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ABSTRACT: The propagation of internal waves (IWs) of tidal frequency is inhibited poleward of the critical latitude, where
the tidal frequency is equal to the Coriolis frequency (f). These subinertial IWs may propagate in the presence of background
vorticity, which can reduce rotational effects. Additionally, for strong tidal currents, the isopycnal displacements may evolve
into internal solitary waves (ISWs). In this study, wave generation by the subinertial K; and M, tides over the Yermak Plateau
(YP) is modeled to understand the linear response and the conditions necessary for the generation of ISWs. The YP stretches
out into Fram Strait, a gateway into the Arctic Ocean for warm Atlantic-origin waters. We consider the K; tide for a wide
range of tidal amplitudes to understand the IW generation for different forcing. For weak tidal currents, the baroclinic re-
sponse is predominantly at the second harmonic due to critical slopes. For sufficiently strong diurnal currents, ISWs are gener-
ated and their generation is not sensitive to the range of f and stratifications considered. The M, tide is subinertial yet the
response shows propagating IW beams with frequency just over f. We discuss the propagation of these waves and the influ-
ence of variations of f, as a proxy for variations in the background vorticity, on the energy conversion to IWs. An improved
understanding of tidal dynamics and IW generation at high latitudes is needed to quantify the magnitude and distribution of
turbulent mixing, and its consequences for the changes in ocean circulation, heat content, and sea ice cover in the Arctic Ocean.
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1. Introduction of energy facilitated by nonlinear wave-wave interactions
through a broadband IW spectrum (Munk and Wunsch 1998;
Wunsch and Ferrari 2004; MacKinnon et al. 2017). Observa-
tions have shown that the IW spectrum in the central Arctic
Ocean is typically characterized by lower IW energy levels,
weaker nonlinear interactions, and a richer vertical wavenum-
ber content compared to the midlatitudes (Levine et al. 1985;
D’Asaro and Morison 1992). This possibly explains the weak
turbulent mixing in the region (Fer 2009; Lenn et al. 2022).
The two main mechanisms for IW generation are wind forcing
at the ocean surface and tidal flow over topography. Tidal forcing
is the source of around 50% of the IW energy (Waterhouse
et al. 2014; Munk and Wunsch 1998). A high-concentration
sea ice pack limits the near-inertial wave generation by time-
variable wind stress (Martini et al. 2014; Dosser and Rainville
2016). It has been hypothesized by Rainville and Woodgate
(2009) that the observed climatological decrease in Arctic sea
ice cover would increase the wind-forced IW energy content,
potentially enhancing the vertical mixing across the pycnocline.
Some observational studies have reported increased dissipation

The presence of perennial sea ice over the Arctic Ocean is
possible due to the insulation of the cold and low-salinity surface
water from the warmer and saltier waters below (Carmack et al.
2015). This insulation occurs because of strong near-surface sa-
linity stratification and generally weak upward turbulent heat
fluxes. Most of the central Arctic Ocean below the surface layer
experiences turbulence levels that are much lower than at mid-
latitudes (Levine et al. 1985; Padman and Dillon 1987; Rainville
and Winsor 2008; Timmermans et al. 2008; Fer 2009). This re-
sults in vertical heat fluxes that are typically O(1) W m ™2 or less.
Close to and over the continental slopes, turbulence levels in-
crease to values more typical of the global ocean (Lenn et al.
2022). These slope regions often coincide with pathways for to-
pographically constrained large-scale circulations carrying warm
and saline waters. Turbulent mixing leads to water mass trans-
formations as relatively low-salinity shelf waters are modified
and meet distinct water masses resident in the deep basins. Un-
derstanding how turbulence is generated around the Arctic mar-
gins is, therefore, necessary for quantifying heat exchange and
mixing in the Arctic and their effects on sea ice cover. rates in the pycnocline in response to strong wind forcing (Fer

In the global ocean, most of the energy for mixing comes 2014; Meyer et al. 2017); however, others did not (Lincoln et al.

from internal wave (IW) breaking at the end of a cascade 2016). Fine and Cole (2022) showed an increase in IW energy
but no associated enhancement in dissipation, as the IW verti-

cal length scales compensate to minimize the increase in shear.
The pathway of near-inertial wave energy to dissipation is com-
plex and affected by the presence of thin surface mixed layers
and strong upper-ocean stratification from low-salinity water
(Guthrie and Morison 2021). Tidal flow over topography is ex-
Corresponding author: G. Urbancic, gabin.urbancic@fmi.fi pected to continue to be a significant source of mixing in the
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Arctic, although their overall contribution may change with
the changing Arctic conditions (Fer et al. 2020; Rippeth et al.
2015).

Tidal flow over topography drives mixing through genera-
tion of internal tides (ITs), i.e., waves of tidal frequency, and
other IWs that can become unstable through shear or convec-
tive instabilities (e.g., Thorpe 2021; Zhang and Alford 2015),
either locally or after propagating some distance from the
source (Whalen et al. 2020). Typically, most of the energy
conversion is into ITs (Garrett and Kunze 2007). The princi-
pal tidal variable is the cross-slope component of the baro-
tropic tidal current over the sloping or rough seabed. In the
Arctic, the modeled maximum cross-slope barotropic tidal
current along the continental slope varies from negligible for
much of the western Arctic to >0.2 m s~ ! in many regions of
the eastern Arctic (Fer et al. 2020). Tidal currents in the Arctic
Ocean not only exhibit a complex spatial pattern, but also vary
in their mixture of the dominant tidal species, the semidiurnal
and diurnal tides (e.g., Figs. 2-5 in Kowalik and Proshutinsky
1993). Additionally, the diurnal tides in the Arctic generate
topographic vorticity waves with diurnal period, whose prop-
erties are sensitive to stratification and background mean
flows (e.g., Kowalik and Proshutinsky 1993; Skarohamar et al.
2015).

North of the critical latitude for a specific tidal constituent
(where the Coriolis frequency and tidal frequency are equal),
ITs cannot propagate freely in the absence of horizontal shear
flow, which induces a background vorticity. The critical lati-
tude for the dominant semidiurnal M, tidal constituent is near
74.5°, and most of the central Arctic Ocean is north of this lat-
itude. The entire Arctic is also well north of the critical lati-
tude of ~30° for diurnal constituents, including the most
energetic constituents K; and O;. The only major tide for
which most of the Arctic is below the critical latitude is the
semidiurnal S,, with period 12.00 h and a critical latitude of
~85° (Padman and Erofeeva 2004). Therefore, energy propa-
gation in the form of ITs vanishes in most of the Arctic Ocean
as it is north of the critical latitude for almost all tidal constit-
uents. This reduction in freely propagating ITs reduces the
total IW energy in the central Arctic, which is already weakened
by sea ice reducing energy input via wind forcing (Rainville and
Woodgate 2009; Dosser and Rainville 2016; Dosser et al. 2021).
IW energy levels in the Arctic Ocean are therefore lower than
at midlatitudes, where the ITs are a large component of the en-
ergy available for mixing in the deep ocean (Munk and Wunsch
1998).

While ITs cannot propagate freely poleward of their critical
latitude, higher-frequency nonlinear IWs generated by subi-
nertial tidal flows (where the tidal frequency is less than the
Coriolis frequency) have been observed in several locations.
This phenomenon was first studied for the Kuril Straits by
Nakamura et al. (2000) for the diurnal K; tide. They showed that
the K, tide interacts with sills to form trapped depressions in
their lee, which increase in amplitude and are released upstream
when the current slackens. Similar generation mechanisms were
studied for the M, tide in the Barents Sea (Vlasenko et al. 2003;
Kurkina and Talipova 2011; Rippeth et al. 2017) and in the
Kara Sea (Morozov and Paka 2010; Morozov et al. 2017).
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Vlasenko et al. (2003) modeled the generation of internal soli-
tary waves (ISWs; see section 3); however, they moved the lati-
tude 4° equatorward to reduce f, as a proxy for the negative
background vorticity observed in the region. Through numerical
experiments, Rippeth et al. (2017) showed that high-frequency
nonlinear waves accounted for about 70% of the total tidal
conversion over Spitsbergen Bank (at 75.5°N), a shallow
bank south of Svalbard about 100 km north of the critical lati-
tude, and are therefore the main source of energy for mixing
outside of the bottom boundary layer. Observations north of
Svalbard showed a significant increase in local mixing due to
ISWs generated by the K; tide (Fer et al. 2020). The observed
nonlinear waves appear to be partially responsible for the in-
crease in IW energy levels and turbulent dissipation near the
continental shelf. The highest observed dissipation occurred
along the continental slope north of Svalbard (at ~82°N),
although similar magnitudes have been observed over the
Yermak Plateau (Rippeth et al. 2015; D’ Asaro and Morison
1992).

In addition to numerical studies and in situ measurements,
the sea ice retreat in the Arctic has provided new opportuni-
ties for remote sensing of ISWs using high-resolution syn-
thetic aperture radar (SAR). Surface signatures of ISW
packets have been frequently observed in the Laptev Sea
(Kozlov et al. 2017) as far north as 83°N, with most packets
appearing north of the critical latitude for the M, tide. The lo-
cation of the observed waves coincide with mixing hot spots
and their origin was attributed to lee-wave generation by
semidiurnal tides, the dominant tide in the region. ISWs ob-
served in oceanographic data north of Svalbard were also cap-
tured in SAR images (Fer et al. 2020). The emerging
observations emphasize the importance of nonlinear IWs for
vertical mixing in the Arctic Ocean.

As a representative site for nonlinear wave generation by
strong subinertial tidal currents and due to the significance of
the Yermak Plateau (YP) for the Arctic Ocean, we study IW
generation over the YP for both the semidiurnal and diurnal
tides using a high-resolution, two-dimensional nonlinear
model. The importance of the YP and observations over its
north flank are presented in section 2. Section 3 provides a
background on IWs relevant to interpreting the results of the
numerical simulations. The numerical model used in this
work is presented in section 4. As the observations show vari-
ability in the amplitude of cross-isobath diurnal currents, we
ran simulations for a wide range of tidal amplitudes (section 5).
Weak amplitude semidiurnal tides are considered in section 6.
Simulations with a large range of Coriolis frequencies were un-
dertaken as a proxy for background vorticity. The sensitivity of
ISW generation by diurnal tides to changes in stratification, to-
pography, and Coriolis frequency are discussed in section 7.
Our discussion and conclusions are presented in sections 8
and 9, respectively.

2. Observations over the Yermak Plateau

The YP is a bathymetric feature stretching out into Fram
Strait northwest of Svalbard (Fig. 1). It plays a prominent
role in the Arctic’s heat balance due to its interaction with
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FIG. 1. Bathymetric map of (a) Fram Strait and (b) the Yermak Plateau. The main circulation patterns of the warm
Atlantic Water are indicated. The track of the CEAREX drift camp and the location of the north and south transects
implemented in the model are shown. (c) The topography along the north and south transect. Horizontal distance is

measured relative to the base of the slope.

the West Spitsbergen Current, which is the main contributor
to heat transport into the central Arctic Ocean (Aagaard
et al. 1985). The YP is the last obstacle between the West
Spitsbergen Current and the Arctic, and regions down-
stream of the YP are noted for significant cooling of the
West Spitsbergen Current (Kolas et al. 2020). The marginal
ice zone at the Polar Front typically extends across the YP,
resulting in high variability in sea ice cover and significant
local exchange between the ocean and atmosphere (Onarheim
et al. 2014).

Spatial and temporal variability of the diurnal currents over
the YP is significant. Their amplitudes have been observed to
increase by over an order of magnitude over the YP in com-
parison to observations in the Arctic basin (Padman et al.
1992). The largest current amplitude was observed over the
upper slope and not on the top of the plateau, suggesting
more complicated dynamics than amplification by cross-
isobath volume conservation. The location of this maximum is
consistent with a simple model of barotropic, topographic
vorticity waves of diurnal frequency (Hunkins 1986; Padman
et al. 1992). These diurnal waves are generated at the east-
ern side of the YP where they are resonantly amplified as
the group velocity is zero. This amplification increases
the tidal conversion as the current ellipses have a large

cross-isobath component, forcing a stronger baroclinic re-
sponse than would otherwise occur. Observations on the
northern flank of the YP have characterized the region as
one of enhanced IW activity and nonlinear IWs have been
observed (Czipott et al. 1991; Padman and Dillon 1991;
Padman et al. 1992). The effects of nonlinear waves gener-
ated over the YP are important as they can modulate and
force mixing processes (Padman and Dillon 1991; Wijesekera
et al. 1993a,b).

Observations of tidal forcing and its link to finescale and
small-scale variability are scarce over the northern YP, where
the diurnal currents are amplified. The location is typically ice
covered, making observations logistically difficult. The most
complete dataset from this region was collected from the
Coordinated Eastern Arctic Experiment (CEAREX) Ocean-
ography Camp drifting on the pack ice along the northern slope
of the YP (Fig. 1) in April 1989. Instruments on ice-tethered
moorings measured currents and hydrographic variables at
fixed depths. Profiles of temperature, salinity and turbulent
dissipation rates were obtained 2-3 times per hour from the
surface to about 300-400-m depth. Tiltmeters on the ice sur-
face measured ice flexure.

The dominant signal of variability was diurnal oscillations,
which forced isopycnal displacements and cross-slope currents
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FIG. 2. Observations along the CEAREX drift track (see Fig. 1). The interval studied in Czipott et al. (1991) is
highlighted in red. (a) The temperature measured by the profiling instrument, with pycnocline outlined (in white) by
the —0.5° and 1.7°C isotherms; (b) pycnocline-averaged dissipation rate €yy.; (c) the cross-slope velocity U measured
at the 150-m depth; (d) the bandpassed (8-60 min) cross-slope velocity ' measured at the 150-m depth; (e) the water
depth along the CEAREX drift track; and (f) the temperature measured at the 150-m depth for an 8-h interval

marked in (a).

(Figs. 2a,c). Padman et al. (1992) noted that the ice response
at diurnal periods was small, which they attributed to inter-
nal ice stresses in the convergent sea ice pack in the region.
The diurnal signals in the ocean were largest when the camp
drifted along the central continental slope near the 2000-m
isobath. Based on a barotropic tide model (Padman and
Erofeeva 2004), much of this variability is spatial; however,
Padman et al. (1992) also estimated a significant contribu-
tion from spring—neap variability as the K; and O; tides in-
teract. High dissipation rates, signifying energetic turbulent
mixing in the pycnocline, were also diurnally modulated
(Fig. 2b), although with substantial higher-frequency variabil-
ity as well, including at ~2 and ~4 cycles per day (Padman et al.
1991).

Additional signals, consistent with ISWs, were also found.
Using tiltmeters, Czipott et al. (1991) measured ice flexure
forced by an energetic packet of IWs as the camp drifted near
the 2000 m isobath. They noted the presence of an IW packet
in the pycnocline about 100-m depth, with two to three oscil-
lations at periods from 20 to 40 min, that rode on undular
bores passing the ice camp location diurnally. An undular
bore typically displaced the pycnocline upward by about 15 m.

Observations were consistent with ISWs coming from tidal
flow over the YP, propagating roughly north at 0.45 m s !
with a wavelength of about 600 m. These features were also
recorded at other times: a short record of temperature at 1-min
sampling at 150-m depth shows rapid oscillations of ~0.8°C
during 9 April (Fig. 2f), while bandpassed currents (8-60 min)
at 150-m depth (Fig. 2d) confirm the presence of ISWs crossing
the slope during a much longer time interval than studied by
Czipott et al. (1991).

These observations indicate a tidal origin for higher-frequency
nonlinear waves that provide the energy for large mixing
events (Wijesekera et al. 1993b). These mixing events lead to
substantial upward heat transfer from the warm Atlantic Water
to the cold Arctic surface water and to the sea ice above. These
observations motivate our idealized numerical experiments to
better understand the nonlinear IW response from tidal forcing
over the YP. The CEAREX observations captured the pro-
cesses in early spring, when the surface mixed layer was deep
and the upper ocean stratification was weak (see Fig. 3). As we
expect a stronger nonlinear IW response for stronger and shal-
lower stratification, we base our main experiments on summer
stratification.
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FIG. 3. Model stratifications. (a) Density profiles and (b) the resulting buoyancy frequency;
Py (red) is the summer base stratification used in the majority of the simulations, p,,; for i = (1, 2, 3)
are three modified summer stratifications, p,, is a winter stratification, and pcrx is from the

CEAREX observations.

3. Background

The dynamics of IWs has been extensively studied analyti-
cally through the development of both linear and weakly non-
linear theory, as well as numerically for the study of nonlinear
IWs. In this section, we present the IW theory relevant to the
interpretation of the simulation results and present the pa-
rameter space of IWs at high latitudes. For additional infor-
mation on IWs in the ocean, see Garrett and Munk (1979).
Helfrich and Melville (2006) review the literature on nonlinear
IWs, and for more on the effects of rotation, see Grimshaw
et al. (1998). A thorough review specifically on ITs is presented
by Garrett and Kunze (2007).

In the absence of background currents, linear IWs on a
traditional f-plane obey the dispersion relation

w2 _ N2k2 +f2m2 (1)

k2 + m?
in the vertical x—z plane, where w, N, and f are the intrinsic
wave, buoyancy, and Coriolis frequencies, respectively, and
(k, m) is the wavenumber vector. The Coriolis frequency is
equal to 2Qsin(¢), where () is the rotation rate of Earth

(7.2921 X 10"° s™ 1) and ¢ is the latitude. As the YP lies in the
Northern Hemisphere we assume f > 0 below. The horizontal
component of Earth’s rotation is neglected in the traditional
approximation, but can become important in the deep ocean
for poleward propagating ITs (Gerkema and Shrira 2005).
From the dispersion relation (1), it follows that the angle
of energy propagation depends only on  for fixed N and f.
If the topographic slope forces fluid parcels oscillating at fre-
quency o to move in the direction of energy propagation,
then the response is resonant and the most efficient genera-
tion occurs. This is characterized by the criticality parameter

ata) =3 @) )

NZ(Z) _ wZ]l/Z
o

which is the ratio of topographic slope to the slope of energy
propagation (Legg 2014; Garrett and Kunze 2007). The slope
is said to be subcritical, critical, and supercritical when a < 1,
a =1, and a > 1, respectively. At critical slopes, intense IW
beams emanating from the slope are generated even under
weak tidal flow conditions (Gerkema et al. 2004; Garrett and
Kunze 2007). For sufficiently subcritical topographies, the
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response is primarily the first vertical mode IT and generation
over the whole slope contributes to the energy input. In con-
trast, supercritical topographies generate many vertical modes;
however, the energy flux from high mode waves is small. The
most significant generation occurs at the shelf break, where the
tidal currents are strongest and the topography is often close to
critical (Baines 1982).

Linear theory (Bell 1975; Khatiwala 2003) for subcritical,
small-amplitude topography, with constant N (assuming N > f,
a normal condition in the ocean), predicts that tidal flow will
generate propagating waves of all the tidal harmonics that lie
in the frequency band

f<ow<N. 3)

These theories are for small topographic features, with the
same water depth on either side, and assume periodic solu-
tions; therefore, only waves of the tidal harmonic frequencies
are present. Bell (1975) considered a semi-infinite domain
and included harmonics outside the freely propagating fre-
quency band, which decayed exponentially with height. The
case of a finite depth ocean with a rigid upper boundary was
considered by Khatiwala (2003), who ignored waves outside
of the freely propagating frequency band as they make no
contribution to the energy flux. Lamb and Dunphy (2018) ex-
tended Khatiwala’s method to include variable stratification
and surface trapped currents for f = 0. The important dimen-
sionless parameter for wave propagation is the ratio wz/f,
where wyis the frequency of tidal constituent 7. When w/f > 1
(superinertial) and w;/N < 1, inequality (3) holds and the ITs
are freely propagating. When w7/f < 1 (subinertial), the tidal
frequency response is forced and the ITs decay exponentially
away from the generation site. In the subinertial regime,
freely propagating higher harmonics satisfying (3) are gener-
ated with the lowest harmonic satisfying (3) dominating the
response.

The latitude at which w7/f =1 is called the critical latitude
of tidal constituent 7. It is also referred to by some authors as
the turning latitude as poleward-propagating ITs are reflected
equatorward at this latitude (Garrett 2001). Not only does the
existence of a critical latitude imply no generation of propa-
gating ITs north of it, but it also acts as a filter for northward-
propagating ITs. As ITs approach their critical latitude the
group velocity approaches zero and the phase velocity ap-
proaches infinity, continuously adopting the evanescent re-
sponse which occurs north of the critical latitude. Background
vorticity, introduced by the presence of a horizontal shear
flow, can supplement or counter the planetary vorticity modi-
fying the lower bound of (3) from f to the effective Coriolis
frequency

= NFF R~ f+5¢ )

where ¢ =(0V,/dx) — (0U,/dy) is the background vorticity
(Mooers 1975; Kunze 1985). This provides a commonly refer-
enced mechanism (e.g., Vlasenko et al. 2003) for the propaga-
tion of the ITs north of the critical latitude as the modified
propagating wave band is ferr < w < N.
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An important parameter for IW generation by tidal flow is
6 = kUp/wt, where k is a horizontal wavenumber and Uy is
the barotropic tidal amplitude. The horizontal wavenumber k
can be interpreted as an inverse length scale of the topography
in which case 8 is a measure of the ratio of the tidal excursion
distance U7/w to a topographic length scale. When 6 << 1 the
generated waves are predominantly of tidal frequency. As
the tidal current strengthens, 6 becomes larger, and the
higher harmonics make an increasingly important contribu-
tion. Topographic features include a range of length scales, or
wavenumbers k. In the following sections, we only present
values of 6 where the topographic length scale is chosen as
the width of the shelf slope, which we denote as 6;.

Nakamura et al. (2000) introduced the idea of unsteady lee
waves for § >> 1 and mixed tidal-lee waves for 6 ~ 1. They
argued that waves with a continuous range of k values were
generated as the tidal current varied and that these waves had
an intrinsic Doppler-shifted frequency w7 + kUp; however,
Tanaka et al. (2010) pointed out an error in their derivation
and showed that the intrinsic frequency is kU, i.e., the lee
wave frequency (Legg 2021). The strongest generation occurs
near peak tidal currents as these currents are approximately
steady for the longest period of time (Nakamura and Awaji
2001; Mohri et al. 2010). Because these waves are generated
periodically, in the case of small-amplitude topography they
are included in the previously cited linear theories. Linear
theory for large-amplitude topographic features, including
shelf-like topography, assume the barotropic tidal current is
so weak that tidal excursion distances are negligible and only
waves of tidal frequency are generated (Baines 1982; Gerkema
et al. 2004; Mathur et al. 2016). Wave frequencies at interhar-
monic frequencies can arise due to transient effects, e.g., due to
an impulsive startup which will generate waves of all frequen-
cies, or due to nonlinearities associated with supercritical and/or
large-amplitude topography. An example of the latter is the gen-
eration of subtidal frequency waves via parametric subharmonic
instability (PSI) and higher-frequency interharmonic waves
through nonlinear wave-wave interactions (Korobov and Lamb
2008; Bourget et al. 2013).

Sufficiently strong tidal currents can generate ISWs. ISWs
are nonlinear dispersive waves that are commonly observed
in the ocean, particularly in coastal waters where they are pre-
dominantly generated by tidal flow over topography. They
are typically generated by the nonlinear dispersive evolution
of the internal tide or by the generation of nonlinear lee
waves (Jackson et al. 2012). At subinertial latitudes they may
also be generated by the nonlinear evolution of large eleva-
tions or depressions of isopycnal surfaces, typically formed
over a shelf slope (Vlasenko et al. 2003). At mid-to-high lati-
tudes, rotation results in a gradual decay in their amplitude
due to the backward radiation of long inertia—gravity waves
(Helfrich 2007).

4. Numerical model and model setup

To simulate IW generation by tidal flow over topography,
we solve the 2D, nonlinear, nonhydrostatic, Boussinesq equations
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on an f plane (Lamb 1994; Lamb and Dunphy 2018). The model
equations are

Ut+U-VU—f1&:—plOVp—Z—§i )
y+U- Vot fu=0 6)
p,+U-Vp=0 ™)
V.U=0, 8)

where U = (u, w) is the 2D velocity in the vertical x—z plane,
represented by the X and Z unit vectors, v is the along slope
velocity, p is the density, py the reference density, and g is the
acceleration of gravity. The cross-slope velocity can be de-
composed as U = Uy + u’, where Ur(x, t) is the vertically av-
eraged barotropic velocity and u’ is the baroclinic velocity.
No variation occurs in the along-slope direction (i.e., 8/dy = 0)
maintaining the 2D approach while allowing for rotation. The
model uses a second-order, finite volume projection method
with Godunov flux limiting which acts as an implicit large-
eddy simulation (LES) filter (Bell and Marcus 1992; Margolin
et al. 2006; Lamb and Dunphy 2018). A rigid lid is applied at
the surface (z = 0) and the bottom boundary is at z = —H + h(x)
where H = 3800 m is the deep water depth and /4(x) the shelf
topography. The model uses terrain following coordinates,
increasing the vertical resolution in shallower waters. We
used 300 grid points in the vertical. To resolve a narrow near-
surface pycnocline, Az varies between 25 m below 500 m to
slightly smaller than 2 m in depths less than 120 m in the
deep water and between 14 and 1 m on the plateau. Both lat-
eral boundaries are open, and the tide is forced at the left
boundary, resulting in a volume-flux-conserving barotropic
flow. All IWs reaching the left boundary would be reflected
while long hydrostatic waves pass through the right bound-
ary; however, short nonhydrostatic waves will be reflected.
To eliminate wave reflection the horizontal resolution is var-
ied, with a resolution of 30 m in a 700-km-wide central do-
main and a gradually decreasing resolution beyond. This
resolves waves in the region of interest while ensuring that
IWs never reach the lateral boundaries. Higher-resolution
simulations were conducted to verify that this resolution was
adequate. The full fields were saved 48 times per tidal period.

Artificial mooring lines were placed in positions of inter-
est; along these lines, velocity and density fields were saved
at every time step. Both Eulerian and Lagrangian moorings
are considered, where Eulerian moorings are fixed in space
and Lagrangian moorings save values in a reference frame
moving with the barotropic tide. We only present results
from Lagrangian moorings as they remove aliasing of the
baroclinic signal due to advection by the barotropic tide.

We consider two transects, referred to as the south and
north transects (Figs. 1b,c). As the Coriolis frequency varies
only slightly across the plateau, the f-plane approach is justified
and unless otherwise specified was set to f= 1.44 X 107% s,
corresponding to 80.9°N which lies between the two trans-
ects. Other values were used to test the sensitivity of the
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results on the value of f, which corresponds to changes in
latitude. Changing the latitude is used as a proxy for the
presence of background vorticity which modifies the disper-
sion relation (1) and by consequence the lower bound of (3)
to ferr. The focus of this work is on the north transect as
ISWs have been observed in this region (see section 2).

Simulations were initiated at maximum flood tide by setting
the initial fields to

Q Oh'(x)

(v w) =7 o - P

(9a)

p=p(2), (9b)
where Q = UyH is the peak volume flux, U, is the barotropic
tidal amplitude in the deep water away from the topography,
and p(z) is a prescribed background density profile. The tidal
flow is forced by the left boundary condition,

ou .
= Tor Uysin(wyt),

(10)
where w7 is the tidal frequency (where 7' = M, or K;). Some
simulations were run starting from rest with the tidal ampli-
tude ramped up over 4 or 8 tidal periods. This reduced the
amplitudes of transient linear waves but did not significantly
affect ISW generation.

Figure 3 shows the upper 300 m of all the stratifications
used in this study. For most simulations, we use a representa-
tive stratification for summer conditions with a 15-m surface
mixed layer, the pycnocline at 30 m with Ny, = 0.028 s 'and
a deep ocean stratification of N = 0.002 s~ '. This summer
stratification is referred to as the “base stratification” and is
denoted by p,. It was derived from summer profiles collected
during the cruises on board the R/V Hdikon Mosby (cruise
numbers 2007-613, 2014-619, and 2015-617); the 2007 data are
reported by Fer et al. (2010), and the 2015 data are reported
by Kolés and Fer (2018). Three modified summer stratifica-
tions (p,,; for i = 1,2, 3), with much broader pycnoclines based
on climatology (Steele et al. 2001), are used to explore the
sensitivity to the width and depth of the pycnocline. Addition-
ally, we explore two stratifications based on winter conditions.
The CEAREX stratification (pcrx) is based on observations
during the CEAREX field program (Padman and Dillon
1991) while an additional winter stratification (p,,) is based on
Steele et al. (2001). Below 300 m depth, all stratifications pro-
files are the same, representative of the cruise data and the
September climatology (Steele et al. 2001) with N decreasing
monotonically to about 6 X 107* s™' at z = —1500 m. N is
about 5.5 X 107* s below z = 2000 m. Unless otherwise
specified the base stratification is used.

The barotropic tidal amplitudes (Table 1) over the YP are ex-
tracted from the Arctic Ocean Tidal Inverse Model (AOTIM-5;
Padman and Erofeeva 2004). For comparison, values are
also presented from a newer, higher-resolution model cov-
ering the YP, the Greenland 1 km Tide Model (GrlkmTM,;
Howard and Padman 2021). The GrlkmTM on-shelf diurnal
currents are 2-3 times larger than in AOTIM-5 for the north

Unauthenticated | Downloaded 12/05/22 09:15 AM UTC



2190

TABLE 1. The AOTIM-5 and GrlkmTM derived cross-slope
tidal amplitudes (cm s~ 1) for the north and south transect over
the shelf break and over the deep basin.

AOTIM-5 GrlkmTM

M2 Sz K[ O| Mz Sz K] O]

North transect
Shelf break 24 09 120 87 26 09 342 157
Deepbasin 09 03 16 12 09 03 4.9 1.8

South transect
Shelf break 6.7 23 7.7 31 73 25 108 9.5
Deep basin 2.7 10 27 10 32 1.1 3.8 34

transect. For both models, the strongest tidal constituents
over the YP are diurnal K; and O, tides and the semidiurnal
M, tide. The spring-neap cycle for the diurnal tide is around
14 days. For simplicity we only consider M, and K; tides in
isolation. In both tidal models, the kinetic energy in K is
dominated by energy in topographic vorticity waves which cannot
be represented in a 2D model. Since our primary focus is to rep-
resent cross-slope currents over the shelf break, we artificially
adjust deep-water tidal currents from Uy = 0.023-023 m s !,
which generates upper-slope currents within the range observed
by Padman et al. (1992). We use 23.93 h for the K| tidal period
and 12.42 h for the M, tidal period.

Additional simulations were run with the gravitational ac-
celeration set to zero to determine the evolution of the den-
sity field due to tidal and rotational affects only, i.e., without
the effects of gravitational restoring forces. In the following
results, time is reported in terms of the tidal period T for the
tidal constituent under consideration.

5. Diurnal tide

In this section we present the model results for the K; tide.
We begin by considering a case with weak deep water tidal
currents with amplitude Ug = 0.023 m s~ . The resulting baro-
tropic current over the shelf has an amplitude of Uy = 0.113 ms ™!,
which is 6% less than the AOTIM-5 tidal amplitude at the
shelf break (Table 1). The values of §; ranges from 0.03 to
0.13, computed for the deep and shelf currents, respectively.
The largest generated waves are transient waves associated
with the impulsive startup (not shown). The maximum isopyc-
nal displacement in the water column is about 0.3 and 0.5 m for
waves propagating in the on-shelf and off-shelf directions, re-
spectively. The amplitude of the propagating waves is small
compared to the tidal heaving over the shelf slope, which has
an isopycnal displacement of around 50 m.

The baroclinic horizontal velocity field («’) at t = 40T is
shown in Fig. 4a. The most notable feature is the pattern of
coherent IW beams emanating from the shelf break. Charac-
teristics of the second harmonic frequency 2wg,, which is
larger than f, are included showing that these beams are
largely of that frequency. A range of higher-frequency waves
are also visible as steeper beams in a fan-like structure above
the second harmonic on-shelf beam. Power spectra from the
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artificial moorings (Figs. 4b,c) show clear peaks at 2wg,. The
slightly steeper beams, which reach x = 110 km between 50- and
200-m depths, have a frequency of about 2.07wk,. The third
and fourth harmonic beams are also apparent in the response
over the shelf. This can be seen at x = 84 km where the fourth
harmonic beam reflects from the surface, and at x = 88 km
where the third harmonic can be seen propagating down
from the surface. The offshore propagating response has
weaker higher harmonic content with the third harmonic
beam reflecting off the surface at x = 60 km. As N/wg, ranges
from around 30 to 400 the most energetic harmonics propagate
freely.

Although the barotropic currents are forced at frequency
wg,, it is the 2wk, frequency which has the largest energy in
the baroclinic field with smaller peaks at wg,, 3wk, and at
higher harmonics (Figs. 4b,c). The peak at wg, occurs because
the tidal currents force an evanescent response at this fre-
quency which decays with distance from the shelf slope. The
e-folding decay scales for the off-shelf and on-shelf mode-1 re-
sponse are 8.1 and 5.5 km, respectively, computed by solving
the nonhydrostatic rotational linear eigenvalue problem for
mode-1 waves (Kundu 1990). These decay scales are consis-
tent with the decay observed in the spectra from the artificial
moorings.

Figure 5 shows the frequency that is critical for the slope at
a given depth. The second harmonic is critical on the slope
near the shelf break, where tidal currents are large, resulting
in the efficient generation of second harmonic IW beams.
Slope criticality of the second harmonic of the K; tide appears
to be an important parameter for IW generation at high
latitudes.

As the generated IWs are linear for the small tidal ampli-
tude case (Uy = 0.023 m s~ 1), the enhanced diurnal currents
due to resonant topographic vorticity waves is a good candi-
date for the generation of ISWs observed over the YP. To in-
vestigate the baroclinic response to the stronger forcing, we
consider a range of larger tidal currents with a maximum
deep-water current of Uy =023 ms ™.

Results from the Uy = 0.23 m s~ ! case, for which 8;. ranges
from 0.26 to 1.34, are presented in Fig. 6. The density field at
t = 3T shows large ISWs with displacements up to 73.5 m. Evi-
dently a significant regime transition occurs in the wave gen-
eration between U, = 0.023 and 023 m s !. Two main
disturbances propagate in both the on-shelf and off-shelf di-
rections. The disturbances propagating off-shelf are ISWs
marked L; and L,. The on-shelf disturbances are an ISW
packet marked R; and an ISW marked R,. The isopycnal dis-
placements further from the shelf slope are waves generated
during the previous tidal periods. The vertical structures of
Ly, L,, Ry, and R, are shown in Fig. 6b. The maximum dis-
placement of the isopycnals occurs at around 50-m depth. The
ISW solutions of the Dubreil-Jacotin-Long (DJL) equation
(Stastna and Lamb 2002) show that, for ISWs with an ampli-
tude of 50 m, the maximum displacement has a depth of about
40 m. The ISWs observed in Fig. 6 are therefore consistent
with the ISW solutions of the DJL equation. In contrast, the
linear long-wave vertical eigenmode has its maximum dis-
placement at a depth of about 200 m.
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FIG. 4. Simulation results of the K tide for Uy = 0.023 m s™'. (a) The baroclinic horizontal velocity, «’, at ¢ = 40T, the power spectra of

u’ from artificial Lagrangian moorings (lasting 60 tidal periods) for

(b) off-shelf and (c) on-shelf mooring lines placed at x = —12.5 and

110 km, respectively. Red and blue are the 50 and 400 m depth moorings, respectively. Black and green are the 2000 and 200 m depths for
the off-shelf and on-shelf moorings, respectively. The “x” marks in (a) show the mooring positions. The black lines in (a) are the ray paths

for frequency 2w, . The dashed line in (b) and (c) shows the Coriolis

The evolution of these waves is presented in Fig. 7b using
the displacement of the isopycnal with the undisturbed depth
at 50 m. All four disturbances are generated every tidal period
(TP), except during the first two TPs which are affected by
the initial rest state and the impulse start. The generation of
the ISWs is the result of three processes: upwelling and
downwelling by the vertical barotropic velocity, horizontal ad-
vection, and gravitational/rotational adjustment. On the shelf,
the barotropic tidal current has an amplitude of 1.13 m s~ ! re-
sulting in a particle excursion distance of 15.5 km. In deeper
water at x = 60 and 70 km (1400 and 925 m depth) the particle
excursion distances are about 8.6 and 12.9 km. These are large
enough to play an important role in the evolution of the
isopycnal.

The quasiperiodic generation mechanism is illustrated in
Fig. 7d, which shows a waterfall plot of the isopycnal surface
relative to the undisturbed level at 50-m depth (light horizontal
lines). The stages of wave generation are marked chronologi-
cally A-F. At r = 2T (peak flood tide), the isopycnal over the
upper shelf (x = 70 km) is slightly elevated above its initial

frequency.

height (A). This elevation builds in amplitude while it is be-
ing advected on-shelf by the barotropic tide. At the start of
ebb tide (¢t = 2.257) elevation A is propagating off-shelf. Its
trailing edge has steepened, resulting in a local minimum
(B) slightly above the undisturbed height (for the equivalent
simulations using g = 0, not shown, the isopycnal has a single
local maximum at x = 73 km at the start of ebb tide). In the
first TP this minimum is also present at this location but is less
pronounced. During ebb tide, the local minimum B is ad-
vected off-shelf and it becomes apparent that it is an off-shelf
propagating wave. It steepens to form wave L,. Meanwhile,
the elevation to the right of this depression (C) is advected
off-shelf by the barotropic current and the associated downw-
elling results in the formation of a local depression in the mid-
dle of it (D). This depression splits into off-shelf and on-shelf
propagating depressions. The off-shelf propagating depression
is larger, and steepens to form wave L;. Meanwhile, the on-
shelf propagating depression (E) steepens to form wave R,.
At t = 2.625T the flow is still off-shelf and the downwelling
barotropic tidal current results in a new depression (F) located
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at x = 63 km which develops until the end of ebb tide [for the
equivalent simulations using g = 0, the isopycnal has a single
local minimum which is located at x = 62 km. It is only a few
meters smaller than depression (F)]. It then evolves into wave
packet R,. The asymmetry in the location of the maximum at
the start of ebb tide (1 = 2.257) and the minimum at the start
of flood tide (¢t = 2.75T) in the simulation with g = 0 can be
ascribed to strong horizontal advection by the barotropic tidal
currents.

To better understand the transition from a linear
(Up=0023ms™ ") to a nonlinear wave regime (Uy=0.23 ms™ ')
in which ISWs are generated, a set of simulations were run
with intermediate values of Uy. Figure 8a shows the 50-m
isopycnal for four values of Uy and Fig. 8b shows the dependence
of the amplitudes of Ly, L,, Ry, and R, on Uj. The features of L,
Ry, and R, are considered at t =2T and L, at t = 2.5T due to their
different times of generation and their increasingly ephemeral
nature as the tidal current decreases. We chose not to consider
later tidal periods as the isopycnals are complicated by previ-
ously generated waves and become harder to identify for weaker
values of U,

The Uy = 0.115 m s~ ! case exhibits none of the ISWs gener-
ated in the 0.23 m s~ ! case although a hint of R, is seen. The re-
gime is very weakly nonlinear. By U, = 0.138 m s~ ! the R,
packet is established and disperses into a train of ISWs propa-
gating past x = 250 km by ¢ = 47. Hints of L, and R, are also
seen. This is followed by a transition at around Uy = 0.15ms ™!,
where R, is established as an ISW and L, and L, are observed.
This is followed by the rapid development of L; whose ampli-
tude grows after Uy = 0.17 m s~ ' and becomes the second larg-
est feature after R;.
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For all tidal amplitudes the off-shelf waves are more transient
than the on-shelf waves. For example, for U, = 0.184 m s
wave L, is only present between 1.47 and 1.77 during the sec-
ond tidal period and between 2.3T and 2.97T during the third
tidal period. In contrast, both R, and R, are observed for mul-
tiple tidal periods. This can be explained by a combination of
rotational effects and depth changes. Both R, and R, are gen-
erated on the shelf and therefore propagate through an area
with constant depth. The off-shelf waves are generated over
the slope and therefore experience a large increase in depth
that modulates their vertical structure.

In Fig. 8c the available potential energy (APE) of wave L,
L,, the leading wave in wave packet R;, and wave R, are plot-
ted as functions of U,. The energies were integrated over a
minimal domain that spanned the wave using the initial den-
sity as the reference density profile (Lamb and Nguyen 2009).
At times that are multiples of half a tidal period, as used here,
the mean heights of all isopycnals resume their initial values
so use of the initial density profile is appropriate. The kinetic
energy (KE) of the waves were not calculated directly be-
cause of the difficulty of the nonlinear dependence of the KE
on the currents associated with ISWs and the currents associ-
ated with other waves upon which they are superimposed.
These include the trapped ITs of wk, frequency, as the genera-
tion site of the ISWs are in their range of influence, as well has
higher tidal harmonic internal waves. ISWs typically have
KE/APE between 1 and 1.3 (Lamb and Nguyen 2009), so dou-
bling the APE values provides an estimate of the total energy,
approximately 2-15 MJ m ™! for the R waves and 4-35 MJI m ™!
for the L waves. To put these values in some context we com-
pare the APE and KE in domains that are just large enough to
contain each of the four wave packets with the total APE and
baroclinic KE (459 and 116 MJ m ™, respectively) integrated
between x = —20 and 140 km. This domain was chosen as it
contains all four ISW packets for the base case at t = 3T. The lo-
cation of wave L, contains 5.0% of the total KE and 9.7% of
the total APE. The corresponding values for the other packets
are 3.2% and 11.3% for L,, 11.9% and 14.6% for Ry, and 1.2%
and 4.7% for R,. The ratio of the KE to APE at the location of
the four packets is 2.0, 1.1, 3.2, and 1.0.

6. Semidiurnal tide

No amplification of semidiurnal currents due to topographic
vorticity waves has been observed over the YP (Hunkins
1986) and the barotropic currents are weak. In addition to the
weak currents, the YP is north of the critical latitude with
om,/f =0.98, implying an evanescent IT. The subinertial ITs
are still of interest as observations have recorded energy peaks
at wy, north of the critical latitude (e.g., Fer et al. 2010). Addi-
tionally, generation and propagation at near-inertial latitudes
requires special consideration (Garrett 2001).

Simulations over the north transect were run with the deep
water tidal amplitude, based on AOTIM-5, of 0.014 m s !
(Fig. 9a). The values of §; ranges from 0.01 to 0.04, computed
for the deep and shelf currents, respectively. The baroclinic
signal (1”) is complicated with coherent IW beams emanating
from the shelf break, propagating in the on-shelf direction
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FIG. 6. Simulation results of the K; tide for Uy = 0.23 m s~ ! after three tidal periods. (a) The density field and (b) the baroclinic velocity
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in (a) illustrates the position of the topography.

(Fig. 9a). Unlike the K; case with a similar tidal amplitude
(Fig. 4a), the largest spectral peak is not at the second har-
monic. The topography is subcritical with o < 0.2 for 2wp,
(Fig. 5), implying no enhancement of higher harmonics due to
critical slopes.

A closer look at the near-inertial spectra (as seen in the
subpanels of Figs. 9b,c), shows that both the on-shelf and the
off-shelf moorings have spectral peaks at slightly higher fre-
quencies than both the M, (w/wwm, =1) and the Coriolis fre-
quency (dashed line), resulting in their free propagation.
Secondary peaks are seen at wy, due to the forced, decaying
response. The M, tide north of the critical latitude forces a
propagating response at frequencies just above f. Sample ray
paths of frequency 1.07wy, plotted in Fig. 9a show the beams

are of slightly superinertial frequencies and well below the
second harmonic. This response is not predicted by steady
state linear theory which only predicts the generation of tidal
harmonics (see section 3). The baroclinic response can there-
fore be attributed to finite amplitude effects which are not
present in 6 = 0 theory.

As seen from the power spectra of Fig. 9, the baroclinic
horizontal velocity of simulated Lagrangian moorings at dif-
ferent depths have different spectral peaks. The propagating
response is therefore a spectrum of frequencies as also seen in
the fan-like structure of the beams. Spectra of v’ obtained
from the mooring on the shelf for multiple depths illustrates
the band of frequencies generated (Fig. 10). To account for
the varying stratification, the spectra are WKB-scaled using
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FIG. 7. Simulation results of the K; tide for Uy = 0.23 m s '. (a),(c) The deep water barotropic tidal currents; (b) wa-

terfall plot of the 50-m isopycnal; and (d) a zoom in of the waterfall plot. The blue lines in (b) are the wave character-
istics for the linear waves with maximum group velocity and the red box shows the zoom in area of (c) and (d). The
light blue lines in (d) show the undisturbed height of the isopycnals. See text for a discussion of the wave forms

labeled A-F.

No/N(z,,), where Nj is a reference value taken as the deep wa-
ter stratification, and z,, is the depth of the v’ time series
(Leaman and Sanford 1975; Smith and Young 2002). Along
the north transect topography, the frequencies which have a
critical slope have minimum values of f = 1.025wy, at the top
and bottom of the shelf where the slope is zero, and maximum
values at 1.079wy;, (Fig. 5). The baroclinic response has spec-
tral peaks in a range of near-inertial frequencies which have
critical slopes at the shelf break. Variations in the WKB-
scaled spectral peaks can be explained by the variations in the
strength of currents at the depths of the critical slopes.
Background vorticity has been observed over the YP by
D’Asaro and Morison (1992) with a value of { = —0.15f result-
ing in ww,/ferr = 1.05, i.e., freely propagating waves. This re-
gime is analogous to the f-plane at a latitude of 66°. To better

understand the effect of background vorticity on IW genera-
tion over the YP, simulations were run for a range of values
of f as a proxy for changes in background vorticity (Table 2).
The model results for a subset of the f values are presented in
Fig. 11. The evolution of the vertically integrated energy flux
for the on-shelf and off-shelf propagating waves illustrates the
effect of latitude (or equivalently background vorticity). In
most cases, the fluxes increase to a maximum value, level off,
and start decreasing. This maximum occurs at different times
for different latitudes and the evolution is significantly differ-
ent for the on-shelf and off-shelf fluxes. An initial maximum
was reached for all latitudes except at 72° in both the on-shelf
and off-shelf directions, and at 67° in the on-shelf direction.
To compare the transient fluxes at different latitudes we use
the maximum energy flux over the first 40 TP. The maxima,
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plotted in Fig. 11c, show the effect of the critical latitude with
a rapid decrease in energy flux around 74.5°. This decrease is
an underestimate as the maximum is larger at 72°, as it failed
to reach the maximum by ¢ = 407. The maximum on-shelf
fluxes north of the critical latitude are not very sensitive to
latitude. For the background vorticity levels observed by
D’Asaro and Morison (1992), the estimated maximum
energy flux is increased by an order of magnitude and is
therefore a potentially significant spike in IW energy. The
maximum u’ over the slope increased by a factor of 3, with
values of 0.058 and 0.17 m s~ ! for 81° and 67°, respectively.
For the on-shelf flux, the lowest latitude results in the larg-
est energy flux. In contrast, the off-shelf flux has its maxi-
mum at a latitude of 70°.

7. Sensitivity of ISW generation

In this section, the sensitivity of the generation of ISWs by
the K; tide to the topography, stratification, and Coriolis fre-
quency is investigated. We consider the strong current case
with Up=0.23ms ..

To test the sensitivity to the topography, we compare re-
sults for the north and south transects (Fig. 1). Along the
south transect, the plateau is 240 m shallower than on the
north transect, resulting in stronger barotropic currents. Addi-
tionally, the southern slope is 25 km wider than the northern
slope. The increased slope width is largely due to a weaker
slope near the shelf break. The value of 6, is comparable for

both transects with §; ranging from 0.2 to 1.48 and from 0.26 to
1.34 for the south and north transects, respectively.

The results for the two transects are very different: four
ISW packets are generated each tidal period for the north
transect while none are generated for the south transect. To
illustrate the reason for this difference, we compare results of
the two transects at t = 0.257 and 0.57 (Fig. 12a). A later tidal
period is not used because the wave field is simplest in the first
tidal period and shows the essential features. At the end of
the on-shelf flow (¢ = 0.257), the displacement of the 50-m iso-
pycnal for the south transect extends 20 km farther than the
north transect. This is due to the longer slope and to larger
on-shelf tidal currents, which increase the advection distance
on the shelf. The maximum displacement of the isopycnal is
largest for the north transect as the vertical barotropic current
is proportional to the shelf slope, resulting in a larger vertical
velocity. An off-shelf propagating elevation anomaly is apparent
for the north transect between x = 55 and 70 km. This feature is
missing in the south transect’s isopycnal. After half a tidal pe-
riod, there are two 10-m depressions at x = 45 and 70 km for the
north transect which give rise to ISWs L, and R;. This evolution
does not occur for the south transect. In summary, tidal heaving
at the south transect elevates and depresses the isopycnals over
a longer region but with smaller amplitude due to weaker verti-
cal barotropic currents. This results in much weaker nonlinear
steepening and consequently no ISWs are formed.

To investigate the sensitivity to the stratification, we use
the north transect topography with three alternate summer
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1.07wm, frequency. The dashed lines in (b) and (c) show the Coriolis frequency.

stratifications and two winter stratifications (see Fig. 3), de-
scribed in section 4. Figure 12b compares results for the four
summer stratifications after three tidal periods. Isopycnals
from the same depth are used, so vertical displacement ampli-
tudes will differ due to the thickness and depth ranges of the
pycnocline. The four ISW packets are present in all four cases
and have similar amplitudes. Stratification p,,;, which has the
largest density variation across the pycnocline, has the fastest
wave propagation speeds with the ISW packets further from
the generation site than those in the other cases. In addition,
there are two ISWs in packet L, for this stratification. For the
winter stratifications, with much deeper pycnoclines, isopycnals
from different depths are used. Results are best illustrated at
t = 3.75T when the four ISWs are all present. The ISWs are
much broader and wave packet R, now consists of a single ISW.
The waves propagate away from the generation site more slowly
for the two winter stratifications because of the reduced cross-
pycnocline (and hence top to bottom) density variation.

Last, we consider the dependence of ISW generation on
the Coriolis frequency. The values considered are presented

in Table 3 along with the corresponding value of background
vorticity. The largest and smallest of these correspond to
about +=10% decrease/increase in f over the YP.

The 50-m depth isopycnal at ¢t = 37 is shown for the five
cases in Fig. 13. In all cases ISWs are formed by the same pro-
cesses that led to waves Ly, L,, Ry, and R, for f=1.44 X 107 4s7!
(i.e., the base case) and are labeled accordingly. For f between
14 X 107* s ! and 1.445 X 10™* 57!, the results are very simi-
lar to the base case. The most notable difference is that the
single ISW R; is now a packet of two waves. This illustrates
that the results are not very sensitive to f for the range of f values
over the YP. There are some intriguing nonmonotonic behav-
iors, for example the number of waves in packet L,. We attri-
bute these to variations in propagation speeds and the spatial
decay rate of the subinertial wg, response.

For the smallest value of f (Fig. 13e), ISW packet R, is simi-
lar but has fewer ISWs than the corresponding packet in the
base case. At ¢ = 2.875T, R, consisted of three ISWs, but by
t = 3T they have almost disappeared. There are four offshore
propagating ISWs which can be separated into two groups,
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the first being the leading ISW (L;) and the second consisting
of the trailing three waves which make up ISW packet L,.
Wave L, evolves differently than for the base case. A small
ISW is initially formed in the same way L, is generated in the
base case; however, it is small and disappears as a larger ISW
forms just behind it. This becomes the leading wave at x = 12 km
in Fig. 13e. For this f, ISW packet L, consists of three ISWs.
For the largest value of f (Fig. 13a), wave L, is also short lived,
as its existence in the third tidal period is limited to the inter-
val t = 2.375T and 2.75T. The L, ISW packet consist of five
waves, one at x = 18 km and four much smaller waves trailing
by about 15 km. The on-shelf wave packets R; and R, are simi-
lar to those in the base case, in particular, there is only one
ISW in R; in both of these cases.

8. Discussion

The presence of amplified barotropic, cross-slope diurnal
currents is a necessary condition for the generation of ISWs
over the YP. Simulations with tidal amplitudes comparable to
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diurnal currents reported by Padman et al. (1992) resulted in
the periodic generation of two off-shelf propagating ISWs.
These waves have displacements up to 73.5 m with the largest
off-shelf propagating ISW carrying 35 MJ m ™! of energy. The
ISWs are generated by the nonlinear steepening of isopycnals
which are displaced by the vertical barotropic velocity. No
ISWs were generated for the south transect, which is ex-
plained by weaker vertical barotropic currents at the shelf
break due to the smaller topographic slope. The amplitude of
the vertical barotropic current at the pycnocline is, therefore,
a good prognostic for ISW generation.

The modeled barotropic tidal currents increase over the
slope due to cross-isobath volume conservation. Observations
showed that the maximum diurnal currents occurred over the
slope and not on the shelf implying more complex dynamics,
consistent with topographic vorticity waves of diurnal fre-
quency. The model is unable to represent these waves, and
our increase of the deep-water tidal currents is a proxy for the
topographic vorticity waves, as we force similar currents at
the shelf break. This approach is justified as the modeled
ISWs are consistent with the observations. Observations
showed variability in the dissipation rates with a period of 6 h
over the 2000-m isobath, which is the time delay between gen-
eration of the L; and L, ISWs. The wavelength was measured
at around 600 m, again consistent with the modeled ISW in
Fig. 6.

ISW generation over the YP is of interest as it is a region
with strong generation from subinertial tidal constituents. For
comparison to the ISWs generated over the YP, which reach
35 MJ m™!, ISW energies observed elsewhere range from
O(1) MJ m™! on shallow shelves, such as the New Jersey
Shelf (Shroyer et al. 2010) and the Washington Shelf (Zhang
et al. 2015), to as high as 2 GJ m ™! in the much deeper South
China Sea basin where the largest ISWs have been observed
(Klymak et al. 2006). The presence of these waves provides a
supply of energy for mixing through their dissipation as well
as resulting in large vertical displacements of density surfaces.
The trajectory of the West Spitsbergen Current and its prox-
imity to the ISW generation sites with enhanced mixing can
increase heat flux from the warm waters below the mixed
layer toward the sea ice above (Padman and Dillon 1991; Fer
et al. 2010, 2015).

The model results for the M, tide show the generation of
IWs in a range of near-inertial frequencies inside the propa-
gating wave band. The dominant response occurred at fre-
quencies with critical slopes near the shelf break. This novel
generation mechanism should be included in parameteriza-
tions of mixing as it can be important for the ocean’s energy
balance at high latitudes.

TABLE 2. Values of fused in the sensitivity runs for the M, tide, the criticality of the M, tide (wwm,/f), the corresponding latitude, and
the background vorticity required over the YP to have f.¢ equal to f.

fs™h 132x107% 134 x107* 137X 107* 139 x107* 141 x107* 142x107* 144 xX10°* 145%x107*
om,/f 1.065 1.049 1.026 1.011 0.997 0.990 0.976 0.966
Latitude (°) 65 67 70 7 75 77 80.9 86
L(s™h —24x107° —20x107° -14x10° -1.0x107° —6.0X%X10° —4.0x107° 0 2.0 x107°
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For freely propagating waves, the barotropic to baroclinic

energy conversion can be analytically estimated using inviscid
linear theory. Such theories are used to estimate the global
energy conversion to the ITs (Nycander 2005). The tidal fre-
quency response north of the critical latitude is trapped, with
zero net conversion in an inviscid flow. Since they only consid-
ered waves of tidal frequency, Falahat and Nycander (2015)
introduced a damping time scale (3 days) where the energy
density in the trapped waves lose energy to frictional effects.
The damping results in energy conversion from the barotropic
tides. This energy is dissipated locally or propagates along the
isobaths, and represents the enhanced turbulent levels near
the continental slope around the Arctic Basin. In contrast to
linear theories, our numerical results produce propagating
waves with a range of frequencies. The propagating response
has spectral energy levels of the same order as the trapped
waves at tidal frequency (Fig. 10). In the tidal energy conver-
sion and energy flux calculations, both the trapped and propa-
gating response must be considered.

The presence of IWs in the propagating frequency band
generated by subinertial tides can cause difficulty in the analy-
sis of mooring spectra. Resolving the near-inertial band is the
first difficulty due to the length of time series, T, required
as the spectral resolution is 1/74s. To distinguish the Coriolis
frequency at a latitude of 80.9° from wy, requires a times se-
ries of 40.4T (20.9 days). Our simulations of the M, tide were
run for 60T (31 days) resulting in a spectral resolution of
0.017wy,. This resolution was sufficient for our conclusions

although we were unable to fully resolve the variations in the
frequency of all the spectral peaks (Fig. 10). Additionally, fre-
quency alone from moorings is not sufficient information to
determine the tidal constituent responsible for their genera-
tion. The solar semidiurnal tide (K;) has wk,/om, = 1.035, a
value in the middle of the propagating frequency band gener-
ated by the M, tide. Propagating waves at the K, frequency,
observed north of the critical latitude for the M, tide, may
have been generated by the M, tide.

9. Conclusions

The baroclinic response to tidal flow over the YP was inves-
tigated for a wide range of conditions including variations in
tidal amplitude, tidal species, Coriolis frequency, stratifica-
tion, and topography. This allowed for a determination of the
many interesting regimes of IW generation in the area and
the conditions necessary for the generation of ISWs.

The modeled barotropic tides forced by weak deep water
currents (consistent with values derived from tidal models) did

not result in the generation of ISWs. The baroclinic response
forced by the K; tide is dominated by the second harmonic, in
the form of coherent IW beams. This occurred as the slope
near the shelf-break was critical for the 2wg, frequency. The
slope criticality of the 2wk, frequency may therefore be a sig-
nificant parameter for IW generation at high latitudes. The
baroclinic response forced by the M, tide displayed a spectra
of propagating IW beams at slightly superinertial frequencies.
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depths: 55 m for p,, and at 150 m for ppx.

The dominant frequencies generated are related to slope criti-
cality of the topography. Further analytic and numerical stud-
ies are needed to improve the understanding of this novel IW
generation mechanism, and to estimate their energy contribu-
tion to the Arctic Ocean.

When the barotropic tidal current amplitude is increased to
levels observed over the YP during the presence of resonantly
enhanced topographic vorticity waves, the response becomes
nonlinear and ISWs are generated. These modeled ISWs are
consistent with observations (section 2). The ISWs were gen-
erated for all the stratifications and Coriolis frequencies that
we considered, although with some variations in their vertical
structure and evolution. The presence and strength of en-
hanced diurnal currents is therefore a controlling factor in the

generation of ISWs. As the study used a proxy for the diurnal
barotropic tides, 3D modeling is warranted to model both the
topographic vorticity waves, the resulting baroclinic response,
and the propagation and fate of the ISWs.

Changes in the Coriolis frequency, which we used as a proxy
for changes in background vorticity, was found to have the po-
tential to significantly increase the energy conversion from the
M, tide. This was shown in the idealized setting of an f-plane
(uniform background vorticity) and a single tidal constituent,
while in reality there are multiple tidal constituents, as well as
temporal and spatial scales to take into account. The lifespan,
magnitude, and horizontal structure of background shear flows
requires quantification. Localized background vorticity will trap
the IW energy in the vicinity of the generation site resulting in

TABLE 3. Values of fused in the sensitivity runs for the K; tide, the corresponding w,/f values, the equivalent latitude, and the
background vorticity required over the YP to have f.¢ equal to f.

fs™h 1.3 x 107* 1.4 x 107* 1.44 X 1074 1.445 x 1074 1.58 x 1074
ok, /f 0.561 0.521 0.506 0.505 0.462
Latitude (°) 63 73.8 80.9 82.2 —
L(s™h —2.66 x 107> -7.89 X 1073 0 1.0 X 107° 294 x 1073
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local mixing events. Observational and 3D modeling studies are
warranted to better understand the interaction between the
general circulation and the internal tides.

The tidal dynamics over the YP is a useful case study for
subinertial wave generation, which has direct impacts on the
heat loss from the West Spitsbergen Current. An improved
understanding of the tidal dynamics and nonlinear wave gen-
eration along the Arctic continental slopes will help improve
estimates of the heat loss from the warm boundary current
and the heat input into the Arctic Ocean.
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