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Abstract

In the Arctic Ocean, semidiurnal-band processes including tides and wind-forced inertial oscillations are significant drivers of ice
motion, ocean currents and shear contributing to mixing. Two years (2013-2015) of current measurements from seven moorings
deployed along °E from the Laptev Sea shelf (750 m) down the continental slope into the deep Eurasian Basin (73900 m) are
analyzed and compared with models of baroclinic tides and inertial motion to identify the primary components of semidiurnal-
band current (SBC) energy in this region. The strongest SBCs, exceeding 30 cm/s, are observed during summer in the upper
730 m throughout the mooring array. The largest upper-ocean SBC signal consists of wind-forced oscillations during the ice-free
summer. Strong barotropic tidal currents are only observed on the shallow shelf. Baroclinic tidal currents, generated along the
upper continental slope, can be significant. Their radiation away from source regions is governed by critical latitude effects: the
S baroclinic tide (period = 12.000 h) can radiate northwards into deep water but the M (712.421 h) baroclinic tide is confined
to the continental slope. Baroclinic upper-ocean tidal currents are sensitive to varying stratification, mean flows and sea ice
cover. This time-dependence of baroclinic tides complicates our ability to separate wind-forced inertial oscillations from tidal
currents. Since the shear from both sources contributes to upper-ocean mixing that affects the seasonal cycle of the surface
mixed layer properties, a better understanding of both inertial motion and baroclinic tides is needed for projections of mixing

and ice-ocean interactions in future Arctic climate states.
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Key Points:

» Semidiurnal-band mean current speeds are 33-71% of mean total current speed
across the continental slope

» During ice-free summers, wind-driven inertial currents typically exceed 30 cm/s
in the upper 30 m throughout the study region

« During winters, baroclinic semidiurnal tidal currents dominate and can be vigor-

ous (~ 20 cm/s) over the continental slope
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Abstract

In the Arctic Ocean, semidiurnal-band processes including tides and wind-forced iner-

tial oscillations are significant drivers of ice motion, ocean currents and shear contribut-
ing to mixing. Two years (2013-2015) of current measurements from seven moorings de-
ployed along 126° E from the Laptev Sea shelf (~50 m) down the continental slope into
the deep Eurasian Basin (~3900 m) are analyzed and compared with models of baro-
clinic tides and inertial motion to identify the primary components of semidiurnal-band
current (SBC) energy in this region. The strongest SBCs, exceeding 30 cm/s, are observed
during summer in the upper ~30 m throughout the mooring array. The largest upper-
ocean SBC signal consists of wind-forced oscillations during the ice-free summer. Strong
barotropic tidal currents are only observed on the shallow shelf. Baroclinic tidal currents,
generated along the upper continental slope, can be significant. Their radiation away from
source regions is governed by critical latitude effects: the So baroclinic tide (period =
12.000 h) can radiate northwards into deep water but the My (~12.421 h) baroclinic tide
is confined to the continental slope. Baroclinic upper-ocean tidal currents are sensitive

to varying stratification, mean flows and sea ice cover. This time-dependence of baro-
clinic tides complicates our ability to separate wind-forced inertial oscillations from tidal
currents. Since the shear from both sources contributes to upper-ocean mixing that af-
fects the seasonal cycle of the surface mixed layer properties, a better understanding of
both inertial motion and baroclinic tides is needed for projections of mixing and ice-ocean

interactions in future Arctic climate states.

Plain Language Summary

Currents created by winds and tides are important contributors to ocean mixing
and influence how the ocean and sea ice interact in the Arctic Ocean. In the eastern Arc-
tic, the strongest currents from both sources oscillate with a period of about 12 hours
(i.e., “semidiurnal”). We analyse ocean current speed and direction measurements taken
between 2013 and 2015 from the Arctic Ocean’s Eurasian Basin along a line near lon-
gitude 126°E that extends from shallow to deep water. Separating contributions from
wind and tides is difficult, so we also use numerical model simulations to help interpret
the observational data. During ice-free summer months, currents with close to 12-hour
periods in the upper ocean are dominated by wind-driven flows, often exceeding 30 cm/s

at depths down to 30 m below the surface. During winter months, tidal currents that
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vary in both depth and time dominate the semidiurnal currents. Such currents can be
vigorous over the continental slope and change their vertical extent with the seasonal
change of water density. These motions potentially foster mixing of waters far below the

ocean surface.

1 Introduction

The Eurasian Basin (EB) of the Arctic Ocean comprises the Nansen Basin and Amund-

sen Basin (Figure 1). Our study region is confined to east of Severnaya Zemlya (~95°E)

and is characterized by a continental slope ascending from the abyssal plain (~3900 m)

to the shallow Laptev Sea shelf (~50 m). We refer to this whole region (comprising the

deep basin, continental slope and Laptev Sea shelf) as ”eastern EB”. The hydrography

in the eastern EB continental slope region is strongly affected by the Arctic Circumpo-

lar Boundary Current (ACBC). Atlantic Water enters the Arctic Ocean through Fram

Strait and the Barents Sea and is carried by the ACBC cyclonically along the continen-

tal margins and ridges of the Arctic Ocean at intermediate depths of about 200-1000 m
(Timofeev, 1960; Coachman & Barnes, 1963; Aagaard, 1989; Rudels et al., 1994; Pnyushkov

et al., 2018); see Figures 1 and 2.

Ocean mixing processes in the EB help determine the fate of AW heat within the
Arctic, including its spread into the western Arctic and its potential to influence the up-
per ocean and sea ice. Substantial changes in stratification have been observed in the
eastern Arctic Ocean in recent years, associated with increasing importance of Atlantic
Water inflows (Polyakov et al., 2017). This ”atlantification” of the eastern Arctic coin-
cides with increases in current speeds and velocity shear in the basin, which are asso-
ciated with a regime change from a calm double-diffusive to a more vigorous shear-driven
mixing environment (Polyakov et al., submitted). These changes may play a direct role
in the observed reduction of sea ice volume and an indirect role through feedbacks (e.g.,

Carmack et al., 2015).

Turbulent mixing, below the well-mixed surface layer, is driven by shear instabil-
ities. In the eastern Arctic, much of the shear can be attributed to semidiurnal-band baro-
clinic waves (Polyakov et al., submitted), either tides or wind-forced near-inertial mo-
tion. Observations of semidiurnal currents from Arctic Ocean moorings reveal strong sea-

sonal variability related to changes in the sea ice cover (Rainville & Woodgate, 2009; Pnyushkov



85

86

87

88

89

90

91

92

93

o

95

96

97

Verticall i
?f ‘ertically averaged tide speed [cm/s] ) M1e M1s Mis Mis Mis M1 1803
N

Figure 1. Left: Map showing vertically averaged barotropic tidal current speed from the in-
verse barotropic tidal model of Padman and Erofeeva (2004) for the Atlantic side of the Arctic
Ocean. Dashed red lines indicate the critical latitude of the So and My constituents. White lines
and labels show isobaths. Red dots indicate the positions of moorings whose data are used in this
study. YP = Yermak Plateau, SZ = Severnaya Zemlya. Right: sketch (not to scale) of the moor-
ings comprised in the section along 126°E and their approximate location relative the Atlantic

Water (AW) layer and the Arctic Circumpolar Boundary Current (ACBC).

& Polyakov, 2012). Models of baroclinic tides generated by barotropic tidal flow over steep
and/or rough bathymetry indicate that tidal currents are also sensitive to background
stratification and currents. These prior studies suggest that changes in sea ice cover, strat-
ification and circulation in the eastern Arctic could cause substantial changes in the in-

tensity of shear instabilities and the associated turbulent mixing.

As a step towards a better understanding of future changes in eastern Arctic cur-
rent dynamics, we investigate the sources and variability of upper-ocean semidiurnal-band
kinetic energy across the eastern EB continental slope. The paper is organized as fol-
lows. In section 2 we summarize our present knowledge of Arctic tidal currents and wind-
forced inertial motion, and their contributions to the state of the Arctic ocean and ice
system. We then describe a data set of upper-ocean currents collected in the eastern EB
during 2013-2015, and the analysis methods we use to discuss contributions to the semid-

iurnal band variability (section 3 and 4). The results of the tidal analysis are presented
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in section 5. In section 6, we discuss the results, including shortcomings of classical har-

monic tidal analysis. The summary of our findings is provided in section 7.

2 Tidal and wind-forced inertial currents in the Arctic

Variability of semidiurnal band currents (SBCs) and associated mixing processes

in the upper Arctic Ocean has usually been attributed to wind-driven inertial currents

that depend directly on sea ice cover and changes in wind stress (e.g., Rainville & Woodgate,

2009; Martini et al., 2014; Fer, 2014). For some portions of the Arctic continental shelves
and slopes, however, tidal variability may also play a substantial role: for a record from
the Beaufort Sea shelf, Kulikov (2004) found that the tidal contribution to the observed

signal is variable in space and time, reaching up to 74% of the total signal.

2.1 Tides

Tidal currents can be partitioned into barotropic and baroclinic components, with
the barotropic currents representing the component that would be present in a homo-
geneous ocean with a free surface, and baroclinic currents being associated with the pres-
ence of stratification. Barotropic tidal currents vary regionally (Figure 1) but are rel-

atively uniform over time and depth.

Where barotropic tidal currents flow across steep slopes or rough topography in
the presence of stratification, energy can be converted from barotropic to baroclinic (in-
ternal) tides whose energy finally dissipates in mixing processes (e.g., Wunsch, 1975; Sim-
mons et al., 2004). For baroclinic tides, the processes of generation, propagation and dis-
sipation are sensitive to stratification, mean flow, and energy losses through friction and

mixing within the water column.

Baroclinic tidal waves cannot freely propagate poleward of their critical latitude,
the latitude at which their frequency equals the local inertial frequency (e.g., Prinsen-
berg & Bennett, 1989). For diurnal tides, this latitude is roughly 30°, and all baroclinic
diurnal energy in the Arctic is trapped to the “wave guide” of the continental slope (Kowa-
lik & Proshutinsky, 1993). The critical latitude for the dominant semidiurnal tide My
(period ~12.421 h) is ~74.5°N and for So (period of 12.000 h) it is ~86°N. Most of the
EB continental slope is between these latitudes (see Figure 1), meaning that baroclinic

S, tides generated along the slope can propagate freely across-slope but My cannot. In-
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stead, Mo energy either radiates along the slope Hughes:2019iu or is dissipated locally
through mixing or nonlinear energy transfers to high frequency waves (e.g., Falahat &

Nycander, 2015; Rippeth et al., 2017; Kozlov et al., 2017).

Regions of elevated tidal energy along the continental shelf edges generally coin-
cide with the pathway of Atlantic Water in the ACBC through the eastern Arctic. The
phenomenon of tidal energy conversion and turbulent mixing has been studied in detail
near the Yermak Plateau, north of Svalbard (e.g., Padman et al., 1992; Fer et al., 2010,
2015). There, intense tide-forced mixing cools and freshens the incoming AW. Holloway
and Proshutinsky (2007) proposed, based on a general circulation model with a relatively
simple parameterization of tidal friction at the seabed, that tides are a critical compo-
nent of mixing responsible for setting the distributions of Atlantic Water hydrographic
properties throughout the Arctic. Limited microstructure measurements obtained across
the Arctic Ocean between 2007 and 2013 support this view of tidally driven mixing along
the continental margins. The dissipation rate strongly depends on the steepness of the
continental slope, which decreases in the eastward direction along the Atlantic Water path
(Rippeth et al., 2015). However, Lenn et al. (2011) found intense tidally driven mixing
far east on the continental shelf of the Laptev Sea, in a region where Janout and Lenn
(2014) found strong My tidal currents (up to ~30 cm/s) that experienced substantial sea-
sonal changes as stratification varied. Pnyushkov and Polyakov (2012) reported that, fur-
ther offshore over the continental slope at mooring M1, at 2700 m bottom depth (see
Figure 1 for location), semidiurnal-band currents in the upper ocean were weak (O(1)
cm/s) in winter but increased to >8 cm/s during ice-free summer months. Those authors
attributed the seasonal variability to changes in baroclinic tides as sea ice and stratifi-

cation changed with time.

The interactions between sea ice cover and tides are complex. For high-concentration
pack ice, the ice provides a frictional boundary that may increase energy dissipation (Morison
et al., 1985), potentially leading to a deepening of the surface mixed layer (Padman et
al., 1992). For low-concentration or easily deformed thin ice, however, reported effects
on tidal currents and associated dissipation range from negligible (e.g., Danielson & Kowa-

lik, 2005; Rippeth et al., 2015) to substantial (e.g., Pnyushkov & Polyakov, 2012).
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2.2 Wind-forced inertial currents

The inertial frequency is the natural frequency of sea ice and ocean current responses
to changes in wind stress. The efficiency of the transfer of momentum from atmosphere
to ocean depends on the presence and properties of sea ice. From ice tethered profiler
data, Cole et al. (2018) found that the energy of the internal wave field generated by in-
ertial motions is weakest for ice cover near 100% and abruptly increases once sea ice con-
centration drops below ~80%. Inertial internal waves below the surface mixed layer (SML)
can propagate freely and eventually dissipate, redistributing wind energy through the
water column (Munk & Wunsch, 1998). Although the Arctic Ocean is historically known
as having relatively low wind-forced total internal wave energy (Levine et al., 1985), ev-
idence for the importance of inertial motions in the Arctic is well documented from mea-
surements of ocean currents (e.g., Rainville & Woodgate, 2009; Fer, 2014; Martini et
al., 2014) and sea ice drift (e.g., Gimbert et al., 2012). Observations suggest increases
in variability and amplitude of the near-inertial wave field in recent years, which are mostly
attributed to the widespread reduction of sea ice cover and thickness (Dosser & Rainville,

2016).

3 Data
3.1 The 126°E Mooring array

The principal dataset used in this study consists of moored observations from the
Nansen and Amundsen Basin Observational System (NABOS) project (https://uaf-iarc
.org/NABOS/). An array of six moorings (M1;-M1g) along the 126°E meridian from just
offshore of the Laptev Sea shelf (~77°N; 250 m water depth) to the abyssal plain (~81°N;
3900 m depth) was deployed for two years from September 2013 to September 2015 (Fig-
ure 1, see Table 1 for bottom depth at each mooring). All moorings were designed to ob-
tain profiles of velocity (u(t,z), with orthogonal components u (eastward) and v (north-
ward)) over limited depth ranges (see Table 1), and measurements of temperature and
salinity at fixed depths. Velocities were obtained at hourly resolution for the upper ~50
m using 300kHz acoustic Doppler current profiler (ADCP) instruments at all but two
moorings: M1y, where a 75kHz ADCP moored near the seabed was used to capture ve-

locities throughout most of the water column; and M15, which missed its target depth
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and was deployed ~30 m too deep. The ADCPs generally returned full 2-year data records;

however, the ADCP at M1j; stopped working after about 10 months.

Manufacturer-provided accuracies for speeds and directions are +0.5 cm/s and £2°
for vertical averaging bin sizes of 2 m and 5 m for the 300kHz and 75kHz ADCPs, re-
spectively. Signals from all ADCPs were contaminated close to the surface by surface
reflections of sidelobe energy. For the upward-looking 300kHz ADCPs moored near 50
m depth, the upper 8 m could not be used; for the 75kHz ADCP mounted at ~250 m

depth at M1y, the top 30 m was discarded.

The NABOS mooring array was supplemented by mooring 1893, deployed in Septem-
ber 2013 on the Laptev Sea shelf in ~50 m water depth near 76°N, 126°E, within the
German-Russian “Laptev Sea System” partnership during the Transdrift 21 expedition.
The mooring was recovered and redeployed in 2014 during Transdrift 22 to obtain an
additional year of data. Both deployments carried an upward-looking 300kHz ADCP at
35 m (2013) and 37 m (2014) depth, and downward-looking, higher frequency-instruments
(600kHz mounted at 30 m in 2013 and 1200kHz at 35 m in 2014) to resolve the near-

bottom part of the water column.

3.2 Sea ice and atmospheric conditions

Local sea ice concentration and 10-m winds at each mooring location were obtained
from ERAS5 reanalysis output (Copernicus Climate Change Service, 2017), which has a

grid spacing of 0.25° and temporal output of 1 h.

4 Methods
4.1 Semidiurnal-band currents

In order to quantify the properties and spatio-temporal changes in the semidiur-
nal band current (SBC) energy, we band-passed the current records to retain only sig-
nals between 10-h and 14-h periods; this gives an effective modulation time scale of about
36 h. We performed the filtering with an 8" order band-pass Butterworth filter on half
overlapping 1-year windows (except for M15 where we used a shorter window length of

~1/2 year), applied separately to the u and v components.



216 4.2 Harmonic tidal analysis

217 We analyzed the current velocities using the T_TIDE Matlab toolbox (Pawlowicz
218 et al., 2002), which is based on methods described by Foreman (1978). T_TIDE performs

219 a harmonic analysis based on known frequencies for up to 69 tidal constituents (for records
220 of 12 months or longer) and calculates tidal ellipse parameters (major and minor axis

221 amplitudes, orientation, rotation direction, and phase), and confidence intervals for each

222 parameter.

223 In most ocean environments, the bulk of the total tidal variance is in eight constituents,
224 four semidiurnals (Ms, So, Ko, No) and four diurnals (Oq, Ky, Py, Q). Formal separa-

225 tion of these eight constituents requires about 183 days (six months) of hourly data (see

26 Table 3 in Padman et al. (2018)). Tidal analyses on shorter records (e.g. 30 days, as com-

227 monly available from temporary tide gauge deployments, and as used in our study to cap-
228 ture temporal variability of tidal currents), report the combination of S and Kz as Sponly,
220 while K; and P; are reported as K;. For barotropic tide heights, where amplitudes and
230 phases are stable in time, these pairs can be separated in short records by ”inference”

231 (Foreman, 1978; Pawlowicz et al., 2002). In the present analysis, however, we expect that
232 much of the tidal energy is in time-varying baroclinic modes where assumptions required
233 for inference may not apply. For analysis of short records, we therefore define the insep-
234 arable sum of S; and Ky as Sox and the sum of Ky and P; as Kqx*.

235 All tidal analyses presented in this study are based on the application of T_'TIDE

236 to 30-day windows (sliding at 1-h increments), run over the whole record at each depth

237 level. This analysis yields a full set of tidal ellipse parameters at the same time and depth
238 coordinates as the raw hourly data, excluding the first and last 15 days of each record.

239 T_TIDE also provides a ”tidal prediction”, derived from the summation of currents for

240 all tidal constituents with sufficiently high signal-to-noise ratio. We refer to the east and
201 north components of these currents as ur_tipg and vr_ripg, respectively. The result-

22 ing time series of speed is then |u|r_tpE = (ur_TIDE> +’UT7T1DE2)1/2, with subscripts

23 reminding the reader that these are not necessarily true tidal currents but are the tidal

244 reconstructions from the T_TIDE analyses.
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4.3 Estimating wind-driven inertial currents in the surface mixed layer

We used a damped slab model (Pollard & Millard Jr, 1970; D’Asaro, 1985) to es-
timate the wind-driven inertial currents in the SML. This model provides the time evo-
lution of the SML current vector for a given time series of vector wind stress, specified
SML depth and a decay constant representing damping terms including dissipation and
energy losses through internal wave radiation. The temporal resolution of the wind stress
has a substantial influence on the generation of inertial currents. For mid-latitudes, D’Asaro
(1985) found that the energy flux from wind to inertial motions is underestimated by
~20% using 3-hourly wind data, whereas for hourly wind data this error is only ~2%.
Thus, we regard hourly output of wind velocity from ERAS5 (section 3.2) as being ad-
equate to generate an inertial response. Changes in both amplitude and direction of the
wind stress vector can excite or dampen resonant motions. We followed Andreas et al.
(2010) to account for the effect of sea ice concentration on wind stress penetration into
the ocean using concentration values from the ERAS5 reanalysis at the grid points clos-
est to each mooring site. Distances of the closest grid point are always less than 13 km.
The damping time scale is usually taken to be in the range of 2 to 14 days (D’Asaro, 1985).
In an Arctic application, Martini et al. (2014) used a damping time scale of 3.5 days in
the Beaufort Sea based on theoretical considerations described by Alford (2001). To ob-
tain results likely to be at the higher end of realistic inertial currents, we made compu-
tations using a shallow mixed layer depth (10 m) and a long decay time scale (14 days).
We expect that uncertainties in ERA5 winds due to the paucity of data constraints in
the eastern Arctic may further contribute to uncertainties in predicted SML inertial cur-

rents.

4.4 Modeling three dimensional tidal currents

We used the Regional Ocean Modeling System (ROMS) version 3.7 (Haidvogel et
al., 2000; Shchepetkin & McWilliams, 2005) to study tidal currents and the differences
in the behavior of semidiurnal constituents Ms and So. ROMS is a hydrostatic 3-D prim-
itive equation model using a terrain-following (sigma-level) coordinate system. Our model
covers the Eastern Arctic region with 51 vertical levels on a horizontal grid with spac-
ing of 2 km. The bathymetry was based on IBCAO version 3 (Jakobsson et al., 2012)
and smoothed to a Beckmann and Haidvogel number (rx0) of 0.2 to reduce pressure gra-

dient errors (Beckmann & Haidvogel, 1993).

—10-
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The model was forced at the open boundaries with both tidal currents and eleva-
tion values from the Arctic Ocean 5 km forward model (AODTM-5) developed by Padman
and Erofeeva (2004). No atmospheric forcing was imposed. The initial conditions (strat-
ification and background currents) were taken from a 4-km, 90-level ocean and sea ice
Arctic Ocean simulation using the community ocean model MITgem (Marshall et al.,
1997; Losch et al., 2010). This Arctic simulation used hydrographic data from release
1 of the Arctic Subpolar gyre state Estimate, ASTE (Nguyen et al., 2017). We used sim-
ulated 2014 mean-March and mean-September modeled fields, interpolated to our ROMS
grid, to represent winter and summer conditions, respectively. We tested for errors as-
sociated with interpolation and the ROMS grid structure by conducting no-forcing runs
to ensure that the background conditions did not vary significantly from initial condi-

tions over the course of a tidal run.

We ran multiple 20-day simulations, forced with Ms and Sy separately, to exam-
ine differences in behavior of the semidiurnal tides due to seasonal changes in stratifi-
cation and circulation, and the maximum likely effect of adding sea ice to winter strat-
ification. Ice was applied as a thin plate of land-fast ice at 100% concentration to add
friction at the ocean surface. No thermodynamic exchanges between ocean and ice were

modeled.

—11—
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Figure 2. (Left column) Time-depth plots of observed currents speed at the mooring locations
shown in Fig. 1. Gray shading at the top of the plots indicates sea-ice concentration (white=
100% , black= 0% ). (Right column) The distribution of direction (the length of each 10° bin is

proportional to the percentage of data within this bin) and amplitude (colors) of the observed

currents.
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205 5 Results
296 5.1 Current velocities

207 Variability of hourly total current speeds along the 126°E mooring array was large

208 in both time and space (Figure 2). At mooring 1893 on the shelf, speeds were high through-

209 out the two years, with no dominant direction. Speeds varied with a roughly 2-week cy-
300 cle and the depth of maximum current speed varied on an annual cycle, being shallow-
301 est in the summer period when no sea ice was present. Further down the slope (moor-
302 ings M1; and M1s), velocities were generally directed slightly north of east, consistent

303 with these moorings being within the core of the ACBC (e.g., Pnyushkov et al., 2015).

304 North of mooring M15, the directional coherence and average velocity decreased with

30 increasing distance offshore (moorings M15 to M1g). However, at the offshore moorings
306 there were pronounced summertime velocity amplifications, especially in August to late
307 October in 2014. These summer maxima became stronger with increasing distance off-
308 shore. The largest current speed in the offshore moorings exceeded 30 cm/s for a short

300 period in October 2014 at mooring M1g.

Table 1. Tidal ellipse parameters for four constituents at all moorings across the array. Values
are averaged over time and depth (see last columns for depth ranges and bottom depth). Italic
font for major axis amplitudes indicates amplitudes at or below 95% confidence level. For Ec-
centricity, italic font indicates that major axis amplitude and/or minor axis amplitude are at or

below 95% confidence level.

Orientation Phase
Depth | Bottom Umnaj [cm/s] Eccentricity
[° from East] [° from Greenwich]
range [m] depth [m]
‘ My | So* | Ki* | Op | Mg | So* | Ky* | Oy ‘ My ‘ So* | Ki* | O1 | My | So* | Ky* | Oy

‘ 1893 ‘ 4-44 ‘ 50 ‘ 6.7 ‘ 4.1 ‘ 1.8 ‘ 1.4 ‘ 1.2 ‘ 1.3 ‘ 2.8 ‘ 2.4 ‘ 49 ‘ 62 ‘ 113 ‘ 106 ‘ 267 ‘ 270 ‘ 206 ‘ 215
‘ M1, ‘ 30-230 ‘ 250 ‘ 4.3 ‘ 2.6 ‘ 1.5 | 1.4 ‘ 1.4 ‘ 1.6 ‘ 2.8 ‘ 3.5 ‘ 97 ‘ 94 ‘ 75 ‘ 82 ‘ 254 ‘ 249 ‘ 136 ‘ 172 ‘
‘ M1, ‘ 10-60 ‘ 790 ‘ 5.3 ‘ 3.8 ‘ 1.3 ‘ 1.0 ‘ 1.4 ‘ 1.5 ‘ 3.6 ‘ 3.5 ‘ 86 ‘ 101 ‘ 95 ‘ 92 ‘ 251 ‘ 293 ‘ 151 ‘ 166 ‘
‘ M1y ‘ 8-48 ‘ 1850 ‘ 2.9 ‘ 2.6 ‘ 0.6 ‘ 0.6 ‘ 1.2 ‘ 1.2 ‘ 3.3 ‘ 3.5 ‘ 63 ‘ 102 ‘ 93 ‘ 89 ‘ 242 ‘ 226 ‘ 179 ‘ 177 ‘
‘ M1y ‘ 8-50 ‘ 2720 ‘ 2.2 ‘ 2.3 ‘ 0.5 ‘ 0.6 ‘ 1.4 ‘ 1.3 ‘ 3.4 ‘ 3.3 ‘ 83 ‘ 76 ‘ 95 ‘ 84 ‘ 206 ‘ 229 ‘ 177 ‘ 191 ‘
‘ Mil; ‘ 25-82 ‘ 3440 ‘ 1.2 ‘ 2.1 ‘ 0.2 ‘ 0.2 ‘ 2.1 ‘ 1.3 ‘ 3.2 ‘ 3.1 ‘ 96 ‘ 132 ‘ 87 ‘ 91 ‘ 207 ‘ 285 | 183 ‘ 171 ‘
‘ Milg ‘ 8-46 ‘ 3900 ‘ 1.5 ‘ 2.1 ‘ 0.5 ‘ 0.5 | 2.1 ‘ 1.3 ‘ 3.3 ‘ 3.4 ‘ 91 ‘ 106 ‘ 89 ‘ 89 ‘ 204 ‘ 240 ‘ 176 ‘ 187 ‘
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Rotary spectra of the depth-averaged (see Table 1 for depth ranges) velocities for
each mooring time series show that, in general, the power in the clockwise component
surpassed that of the counter-clockwise component (Figure 3). These spectra were ob-
tained from averaging of 50% overlapping windows of 1/3 the length of each time series;
for a 2-year record, a spectrum represents oscillatory signals that remain stationary for
~8 months. The preferred polarization of current ellipses is determined by the Earth’s
rotation (e.g., Gonella, 1972). The highest energy density for each mooring is in the semid-
iurnal band, with distinct peaks centered at frequencies for the Ms, So, and No constituents.
Peak power is highest at My for all moorings over the slope and shelf (onshore of, and
including mooring M14); however, the greatest power at the offshore moorings M15; and
M1lg is at S3. The peaks become broader in frequency with increasing distance offshore,
indicative of increasing baroclinicity (e.g., Munk, 1997; Kulikov, 2004). We attribute
the lack of distinct power peaks at the inertial to time variability of wind events lead-
ing to a lack of phase coherence of wind-forced near-inertial oscillations throughout each
entire mooring record. For the dominant diurnal constituents, K; and O;, peaks are only
distinguishable at the inshore moorings 1893 and M1;. A little further down the slope,
at M1s, only K; is identifiable (Figure 3). In further analyses, we focus on the semid-

iurnal current variability.

5.2 Semidiurnal-band and total tidal currents

Averaged over time and depth, the mean speed of semidiurnal-band currents (SBCs)
is 53% of the mean measured current speed across the array (Table 2). Values at the in-
dividual mooring sites range from 33% for mooring M1;, where the flow of the ACBC
is substantial, to 71% at mooring 1893 on the shelf, where background flow is weak (Fig-

ure 2).

SBCs exhibit substantial variability with depth and on a broad range of time scales
including seasonal and fortnightly frequencies (Figure 4, left column). The strongest SBCs
are almost always in the upper 30 m in late summer 2014 and reach peak velocities of
49 cm/s in October 2014 at the offshore mooring M1g. The summer signals follow a pat-
tern of progressive deepening over the course of the ice-free season; strong currents are
confined to the upper limit of observations (~10 m) at the onset of ice melt (June-July),
then gradually deepen to about 30 m by late October. This pattern is typical of the im-

pact of wind forcing on seasonally ice-free seas (e.g., Rainville & Woodgate, 2009), where
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Figure 3. Left column: Rotary spectra (using Welch’s method with window length of 1/3

of the length of the time series and 50% overlap) of depth-averaged velocities. Blue indicates

the clockwise component, red the counter-clockwise component. Middle and right columns are
zoomed-in on diurnal (green shading) and semidiurnal (red shading) frequency bands, respec-
tively. Colored lines and labels mark the frequencies of the dominant tidal constituents as well as
local inertial frequency (f). Blue shading in the left column indicates the frequency band (10-14

h period) used for the band-pass filtered semidiurnal band currents.

rapid sea ice melting in early summer creates a shallow, strongly-stratified SML that deep-
ens by mixing through summer once the primary source of surface buoyancy is removed.

The fact that the maximum at M1g is observed apparently after sea ice has formed again
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35 is thus surprising and might be associated to uncertainties in the sea ice reanalysis prod-

346 uct.

<= dandl PR T

Depth [m]

Depth [m]

Depth [m]

Ice thickness [m]

o at 46m
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Figure 4. Left column: 10-14 h band pass filtered raw speed, representing near-inertial
currents (SBCs). Right column: Total tidal current speed as derived from T_TIDE analysis
(Ju|r_rior). The fortnightly modulation of the signal stems from the superposition of the con-

stituent pairs Sox and Mo, and Ki* and Os.

7 The prominent higher-frequency variability in SBC speed often has a period of about
348 two weeks, consistent with expectations from the spring-neap modulation of the dom-

349 inant semidiurnal tidal constituents M and S, identified in spectra (Figure 3). However,
350 the modulation period can vary, in some depth ranges for some moorings, in the range
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~1-4 weeks. We attribute this variability to two factors; the addition of wind-forced in-
ertial currents with timescales set by passage of weather systems, and broadening of tidal
spectral peaks (Figure 3) by the sensitivity of baroclinic tides to changing ocean back-

ground state.

Based on the presence of semidiurnal and diurnal tidal peaks in spectra (Figure
3) and the roughly fortnightly (apparently spring-neap) modulation of SBCs, we carried
out tidal analysis as described in section 4.2 Plots of total tidal current speed (|u|T_TiDE,
Figure 4, right column) are similar to those for SBC speeds (Figure 4, left column). This
similarity is consistent with tidal currents providing a significant fraction of SBC energy.
However, T_TIDE tidal analysis on one-month data segments may also be influenced by

strong inertial currents, as we demonstrate in the following section.

5.3 Harmonic tidal analysis compromised by inertial currents

We demonstrate the potential influence of inertial currents on T_TIDE analyses
using time series of simulated wind-driven inertial currents from the damped-slab model
described in section 4.3 and including the correction for the presence of sea ice. Time
series of inertial currents at the M1g mooring location (Figure 5, top) were evaluated for
SML thicknesses of 10 m and 50 m, roughly representing summer and winter conditions,
respectively. For a 10 m SML, simulated inertial currents frequently exceed 20 cm/s in
every season, reaching a maximum of 36 cm/s in October 2014. This maximum is sim-
ilar to maximum measured currents (Figure 2) and SBCs (Figure 4). Modeled values de-
pend on the choice of the damping time scale, which we have taken to be 14 days to max-
imize the inertial response of the SML; however, sensitivity to the damping scale is weak

over a range of several days.

We applied the T_TIDE analysis described in section 4.2 to the slab-model output
to produce |u|r_TipE, and the associated tidal ellipse parameters. The T_TIDE analy-
sis assigns a substantial portion of the near-inertial energy to Sox (maximum of 15 cm/s)
and My (maximum of 7 cm/s). We attribute the larger amplitude of the Sox term, rel-
ative to Ma, to the proximity of f to the frequency of Sy. The time series of |u|r_TIDE
has maximum values of about 15 ¢cm/s and is modulated at time scales of roughly two

weeks, caused by the superposition of the spurious My and So* constituents.
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Figure 5. Top: Simulated inertial currents for idealized SML depths of 10 m and 50 m at
mooring M1g. Bottom: Output of T_TIDE tidal analysis from the purely inertial time series

above.

Simulated inertial currents are much weaker for an idealized 50-m thick SML, sel-

dom exceeding 5 cm/s. Values of |u|r_Tipg average 1 cm/s with a maximum of 2.5 cm/s.

We conclude that, for shallow mixed layers during summers, T_TIDE analysis of
one-month time intervals of data is substantially affected by wind-forced near-inertial
motion, placing strong constraints on our analysis of tidal currents. During winter, how-
ever, when the SML is deep and the high-concentration ice cover damps excitation of in-
ertial oscillations, inertial influence on tidal analysis is small and we expect that T_TIDE
results represent tides. This is supported by the clear fortnightly oscillations in the SBCs
(Figure 4, left), which are expected from spring-neap tidal cycles but inconsistent with

the irregular weather-band forcing of inertial waves.

5.4 Tidal properties

With the caveat that strong wind-forced near-inertial oscillations may be misrep-

resented as tides in T_TIDE analyses on short records, we use time- and depth-dependent
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variability of tidal ellipses along the 126°E transect (Figure 6) to identify possible con-

tributions of tides to SBC variability. The ratio of major to minor axis amplitudes (Umaj/|Umin|)
controls the eccentricity of the tidal ellipses, while the sign of the minor axis amplitude
determines the direction of rotation. Note that the sampled depth range varies between

moorings.
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Figure 6. Tidal ellipses from T_TIDE for the leading semidiurnal frequencies (M2 and Sax,
top) and the diurnal constituents Ki* and O; (bottom). Ellipses are interpolated on a monthly
grid with 15m vertical resolution. Blue ellipses show clockwise rotation, red ellipses counter-
clockwise rotation. Red lines indicate ellipse orientation and black lines indicate Greenwich
phase (counter-clockwise from the right). Note the different scales for semidiurnal and diurnal

constituents.

For both semidiurnal constituents, ellipses are roughly circular at all moorings, with
eccentricities averaging 1.6 and 1.3 for all moorings for My and So*, respectively. The

ellipses for the diurnal constituents are closer to rectilinear, with eccentricities averag-
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ing 3.1 and 3.2 for Ky* and Oq, respectively. However, major axis amplitudes for diur-
nal constituents are very small (<1.5 cm/s except for Ki* at 1893), and mostly below
the 95% confidence level (see Table 1). Orientations and phases vary widely between the
moorings but tend to behave similarly for frequencies that are close together (i.e., for
the pairs My and Sox, and Ki* and O7). Our T_-TIDE analysis of data at mooring M1,
during 2013-2015 (Figure 6) confirms the seasonal variability of My and So reported by
Pnyushkov and Polyakov (2012) using older data (2004-2005) obtained at the same lo-
cation. Throughout the array in 2013-2015, major axis amplitudes of My and S show
two patterns of seasonality: wintertime deepening of current maxima (mostly M), and
summertime surface amplification, especially for Sox (Figure 7). We reiterate, however,
that these results do not necessarily indicate changes in baroclinic tide generation or ra-
diation: strong wind-forced inertial oscillations, especially for shallow SMLs in early sum-
mer, likely contaminate T_TIDE estimates of semidiurnal current ellipse properties (Fig-

ure 5, and section 5.3).

The pattern of deepening My tidal currents in winter from T_TIDE analysis is most
pronounced on the upper slope (mooring M1;) where data are available throughout most
of the water column. Deepening started with the freeze-up in late October and reached
maximum depth in March for both winters (2013-2014 and 2014-2015), with Ms major
axis amplitudes reaching maxima of about 14 cm/s at around 70 m depth. These val-
ues are much greater than the values obtained by T_TIDE analysis of purely wind-forced
inertial currents for deep SMLs (Figure 5), indicating that the variability at this moor-
ing is truly tidal. The subsequent shoaling was gradual during spring 2014, interrupted
by a temporary additional deepening event in May-June. In spring 2015, the shoaling
progressed more quickly and happened almost entirely between mid-June and mid-July.
At the peak of the shoaling in summer, the maximum appears to be above the 30 m depth

limit of our observations at mooring M1;.

On the shelf, at mooring 1893, a similar seasonality with generally strong tidal cur-
rents occurred during the first deployment period (2013-2014). During the second de-
ployment (2014-2015), seasonality was still present, but measured tidal amplitudes were
generally much weaker. We are presently unable to explain this abrupt change. At the
M15 mooring 11 km down the slope from M1y, the shape of winter deepening resembles
that at mooring M1y, but major axis amplitudes are much lower (~6 cm/s for the first

winter and ~10 cm/s for the second) and the deepening appears to be limited to shal-
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Figure 7. Time-depth plots of major axis amplitudes of the My (left) and Sa* (right) con-
stituents at the moorings across the continental slope. Gray shading at the top of the plots
indicates sea-ice concentration (white= 100% , black=0% ). Pink lines show detrended potential
density (o) at the shallowest available level (for moorings at which this level is above the deep-
est ADCP observations) and the red line in the M14 panel shows sea-ice thickness from upward

looking sonar observations (one-day low-pass filtered).
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lower depths than at M1y, although below the observational limit of 60 m. Further off-
shore, the pattern becomes less visible with increased distance from the slope and the
depth range of the deepening continues to decrease (reaching only ~30 m depth during

the second winter at mooring M1y).

We propose that this pattern of variability is related to seasonal changes of strat-
ification. At moorings M1; and M1g, hydrographic records are available within the ADCP
depth range, at 77 m for M1; and 46 m for M1g (Figure 4). Density time series show
a seasonal cycle with increasing density over the course of the winter and decreasing again
in spring, which is in phase with the deepening and shoaling of elevated My tidal cur-
rents. The limited hydrographic sampling and two-year lengths of the time series restrict
our ability to quantitatively determine the relationship between stratification and tidal
currents. Nonetheless, the observed seasonal cycle of density qualitatively supports a con-
nection between the tidal amplitudes and stratification as has been shown, for example,

by Janout and Lenn (2014) for a site on the Laptev Sea shelf.

Summertime surface amplification is observed at almost all moorings for both con-
stituents (the only exceptions being My at moorings 1893 and M1;) and is most likely
dominated by wind-driven inertial currents that are erroneously attributed by the har-
monic analysis to tidal constituents. So* reaches its greatest major axis amplitude of 18
cm/s at the northernmost M1g mooring location during October 2014, which is close to
the maximum of 15 cm/s that T_TIDE produces from purely inertial input for this moor-

ing (compare Figure 7 and Figure 5).

6 Discussion
6.1 Pronounced seasonality of semidiurnal currents

Our analyses show a clear seasonal cycle of SBCs and |u|r_tipg (Figure 4). We ex-
pect that the primary controls on the time and depth distributions of these currents are
stratification and sea ice, the latter being a control on the generation of wind-driven in-

ertial oscillations in the SML and the damping of baroclinic tides.

Upper ocean hydrography is directly dependent on the seasonal cycle of sea ice: brine
rejection during sea-ice formation leads to an increase of upper ocean density and con-
vection, which causes a deepening of the pycnocline. Conversely, springtime ice melt in-

troduces buoyant freshwater and re-stratifies the upper ocean which is associated with
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a shoaling of the pycnocline. The vertical extent of measured SBCs and total tidal cur-
rents follow the winter deepening and subsequent springtime shoaling of the pycnocline
(Figure 4). We argue that during these times and in these depths, the influence of wind-
driven inertial currents is small so that the signals are likely to be of tidal origin. Baro-
clinic tidal currents are tightly linked to vertical density gradients and thus follows the

seasonal evolution of the pycnocline (e.g., Janout & Lenn, 2014).

A baroclinic tidal model (section 4.3) confirms that most near-surface tidal kinetic
energy is concentrated on the shelf and at the continental slope (Figure 8). North of the
M, critical latitude (Figure 1), topographic trapping of the barotropic My tide is expected.
This may have important implications for the analysis of baroclinic tidal currents and
the calculation of energy fluxes (Musgrave, 2019). Estimates from an idealized 2-D model
developed by Hughes and Klymak (2019) suggest that, for the eastern EB continental
slope, significant current anomalies associated with trapping are confined to a small area
of ~10 km length at the upper slope close to the sea floor (~200 m bottom depth, not
shown). We thus conclude that for the analysis of widespread (~550 km cross-slope) up-
per ocean variability of tidal currents, effects of topographic trapping of the barotropic

M, tide are small.

The modeled near-surface fields of baroclinic major axis amplitudes (Up,a,j) are spa-
tially patchy, highlighting the dependence of baroclinic tidal currents on topographical
features as well as on background stratification. Major upper-ocean tidal hotspots in the
region are the shelf areas around 115°E and 140°E, with Up,,j(Ms2) exceeding 15 cm/s
for both summer and winter stratification, although they are stronger in summer. Over
the slope and deep basin, summer stratification yields slightly higher values of Upaj(Msz)
compared to winter (Figure 8, top and middle). While most tidal energy is concentrated
at the continental slope, the model produces slightly enhanced Ss tidal currents in the
deep basin (as far as mooring M15) under summertime stratification (Figure 8, top); how-
ever, values of Upaj(S2) barely reach 5 cm/s offshore of the slope compared with ~18

cm/s for our T_TIDE analyses of summer data at the offshore moorings).

Simulated tidal energy fluxes show that the source regions of baroclinic tidal cur-
rents are at the steep continental slope (Figure 9). The My internal tide is confined by
critical latitude effects and only propagates eastward along the slope, consistent with the

findings of Hughes and Klymak (2019) for a subinertial wave. However, the super-inertial
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Summer

Winter with ice
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Major axis ampl. [cm/s] Major axis ampl. [cm/s]
Figure 8. Regional maps of the eastern EB showing simulated surface baroclinic tidal ampli-
tudes of Mz (left) and Sz (right) for different realistic background conditions (see section 4.4 for
model description): Summer stratification (top), winter stratification without ice (middle) and
winter stratification with landfast ice (bottom). For the latter, values for bottom depths shal-
lower than 150 m are omitted because much of the apparent baroclinic signal is associated with

the frictional boundary layer under ice in the presence of strong barotropic currents.
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So internal tidal tide propagates offshore into the deep basin. This demonstrates the pos-
sible pathway for enhanced tidal activity into the central basin. However, we reiterate
that modeled Upna;(S2) in the upper ocean is much smaller than we obtain from T_TIDE

analyses of summer data.
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Figure 9. Top: Regional maps of the eastern EB showing vertically integrated horizontal
baroclinic energy flux for simulated tidal currents of Ma (left) and Sz (right) constituents for
summer stratification without sea ice. Colors indicate the amplitude, arrows show the direction
of flux higher than 10 W/m. Dots indicate the locations of the moorings across the continental

slope.

During periods of high ice concentration in winter, SBCs and |u|r_tipg often show
subsurface maxima, especially on the shelf (mooring 1893) and upper slope (moorings
M1; and M1, Figure 4). We propose that these patterns are caused by friction at the
base of high-concentration ice cover (Morison et al., 1985; D’Asaro & Morison, 1992).
In our simulations with winter stratification and a land-fast, thermodynamically passive
ice cover providing a frictional surface, near-surface tidal currents are reduced over deep
water (Figure 8, bottom), with major axis amplitudes for My being negligible and val-
ues for Sy being less than 2 cm/s. We do not show baroclinic tides for water less than

150 m deep for the winter case with ice cover because much of the apparent baroclinic
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signal is associated with the frictional boundary layer in the presence of strong barotropic

currents.

We conclude that changes in both ocean stratification and ice cover can produce
seasonal cycles in baroclinic tides over the deep-water section of our mooring array, but
that modeled amplitudes are small compared with measured values. At this time, we do
not know if this discrepancy is associated with deficiencies in our tide models or with
underestimating the contribution of wind-forced inertial currents to tidal analyses with

T_TIDE.

6.2 Limitations of harmonic tidal analysis

As we previously demonstrated (section 5.3, and Figure 5), the proximity of the
local inertial frequency to the semidiurnal Ms and Sy frequencies prevents a clean an-

alytical separation of the frequencies within a 30-day window. Therefore, we cannot use

tidal analysis to unambiguously separate wind-driven inertial variability from time-dependent

variability of baroclinic tides.

We conducted further tests in which we applied seasonal tidal analysis with a 90-
day window to the simulated inertial time series. This window is sufficiently long to for-
mally separate inertial oscillations from tidal frequencies. Even in this scenario, some
inertial energy was erroneously attributed to tidal constituents, arguably due to the broad

spread of inertial energy over the semidiurnal band (see spectra in Figure 3).

These tests highlight the limitations of classical harmonic tidal analysis for the study
of baroclinic tidal currents within the upper Arctic Ocean, where inertial currents from

wind input may be substantial.

7 Summary & Outlook

Analyses of two-year time series of upper-ocean currents from moorings across the
continental slope in the eastern Arctic was combined with a slab model of SML near-
inertial response to realistic wind stress variability and a three-dimensional baroclinic
tide model. The results provide insight into the variability of major sources of upper ocean
kinetic energy as sea ice conditions and regional hydrography change through the year.

The main findings of this study are as follows:
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Table 2. Averages of raw and SBC speed (|Raw| and |SBC/| , respectively) and their ratio over

the whole time and depth domain (same as in Table 1)

All time |Raw| [cm/s] |SBC| [cm/s] ||SBC|/|Raw| [%]
1893 12.35 8.77 71
M1, 16.14 5.36 33
M1, 12.16 6.23 51
M1s 9.19 4.54 49
M1, 8.41 4.12 49
M1 4.25 2.71 64
Mlg 6.64 3.21 48

+ Semidiurnal-band currents (SBCs, 10-14 h period) are a major contributor to ki-
netic energy in the eastern EB region, with mean SBC speeds being 33-71% of mean
total current speeds (Table 2). Tidal currents (dominated by the semidiurnal M,
and So* constituents) are strongest over the upper slope and decrease toward the
deep basin.

 During ice-free summer months, SBCs are strongly amplified in the upper ~30 m,
reaching amplitudes in excess of 40 cm/s far offshore in the eastern EB (Figure
4). Between summer periods the depth of strong SBCs varies, following the ex-
pected winter deepening and spring shoaling of the pycnocline.

¢ Models of inertial currents in the SML and baroclinic tide generation and prop-
agation suggest that, while the wintertime SBCs appear to be predominantly of
tidal origin, observed large near-surface SBCs in summer in the deep basin are caused
primarily by wind forcing of inertial oscillations. However, we predict some con-
tribution from baroclinic tides generated along the upper continental slope (Figs.

8 and 9). Critical latitude effects result in confining the My baroclinic tides to the
slope where near-surface currents can be large; however, S, tides can radiate north-

wards into deep water.
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557 e The close proximity of the inertial period to periods of energetic semidiurnal tides

558 and the expected variability of inertial and tidal current phases and amplitudes,
559 precludes the empirical separation of these two signals.

560 The eastern Arctic Ocean is presently experiencing rapid changes in sea ice and ocean
561 states, including a long-duration summer period free of high-concentration and thick sea
562 ice, and reduced upper-ocean stratification. We speculate that these trends will lead to
563 substantial changes in semidiurnal-band kinetic energy that, in turn, may contribute to
564 the ongoing changes through ocean stress on the sea ice and shear-induced mixing. The
565 long-term changes in SBCs, and the effect on the ocean and sea ice, will depend on the
566 individual and coupled contributions of baroclinic tides and wind-forced inertial oscil-

567 lations. However, as we have shown, the time-dependence of these signals cannot be sep-
568 arated through purely empirical analysis of mooring data. Instead, we propose that fur-
569 ther progress will require dedicated modeling studies that can separate the contributions
570 from both sources of semidiurnal-band currents in a changing Arctic.
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