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Abstract In the crucial region of the Yermak Plateau where warm Atlantic water enters the Arctic ocean,
we examined high frequency variations in the Yermak Pass Branch over a 34 months-long mooring data

set. The mooring was ice covered only half of the time with ice-free periods both in summer and winter. We
investigated the contribution of residual tidal currents to the low frequency flow of Atlantic Water (AW) and
high frequency variations in velocity shears possibly associated with internal waves. High resolution model
simulations including tides show that diurnal tide forced an anticyclonic circulation around the Yermak Plateau.
This residual circulation helps the northward penetration of the AW into the Arctic. Tides should be taken

into account when examining low frequency AW inflow. High frequency variations in velocity shears are
mainly concentrated in a broad band around 12 hr in the Yermak Pass. Anticyclonic eddies, observed during
ice-free conditions, modulate the shear signal. Semi-diurnal internal stationary waves dominate high frequency
variations in velocity shears. The stationary waves could result from the interaction of freely propagating
semi-diurnal internal waves generated by diurnal barotropic tides on critical slopes around the plateau. The
breaking of the stationary waves with short length scales possibly contribute to mixing of AW at the entrance to
the Arctic.

Plain Language Summary The Atlantic Water (AW) is the main source of heat and salt to the
Arctic. The Yermak Plateau is a major obstacle to the flow. Tides are strong over the Yermak Plateau. Tides
contribute to the mean flow helping the northward penetration of the AW around the Yermak Plateau. Tides
play also key role in the generation of stationary waves likely important for mixing.

1. Introduction

The Atlantic Water (AW) flowing through the Fram Strait via the West Spitsbergen Current (WSC) is the main
source of heat and salt for the Arctic Ocean. At the entrance to the Arctic the WSC splits into branches as it meets
the Yermak Plateau (Figure 1a), a bathymetric feature stretching out into the Fram Strait north-west of Svalbard.

A significant portion of the AW navigates the central plateau following the 700-m isobath, through the Yermak
Pass (the Yermak Pass Branch, YPB in Figure 1a), that is northward to 81.2°N before turning southeast and
rejoining the onshore Svalbard Branch (SB in Figure 1a) around 10°E (Artana et al., 2022; Crews et al., 2019;
Koenig et al., 2017). The YPB flow is characterized by strong intermittent flow pulses of 1-2 months duration in
winter. Velocities associated with these intermittent vertically coherent flow pulses can reach 30 cm/s in the water
column and 20 cm/s 50 m above the seafloor (Artana et al., 2022). The circulation in this region has been evolv-
ing rapidly since 2007 with a widespread intensification of the AW circulation over and around Yermak Plateau
coincinding with an overall warming of the upper ocean layer (0-1,000m) (Athanase et al., 2021). In particular,
AW recirculations toward Fram Strait (RB in Figure 1a) shifted further north while the Yermak Branch (YB)
strengthened over the northern Yermak Plateau, occasionally crossing the plateau north of 81.6°N as a branch
called Northern Branch (NB, dashed line in Figure 1a) hereafter.

Recently, Artana et al. (2022) analyzed the low-frequency variability (periods >50 hr) in 34 months (2017-2020)
of mooring data gathered at 80.6°N and 7.26°E in the YPB (Figure 1). The comparison to mooring data obtained
at the same location a decade earlier (2007-2008) when sea ice was abundant (mean sea ice concentration of 74%
vs. 39% in 2017-2020) documented an increase in velocity variations of 40% compared to the 2007-2008 period.
Year 2018 was exceptional with ice-free conditions over the entire year and an exacerbated mesoscale activity.
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Figure 1. (a) Bathymetry around Yermak Plateau (color scale in m) from IBCAO (Jakobsson et al., 2012). Isolines mark the
100, 200, 700, 1,000, 2,000, and 3,000 m isobaths. The West Spitsbergen Current (WSC) splits into branches schematized
with black arrows: recirculation branches (RB) to the west and south, and four branches navigating over the Yermak Plateau:
the Svalbard Branch (SB), the Yermak Pass Branch (YPB), the Yermak Branch (YB) and the Northern Branch (NB) (dashed
line) (adapted from Athanase et al., 2021). The red dot indicates the mooring location. (b) Bathymetry gradient (color scale
in m/m). Black isoline marks the 1,000 m isobath. (c) Close up around the mooring site. Isolines are the 300, 500, 600, 700,
1,000, and 1,200 m isobaths. (d) Schematics of the mooring: the mooring carries an Aquadopp (red dot) at 645 m, a seabird
microcat (yellow dot) and an upward-looking Acoustic Doppler Current Profiler (ADCP) at about 340 m (black triangle).The
black horizontal lines indicate the ADCP range. Shaded area represents bathymetry along the black section indicated in (a—c).

The Yermak Plateau is known for large tidal currents. Tides may impact the inflow of Atlantic water into the
Arctic Ocean through residual tidal currents. Padman et al. (1992) first hypothesized that residual tidal currents
(either due to topographic rectification or baroclinic adjustment to tidal mixing) around the plateau could be
important in advecting AW clockwise around the perimeter of the plateau. However, this issue has not received
much attention.

The diurnal tides over the Yermak Plateau are unusually strong, periodically exceeding the strength of the
semidiurnal currents (e.g., Hunkins, 1986; Padman et al., 1992). Significant internal wave production has been
observed on the plateau (D’Asaro & Morison, 1992; Fer et al., 2015; Plueddemann, 1992), and has been linked
to response of strong tidal currents over the bottom topography (Padman et al., 1992). The plateau lies poleward
of the critical latitude ¢, of the major tidal constituents (latitude at which the tidal frequency matches the local
inertial frequency), therefore precluding the linear generation of free baroclinic tides from barotropic tides (e.g.,
Vlasenko et al., 2003). Instead, the energy of the barotropic tide is transferred to short nonlinear internal waves
like lee waves (e.g., Nakamura & Awaji, 2001; Rippeth et al., 2017; Vlasenko et al., 2003). In a recent study, Fer
et al. (2020) evidenced solitons generated by the lee wave mechanism (Jackson et al., 2012) northeast of Svalbard
(18°E, 81°N) where the bottom slope is steep (Figure 1b) and the cross-isobath diurnal tidal currents are large.
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Table 1 The surface expression of these nonlinear waves (NLIWs) can be observed
Sampling Specificity of the Mooring Instruments with SAR images in the Arctic over steep topography (Kozlov et al., 2015).
Depth(m) U V T S P ot oz A recent numerical study examined the generation of linear and nonlin-
ADCP 340 S 2hr 16m  ¢ar internal waves (including internal solitary waves) forced by subinertial
Seabird 348 X X X 10 min . tides over the Yerma}( Plateau (Urb‘anc.lc et al., 2022). It was shown that
the strength of the diurnal barotropic tide and the steepness of the slope
Aquadopp 645 X X X 2 hr - . . . . .
are controlling factors in producing internal waves at higher harmonics and
Note. U: eastward velocity; V: northward velocity; T: temperature, S: salinity, Solitary waves. New mooring observations on the Southwestern slope of the

P: pressure. z: time sampling. dz: vertical sampling.

Yermak Plateau documented strong barotropic diurnal tides triggering inter-
nal waves at higher harmonics, in particular at the semi-diurnal period (Wang
et al., 2022). It is to be noted that the second harmonic (period 11.97 hr) of
the diurnal tide is not subinertial over the Yermak Plateau and could freely
propagate.

Wind-forced near-inertial waves (NIW) are another source of high frequencies potentially generating internal
waves. Moored observations have shown extremely weak NIW kinetic energy under ice cover (Martini et al., 2014;
Merrifield & Pinkel, 1996; Rainville & Woodgate, 2009). The presence of sea ice modulates the exchange of
momentum between the atmosphere and the ocean and it has been hypothetized that the massive reduction in
sea ice cover would lead to a more energetic internal wave field. However, recent studies, mostly in the Canada
Basin, did not document significant changes (e.g., Dosser & Rainville, 2016; Guthrie & Morison, 2020; Guthrie
et al., 2013; Lincoln et al., 2016). Among forcing mechanisms for NIWs are low-frequency flows either through
loss of geostrophic balance (e.g., Alford et al., 2016; Nagai et al., 2015) or through interactions with seafloor
topography including lee wave generation (e.g., Nikurashin & Ferrari, 2010).

We examined high frequency variations in the YPB using the 34 months-long data set presented in Artana
et al. (2022). During those 34 months, sea ice concentration varied from 0% to 100% both in summer and winter,
ocean low-frequency speeds ranged from O to 30 cm/s, wind speeds from 0 to 20 m/s and mixed-layer depths
from 5 to 500 m (Artana et al., 2022). Thus the data set enabled to examine high frequency variations in ocean
velocities and velocity shears within a large range of environmental conditions. The data set is complemented
with numerical models to characterize tides over the Yermak Pass and investigate the contribution of residual
tidal currents to the low frequency flow of Atlantic Water.

Section 2 revisits the ocean data set and presents complementary sources of information including models.
Section 3 focuses on tides and their potential contribution to residual velocities. Section 4 analyses spectral
characteristics of velocity shears and consider the relative contribution of stationary, upward and downward
propagating shears to the total signal. Selected cases with specific environmental conditions are examined. Phys-
ical interpretation of shear characteristics in terms of internal waves are proposed. Section 5 summarizes and
concludes.

2. Material
2.1. Mooring Data

The mooring data was acquired at 80.6°N and 7.26°E, in the Yermak Pass on the eastern flank of the Yermak
Plateau from 25 September 2017 to 18 June 2020 (1,024 days, about 34 months) (Figures la and Artana
et al., 2022). The seafloor is 725 m below sea level at the mooring location and rises to 580 m at the Yermak
Plateau crest 10 km to the west of the mooring (Figures 1c and 1d). Whereas topography is rather smooth at the
mooring location there is a deep canyon 20 km to the southeast and a seamount 20 km to the northeast (Figures 1b
and 1c).

The mooring comprised 3 instruments: at about 340 m an upward-looking RDI 75 kHz Long Ranger Acoustic
Doppler Current Profiler (ADCP) measuring velocity profiles (25 bins of 16 m each), at 348 m a seabird SBE37
measuring temperature salinity and pressure, and, at 645 m an Aquadopp currentmeter (Figure 1d). Measured
variables and sampling interval are summarized in Table 1. For the ADCP, the 2 hr sampling resulted from aver-
aging 24 pings obtained every 5 min. For the Aquadopp, it was a burst sampling every 2 hours.
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raw The upper 50 m of the water column was not sampled as the vertical extent

Ihigh pass of the ADCP data was limited by the paucity of backscattering particles.
ow pass
"

The data return for all instruments (below 50 m) was close to 100%. Indeed,

the only data gaps corresponded to 2% missing data between 100 and 50 m.

A linear vertical interpolation was applied to fill the few gaps. Over the

34 months of measurements, the mooring stayed in a straight position: the

-4000 seabird pressure had a mean of 355 db and a standard deviation of 2 db (larg-
est drawdown of 35 db on 15 January 2020) (Artana et al., 2022).

Data were high-pass filtered using a fourth-order Butterworth filter with a
50-hr cutoff. High-pass filtered velocities show a rather barotropic structure
and peak velocities in excess of 20 cm/s (Appendix A). High frequency varia-
! tions (periods less than 50 hr) account for more than 70% of the total velocity
0°E variance. This is clearly illustrated with velocity variance ellipses at 645 m
from the raw, high-pass and low-pass filtered velocities (Figure 2). Velocity
variance ellipses reveal the magnitude, principal direction and anisotropic

Figure 2. Mean velocity (arrow), velocity variance ellipses of the full-time nature of the flow variability.
resolution (red) and the high-pass (magenta) and low-pass (black) filtered
(50-hr cutoff) velocities from the 34-month long time series at 645 m. Isolines ~ The raw velocity ellipse is rather circular, while the ellipse for the high-pass

are the 100, 200, 700, 1,000, 2,000, and 3,000 m isobaths.

(respectively low-pass) velocities is elongated in the direction perpendicular
(parallel) to isobaths (Figure 2). The ellipse main axis is 10.8 cm/s for the full
time resolution velocities, 10.1 cm/s for the high-pass filtered velocities and
only 6.6 cm/s for the low-pass filtered velocities (respectively red, magenta
and black in Figure 2).

The inertial frequency at the mooring location corresponds to a period of 12.13 hr comprised within the
semi-diurnal tide period range (M2 period 12.42 hr and S2 12.00 hr).

The power spectral density (PSD) of clockwise and counter clockwise currents at three depths illustrate the
wealth of high frequency variability (Figures 3a and 3b). Currents show an enhanced variability at the diurnal and
semidiurnal frequencies over the water column both in the clockwise and counterclockwise PSDs. The spectra
also show significant peaks at numerous harmonics (e.g., 6.1, 6.2, 8.2, and 8.4 hr) (Figures 3a and 3b). The spec-
tra of the high-pass filtered velocities show the dominance of CW (anticyclonic) motions at all observed depths
around the semi-diurnal band, the diurnal band and in the harmonics (around 6 and 8 hr), as well as a decrease of
energy with depth in CCW (cyclonic) motions (Figures 3¢ and 3d).

2.2. Models
To help interpreting the data we wielded several models.

We used the Arc5km2018 barotropic tidal model (Erofeeva & Egbert, 2020), a barotropic inverse tidal model on
a 5-km grid which estimates tidal currents using 12 constituents; 5 semi-diurnal (M2, S2, K2, N2, 2N2), 4 diur-
nal (K1, 01, P1, Q1) and 3 nonlinear components around a 6-hr period (M4, MS4, MN4). The mooring latitude
(inertial frequency of 12.13 hr) is poleward of the critical latitude of all components except for S2 (12.00 hr), K2
(11.97 hr) and the quarter of a day components.

The (1/12° grid) global operational system PSY4 from Mercator Ocean (Lellouche et al., 2018) helped put the
observed low-frequency variations in a larger spatial and temporal context (Artana et al., 2022). Indeed, PSY4
exhibited rather decent skill (e.g., Athanase et al., 2019, 2020, 2021) in the western Nansen Basin in spite of
inherent limitations. The model lacks tides and its resolution is not fully eddy resolving (grid size of 4 km and
Rossby deformation radius of about 10 km in the region). It was suggested that the difference in mean velocities
between PSY4 model and observations could result from residual tidal velocities that the model does not repre-
sent (Artana et al., 2022; Koenig et al., 2017).

To investigate further the residual tidal velocity hypothesis, we examined two eddy resolving simulations
(spatial resolution of 1/36°, 75 levels) performed at Mercator Ocean with the same global general circulation
model. They are 3 months-long twin simulations from January to March 2013 forced by the European Center for
Medium-Range Weather Forecasts (ECMWF) Integrated Forecasting System (IFS) (spatial resolution 1/14° and
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Figure 3. (a, b) Rotary spectra of velocity time series at 100, 300, and 645 m averaging over groups of four adjacent
frequencies (2 hr resolution velocities). x-axis is period in hour (4720 hr), y-axis is energy (in cm?/s2). CW, clockwise; CCW,
counterclockwise. (c, d) Vertically coordinated frequency spectrum for the complex horizontal current: left (CW) clockwise
rotation and right (CCW) counterclockwise rotation. Periods in hours. Velocities were high-pass filtered with a 50 hr-period
cutoff (Section 2.1).

temporal resolution 1 hr) (https://www.ecmwf.int/en/publications/ifs-documentation). One simulation includes
ocean tides with five harmonics (M2, K1, 01, S2, N2) and the Self Attraction and Loading (Arbic et al., 2004),
while the other does not. These simulations are not contemporaneous with the mooring data and do not include
data assimilation. However, they help look into the hypothesis of significant residual tidal currents.

2.3. Environmental Data and Selection of Study Cases

We used sea ice concentration from satellite data (EUMETSAT OSISAF product at daily temporal resolution
and 3.125 km spatial resolution https://osi-saf.eumetsat.int/products:sea-ice-products) (Figure 4a). Hourly winds
at 10 m were obtained from ERAS reanalysis (Figure 4b) (https://cds.climate.copernicus.eu). Among other
environmental conditions, we considered the maximum daily velocity from Arc5km2018 model (Figure 4c),
the low-frequency ocean velocity amplitudes (50 hr low-pass filtered velocities at 100 m) (Figure 4d), the
high-frequency pressure variations (Figure 4e) and mixed layer depths from PSY4 (Figure 4f).

The data span three winters with rather different conditions (Figure 4). In winter 2017-2018 the mooring loca-
tion was ice free and very deep mixed layers developed. In winter 2018-2019 ice cover and mixed layers were
variable while, in winter 2019-2020, the mooring location was mostly ice covered from November 2019 onward
(Figure 4a). Pulses of low-frequency velocities reached 30 cm/s in winter (Figure 4d). Summers are in general
characterized with milder winds, small mixed layer depths, small low-frequency ocean velocities, and an ice
concentration close to 100% (Figure 4). Summer 2018 was exceptionally ice free. Maximum daily tide velocities,
always above 10 cm/s peak at 30 cm/s and show a striking fortnightly modulation corresponding to the beat
period between K1 and O1 (Figure 4c).
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Figure 4. Time series of (a) sea ice concentration (SIC), (b) wind amplitude (W), (c) tidal velocity amplitude (TV), (d) 50-hr
low-pass filtered ocean velocity amplitude at 100 m (LPOV), (e) 50 hr high-pass filtered pressure at 345 m and (f) mixed
layer depth from PSY4. Selected periods are shaded in red. (Summer: April-September, winter: October—March).

Although pressure variations at the ADCP were small (std less than 2 db) in general, they could reach more than
10 m (Figure 4e) and contaminate vertical velocity shear estimates. We selected 3 months in winter and summer
with small pressure variations as study cases. The six selected study cases examined in Section 4 are highlighted
in red in Figure 4.
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Figure 5. Tidal velocity ellipses of the eight major constituents estimated from the Aquadopp data (black) and the
Arc5km2018 model (red).
3. Tidal Currents and Residual Velocities
3.1. Tidal Currents at the Mooring Site
We analyzed the tidal constituents present in the observed velocities using the T_TIDE Matlab toolbox (Pawlowicz
et al., 2002) which is based on an early work by Foreman (1978). T_TIDE performs a harmonic analysis consid-
ering the known frequencies for up to 69 tidal constituents and calculates the relevant tidal ellipses parameters
(major and minor axes, amplitudes, orientation, sense of rotation, direction and phase) with their confidence
intervals. Estimates and uncertainties of tidal ellipse parameters (major axis, minor axis and angle of the major
axis with respect to the north) of the first 12 constituents from the ADCP, Aquadopp and Arc5km2018 velocities
obtained with the T-TIDE toolbox are detailed in the Supporting Information S1 and summarized in this section.
Figure 5 features tidal ellipses of the eight major constituents from the Aquadopp data and the Arc5Skm2018
model while Table 2 specifies the corresponding estimates and uncertainties of the tidal ellipses parameters.
Ellipses of the constituents around the diurnal frequency (K1, O1, P1) are rather circular (major axis of 8.87,
3.70 and 2.92 cm/s, respectively) in contrast with ellipses from the semi-diurnal constituents (M2, S2, N2, K2)
which are elongated in the direction perpendicular to isobaths (major axis of 8.59, 2.79 and 1.80 cm/s, respec-
tively) (Figure 5 and Table 2). The Arc5km2018 model major constituents K1, M2, S2, N2, are close to the
estimated values from observations whereas modeled O1 and P1 constituents are underestimated by a factor
4.5 and 2, respectively (Figure 5, Table 2). Differences between the Arc5Skm2018 and the observation-derived
Table 2
Tidal Ellipse Parameters: Major and Minor Axes (cm/s) and Angle (Degrees With Respect to the North in the Clockwise
Direction) From the Aquadopp Currentmeter (Observations) and Arc5km2018 (Model)
Major axis Minor axis Angle
Constituent Observations Model Observations Model Observations Model
K1 8.87 (0.11) 8.78 7.28 (0.18) 7.52 73 (4) 67
M2 8.59 (0.11) 9.21 3.57 (0.19) 3.84 57 (1) 59
01 3.70 (0.11) 0.75 3.41 (0.18) 0.12 63 (22) 127
S2 2.79 (0.13) 3.11 1.02 (0.14) 1.23 32 (5) 53
P1 2.92 (0.12) 1.20 2.58 (0.16) 1.07 54 (18) 58
N2 1.81 (0.12) 1.71 0.89 (0.15) 0.71 54 (8) 55
K2 0.89 (0.13) 0.83 0.45 (0.16) 0.32 52 (16) 53
Q1 0.28 (0.16) 0.75 0.10 (0.11) 0.69 147 (31) 64
Note. Associated uncertainties are indicated in parentheses.
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Figure 6. Rotary spectra of velocity time series from the Aquadopp at 645 m (black) and from Arc5km2018 model (red)
averaging over groups of four adjacent frequencies (2 hr resolution velocities). x-axis is period in hour (11-28 hr), y-axis is
energy (in cm?/s?). CW, clockwise; CCW, counterclockwise. Inertial period (I.P.) is 12.13 hr between S2 and M2 periods
(12.00 and 12.42 hr, respectively).

ellipse parameters fall within the 95% confidence interval for the majority of the constituents (except O1 and P1)
(Table 2).

The accordance between tidal constituents in the model and the observations is remarkable considering the model
resolution (5 km) and the rather complex bathymetry in the vicinity of the mooring including a seamount to the
northeast and canyon-type structure to the east of the mooring location (Figure 1b). The rotary spectra of the
velocity time series confirm the good agreement between tidal components in observations and model except for
O1 (smaller in the model) and Q1 (larger in the model) (left panel-CW- of Figure 6). Shallow-water constituents
(interaction with bottom generates harmonics of the major constituents and compound tides) in Arc5km2018 are
also comparable to observed ones (e.g., SO1 in the diurnal band). A broad-band increase in energy is centered
around the inertial period in the observation-based CW spectrum, possibly associated with intermittent NIW at
645 m.

3.2. Tidal Currents Over the Yermak Plateau

Tidal current ellipses from Arc5km2018 over the Yermak Plateau help put tides at the mooring location in
perspective (Figure 7). The tidal current ellipse at the mooring site (main axis of 10.1 cm/s) is rather small
compared to other locations of the plateau. Tidal current ellipses increase in size over shallow topography on the

Latitude
Latitude

Longitude Longitude

Figure 7. (a) Tidal current ellipses from Arc5km2018 (all 12 constituents from 24 September 2017 to 19 July 2020). The red
ellipse is at the mooring location. The thick white isoline marks the 1,000 m isobath. (b) Same as (a) for M2 constituent.
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continental slope and over the crest and the northern part of the plateau where the main axes of velocity vari-
ance ellipses reach 20 cm/s (Figure 7a). The semidiurnal tide ellipses are small in the northern Yermak Plateau
(Figure 7b) where the diurnal tide dominates (Padman et al., 1992).

3.3. Residual Velocities

We compared mean velocities resulting from the twin simulations with a 1/36° resolution model, one simulation
including tides with the five major harmonics M2, K1, O1, S2, and N2 (Section 2.2). The overall simulated tides
were found acceptable (not shown), providing a good foundation for investigating residual currents in the region.
Means were produced over different periods of time (1, 2, and 3 months) within the 3-month (January—March
2013) simulations and showed consistent similar features. As an example, we show velocities at 77 m (veloci-
ties are similar at depths). The winter flow is large with mean velocities exceeding 10 cm/s in the Yermak Pass
(Figure 8a).

The two mean velocity fields differ along the steep slopes centered above the 1,000 m isobath, the simulation
with tides producing an enhanced anticyclonic circulation around the plateau (Figures 8a—8c). The circulation is
particularly intensified around the northern tip of the plateau, where tidal ellipses are large (cf. Figure 7), with
residual velocities reaching 8 cm/s (Figures 8a—8c). The simulation with tides also leads to an increased mean
southward flow (about +3 cm/s) along the eastern flank of the plateau. Along-isobath residual tidal currents
encircling banks and islands have been observed in various places around the world. The combination of bottom
friction and planetary vorticity as a tidal current flows across a topographic slope creates along-isobath mean
circulation with the shallow water to the right of the current (in the northern hemisphere). The magnitude of
the along-isobath rectified current depends on the steepness of the topographic slope and the strength of the
cross-slope tidal oscillations (e.g., Loder, 1980; Wright & Loder, 1985; Zimmerman, 1978). Padman et al. (1992)
first hypothesized that tidal rectification around the plateau could be a potentially important process in advect-
ing AW clockwise around the perimeter of the plateau. They also suggested that diapycnal mixing due to tides
could generate density gradients inducing geostrophically balanced alongslope baroclinic currents. The residual
currents produced in the high resolution simulation were larger where diurnal tides are ample, suggesting that
tidal rectification and mixing are key contributors to residual currents.

In contrast, a close up around the mooring location, a region with a rather complex topography (Figure 1c), shows
that mean southeastward velocities in the YPB are smaller in the simulation with tides (Figures 8d and 8e). The
tidal residual velocity at the mooring location is to the N-NE with an amplitude of 3—4 cm/s (Figure 8f). This
direction and amplitude are consistent with residual velocities estimated in Koenig et al. (2017) comparing veloc-
ities from an operational model with no tides and mooring velocities. Thus, the YPB transport derived from a
model without tides may be overestimated.

Overall, this exploratory comparison suggests to further investigate residual tidal currents around the plateau and
to take tides into account when examining low frequency AW inflow.

4. Internal Waves and Near-Inertial Waves
4.1. Spectra of Baroclinic Velocities Over 3 Years

The rotary spectra of “baroclinic” current (ADCP depth average removed first) show dominant energy in the
clockwise component with energy mainly concentrated around semi-diurnal band (Figure 9). This is in stark
contrast with velocity spectra (Figure 3) which showed comparable energy levels around the semi-diurnal and
diurnal periods.

Vertical shear components of the 50-hr high-pass filtered horizontal velocity were calculated from the ADCP
data. Two-dimensional (2D) spectrum ¢(k,, w) of the shear vector, k, being the vertical wave number and @ the
frequency, provided information on the vertical scales (Text S2 in Supporting Information S1). In agreement with
the “baroclinic” velocity spectra from Figure 9, the shear spectra show minor energy around the 24 hr period in
the upward and downward panels compared to the semi-diurnal period (Figures S1 and S2 in Supporting Infor-
mation S1). The dominant vertical scales is about 60 m (kz < 0.017) (Figure S2 in Supporting Information S1).
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Figure 8. Model (1/36° resolution) mean velocities at 77 m from January 9 to 26 February 2013: with tides (a), no tides (b)
and residual (c). Panels (d—f) are close up of (a—c) respectively on the Yermak Pass. Background is velocity amplitude. The
thick white isoline marks the 1,000 m isobath.

The shear time series in the water column were decomposed into three components: a stationary, upward prop-
agating and downward propagating shears following Park et al. (2004) methodology. The decomposition is
analyzed for the cases selected in Section 2.3 corresponding to small ADCP vertical motions. The environmental
characteristics of the 6 cases are summarized in Table 3.

Next section focuses on the month of September 2018 which featured active mesoscale background and a few
intense wind bursts. In spite of the very active velocity field in September 2018 pressure variations at the ADCP
did not exceed 2 db (Figure 4e).
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Figure 9. (a, b) Rotary spectra of “baroclinic” velocity time series at 250 m averaging over groups of four adjacent
frequencies (2 hr resolution velocities). x-axis is period in hour, y-axis is energy (in cm?%s?). CW, clockwise; CCW,
counterclockwise. (c—d) Vertically coordinated frequency spectrum for the complex horizontal “baroclinic” current: left (CW)
clockwise rotation and right (CCW) counterclockwise rotation. Periods in hours.
4.2. Velocity Shears in September 2018
We first examined the mesoscale background provided by PSY4 and in situ low frequency velocities. According
to PSY4 model, the Yermak Plateau hosted a long-lived anticyclonic eddy from March to mid-October 2018
(Figure 10).
The eddy, with a radius of about 0.5°, had its center wandering in a region between 7E and 8E and between
80.8 and 81.0 N during summer. Thus, the mooring was often outside the eddy (e.g., Figure 10a) and occasion-
ally sampling the anticyclone western edge and its strong northwestward velocities (e.g., Figure 10b) (Artana
et al., 2022).
The mooring recorded weak southeastward velocities (<8 cm/s) from September 1 to 9 then strong northwestward
flow (>20 cm/s) followed by strong northeastward flow (Figures 11a and 11b). Early September the anticyclonic
eddy was away from the mooring which sampled a weak YPB current. The strong flow after 9 September was
Table 3
Selected Cases: Three Winter and Three Summer Months With Minimal Acoustic Doppler Current Profiler Motion
(SIC: Sea Ice Concentration, LFOV: Low Frequency Ocean Velocity, MLD: Mixed Layer Depth)
Winter Summer
Dates March 2018 October 2018 March 2020 September 2018 September 2019  April 2020
SIC % 0 60 100 0 0 100
Winds m/s Peak > 20 Peaks > 15 Peaks > 15 ~10 <10 <10
LFOV cm/s >25 10 Peak > 30 <10 Peak > 20 0-20 10
MLD m >600 <50 <50 ~80 <10 <20
Comment Convection Anticyclone - Anticyclone Anticyclone -
ARTANA ET AL. 11 of 19
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Figure 10. (a) Model Absolute Salinity (SA) (g/kg) at 318 m illustrating times when the mooring was outside the
anticyclonic eddy. Arrows indicate velocities at that depth. The magenta contour marks the synoptic ice edge and the white
contour the 1,000 isobath. (b) Illustrating times when the mooring recorded northward velocities associated with the western
edge of the anticyclone.
associated with the western side of the anticyclonic eddy and concomitant with observed increases in temperature
(+1°C) and salinity (+0.07 g/kg) at 345 m leading to a decrease in density (—0.5 kg/m?) (Figure 11d).
The relative vorticity ¢ associated with the eddy was tentatively estimated. ¢ can reach values of —2 * 1075 57!
when considering a swirl velocity (from in situ data) of 20 cm/s and an eddy radius of 10 km (estimated from
PSY4). The relative vorticity { modifies f to an “effective planetary vorticity” (f,, = f + {/2) (e.g., Kunze, 1985;
Lee & Niiler, 1998). Therefore, feff could reach values of the order of 27/14 hr.
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Figure 11. Time series of low-pass (50 hr) filtered data in September 2018: (a) zonal component of velocity from ADCP
(50-330 m), (b) meridional component, (c) velocity intensity and (d) absolute salinity (g/kg, in blue), conservative
temperature (°C, in red) and potential density (kg/m?, in black) at 345 m.
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Figure 12. Vertical shear of the 50-hr high-pass filtered zonal velocity (a), stationary component of vertical zonal shear (b),
wind intensity (c), downward zonal velocity shear component (d), upward zonal velocity shear component (e) for September
2018. Low-pass filtered velocity amplitude of 5, 10, 15, and 20 cm/s are indicated with black contours in a, b, d and e.
. The zonal shear and its three components (upward, downward and station-
1§10 ary) are presented in Figure 12. The meridional shear and its components are
0.9 shown in Figure S3 in Supporting Information S1. The spectra of the shear
' components at 180 m are shown in Figure 13.
0.8
The amplitude of the vertical shear is strong around 50-60 m depth through-
0.7F out September. This depth probably corresponds to the base of the mixed
06l layer (Figure 12a). The amplitude of the vertical shear intensifies after 9
' September at the time of large low frequency velocities associated with the
S 051 eddy (Figures 12a and Figure 11c). Most of the energy is concentrated in a
0alk broad band around the semi-diurnal period (Figure 13, in blue).
03l The stationary component amplitude is much larger than the upward and
downward propagating shears which are of the same order of magnitude
0.2 (reaching values of 5 x 10™* s~!) (Figures 12b, 12d and 12e).
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Figure 13. Clockwise spectra of the total shear (blue), stationary component
(red), upward component (cyan) and downward component (black) at 180 m
for September 2018.

The amplitude of the stationary shears of the high frequency velocity are
modulated by the mesoscale background and the low-frequency shears prob-
ably associated with changes in the stratification (Figure 11b). The observed
modulation of the velocity shear by mesoscale activity is indicative of wave
trapping by the anticyclone as a result of the lowering of the planetary vortic-
ity. The stationary shears have variable length scales which are shorter than
the upward and downward propagating waves (Figures 12b, 12d, and 12e).
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Figure 14. Clockwise spectra of the shear components (total in blue, stationary in red, downward in black and upward in
cyan) averaged them vertically for the six selected cases: March 2018 (a), October 2018 (b), March 2020 (c), September 2018
(d), September 2019 (e) and April 2020 (f).

The phase velocity for the downward and upward propagation approximately varies between 150 and 300 m/d.
The group velocity is perpendicular to the phase velocity: a downward (upward) energy propagation is associated
with an upward (downward) phase propagation. The downward shear energy seems to be modulated by the low
frequency flow and by the wind intensity (Figures 12¢ and 12d). For instance, coherent wave packets propagate
downward after September 12 and 23 when intense wind bursts occur (wind peaks >10 m/s). The upward and
downward propagation in the water column depends upon the unknown stratification and varies between 10 and
30 m/d (Figures 12d and 12e).

The difference in amplitude between the stationary (red), upward (cyan) and downward (black) propagating shear
is striking in the spectra (Figure 13). The spectrum of the stationary shears show concentration of energy around
the semi-diurnal period (Figure 13 in red). The small energy of the downward propagating energy is concentrated
in a broad band extending to periods of 15 hr (Figure 13, black curve). This is consistent with larger effective iner-
tial period inside anticyclonic eddies. In contrast the very weak upward propagating shear energy is distributed
among small peaks at 6.5, 7.5, 11, 17.5, and 24 hr (Figure 13, cyan curve).

4.3. Comparison Between Selected Cases

For the six selected cases identified in Section 2.3 (small ADCP vertical motions) and reported in Table 3
(Section 4.1), we computed spectra of the shear components (total, stationary, downward and upward propa-
gating) at each depth and averaged them vertically (Figure 14). In all spectra, the stationary component (in red)
shows energy levels one order of magnitude larger than the vertically propagating components (black and cyan)
(Figure 14).

The low energy levels in the March 2018 shear spectra can be explained by the lack of stratification which
impeded velocity shear development. Indeed, according to PSY4 model, exceptional mixed layers as deep as
600 m developed at the ice-free mooring location (Figures 4a and 4g) in March 2018. Winter convection is then
at play leading to vertically homogeneous water columns (e.g., Athanase et al., 2020).

The other spectra show distinct characteristics according to the absence or presence of mesoscale activity (mainly
anticyclonic). The spectra from the two periods with 100% sea ice concentration and no eddies (March 2020 and
April 2020, Figures 14c and 14f) exhibit a narrow peak around 12 hr, with the maximum at a smaller period
than the inertial period. In contrast, the spectra from the ice-free months or little ice show a broader band energy
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distribution around the inertial frequency (Figures 14b, 14d, and 14e). The ice-free months or little ice (October
2018, September 2018 and September 2019, Figures 14b, 14d, and 14e) feature enhanced anticyclonic mesoscale
activity (Table 3) which could result from ice-edge eddies (Artana et al., 2022). The frequency broadening likely
results from frequency shifts induced by the anticyclonic mesoscale background reducing the planetary vorticity
to an effective planetary vorticity as discussed in Section 4.2.

4.4. Possible Physical Interpretation of the Shear Signals

“Baroclinic” velocities and shear spectra (Figures 9, 13, and 14; Figures S1 and S2 in Supporting Information S1)
show a dominant peak around the semi-diurnal period while velocity spectra show a dominant peak at the diur-
nal frequency (Figure 3). This is consistent with recent mooring observations on the southwestern slope of the
Yermak Plateau (6E, 79°40’) (Wang et al., 2022). Their observations suggest that a strong diurnal barotropic
tide impinging on the slope can generate internal waves at higher harmonics, in particular, semi-diurnal internal
waves.

In linear theory the direction of IW propagation depends on the stratification (N?), the frequency (@) and the Cori-
olis parameter (f). Topographic slopes can provide resonant wave responses activating waves harmonics. The crit-
icality parameter o (@ = abs(dh/ dx)\/ abs (N2 — w?) /(w? — f?)) is the ratio of topography slope to the slope
of energy propagation (Garrett & Kunze, 2007; Legg, 2014). When a < 1, the slope is subcritical and only the @

frequency is excited. When a > 1 the slope is supercritical generating harmonics of . We tentatively computed
the critical parameter considering 2K1 and K1 and the slope at the mooring location (Figure 1d). We used several
N? values, N?> = 3.6 * 107 (the reported value in Urbancic et al., 2022 at 1,000 m) and N> = 3.7 * 1077 provided
by the model at depth. In both cases, the topography is critical or close to critical for 2K1 (1.45 and 0.65) while
it is subcritical for K1 (0.1). In spite of the uncertainties in the critical parameter estimate, linear theory predicts
possible generation of internal waves at the semi-diurnal period at the mooring location, and, could explain the
dominance of the semi-diurnal period in the shear spectra. While M2 period (12.42 hr) is larger than the inertial
period (12.13 hr), 2K1 period (11.97 hr) is smaller. Therefore internal waves with 2K1 period can freely propa-
gate, while those with M2 period dissipate locally in the absence of a strong local background vorticity.

Using a numerical study Urbancic et al. (2022) show that strong diurnal barotropic tides over steep slopes can
lead to the generation of linear and nonlinear internal waves with 2K1 period and in particular of Internal Soli-
tary Waves. When the tidal currents are larger than 0.14 m/s their model produces Internal Solitary Waves in the
northern Yermak Plateau where the slope is steep (Figure 1b) and does not in the southwestern Yermak Plateau
where slope is smoother. Solitary Waves were observed in in-situ data and SAR images over the steep slope of
Northeast Svalbard at the time of strong diurnal tidal currents (Fer et al., 2020). Solitary Waves are not expected
at the mooring location since the slope is relatively gentle (Figures 1b and 1d) and SAR images did not show any
particular signal in this region (Kozlov et al., 2015).

The generating mechanism of stationary waves at the mooring location deserves further investigation. Possibly,
interactions of freely propagating internal waves at period 2K1 (11.97 hr) generated and propagated from both
eastern and western slopes of the rather narrow plateau could lead to stationary waves as observed here. Further
moorings in the Yermak Plateau complementing observations by Wang et al. (2022) on the southwestern slope
and the present ones on the eastern slope are needed to test this hypothesis.

5. Summary and Conclusions

We examined high frequency velocity variations in 3 years-long velocity records gathered in the Yermak Pass.
While the region used to be ice-covered, the mooring site was ice-free half of the time (including summer and
winter). High frequencies (periods less than 50 hr) account for more than 70% of the total velocity variance. The
length of the time series allowed to distinguish between the tidal harmonics. A tidal decomposition showed the
dominance of diurnal harmonics (K1, O1, P1) over the semi-diurnal component (M2, S2, N2). The Arc5Skm2018
tide model provided tidal constituents satisfactorily matching those derived from the observations in spite of
the rather complex bathymetry in the vicinity of the mooring. ArcSkm2018 model highlighted locations of the
plateau with particularly large tidal currents such as the plateau crest and the northern tip of the Plateau in agree-
ment with the scarce observations recalled in Padman et al. (1992).
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Twin simulations (1/36° resolution with and without tides) revealed residual tidal currents, leading to the gener-
ation of time-mean anticyclonic circulation around the Yermak Plateau, thus confirming Padman et al. (1992)'s
hypothesis. The twin simulations hinted that the diurnal tide likely is the main contributor to rectification and
mixing leading to the residual currents. The simulations led to residual current speeds up to 7 cm/s in the northern
plateau (3 cm/s on the eastern side of the plateau), values that are larger than (comparable with) mean background
currents in the region. The rectified circulation and mixing induced by tides may be a particularly important
mechanism for AW transport around the northern tip of the plateau.

The twin simulations suggested that the residual tidal velocities were opposite to the mean flow direction in
the Yermak Pass and in particular at the mooring location in agreement with estimates obtained by Koenig
et al. (2017) comparing velocities from an operational model with no tides (PSY4) and mooring velocities. Thus,
the YPB transport derived from a model without tides may be overestimated.

Overall, this exploratory comparison advocates taking tides into account when examining low-frequency AW
inflow. Tidal residual currents in the region deserve dedicated investigation. In particular, further studies are
needed to investigate changes in residual currents associated with variations in stratification and mean flow.
Indeed, Skardhamar et al. (2015) showed that diurnal tides on the Barents Sea continental slope vary in response
to changing stratification and mean flow.

We next examined vertical shears using the ADCP data. We decomposed velocity shears into stationary, upward
and downward propagating components using Park et al. (2004) methodology. The stationary shear energy was
an order of magnitude larger than the downward and upward propagating shear energy. Occasionally wind-forced
downward propagating waves were generated with variable group velocities. Most of the shear energy was found
in a broad band around the inertial frequency (Figures 9, 13, and 14; Figures S1 and S2 in Supporting Informa-
tion S1). Thus, the shear energy is smaller at the diurnal period than at the semi-diurnal period, in contrast with
the velocity energy (Figure 3). The energy concentration around the semi-diurnal band can be explained by the
generation of internal waves at the 2K1 period (11.97 hr) forced by the diurnal tides over critical slopes around
the plateau. These waves can freely propagate, in contrast to M2 and K1 which have periods larger than the local
inertial period (12.13 hr). Interaction of internal waves at 2K1 period could be a key factor in the generation of
the stationary shears around the inertial period.

We observed enhancement of the shear amplitude in the presence of eddies and modulation of the shear velocity
signals by the mesoscale background suggesting wave trapping. Indeed, as a result of the lowering of the inertial
frequency, waves become superinertial and can be trapped inside the anticyclonic eddies (Kunze et al., 1995). In
the ice-free study cases, the relative vorticity associated with anticyclonic eddies, possibly ice-edge eddies, led
to a larger effective planetary period broadening the energetic frequency band. In contrast, during ice covered
periods the velocity shear spectra showed a narrow peak around 12 hr in the absence of anticyclone.

We documented the predominance of stationary shears around the inertial period at the mooring location that
probably results from the transfer of strong diurnal barotropic tides to semi-diurnal internal waves. Further obser-
vations are needed to confirmed this hypothesis. Internal waves in a varying stratification environments undergo
changes in their amplitude and wavelength.The lack of observed stratification profiles in a region where stratifi-
cation is highly variable (Text S4 in Supporting Information S1) restrained the analysis.

These observed stationary waves with short length scales are susceptible to break and generate mixing (e.g.,
D’Asaro & Morison, 1992; Fer, 2014; Fer et al., 2020; Padman & Dillon, 1991; Rippeth et al., 2017) which is
important for heat and momentum balances at the entrance of the Atlantic Water to the Arctic.

Appendix A: 50-Hr High-Pass Filtered Mooring Data-Mooring Motions

The mooring stayed straight and the standard deviation of the microcat pressure is less than 2 db (Figure Al).
However, the pressure spectrum shows distinct significant peaks (above 95% CL) at high frequencies with ampli-
tude of 4.5 db around 24 hr (23.93 and 25.82 hr, i.e., K1 and Ol tidal constituents) and less than 3db around
periods of 12 (12.42 hr M2 constituent and 12.13 hr inertial period), 8.2 and 6.2 hr (Figure A2). Those periods
were observed in velocity spectral peaks (Figure 3). We selected six study cases with small pressure variations
(Section 2.3 and Figure 4).
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Figure Al. Fifty-hour high-pass filtered time series of: (a) zonal component of velocity from Acoustic Doppler Current
Profiler (ADCP) (50-330 m profiles) and Aquadopp at 645 m, (b) meridional velocity component (ADCP and Aquadopp),
and (c) horizontal speed (ADCP and Aquadopp), (d) absolute salinity, (¢) potential temperature, (f) potential density and (g)
pressure. (Summer: April-September, winter: October—March).
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