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Abstract High‐resolution observations in Fram Strait reveal complex interactions across scales,
highlighting the role of internal waves in enhancing mixing within the meltwater halocline. A day‐long
microstructure survey from drifting ice that traversed an anticyclone in summer shows rotating shear and
straining in the halocline, resulting in low Richardson number layers coincident with turbulent patches and
gradients in oxygen and chlorophyll. Year‐long data from an adjacent mooring demonstrate that increased shear
variance can be related to upward‐propagating wave energy, generated by tidal forcing at the seafloor and
amplified by mesoscale shear near the surface. These waves contain compound tides and overtones with spectral
peaks at 3 and 4 cycles per day. Mesoscale variability modulates internal wave shear, influencing turbulent
mixing and ecosystem dynamics. Our findings underscore the importance of cross‐scale interactions in driving
turbulent mixing, with implications for water mass transformations, sea ice melt, and primary production in a
changing Arctic.

Plain Language Summary Warm Atlantic waters flow into the Arctic Ocean and contribute to sea
ice loss, affecting the global ocean circulation and climate. In Fram Strait, a deep passage between Svalbard and
Greenland, heavier Atlantic‐origin waters dive beneath Arctic‐origin waters. Consequently, observing the
mixing processes bringing this subsurface heat up to the ice‐covered surface is important for understanding the
ongoing changes in the Arctic. Here, we analyze measurements in the water column from a drifting ice station
(one day long) and instruments from a bottom‐anchored line (1 year long) to investigate these mixing
mechanisms. We show that large swirling currents (about >6 km diameter) interact with small velocity
fluctuations produced by tidal currents at the seafloor. The interaction amplifies the effect of the small
fluctuations on mixing in the upper ocean. Ice melt in summer accumulates a layer of light water in upper ocean,
which becomes difficult to mix vertically (like oil on water). As turbulence energy is required to move heat or
nutrients from deeper layers to the surface, the suggested interaction offers an additional source of energy for
mixing in the surface layer, and is relevant for sea ice and the ecosystem.

1. Introduction
In the Arctic Ocean, the inflow of warm Atlantic Water (AW) plays an increasing role in sea ice loss and changes
of the ecosystem (Ardyna & Arrigo, 2020; Carmack et al., 2015; Polyakov et al., 2025). Quantifying the processes
contributing to vertical mixing of AW, and interactions between different scales of dynamical forcing, is critical
to our understanding of the Arctic climate system (Rippeth & Fine, 2022).

Fram Strait (FS), between Svalbard and Greenland, is the only deep connection between the Atlantic and Arctic
Oceans, where warm and haline AW is transported poleward by the West Spitsbergen Current (WSC, Figure 1a).
This boundary current flows along the western slope of Svalbard, and splits into branches flowing around
Svalbard, and across and around the Yermak Plateau (Artana et al., 2022; Athanase et al., 2021; Fer et al., 2023;
Manley, 1995). In northern FS, the WSC subducts below the colder and fresher Polar Water, and partly recir-
culates southward, driven by eddies and modulated by atmospheric forcing (Hattermann et al., 2016; Hofmann
et al., 2021; McPherson et al., 2023).

Fram Strait and particularly the Yermak Plateau region are characterized by strong tidal currents (Fer et al., 2015;
Padman et al., 1992), energetic eddies (von Appen et al., 2016; Wekerle et al., 2020), southward advection of sea
ice (Ivanov et al., 2016; Sumata et al., 2021), and a pronounced seasonal cycle (deep convective mixed layers in
winter and shallow meltwater stratification during summer, e.g., Randelhoff et al. (2017); von Appen
et al. (2021)). Here, the diurnal and most semidiurnal tides are subinertial and cannot generate freely propagating
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linear internal tides, that is internal waves (IW) at the tidal forcing frequencies. However, the interaction of tides
and topography can generate unsteady lee‐waves (Fer et al., 2020; Reifenberg, Fer, et al., 2025; Rippeth
et al., 2017), freely propagating overtones of diurnal tides (Baumann & Fer, 2023; Wang et al., 2022), or nonlinear
solitary waves (Urbancic et al., 2022). Furthermore, as the inertial frequency is close to semidiurnal, a negative
background relative vorticity, for instance from a mesoscale anticyclone or the horizontal shear of the boundary
current (He & Lamb, 2022; Kunze, 1985), can reduce the effective inertial frequency, thereby allowing freely
propagating semidiurnal internal tides.

The mean flow, mesoscale eddies, tides, and internal waves represent scale‐separated energy compartments.
Between these, kinetic energy is transferred through a range of processes, ultimately cascading down to small
scales where it is dissipated. Sea ice modulates these transfers by altering atmosphere–ocean momentum fluxes
(Martin et al., 2016), frictional under‐ice dissipation (Manucharyan & Thompson, 2022), as well as surface
stratification and potential energy (Manucharyan & Thompson, 2017). These dynamics also drive variability in
marine ecosystems. For instance, the meltwater halocline limits vertical exchange, thereby suppressing nutrient
fluxes into the euphotic zone (von Appen et al., 2021; Lester et al., 2021), and drives eukaryotic biodiversity and
community composition under sea ice (Murray et al., 2025). The lateral transport of nutrients and heat by

Figure 1. Sampling overview. (a) Map showing Fram Strait, Yermak Plateau, branches of the Atlantic Water inflow, the
mooring location (yellow star), and isobaths every 1,000 m. (b) Close‐up of the survey area, with mooring, drift trajectory
(dots are profile positions), and the transect to which we remapped the drift observations (see Text S1 in Supporting
Information S1). Vertical profiles of (c) in situ temperature T and (d) salinity SA, from the MSS (gray: all profiles; red: first
profile; blue: last profile), and from the year‐long mooring observations (box‐whisker plots at respective sensor depths).
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mesoscale processes, including eddies, can lead to localized phytoplankton blooms (Schourup‐Kristensen
et al., 2021).

Observing cross‐scale energy transfers and subsequent mixing is challenging in the relatively inaccessible Arctic
Ocean. Here, we present results from a sea ice‐based microstructure survey, conducted during a day‐long drift
station that traversed the rim of a warm‐core anticyclone. We describe its hydrographic structure and quantify key
parameters for turbulent mixing. We observed upward‐propagating internal waves driving mixing in the melt-
water halocline, affecting a deep chlorophyll maximum, and discuss the eddy's role in altering the properties of
these waves. Using year‐long observations from an adjacent mooring, we place these results in a broader context.

2. Data and Methods
During the PS131 expedition with RV Polarstern in summer 2022, we made measurements from a drifting ice floe
(27 July 22:15 UTC to 28 July 21:00 UTC).

Hydrographic variables and the rate of turbulent dissipation were obtained using a loosely‐tethered microstructure
profiler (MSS; Sea and Sun Technology, Germany). The MSS was deployed through a hole in the ice, sufficiently
distanced from the wake of the ship. Within 22 hr, 68 profiles to 250 m depth were collected, with a median
interval of 17 min between profiles. The MSS data and processing details are available from Fer and Reifen-
berg (2025a). Dissipation estimates from shear probes followed best practices recommendations from Lueck
et al. (2024), and we tested our routines successfully against benchmark data sets (Fer et al., 2024). The lowest
dissipation rates, that is the lower detection limit, is ∼10− 9 W kg− 1 . Ocean current velocities were observed from
an ice‐mounted Acoustic Doppler Current Profiler (ADCP; 300 kHz, 2‐m vertical resolution down to ∼80‐m
depth; Teledyne RDI, USA) and the vessel‐mounted ADCP (150 kHz, 4‐m cells down to 250 m; Teledyne RDI,
USA). We project the observations from the drift trajectory onto a target transect (Figure 1b) by removing the tidal
influence as described in Text S1 in Supporting Information S1.

We calculate the Conservative Temperature, Θ, Absolute Salinity, SA, potential density anomaly, σ0, and the
buoyancy frequency, N, using TEOS‐10 (McDougall & Barker, 2011), and apparent oxygen utilization (AOU) as
the difference from saturation concentration and observed concentration of dissolved oxygen: AOU = [O2]sat −

[O2]obs. We subtract a constant offset of 67.5 μmol kg− 1 from [O2]obs, based on a comparison with measurements
from the ship's CTD system, which were calibrated against water samples.

A mooring (“Y7”; 81.3495°N, 1.0723°E, 1,535 m depth) was deployed 3 hr before, and 5 km to the west of the
start of the drift station. It was recovered on 28 June 2023. The instrumentation is detailed in Table S1 in Sup-
porting Information S1. The study site is on the western slope of the Yermak Plateau, north of the known northern
AW recirculation (Hofmann et al., 2021) and the bifurcation of the Yermak Pass Branch (Artana et al., 2022), and
was permanently ice‐covered throughout the deployment period (Figure S1 in Supporting Information S1). The
data and processing details are available from Fer et al. (2025). Temperature and salinity records are corrected
using a calibration cast with instruments attached to the shipboard profiling system. Records from all instruments
are hourly bin‐averaged and interpolated to a common time array, corrected for mooring blow‐downs, and
vertically interpolated to 5‐m resolution.

We describe the anticyclone seen in the MSS survey, which is also captured in the mooring data, using the moored
observations, as detailed in Text S2 in Supporting Information S1. By fitting a Rankine vortex to the moored
velocity field, we estimate the radius (L = 6.5 km) and maximum azimuthal velocity (va = 0.17 m s− 1) of an
idealized eddy, yielding a Rossby number of Ro =

va
Lf ≈ 0.2.

From the mooring data, we estimate the mesoscale currents umeso = (umeso,vmeso) using bandpassed velocities
between 35 hr and 15 days, and the shear in mesoscales as Smeso = ∂umeso/∂z. We approximate baroclinic ve-
locity fluctuations by removing the depth‐averaged velocity, u′(t, z) = u(t, z) − u0(t). We decompose u′ into
contributions of upward (u′↑) and downward (u′↓) propagating internal wave energy using two‐dimensional fft‐
filtering on frequency‐vertical wavenumber space, following Fer (2014); Voet et al. (2024). We quantify the
energy and shear of upward‐propagating waves using u′↑ = (u′↑,v′↑) bandpassed between 1.7 and 4.3 cpd (cycles
per day). This band contains near‐inertial waves and first tidal overtones. The horizontal kinetic energy and shear
associated with upward‐propagating IW are then HKE↑ = 1/2[(u′↑)2 + (v′↑)2] and S↑ = ∂u′↑ /∂z, respectively.

Geophysical Research Letters 10.1029/2025GL117468
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The spectral variance of u′(t, z) is estimated by half‐overlapping ∼85‐day long windows, which allows sufficient
frequency resolution to separate diurnal (ωK1

, ωO1
), semidiurnal (ωM2

, ωS2
) tidal frequencies. For the micro-

structure survey, shear is decomposed into oscillating components by harmonic regression (informed by mooring
spectra, see Results).

The Richardson number Ri = N2/S2 (where S2 is velocity shear magnitude), a measure for dynamical stability, is

calculated using 4‐m gradients. The Ozmidov length scale LO = ( ε/N3)
1/2, the length scale of the largest tur-

bulent eddies in a stratified fluid, is typically less than 1 m in our observations.

Information about the atmospheric background state and ice cover are based on ERA5 reanalysis (Hersbach
et al., 2023).

3. Results
We first present results from the microstructure survey. An inspection of drivers for halocline mixing reveals a
potential link between wave‐driven mixing and the presence of the eddy. We then use the mooring data to support
a generalized hypothesis of the relation between near‐surface mixing and mesoscale activity.

3.1. Hydrographic Structure During the Survey

The water column sampled during the drift of the ice station can be characterized by a salinity‐stratified layer
extending to z ≈ 50 m depth (or σ0 ≈ 27.45 kg m− 3) with temperatures close to freezing (the cold halocline layer,
CHL), followed by a pronounced temperature gradient (the thermocline, between σ0 ≈ 27.45 − 27.80 kg m− 3),
and a vertically uniform layer of relatively warm and haline water early in the record (Figures 1c and 1d;
Figures 2a and 2b; Figure S2 in Supporting Information S1). There is no distinct surface mixed layer. The
stratification is strongest in the CHL, with buoyancy frequency N > 0.01 rad s− 1 (Figure 2c).

The warm, weakly‐stratified layer at x< 2 km between 108 and 162 m is the core of an anticyclone captured in the
first ∼5 km of the transect (Figures 2b and 2c). The thickness of the weakly‐stratified layer decreases toward the
dynamic rim of the eddy at ∼5 km, characterized by a subsurface velocity maximum (Figures 2d and 2e) and a
sharp thermohaline front (Figure 2f), where the isotherms and isohalines are nearly perpendicular to the
isopycnals.

The frontal region at the eddy rim exhibits a zig‐zag pattern in Θ‐SA space (Figure S3 in Supporting Informa-
tion S1), indicating steep thermohaline intrusions, with the ambient water being drawn downward at the front.
This pattern is supported by the AOU signature, assuming it is a quasi‐passive tracer (Figure 2h). Between 20 and
40 m depth and x> 4 km on the transect, there are distinct layers of enhanced chlorophyll‐a concentration and
oxygen supersaturation (AOU< 0; Figures 2g and 2h). This is indicative of active or recent primary production,
where phytoplankton converts nutrients and carbon dioxide into biomass while releasing oxygen.

More details on the finescale hydrography are provided in Text S3 in Supporting Information S1.

3.2. Internal Wave‐Driven Mixing in the Cold Halocline

The observed dissipation rates span a range from the lowest detection limit to ε ≈ 1.5 × 10− 7 W kg− 1, generally
decreasing with depth from the surface, but with intermittent patches of enhanced dissipation extending through
the CHL (Figure 2i).

Dissipation near the thermohaline front is only slightly elevated (factor <2, Figure S3 in Supporting Informa-
tion S1), and surface‐forced turbulence is limited to the upper 20 m (Figure 3). The following detailed analysis of
the velocity and dissipation measurements in the time domain in the upper 50 m shows that the turbulent patches
in the CHL are driven by internal waves.

Surface‐forced turbulence from wind‐driven ice drift can be estimated from wind‐to‐ocean energy flux, typically
proportional to the ice‐relative current |urel|

3 (e.g., Fer & Sundfjord, 2007, and references therein). In our ob-
servations, periods with elevated forcing (Figure 3a) coincide with shallow (<20 m) patches of enhanced
dissipation (hatched areas in Figure 3), indicating that surface stress cannot explain the turbulence extending
across the CHL.

Geophysical Research Letters 10.1029/2025GL117468
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In the stratified layer between 20 and 40 m, we observe coherent slanted layers of rotating velocity shear
(Figures 3b and 3c). The shear bands coincide with vertical displacements of isopycnals and vertical velocity
straining in the water column (Figures 3d and 3e). The gradient Richardson number attains low values, Ri ≤ 1
(Figure 3f), colocated with turbulent patches where ε≥ 10− 7.5 W kg− 1. These are strong indications for internal
waves driving local turbulence through shear instability. The Ozmidov scale is LO < 1 m in the halocline (not

Figure 2. High‐resolution survey of warm anticyclone. (a) Sketch based on the authors' interpretation of the observations. Depth‐horizontal distance fields of
(b) Conservative Temperature, (c) squared buoyancy frequency, (d) eastward and (e) northward horizontal velocity, (f) horizontal temperature gradient along
isopycnals, (g) apparent oxygen utilization, (h) chlorophyll‐a concentration, and (i) dissipation rate. In all panels, the 3°C isotherm (red dashed), 0.20 and 0.25 m s− 1

isotachs (black solid), and 27.3, 27.8, 27.865 kg m− 3 isopycnals (blue dashed) are indicated to facilitate comparisons.

Geophysical Research Letters 10.1029/2025GL117468
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shown), hence our Ri estimate based on a coarser 4‐m scale likely underestimates the shear from turbulent eddies
(e.g., Silvester et al., 2014). Therefore, we consider Ri < 1 a useful proxy for shear instability, and conclude that
the internal waves drive the observed subsurface halocline turbulence. The turbulence patches coincide with sharp
gradients in oxygen and chlorophyll‐a, suggesting that this mixing pathway can be important in shaping the local
biogeochemical cycles.

The observed waves are superinertial (here loosely defined as 1.2f <ω≪N) and their energy propagates upward.
The counterclockwise turning of the shear vector with depth indicates upward energy propagation (Leaman &
Sanford, 1975). The time series is short for a detailed spectral analysis; however, from the interval between
velocity extrema and the slope of the temporal evolution of wave phase, we estimate the frequency of the waves is
in the range ω ≈ 2.5–3.5 cpd. We refine this estimate by a harmonic least‐squares fit of superposed integer
frequencies from − 4 to 4 cpd, motivated by the mooring‐based spectra (see below). The zonal shear from all fitted
frequencies, and the clockwise 2‐cpd and 3‐cpd contributions, are compared to the observed shear in Figure 3b.
The clockwise 3‐cpd shear amplitude is the largest, followed by clockwise 2 cpd, showing a significant contri-
bution from superinertial waves (local f ≈ 1.98 cpd, N > 100 cpd).

3.3. Mooring‐Based Evidence for Tidally‐Forced Internal Waves

To investigate whether similar superinertial, upward‐propagating waves are common in the region, we analyze
the rotary spectra of u′ and its decomposition into HKE↑ and HKE↓.

Figure 3. Internal wave signal in the upper ocean. (a) Cubed magnitude of the ice‐relative ocean current urel, a proxy for the boundary forcing, (b) vertical shear of zonal
current at example depth (26.2 m, red: observed; black and gray: from harmonic regression, see text), (c) zonal shear, red line marks the depth shown in (b, d) vertical
velocity, (e) strain, (f) outline of the chlorophyll patch (green), orange lines outline patches with Ri ≤ 1. In (c–f), black contours are isopycnals and black hatching shows
areas with ε≥ 10− 7.5 W kg− 1.

Geophysical Research Letters 10.1029/2025GL117468
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In addition to a pronounced near‐inertial peak, we find significant spectral peaks at approximately 3 and 4 cpd
(clockwise), indicating that the local IW field is rather structured than purely stochastic (Figure 4a). These
superinertial peaks, energized by nonlinear wave‐wave interactions, are associated with tidal compound fre-
quencies and overtones, for example ωO1

+ ωM2
and 2ωM2

(Figure S4 in Supporting Information S1).

It is known that downward propagating energy, typically from wind‐forced near‐inertial waves, is a substantial
driver of mixing in the Arctic Ocean (Fer, 2014); their impact is usually confined to the upper ocean. The velocity
decomposition into u′↑ and u′↓ shows dominant energy associated with upward energy propagation, consistent
with barotropic‐to‐baroclinic tidal conversion at the slope driving energy toward the surface (Figure 4b, Figure S5
in Supporting Information S1). The time‐and‐depth integrated HKE↑ is larger than HKE↓ by a factor of 1.6,
suggesting an energy source at depth.

Given the tidal imprint on the IW spectrum, and the excess of upward‐propagating energy, we suggest tidal
forcing as the source of the ∼3‐cpd waves near the eddy, implying a link from tidal forcing over the seafloor to
mixing in the surface layer.

Figure 4. Mooring‐based analysis. (a) Power spectral density (PSD) of u′ at z = 150 m depth with 95% confidence interval (CI), showing clockwise (CW) and
counterclockwise (CCW) contributions, and the inertial frequency (gray vertical line). (b) Profiles of horizontal kinetic energy associated with up‐ and downward energy
propagation, shading indicates 5 − 95% percentiles. (c) Wavelet transform of u′↑ at 50‐m depth (clockwise frequencies). (d) Moving variance of S↑, averaged into bins of
internal wave horizontal kinetic energy HKE↑ and shear of the background current in the eddy band |Smeso|. Only values above 300 m and bins with >25 samples are used.

Geophysical Research Letters 10.1029/2025GL117468
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3.4. Mesoscale Shear Amplifies Tidally‐Forced Internal Waves

Background shear can significantly affect energy transfers and IW shear content. For example, Shakespeare and
Hogg (2018) show that wave energy amplifies for waves propagating downward (vertical wavenumber m< 0) and
with the shear flow (k∂u/∂z> 0, k is the horizontal wavenumber), and decays against the shear flow. The opposite
behavior occurs for upward propagating waves. Provided that the internal waves in our microstructure survey
propagate upward and offslope, they propagate with shear (energy decays) in the lower half and against shear
(energy is amplified) in the upper half of the observed water column at 5 km (Figure 2d), consistent with our
observations (Figure 3c). Thus, we hypothesize that the mesoscale shear of anticyclone catalyzed and enhanced
the wave‐driven mixing. The strong stratification may have additionally altered the characteristics of the prop-
agating waves.

However, tidally‐forced IW amplified by mesoscale shear in the CHL are not unique to the limited survey. Time
series from the mooring show waves at approximately 2, 3 and 4 cpd associated with u′↑ throughout the
deployment (Figure 4c). A sheared background flow in the upper ocean, caused by spatial density gradients
(thermal wind), a meandering boundary current, or eddies, could therefore enhance IW‐derived shear. An analysis
of kinetic energy associated with upward‐propagating IW, HKE↑, variance of upward propagating IW shear S↑,
and the amplitude of mesoscale shear, |Smeso|, substantiates this claim. Using all observations in the upper 300 m
and in 3‐day moving windows, the variance of S↑, binned in average HKE↑ and |Smeso| shows a pattern: the shear
variance increases with both increasing HKE↑ and |Smeso| (Figure 4d). That is, when energetic upward propa-
gating waves and mesoscale shear coexist, the IW shear variance is amplified.

This conceptually simplified analysis does not capture the full complexity of interactions of internal waves with
mesoscale dynamics (e.g., Asselin et al., 2020; Rama et al., 2022; Thomas et al., 2020; Whalen et al., 2018). We
further note that near‐inertial internal tides are likely affected differently than the higher compound/harmonic
frequencies, as these are less susceptible to blocking by relative vorticity. Overall, the mooring‐based analysis
supports dynamical interactions between the shear from internal waves generated by tidal flow over topography
and the eddying background current in northern Fram Strait, posing an energy source for upper ocean turbulence.

4. Discussion
Near‐inertial and superinertial IW can also be emitted from spontaneous generation through the loss of balance of
fronts or eddies (Chouksey et al., 2022; Shakespeare & Hogg, 2018), from trapped waves in anticyclones (e.g.,
Kunze, 1985; Thomas et al., 2024), or as radial waves (e.g., Johannessen et al., 2019). These alternative ex-
planations for the IW near the eddy would have intriguing implications, with eddies acting as mobile sources of
wave‐driven mixing in the ice‐covered upper ocean. However, as the frequency content of the oscillating shear,
with dominant clockwise ∼3 cpd, matches spectral peaks in the mooring data, and similar superinertial peaks
from nonlinear interactions have been reported in the region before, both from observations (Fer et al., 2010;
Padman & Dillon, 1991) and model simulations (Urbancic et al., 2022; Wang et al., 2022), we argue that this
implies tidal forcing as the most likely generation mechanism for these IW.

Halocline mixing drives variability in the marine ecosystem. The distinct layering of chlorophyll‐a and oxygen
supersaturation is symptomatic of a balance between nutrient and light availability, reinforced by suppressed
vertical transport (e.g., Cherkasheva et al., 2014; von Appen et al., 2021). Turbulence affects the plankton growth
rate through vertical displacements into depths with increased or decreased light availability, and through tur-
bulent resupply of nutrients. Stratification may limit primary production if the nutrient supply halts. Wind‐driven
mixing events can erode the seasonal halocline and enable late plankton blooms in fall by mixing nutrients upward
(Ardyna et al., 2014; Castro de la Guardia et al., 2019). As opposed to such episodic replenishment, we suggest
that regions with mixing caused by upward‐propagating internal waves experience a more gradual nutrient
resupply, potentially extending summer blooms.

Northern Fram Strait is dynamically distinct in several ways: (a) the Rossby radius is small (3 − 8 km; Nurser &
Bacon, 2014; von Appen et al., 2016), much smaller than in lower latitudes, and smaller than horizontal scales of
low‐mode internal tides, (b) there are strong cross‐slope tidal currents, (c) the seasonal meltwater stratification
allows IW to propagate into the boundary layer, and (d) semidiurnal tides are near‐inertial. That is, small changes
in vorticity can allow or block internal tide propagation before waves reach the surface ocean.

Geophysical Research Letters 10.1029/2025GL117468
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Despite these regional specifics, our findings may be applicable to other areas. Along the shelf break of the Arctic
Ocean's margins, the flow over rough topography excites tidally‐forced lee waves (Fer et al., 2022; Rippeth
et al., 2015), mixing heat of the Atlantic Water layer upward. These regions also exhibit enhanced eddy kinetic
energy (EKE; von Appen et al., 2022), as eddies peel off the boundary current. We also expect the interaction of
mesoscale shear with internal tides (and overtones/compound frequencies) to enhance mixing in the upper ocean
there.

The projected increase of EKE in the Arctic Ocean (Li et al., 2024) and the more seasonal ice cover may lead to
increased relevance of mesoscale dynamics interacting with tidally‐forced waves. This may partly counteract the
suggested decrease of near‐surface dissipation of EKE when sea ice declines (Manucharyan & Thompson, 2022).
A quantification of the involved energetics, from tidal conversion, via mesoscale‐wave interactions, down to
dissipation, would be desirable.

The environmental conditions of Weddell Sea in the Southern Ocean are also comparable to Fram Strait; a small
Rossby radius (<10 km; Chelton et al., 1998), meltwater‐derived surface stratification in summer (e.g., Flynn
et al., 2021), and energetic, near‐inertial tides with spectral peaks at superinertial frequencies (see Pinner
et al. (2025), their Figure 3; and Daae et al. (2009), their Figure 14). There, mixing through the interaction of
superinertial waves with mesoscale variability could impact marine carbonate chemistry (Droste et al., 2022).

5. Conclusions and Implications
Fram Strait is characterized by energetic eddies, strong tidal currents interacting with topography, and pro-
nounced near‐surface stratification from meltwater in summer. In this regime, we have presented detailed ob-
servations showing upward‐propagating waves actively driving turbulence in the halocline above an anticyclone.
Using mooring observations, we have demonstrated that these waves were generated by tidal forcing at the
seafloor, and amplified by the mesoscale shear near the surface. Particularly the observed impact of higher‐
frequency waves, energized by nonlinear wave‐wave interactions, offers novel insights into the energy path-
ways from tidal conversion at the seafloor to turbulent mixing in the upper Arctic Ocean. This process may also
occur in areas along the shelf break in the Arctic Ocean where energetic tides are present.

The seasonal halocline is typically considered a barrier to turbulent transport, limiting deep‐reaching mixing from
the already weak atmospheric forcing in summer. We suggest that bottom‐generated internal waves can then
become relatively important for driving near‐surface mixing. Thus, the seasonal halocline is not just a barrier, it
also provides a pathway for wave propagation and wave‐driven turbulence.

Potential consequences of these dynamics include prolonged plankton blooms, which impact the ecosystem, and–
speculatively–enhanced heat entrainment into the convective mixed layer in winter, likely slowing down ice
growth. As the internal waves may draw energy from the mesoscale flow before dissipating, another effect of the
observed dynamics is the modification of near‐surface, cross‐scale kinetic energy transfers.

Therefore, we argue that it is crucial to quantify the role of tidally forced waves and their interaction with
mesoscale features on upper ocean mixing in the Arctic. This could be achieved through mooring arrays capable
of resolving both internal tide energy flux divergence and mesoscale dynamics, in combination with turbulence‐
resolving instrumentation. Other relevant aspects include the interaction of rotating wave shear with the sheared
flow from surface stress, and the role of nonlinear internal tides. Moorings or floats with biogeochemical profiling
capabilities could provide insights into subsequent nutrient transport. These efforts may be complemented with
modeling studies to disentangle the relative effect of wave‐driven mixing in the upper ocean compared to other
forcings. Together, these approaches will advance our understanding of Arctic Ocean mixing processes and their
effects on sea ice and the ecosystem.

Data Availability Statement
The microstructure observations, the 300 kHz ADCP measurements, and the mooring data are available from
Reifenberg, Fer, et al. (2025a); Fer and Reifenberg (2025b); Fer et al. (2025), respectively. The vessel‐mounted
ADCP data are available from Reifenberg, Hofmann, et al. (2025).
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