded staircase allows less wave transmission overall (10-30% reduction)
for large vertical wavelength waves, A, > 50m. It was determined that the presence of thin,
sharply stratified interfaces enhanced resonant wave transmission (Figure 4.11) relative to
more weakly stratified interfaces. This explains the reduced transmission of large vertical
wavelength waves through the eroded staircase.

Internal waves near the slope and shelf are therefore less likely to reflect off the staircase
back into the upper ocean if they are of small vertical scale, but are more strongly reflected
at longer A, > 50m. If the staircase in the central Basin becomes eroded in an increasingly
energetic Arctic Ocean, this suggests that internal wave reflection from the stratification may
decrease for certain wavenumber bands, but increase for the most energetic waves, increasing

internal wave energy in the upper ocean.

In summary

1) Profiles of the double-diffusive staircase stratification calculated from CTD measurements
provide sufficient resolution to accurately predict internal wave transmission and reflection.
2) The presence of the double-diffusive staircase causes significant reflection of internal wave
energy back into the upper ocean.

3) The staircase acts to filter certain vertical wavenumber bands, preventing their transmis-

sion into the deep ocean.
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Figure 4.22: Double-diffusive staircase (top) and smoothed (bottom) buoyancy frequency
profiles as in Figure 4.17 and the corresponding vertical displacement wave amplitude A4, (z)
and horizontal wave speed magnitude A,(z) with depth for a near-inertial wave with A\, =
15m (red) and A, = 35m (dark blue). Dashed black line shows the initial wave amplitude.

4) The characteristics of the staircase, including the number and thickness of the mixed layer
steps and the sharpness and thickness of the stratified interfaces, strongly influence internal
wave transmission. The impact of the staircase on the internal wave field can be expected

to vary both spatially and in time.
4.10 Discussion and implications

Numerical solutions for internal wave propagation through measured stratification profiles
have shown that the presence of a double-diffusive staircase in the Arctic significantly affects
internal wave propagation and vertical energy flux. The corresponding wave amplitude with
depth and thus wave stability are discussed below, with a particular focus on the most en-
ergetic internal wave frequency band - near-inertial waves - for:

I) the reflection of internal waves off the staircase relative to a smooth stratification profile,
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IT) the amplification of internal wave energy within the staircase due to constructive inter-
ference with the reflected waves, and

IIT) gravitational and shear instability for a range of incident wave amplitudes.

4.10.1 1) Wave reflection

If the double-diffusive staircase stratification was not present, internal waves would experi-
ence almost no reflection during their downward propagation (Figure 4.17). Waves would
propagated unhindered from the surface into the deep ocean; the classical view of inter-
nal wave propagation in the Western Arctic. For near-inertial internal waves in particular,
which have a small vertical group velocity on the order of 100m/week above the staircase,
reflection from the staircase significantly reduces the distance travelled prior to reflection
and the time before the waves return to the surface. Note that near-inertial internal wave
transmission through a given staircase stratification does not vary significantly across the
range of frequencies within the near-inertial band in the Canada Basin.

Two examples of near-inertial wave reflection from the staircase are shown in Figure
4.22 and compared to transmission through a smooth density profile. Vertical displacement
and wave speed are lower below the stratified region when compared to values at the same
depth for the smooth profile, indicating significant reflection. Wave reflection reduces vertical
energy flux to the deep ocean and increases the total energy in the internal wave field in
the upper ocean. The presence of such shallow wave reflection may also increase wave-wave
interaction in the upper ocean. Wave-wave interactions cannot be investigated with the 1-D
numerical model, but constructive interference clearly occurs (Figure 4.22).

As mentioned previously, the staircase acts to filter the vertical wavenumber internal
wave spectrum by resonantly transmitting only certain wavenumber bands. This occurs
for both downward and upward wave propagation (Figure 4.23). For near-inertial waves,
transmission through the staircase occurs for the same wavenumber bands regardless of
propagation direction, however for high frequency waves the situation is more complex.

Merrifield and Pinkel (1996) observed that energetic downward propagating near-inertial
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Figure 4.23: Transmitted vertical energy flux ratio for downward internal wave propagation
through the reference run double-diffusive staircase stratification (bottom panel) and for
upward internal wave propagation through the same stratification (top panel). The x-axis
has been scaled for direct comparison between runs, despite the differing values of Np,, for
the incident waves (Appendix).
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Figure 4.24: Percent reflected vertical energy flux for near-inertial internal waves vs incident
vertical wavelength for the reference run double-diffusive staircase stratification.

waves were dominant above 100m in the Beaufort Sea, and energetic upward propagating
waves were dominant below that depth. They attributed this separation in part to refraction
caused by shear, but the results of this analysis suggest it could also be explained by par-
tial transmission of locally generated, downward propagating waves and partial reflection of
remotely generated, upward propagating waves (with different dominant vertical wavenum-
bers) from a shallow double-diffusive staircase.

The degree of reflection from the staircase is quantified for near-inertial waves specifically
in Figure 4.24. Waves with A, < 25m experience between 25-90% energy flux reflection.
Long vertical wavelength waves are less affected, but up 10% energy flux reflection is not
uncommon for A\, > 50m. This has significant implications for the fate of wind energy carried

vertically by near-inertial waves.

4.10.2  1I) Wave amplification

Due to constructive interference during reflection, internal waves within the double-diffusive

staircase can become amplified relative to wave propagation through the corresponding
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Figure 4.25: Example of wave amplitude amplification within the double-diffusive staircase
and the corresponding smooth stratification for near-inertial waves with A, = 10m (red) and
33m (dark blue). Middle panel shows vertical displacement wave amplitude with depth for
the staircase. Right panel shows A, (z) for the smooth stratification.

smooth stratification profile. This is somewhat apparent in Figure 4.22, with A, reach-
ing 2.5m within the staircase relative to 2m for the smoothed stratification. A particularly
striking example is shown for a near-inertial wave in Figure 4.25. Note that there is an overall
doubling of wave amplitude with depth even in the absence of a double-diffusive staircase due
to the background gradient in stratification from Nz,, = 0.01rad s~! to N, = 0.0025rad

s!, since strong stratification suppresses isopycnal displacements.

Slow variations in stratification can be accounted for by WKB-normalization of the wave
amplitude (Figure 4.26), which uses the scaling A, X \/m, so that a wave that
is initially A, = 1m in amplitude remains 1m in amplitude while propagating through a
smooth, slowly varying stratification. Waves within the staircase are frequently amplified to

twice or three times as large as they would be in the equivalent slowly varying stratification
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Figure 4.26: Vertical displacement wave amplitude with depth for near-inertial waves prop-
agating through the double-diffusive staircase. Grey lines show A,(z) for incident vertical
wavelengths from 10 to 50m, the black line is the average. Right panel shows the amplitude
WKB-scaled: A,)(2) X v/ Nsmootn/No, to adjust for the effect of the background stratification
gradient. Here the reference value N is taken to be Nz, so that a WKB-scaled amplitude
of 1m indicates complete transmission to that depth. Amplitudes from the smooth profile
normalize to 1m.
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Figure 4.27: Maximum vertical displacement wave amplitude A, attained within the stair-
case for internal waves propagating through the reference run staircase stratification with
frequencies between f and Np, and incident vertical wavelengths between 10 and 50m.

with no staircase, for a broad range of A,.

The maximum vertical displacement wave amplitude within the staircase (Figure 4.27)
is often 4x the incident amplitude or higher for A\, < 25m. Even waves with larger incident
vertical wavelengths often reach amplitudes up to twice their incident amplitude. This rapid
vertical variation in wave energy with depth suggests that internal waves within the double-

diffusive staircase may be more prone to instability.

4.10.8 III) Wave instability

The presence, persistence, and coherence of the double-diffusive staircase in the Canada Basin
indicates that mixing due to internal wave instability and overturning within the staircase
has been relatively rare. Persistent mixing due to internal wave instability in other regions
of the Arctic Ocean dominates over double-diffusive convection, effectively preventing the

formation of double-diffusive staircases in those locations.
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However, the recent decline in sea ice and transition from predominantly multiyear to
first-year ice in the Canada Basin has been connected to an increased probability of unusually
large near-inertial waves in the upper ocean (Chapter 3: Dosser and Rainville (2015)). The
stability of such large amplitude waves within the double-diffusive staircase stratification is

certainly worth investigating.

Two types of internal wave instability are considered: gravitational overturning resulting
in convective instability and shear instability for the vertical shear associated with the waves
themselves. Gravitational overturning occurs if dense fluid is moved above light fluid by the

passage of a wave:

dpr _dp _ /Op
=+ <6z <0, (4.25)

for a background stratification profile p(z) in which density increases with depth. Here pr is
the sum of the background density p and the perturbation density associated with the wave

p, and () indicates an average over one horizontal wavelength and one wave period.

Then (p) = p(z) can be related to the vertical displacement 7 determined from the

numerical model via equation (4.14):

oz ol (4.26)
g g dz
e

=20 N2 (—’7 + 1) <0 (4.27)
g dz
dn

=>— < -1 4.28
7 (4.28)

the condition for gravitational overturning as a function of depth.

For near-inertial waves, gravitation overturning is generally a sufficient condition for wave
instability, however for higher frequency waves this is not always the case. Gravitational

overturning results in convective instability only if the growth rate o of the instability is
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higher than the wave frequency (Sutherland, 2010):

g Opr
=/ > ,
o 0 02 > w (4.29)
=4 [—N? @+1 >w (4.30)
dz -

where o is real when the waves are overturning.

Internal waves also cause turbulent mixing as a result of shear instability. In the absence
of background shear, the vertical shear is provided by gradients in the horizontal velocity as-
sociated with the internal waves themselves. If the shear contains sufficient kinetic energy to
overcome the restoring force due to buoyancy, then the waves become unstable and overturn.
Under the assumption that the horizontal velocity is a function of depth alone, instability is
only able to occur when the gradient Richardson number is less than 0.25:

N2+ N2 1
Ri = —_ << . (431)
(du/dz)?> 4
Here N2 is the change in the buoyancy frequency caused by the passage of the internal wave

and 4(z) can be related to the vertical displacement through equation (4.12).

The gradient Richardson number condition is:

. Opr /0
Ri = mez(]\sg/fOlQ)p/T(i;_ 72)ii2 (4.32)
N2 (= 2\ dijdz+1 1
- (]‘“\Jp = w2) ik ﬁ'z <7 (4.33)

where m is the incident vertical wavenumber and N is the stratification at each depth. This
condition is necessary but not sufficient to guarantee shear instability for w >> f. Both
conditions for instability can be determined using output from the numerical model, which
provides 7 and dfj/dz in the solution to the boundary value problem, eliminating the need to

take vertical derivatives of the potentially rapidly varying wave vertical displacement field.
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Figure 4.28: Near-inertial internal wave (w = 1.05f) shear instability as indicated by the
gradient Richardson number, equation (4.34), for transmission through the reference run
staircase, for a range of incident amplitudes A,. White indicates waves are guaranteed shear
stable, black indicates waves are gravitationally unstable and overturning.

Unlike higher frequency waves, near-inertial waves, whose velocity is primarily horizontal
and generally slowly varying relative to the buoyancy period, will undergo shear instability
before convective instability (Fritts and Rastogi, 1985). For a typical ocean internal wave
frequency spectrum, the kinetic energy for turbulent mixing is largely provided by internal
waves undergoing shear instability for a broad range of stratification variations (Kunze et al.,

1990; Polzin, 1996).

The majority of near-inertial waves have A, < 5m in the upper ocean, with an average
amplitude of A, ~ 1m (Chapter 3: Dosser and Rainville (2015)). Determining a vertical
wavenumber spectrum from I'TP data would result in prohibitively large uncertainty, however

previous estimates of the vertical wavenumber spectrum of horizontal velocity or kinetic
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energy for Arctic internal waves exist in the literature. D’Asaro and Morehead (1991) for
example show a comparison between the vertical wavenumber spectrum for horizontal kinetic
energy from AIWEX in the Western Arctic and two lower latitude sites (their Figure 6). In
the Arctic, the wavenumber spectrum flattens for vertical wavelengths longer than A, ~ 50m,
with a spectral slope near -0.5, in contrast to the increase in energy with wavelength at lower

latitudes (spectral slope near -2).

Because of this, near-inertial wave velocity and isopycnal displacements will be statisti-
cally similar for waves with A, > 50m, and drop off roughly linearly for shorter wavelengths.
As mentioned previously, the peak in the shear spectrum for Arctic internal waves is broad,
with a maximum between A\, = 30—50m. Therefore, the waves that are most likely to become
shear unstable fall near and within the vertical wavenumber band that is most energetic, in

contrast to the situation at lower latitudes.

Shear instability is estimated for near-inertial internal waves in Figure 4.28. A wave
frequency of w = 1.05f is chosen for consistency with the frequency used to determine I'TP
estimates of A, (Chapter 3: Dosser and Rainville (2015)). A wave with a median near-inertial
wave amplitude A, ~ 1m is susceptible to shear instability for vertical wavelengths of 30m or
less, and guaranteed stable at long wavelengths. These waves are only potentially unstable
over a small fraction of all depths within the staircase (Figure 4.29), which is consistent with

the lack of mixing necessary to maintain the double-diffusive staircase stratification.

For a wave with A, = 2m, not uncommon in the upper ocean in the Canada Basin, the
wavelength range that is shear unstable nearly doubles (Figure 4.28), with some wavelengths
near 20m susceptible to shear instability over at least 20% of the vertical extent of the stair-
case (Figure 4.29). For an unusually large near-inertial wave with 5m vertical displacement
amplitude, shear instability is possible for most wavelengths up to 100m, and likely over at

least 10% of the staircase for many vertical wavelengths in the range 10m < A\, <50m.
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Figure 4.29: Percent of depths within the staircase where waves are susceptible to shear
instability based on the Richardson number condition (Figure 4.28), for near-inertial waves
(w = 1.05f) propagating through the reference run staircase. White indicates waves are
guaranteed shear stable, black indicates waves are additionally gravitationally unstable and
overturning.
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Figure 4.30: Probability distribution for near-inertial internal wave vertical displacement
amplitudes determined from the I'TP dataset in the Canada Basin during each of the time
periods indicated. Inset shows the natural log of the distributions, with select amplitudes
labeled. Note that each distribution is normalized so that the integral is equal to one.

4.10.4  Implications for mizing and heat flux

The results for internal wave stability in the double-diffusive staircase suggest that a typical
Arctic near-inertial wave with A, ~ 1m is stable within the staircase. Internal wave instabil-
ity is likely intermittent, and caused by the generation of large amplitude waves, A, > 2m,
particularly for vertical wavelengths A, < 50m. The probability of mixing due to internal
wave instability may have risen in recent years (Figure 4.30), as the variance in the distri-
bution of vertical displacement wave amplitudes doubled (Chapter 3: Dosser and Rainville
(2015)), with a significant increase in the number of large amplitude near-inertial waves.
The percentage of all near-inertial waves from the I'TP dataset in the Canada Basin with
amplitudes in certain ranges is shown in Table 4.1 for different years from Fall 2005 to Fall
2014. In particular, the percent of waves with vertical displacement amplitudes between 2m

and 5m more than doubled between 2005-2007 and 2012-2014, while the percent of waves
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Near-inertial wave amplitude [m]
Year range A, <1 ‘ 1<A,<2 ‘ 2<A,<5 ‘ 5< A, <10
2005-2007 70.84+0.1% 23.7+0.1% 4.6+0.1% 0.7+0.1%
2008-2011 64.6+0.1% 27.6+0.1% 6.7+0.1% 1.0+£0.1%
2012-2014 58.7+0.1% 26.8+0.1% 11.7+0.1% 2.44+0.1%

Table 4.1: Percent of near-inertial waves in the upper ocean in the Canada Basin with vertical
displacement amplitudes in each range, for each time period listed between Fall 2005 and
Fall 2014, from the I'TP dataset. Percentage is determined from the empirical cumulative
distribution function for each of the distributions plotted in Figure 4.30. Uncertainties are
valid at the 95% confidence interval.

with A, < Im dropped by more than 10%. Extremely large amplitude waves, with A,
between 5m and 10m, represent 2% of all waves in 2012-2014, also more than doubling from

< 1% in earlier years.

During particularly stormy periods, the percent of large amplitude near-inertial waves can
be significantly higher. For example, in the case study in Chapter 3: Dosser and Rainville
(2015) for ITP 41, there is a period with consistently high wind forcing and elevated sea-ice
speeds from mid-January to mid-February 2012. During this month-long period, only 20%
of the waves measured had amplitudes of 1m or less, while 16% of the waves had amplitudes
of 5bm or greater. Based on the results for wave instability, something like 10-50% of these
waves would be expected to become unstable within the double-diffusive staircase, assuming

vertical wavelengths in the range 1-100m, potentially causing significant mixing.

The combined results of the numerical model and the ITP dataset suggest that mixing
due to internal waves in the Western Arctic has likely increased in recent years, as the
probability of generating an unusually large amplitude near-inertial wave in the upper ocean
has increased. However, the average wave size remains too small for instability, so that
this increase in mixing is likely occurring through intermittent high-energy storm events,
increasing the difficulty of direct observation (internal wave instability is outside the ability

of ITPs to detect).
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The implications for heat flux from the double-diffusive staircase and the Atlantic Water
layer can be roughly estimated following the logic of Timmermans et al. (2008a), who con-
sidered the potential for turbulent mixing within the staircase to elevate vertical heat fluxes.
They assumed that a downward internal wave energy flux was completed dissipated within
the thermocline, to get an upper bound on mixing. For a near-inertial wave with w = 1.05f,
a median amplitude of A, = 1m, and a typical vertical wavelength of A\, = 30m, equation

(4.16) suggests a typical vertical energy flux of |F,| ~ 0.07TmW m~2.

This is in line with
estimates from (Halle and Pinkel, 2003), who measured energy fluxes between 0.02 and 0.15

mW m~! for internal waves in the Western Arctic.

Assuming a 150m thick staircase and dividing by its depth H and the average background
density po, the dissipation rate for the kinetic energy from the waves is € = |F,|/poH =~
5 x 10710 W kg~!. The effective vertical diffusivity due to turbulence is then K ~ ¢/5N2 ~

7x 1079 m? s—', where N2 is the average buoyancy frequency across the staircase. (Rainville

2 1

and Winsor (2008) measured K from microstructure at 107® m? s™! in the deep central
Basin, with higher values above the Atlantic Water.) Timmermans et al. (2008a) estimated
the corresponding vertical heat flux out of the Atlantic Water using Fiy = K (pocp06/02),
where m is the average potential temperature gradient across the staircase and cp is the
specific heat of ocean water. This gives Fiy ~ 0.4W m™? for an A, = 1m wave, comparable
to the small double-diffusive heat fluxes through the staircase (Fy = 0.22 W m™2 from

Timmermans et al. (2008a)).

Thus, a typical near-inertial wave does not cause elevated vertical heat flux from the
staircase and Atlantic Water layer. However, note that since the vertical energy flux from
equation (4.16) scales as |F,| o A%, so does the estimated maximum vertical heat flux caused

by the turbulent dissipation of the wave:

o poce 0w

~ N2 — W2 A2 4.34
5N2H8zm( 0 —w) (4.34)

H n

Here Ny = 0.01rad s=! is used as a typical buoyancy frequency in the upper ocean for
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consistency with the numerical simulations, and H is the total depth of the staircase across
which the wave energy is assumed to dissipate.

A near-inertial wave with an amplitude of 2m increases the heat flux estimate by a factor
of 4, and a wave that is 5m in amplitude by a factor of 25, giving Fy ~ 10W m~—2, over
an order of magnitude larger. This number is likely an overestimate, and certainly not the
norm in the Canada Basin. Lique et al. (2014) found vertical heat fluxes from the Atlantic
Water in the Canada Basin of only 0.1 —0.2W m~2 on average, though the internal tide over
rough topography has been shown to drive heat fluxes of more than 50W m~? in other parts
of the Arctic (Rippeth et al., 2015).

The fraction of near-inertial waves with vertical displacement amplitudes between 2m
and 5m (Figure 4.30) has risen from 5% in 2005-2007 to almost 12% in 2012-2014 (Table
4.1). Even such a simple calculation for heat flux suggests that the internal wave field in
the Western Arctic is capable of driving intermittent yet significant vertical heat fluxes from
the Atlantic Water layer toward the upper ocean and the sea ice, with the likelihood of such

events having more than doubled during recent years.
4.11 Summary

Results from the numerical model for the vertical evolution of an internal wave propagating
through a layered double-diffusive staircase stratification indicate that the stratification has
a significant impact on the structure and stability of the internal wave. In particular:

1) The staircase causes significant internal wave reflection, with resonant transmission
restricted to certain wavenumber bands. Near-inertial waves experience up to 90% reflection
of energy flux for a typical double-diffusive staircase for certain incident vertical wavelengths
with A, < 30m, while other wavelengths experience near-complete transmission. The stair-
case stratification increases the total internal wave energy in the upper ocean, and acts as a
filter on the vertical wavenumber spectrum.

2) Internal waves in the staircase are susceptible to instability and overturning. Near-

inertial waves with vertical displacement amplitude typical for the Western Arctic, A, ~ 1m,
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are stable to both gravitational and shear instability, however the percent of near-inertial
waves from the ITP dataset that are likely to experience instability within the staircase more
than doubled between 2005-2007 and 2012-2014. These large amplitude waves, A, > 2m,
are intermittently generated, and now represent about 12% of the near-inertial wave field in
the Western Arctic Ocean. They have the potential to episodically increase vertical heat flux
from the Atlantic Water by up to an order of magnitude if and when they break, particularly
for waves with vertical wavelength A, > 50m.

The near-inertial wave field in the western Arctic Ocean has evolved in recent years as sea
ice has rapidly declined and multiyear ice has been replaced by first-year ice. The average
energy of the wave field has not increased significantly, however highly energetic waves are
now more likely to be generated. Internal wave theory suggests that the vertical structure of
these waves is significantly modified by the stratification in the Western Arctic, in particular
by the double-diffusive staircase within the Atlantic Water layer. This has the potential to
drive wave instability for the most energetic near-inertial waves, possibly increasing episodic

mixing and vertical heat flux.
4.12 Appendix: Sensitivity to boundary values of N

The numerical model solves a boundary value problem, with an incident internal wave spec-
ified outside the depth-varying stratification region, in this case above the double-diffusive
staircase, and a transmitted wave below. Constant buoyancy frequency values Nz, and
Npo: are imposed above and below the staircase, chosen to be consistent with the corre-
sponding smoothed density stratification (the stratification that would exist in the absence
of double-diffusive convection).

The transmission is sensitive to the values of Nr,, and Npy (Figure 4.31). Np, sets the
maximum wave frequency allowed for a freely propagating internal wave, since w is restricted
to f <w < N for the incident and transmitted wave, and Np,; < Nr,, for a double-diffusive
staircase. In Figure 4.31 (c) and (d), the frequency range is cut off at N = 0.0025rad s~ for

comparison purposes, but transmission occurs for w up to w = N, = 0.005rad s7.
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Figure 4.31: Internal wave transmission through the reference run double-diffusive staircase
with: (a) the top and bottom values of the buoyancy frequency, Nr,, and Np, consistent
with the smooth stratification profile (values used in the reference run), (b) a top buoyancy
frequency value that is half as large, (c¢) a bottom buoyancy frequency value that is twice as
large, (d) top and bottom buoyancy frequency values that are equal.
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Nr,p affects the vertical wavelength of the incident internal wave. Since the horizontal
wavelength and the frequency of a given incident wave are taken as fixed, the dispersion

relation, equation (4.10), gives:

N3, — w? 5 5
my = +k Tf? = :i:Co (NTop — W ) (435)

where m; is the incident vertical wavenumber and C, is a constant. So an internal wave with

a vertical wavelength ).y in a stratification with Npp, is equivalent to a wave with

N2 = —w? 1
A, = \/ (< Top ~ ) Ao Ao (4.36)

2\ 2 2
aNTopO W)

in a stratification with Np,, = aNpy0. As an example, a wave with an incident vertical
wavelength of 10m with N7z, = 0.01rad s™! is equivalent to a wave with a vertical wavelength
of around 20m for Nr,, = 0.005. For this reason, the incident vertical wavelengths in Figure
4.31 (b) and (d) are double those in (a) and (c), for which Nr,, is twice as large.

Lastly, internal waves experience lower transmission in general for reduced Nr,, (Figure
4.31b) or increased Np,: (Figure 4.31c), relative to top and bottom buoyancy frequencies
that are determined from a smoothed version of the N profile (Figure 4.31a). The reduced
value of Np,, or increased value of N, means that incident waves encounter an unphysical
increase in the average buoyancy frequency when they reach the staircase or that waves
within the staircase encounter an unphysical increase in average buoyancy frequency when
they exit the base of the staircase, respectively, inconsistent with the measured stratification
profile. This in creases wave reflection, particularly for longer vertical wavelength waves.

The key points are, first, that the values of N above and below the staircase must be
chosen with care to match the measured stratification, and second, that comparison of wave
transmission through different stratifications must account for the effect of Np,, on the

incident vertical wavelengths considered.
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Chapter 5
SUMMARY AND IMPLICATIONS

5.1 Main results

The goal of my PhD research is to assess the importance of internal waves in the Western
Arctic Ocean; to determine spatial and temporal variations in the internal wave field and
the fate of the energy transported by surface generated internal waves.

The near-inertial internal wave field in the Canada Basin between Fall 2005 and Fall 2014
has been quantified using the Ice-Tethered Profiler dataset and the complex demodulation
technique to determine over 7500 independent estimates of vertical displacement wave am-
plitude. Ensemble Monte-Carlo simulations are used to quantify the associated uncertainty.

The average near-inertial wave field is shown to have a large-scale spatial pattern, with
a roughly linear decrease in wave amplitude of 12% per degree latitude to the north. This
trend is only partially explained by spatial variations in sea ice, including thicker, older ice
cover in the north-east of the Basin, and also by a slight temporal measurement bias in I'TP
sampling. I'TPs are initially deployed as far north in the Canada Basin as possible during
September, so that I'TPs often reach the southern Basin the following summer.

Near-inertial waves have a seasonal cycle, with a median wave amplitude that is 16%
larger during summer and fall (June to November), when compared to winter and spring
(December to May). The peak in wave amplitude occurs in September, when sea-ice concen-
tration is at a minimum and the ice moves rapidly in clockwise inertial rotation in response
to wind forcing. A slight increase or plateau in wave amplitude is observed in December -
January, corresponding to an increase in average wind speed, with numerous winter storms
producing winds over 10m/s. The lowest wave energy is in March, when ice concentration

is at 100%, and ice drift speeds are at their minimum, indicating that the wind is unable to
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easily transfer momentum to the ice pack.

A slight, increasing interannual trend in average wave amplitude is found for both summer
and winter, with the median wave amplitude increasing by 5% over the course of the 9-
year record. Seasonal differences in average wave amplitude increased after 2007, becoming
particularly extreme after 2012. The variance in the distribution of wave amplitudes doubles
between the years 2005-2007 and 2012-2014, indicating a significant increase in the number
of unusually energetic near-inertial waves in the Canada Basin in recent years.

The propagation and likely fate of internal waves in the Western Arctic Ocean is in-
vestigated by numerically solving the Taylor-Goldstein equation for the vertical evolution
of a specific internal wave propagating through a given stratification. The double-diffusive
staircase, a stratification feature at roughly 250-400m depth composed of a series of mixed
layers of widths ranging from about a meter to tens of meters, separated by thin stratified
interfaces, was shown to significantly affect internal wave propagation. The staircase was
accurately defined using high-resolution C'TD measurements in the Canada Basin.

For internal waves with vertical wavelengths between 1m and 100m - a representative
range for the Arctic Ocean - the staircase causes significant reflection of wave energy back into
the upper ocean. For short-wavelength near-inertial waves, A\, < 50m, reflection of between
50-100% of the incident wave energy is predicted. For long-wavelength waves, A, > 50m,
reflection of ~10% of the incident wave energy is possible.

Certain vertical wavenumber bands are completely transmitted through the staircase
stratification by resonant tunnelling. This occurs when the vertical wavelength of the inci-
dent wave is such that oscillations within the stratified interfaces are resonant over the full
depth of the staircase, so that despite the evanescent decay of the internal waves within the
mixed layers, energy is completely transferred. Due to the combination of reflection and res-
onant transmission, the double-diffusive staircase acts as a filter on the vertical wavenumber
spectrum of the internal waves, modifying the wave field reaching the deep ocean.

Reflected or partially reflected internal waves are shown to constructively interfere within

the double-diffusive staircase, amplifying wave amplitudes by a factor of 2 to 3 relative to
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a wave propagating through an equivalent stratification in which the staircase is absent.
This constructive interference affects internal wave stability, which is assessed for convective
overturning and shear instabilities. Near-inertial waves with vertical displacement amplitudes
typical of the Western Arctic, A, < 1m based on the median wave amplitude determined
from the I'TP record, are found to be stable, consistent with the low levels of mixing directly
estimated from microstructure and required to maintain a double-diffusive staircase.

A wave with a 2m amplitude will be shear unstable for most vertical wavelengths shorter
than 50m, and a wave with a 5m amplitude will be unstable for nearly all wavelengths up
to 100m. The fraction of measured near-inertial waves with an amplitude A, > 2m has
increased from ~5% of the wave field during 2005-2007 to ~14% of the wave field during
2012-2014. This suggests that episodic mixing due to large internal waves has increased
within the Atlantic Water layer in the Canada Basin.

While a typical internal wave in the Western Arctic Ocean will not produce mixing, inter-
mittent generation of high-energy internal waves is occurring with increasing frequency, both
during summer as the amount of open water increases and during winter as strong storms
accelerate the increasingly thin, weak first-year sea-ice cover. This represents a significant
shift in the internal wave field in the Arctic Ocean, likely to continue into the future as sea

ice declines, with implications for vertical transport of heat and nutrients in the upper ocean.
5.2 Comparison with recent studies

The main results of this thesis are consistent with recent observations of internal waves in the
Western Arctic Ocean. Martini et al. (2014) used mooring data from the Beaufort slope, and
Cole et al. (2014) used data from an ITP equipped with a velocity sensor, and found elevated
internal wave energy levels during summer and fall, and low energy during late winter, in
agreement with the seasonal cycle for near-inertial waves determined from the I'TP dataset.

Guthrie et al. (2013) found no trend in internal wave energy in the Beaufort Sea over the
last 30 years, in agreement with the interannual changes for near-inertial waves from I'TPs

from 2005 to 2014. In particular, the amplitude of a typical near-inertial wave has risen
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only slightly, remaining just under 1m for the median vertical displacement amplitude in the
upper ocean. Corresponding vertical energy flux values for typical near-inertial frequencies
and vertical wavelengths are in agreement with those previously observed by Halle and Pinkel
(2003), from 0.02 to 0.15 mW m™".

The major change identified using the distribution of near-inertial wave amplitudes de-
termined from the ITP dataset is the dramatic doubling of variance over the course of the
record, caused by an increase in unusually large waves. The average value of diffusivity from
Guthrie et al. (2013) is consistent with the median near-inertial wave amplitude from this
research, and does not preclude an increase in episodic, high energy internal wave generation.

Halle and Pinkel (2003) observed significant but episodic upward propagation of internal
waves in the Beaufort Sea, comparable in energy to the downward propagating waves, as did
Cole et al. (2014) over a 6 month period in the Beaufort, and Fer (2014) in the Central Arctic.
The presence of these energetic upward propagating waves has been attributed in part to
interaction between the internal waves and the vorticity of the background mesoscale field.
The predicted reflection of internal waves from the double-diffusive staircase stratification
ubiquitous in these regions provides an alternative and more plausible explanation for the

similar energy levels of upward and downward propagating internal waves.

5.3 Open questions and potential implications

Due to limitations of the Ice-Tethered Profiler instruments and of the theoretical investigation
of internal wave propagation and stability, a number of key questions remain. The results of

this thesis suggest possible avenues of inquiry and could guide further research efforts.

5.3.1 Spatial pattern

The spatial pattern in average near-inertial wave amplitude determined using the I'TP dataset
has not been fully explained. Larger and more energetic waves to the south of the Canada

Basin could be a result of any one of a number of processes, or a combination thereof:
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e Seca-ice characteristics. Measurements of sea-ice thickness covering all dates and lo-
cations sampled by the I'TPs are not available, however it is known that thick multi-
year ice accumulates to the northeast of the Canada Basin, along the Canada Arctic
Archipelago, where waves are generally found to be smaller. Ice properties such as
the distribution of floe sizes and ice roughness in the region surrounding an I'TP are

unknown, though likely variable in both space and time.

e Southern propagation. Near-inertial waves are constrained to propagate equatorward
from their generation location. If turbulent dissipation in the under ice boundary layer
has been reduced in recent years - due to fewer ice floes with deep, ridged keels for
example - waves could experience multiple reflections from the sea ice at the surface,
allowing them to propagate further across the Basin. Typical vertical group speeds
for near-inertial waves are on the order of 50-100m/week in the upper ocean (Pinkel
(2005) observed 30-50m/week), increasing to 500-1000m/week in the deep ocean. One
round-trip to the ocean floor and back would take a few months. For typical horizontal
wave group speed on the order of 10km/week, a near-inertial wave might only travel
~100km laterally from its generation location before being dissipated in the under ice

boundary layer, compared to Basin scale lateral propagation for multiple reflections.

e Reflection from the double-diffusive staircase. Near the slope in the Beaufort, and on
the Basin peripheries near topography, increased mixing has partially eroded the strat-
ified interfaces between mixed layers in the double-diffusive staircase. This reduced
stratification was shown to increase reflection of wave energy flux into the upper ocean
by limiting resonant tunnelling through the staircase. If more wave reflection is occur-
ring in the southern Basin, approaching the slope, this could explain the larger waves

observed there, although not necessarily the latitudinal trend across the central Basin.

e Interactions with the mesoscale. In the southwest Canada Basin, observations have

shown numerous near-surface eddies, possibly generated near Barrow Canyon, and
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fronts associated with coastal currents, Pacific Water, and river inflow (as well as
an internal tide south of the M2 critical latitude). Near-inertial waves in an active
mesoscale may have larger wave amplitudes, for example through resonant interactions

with eddies (Kunze and Boss, 1998).

If sea-ice thickness is the cause of the latitudinal trend in wave amplitude, internal wave
energy in the northeast of the Basin will continue to increase as multiyear ice is replaced
by first-year ice. Future studies might investigate the longitudinal dependence in the near-
inertial wave spatial pattern, which does not show a clear trend. One possibility is the use of
multivariate analysis to separate the relative contributions of latitudinal, longitudinal, and
temporal variations to the variance in the wave field.

Determining whether near-inertial waves are undergoing multiple reflections across the
Basin requires observations able to resolve the frequency content of the wave field, to look for
a broader spectral peak around the local inertial frequency for locations further south. De-
termining reflection from the double-diffusive staircase requires observations of near-inertial
wave propagation with depth from the near-surface to below the staircase, to identify the
direction of propagation and energy level of waves above and below the staircase.

ITPs are unable to accurately resolve the exact frequency or vertical wavelength of a
particular near-inertial wave, making any calculation of group velocity or wave energy flux
highly uncertain. As an example, a near-inertial wave with a vertical displacement amplitude
of 1m, propagating through near-surface stratification with N = 0.01s™! at 75°N, could have
a vertical energy flux of F, = 0.2mW/m for w = 1.01f and A, = 100m, or F, = 0.02mW/m
for w=1.1f and A\, = 10m, with no way to distinguish the two cases using I'TP data.

The combination of internal wave theory and numerical solutions used in this thesis can
be extended to axisymmetric or 2-D simulations to investigate internal waves propagating
through known background shear such as that associated with an eddy, or to investigate
wave-wave interactions. For observed stratification and velocity profiles, such an approach

can provide physical intuition and suggest whether wave instability is to be expected and
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at what depth. Increased mixing near the slope (either due to reflection off the staircase
or interactions with the mesoscale) could have significant implications for vertical heat flux
and biological productivity, if the inflowing warm, nutrient rich Pacific Water were mixed

vertically up to the euphotic zone.

5.3.2  Sea ice properties and internal wave energy

From the I'TP data, it was determined that unusually large near-inertial waves are increas-
ingly common in both summer and winter, while inertial motion of the sea ice is increasing
in summer, in response to declining ice cover. The agreement between seasonal variations
in wind factor and near-inertial wave amplitude suggests that ice properties such as rough-
ness and internal rigidity - which affect how readily the ice responds to wind forcing - are
important to how much energy is available for internal wave generation. The actual impact
of different sea-ice properties on momentum and energy transfer from the wind to ocean is

poorly understood, including:

e Ocean surface stress. The stress caused by wind or sea-ice motion over the ocean’s
surface is related to the speed and the drag of the wind or ice. Air-ice and ice-ocean
drag depends on ice roughness, internal ice stresses, and form drag. Work by Martin
et al. (2014) showed that ocean surface stress in a climate model was higher when some
sea ice was present relative to 100% open water. In fact, the seasonal cycle in ocean
surface stress is quite similar to that for the near-inertial internal wave field (personal

communication - T. Martin, 2015).

e Inertial frequency band. Most climate models do not resolve the inertial frequency
band for sea-ice velocity or ocean currents. In addition, reanalysis wind products do
not capture the inertial band in the Arctic. An increase in wind energy input into
inertial ice motion during the summer months could increase inertial currents in the
mixed layer, followed by mixed layer deepening and / or downward radiation of near-

inertial internal waves.
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Current modelling efforts are working to incorporate the inertial band into short climate
model runs, determine the relative importance of different ice properties to ocean surface
stress in different seasons, and understand how increased open water affects momentum flux
into the ocean. Observational efforts, including those reported in Cole et al. (2014) using
an I'TP equipped with a velocity sensor, are looking at how mixed layer depth and currents
vary after storm events, and how that energy is subsequently transferred into the internal
wave field. It might be possible to determine an empirical equation for the relative impor-
tance of sea-ice concentration, ice speed, and wind speed to near-inertial wave amplitude as
determined from ITP data on daily or weekly timescales, however any such relationship is
likely to vary seasonally and in response to changing ice drag.

Understanding how wind energy drives mixed layer deepening and internal wave genera-
tion has implications for biological productivity and sea-ice melt. If the mixed layer deepens
following a storm, additional nutrients (nitrogen in particular) may become available to sea-
ice algae and increase primary productivity in the mixed layer, provided sufficient sunlight is
available. When energy radiates downwards as near-inertial waves, phytoplankton could be
impacted directly by the vertical displacement of isopycnals at the base of the euphotic zone
caused by the passage of the wave. For example, a wave with a bm vertical displacement
amplitude will locally elevate the base of the euphotic zone by up to 5m over a 12 hour
period (and lower it by up to 5m over the next 12 hours). Near-inertial waves can extend
horizontally for tens to hundreds of kilometers and propagate vertically at speeds of 100m

per week or less in the upper ocean, so that this effect could be significant intermittently.

5.8.3  Wawve-stratification interactions

Predictions of internal wave reflection from the double-diffusive staircase and near-inertial
wave instability within the staircase show that interactions between internal waves and the
stratification are important. However, the 1-D theory used assumes a fixed stratification,
and does not account for feedbacks between the waves and the stratification.

As an example, an increase in mixing within the staircase will reduce the strength of the
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stratification in the interfaces between mixed layers, which was shown to reduce resonant
wave tunnelling and increase reflection of wave energy into the upper ocean. A buildup of
wave energy in the upper ocean increases the likelihood of wave-wave interactions causing
instability and mixing. In the upper ocean, mixing might transport nutrients vertically
toward the euphotic zone, or bring heat from the Pacific Water up towards the sea ice.

It may be possible to track changes in the coherence of the double-diffusive staircase in
the Canada Basin in recent years, following the approach of Timmermans et al. (2008a).
Individual layers within the staircase appear as distinct bands on a T-S diagram. Changes
to the staircase would smear these bands, and could potentially be compared to periods of
high near-inertial wave energy, though other processes such as the passage of eddies are also
known to affect staircase structure.

An increase in mixing due to internal wave instabilities anywhere within the halocline
will also weaken the strength of the stratification, making direct wind or buoyancy driven
mixing more effective. Storms could more easily mix to the Pacific Water layer in the central
Canada Basin, and to the Atlantic Water layer on the shelves or in the Eastern Arctic.

The energy flux associated with a large A, = 5m amplitude near-inertial wave will be
roughly F, = 0.5—5mW /m, depending on vertical wavelength. Crudely estimating diffusivity
from these energy fluxes assuming all the energy is evenly spread over 100m in the vertical
gives K ~ 107*m? /s, comparable to low-latitude values. No currently available datasets can
confirm whether or not such episodic and highly energetic mixing events, caused by unusually
large amplitude near-inertial waves, are occurring in the Western Arctic Ocean.

As always in the Arctic Ocean, this investigation has led to many new questions, which
may be able to guide future observational, theoretical, and modelling efforts. The results
presented in this thesis show an internal wave field closely tied to the rapidly changing sea
ice and unusual stratification in the Western Arctic Ocean, and hint at many interesting

interactions and feedbacks yet to be explored.
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