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Abstract This work investigates how internal wave‐driven turbulence varies in time, from hourly to
yearly timescales, and in space, across two distinct regions of the Arctic Ocean. We apply a shear‐based
fine‐scale parameterization to mooring records in Nares Strait and on the Beaufort Sea shelf‐slope that
sampled the upper stratified water column every 30–45min and span 2003–2006 and 2003–2004,
respectively. In doing so, we generate over 600,000 estimates of the internal wave‐driven dissipation rate.
These estimates exhibit large temporal variability in both regions, spanning over 3 orders of magnitude.
Despite these wide ranges, we find distinct distributions at each site. In Nares Strait, the time series of
dissipation shows systematic variation at tidal frequencies, and tidal forcing appears to influence
dissipation more strongly than winds, sea ice, and stratification on daily timescales. On longer timescales,
dissipation exhibits a weak seasonal cycle, being elevated when the stratification is high and during the
ice melt season. In the Beaufort Sea, we detect no dominant timescales or significant relationships with
forcing metrics, but note that the dissipation rate is typically 2 orders of magnitude lower than that in
Nares Strait. This region is characterized as being in a turbulent mixing regime for only 2% of the record,
compared to 73% of the Nares Strait record, implying that turbulence here is rarely energetic enough
relative to the stratification to drive a turbulent heat flux. Inferred Beaufort Sea heat fluxes are an order of
magnitude lower than the O(1) W m−2 average value found in Nares Strait.

Plain Language Summary Arctic Ocean mixing rates and how they vary in space and time
have important consequences for the transport of heat, salt, and nutrients. However, the tasks of
understanding how mixing changes water properties and of predicting future changes to Arctic Ocean
mixing rates remain challenging, particularly given that most observations used to studymixing in the Arctic
Ocean to date are geographically and temporally limited. In this study, we infer mixing rates by using an
estimation technique that relates ocean turbulence to properties of internal waves in the ocean interior.
We apply this technique to highly resolved, multiyear measurements obtained from two distinct regions
of the Arctic Ocean. Using these estimates, we characterize the statistical distributions of mixing metrics and
find strong regional differences between the two study sites. We find that one region is highly energetic
and displays systematic patterns in mixing intensity at tidal and seasonal timescales. Turbulent energy at the
other site is 2 orders of magnitude weaker, and active turbulent mixing occurs extremely infrequently.
These results help to put previous mixing observations into amore informed context and provide insight into
the underlying causes of Arctic Ocean mixing patterns.

1. Introduction

Ocean mixing rates and their space‐time variability have important consequences for heat, salt, and
nutrient fluxes, as well as water mass transformation. In the Arctic Ocean, numerous studies of mixing
have shown that mixing rates can span several orders of magnitude (e.g., Chanona et al., 2018; D'Asaro
& Morison, 1992; Padman & Dillon, 1991; Rippeth et al., 2015; Scheifele et al., 2018; Sundfjord et al., 2007).
This large variability inhibits our ability to robustly define average mixing rates and their large‐scale
distributions, especially given that most observational records of mixing metrics in the Arctic Ocean to
date are geographically and temporally limited. Mixing rate variability can also obscure patterns that
may reveal the relative roles of turbulence forcing mechanisms such as winds and tides. The task of
understanding turbulent fluxes and predicting future changes to Arctic mixing rates thus remains
challenging.
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Previous microstructure observations of Arctic Ocean turbulence have provided insight into the importance
of localized, episodic mixing events, as well as the variability of turbulent mixing on different timescales. For
example, highly resolved microstructure measurements over a 12‐hr period described in Lenn et al. (2011)
show intermittent enhancement of the turbulent dissipation rate that varies across 3 orders of magnitude.
Using microstructure profiles collected over a sampling period of just under 2 days, Shroyer (2012) found
a similar range of both turbulent dissipation rates and diffusivities within an energetic Arctic canyon
(Barrow Canyon); however, turbulence observed in a more quiescent environment outside of the core
down‐canyon current was less variable on average. The analysis of nearly year‐long measurements of turbu-
lence obtained from a drifting ice floe during the 1997–1998 Surface Heat Budget of the Arctic (SHEBA)
experiment suggested that turbulence is highly intermittent and patchy, with flow dynamics being described
as actively turbulent between only 1% and 15% of the time in different regions (Shaw& Stanton, 2014). There
is further evidence that turbulent dissipation rates exhibit diurnal and semidiurnal variability (Fer
et al., 2010; Padman & Dillon, 1991).

The studies described above, however, predominantly focus their analysis on depth or horizontal spatial
variability of turbulent mixing due to limitations on the temporal scope and/or resolution of measure-
ments, features that are also common to many other studies that use direct measurements of turbulence
in the Arctic Ocean (e.g., Bourgault et al., 2011; Fer et al., 2010; Fine et al., 2018; Lenn et al., 2009, 2011;
Lincoln et al., 2016; Padman & Dillon, 1987, 1991; Rainville & Winsor, 2008; Rippeth et al., 2015;
Scheifele et al., 2018; Sévigny, 2013; Shroyer, 2012). Typically, time series of turbulence measurements
resolve periods on the order of days or longer and/or have short durations often restricted to several hours
and rarely exceeding a few months (the SHEBA experiment being a notable exception). These limitations
in sampling result in a limited understanding of the mechanisms that underpin temporal variability in
turbulent mixing at a range of scales. Some studies have suggested that elevated mixing rates are linked
to baroclinic tidal variability (Fer et al., 2015), large, but short‐lived internal waves (IWs; e.g., Padman &
Dillon, 1991), as well as enhanced strain variance associated with intermittent IW activity (e.g., Shaw &
Stanton, 2014). Lenn et al. (2011) also suggested that shear spikes associated with the interaction of bar-
oclinic tidal currents, inertial currents, and under‐ice surface stress were a key modulator of the turbulent
intensity they observed.

Due to a scarcity of direct microstructure measurements in the Arctic Ocean, longer duration studies of
mixing variability have relied on indirect methods to broaden our knowledge of the temporal variability
of mixing rates on a range of timescales. In particular, a small number of recent studies have used the
fine‐scale parameterization to infer turbulent dissipation rates from IW scale observations (see Polzin
et al., 2014, for a review). Application of the parameterization creates an opportunity to study temporal
trends in mixing that are generally inaccessible from available microstructure data. For example, by
applying the fine‐scale parameterization to approximately daily‐resolved density and velocity measure-
ments obtained from four moorings in the Canada Basin from 2003 to 2011, Lique et al. (2014) estimated
large day‐to‐day variability in IW‐driven diffusivity estimates, predominantly ranging from O(10−7) to
O(10−5) m2 s−1. Chanona et al. (2018) also reported large localized variability of mixing rates derived
from ship‐lowered fine‐scale Conductivity‐Temperature‐Depth (CTD) data. They specifically highlighted
a subset of localized profiles in the Amundsen Gulf collected between 2003 and 2004 where the distribu-
tion of estimated mixing rates spanned 4 orders of magnitude and closely resembled the distribution of
mixing rates in the larger surrounding shelf‐slope region. Chanona et al. (2018) found further evidence
of a small seasonal cycle in mixing rate estimates in the upper portion of the water column in this region
that is consistent with the previously observed seasonality of IW energy and amplitude (Cole et al., 2018;
Dosser & Rainville, 2016). Estimates of IW‐driven mixing rates by Guthrie et al. (2013) over a 30‐year per-
iod, obtained by applying the fine‐scale parameterization to a compilation of vertical density profile data
from a variety of central Arctic observational programs, provided a rare view of the large‐scale and inter-
annual variability of Arctic Ocean mixing. They showed that IW‐driven mixing estimates varied by an
order of magnitude between surveys in both historical and recent periods and also that these estimates
reveal no trend evident over the 30‐year period in spite of a dramatic reduction of sea ice over this time.
Estimates of the IW‐driven dissipation rate in Canadian Arctic shelf and shelf‐slope waters for the period
2002 to 2016 presented by Chanona et al. (2018) similarly showed no interannual trends.
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Further investigations into howmixing varies across a wide range of temporal scales and in distinct regional
environments are important to allow us to put isolated mixing observations into a more informed context, to
improve our ability to accurately account for the contributions of rare high‐end outliers that are difficult to
capture in short duration sampling programs and to provide insight into the underlying forcing mechanisms
that drive mixing and its variability. Application of the fine‐scale parameterization to IW‐scale measure-
ments from moored instrumentation to derive time series of inferred turbulent dissipation and mixing rates
is a useful means to gain the required insights into the temporal variability of mixing and its impacts. To our
knowledge, Lique et al. (2014) were the first to use this technique to present a multiyear, near‐continuous
time series of turbulent mixing rates in the Arctic Ocean. Using moored data in the Canada Basin collected
between 2003 and 2011, they inferred daily averages of turbulent IW‐driven diffusivities on 2‐day intervals to
quantify the implied upward turbulent heat flux from the Atlantic Water thermocline and assess its
space‐time variability.

Here, we analyze records from four moorings deployed in Nares Strait and one mooring deployed on the
Beaufort Sea shelf‐slope that enable us to expand on the work of Lique et al. (2014) by quantifying the sta-
tistical distributions of IW‐driven turbulent metrics in two distinct Arctic Ocean environments and further
examining their frequency content at subdaily, daily, and seasonal timescales. Specifically, we analyze a set
of 3‐year mooring records from Nares Strait and a 1‐year mooring record from the Beaufort Sea shelf‐slope
that provide time series measurements of ocean temperature, salinity, and vertical shear in horizontal velo-
city with 30‐ and 45‐min resolution, respectively. We apply the shear‐based fine‐scale parameterization of
turbulent dissipation to these records to obtain over 600,000 estimates of the IW‐driven dissipation rate
and, after examining when conditions are favorable for turbulent mixing, infer corresponding IW‐driven dif-
fusivities and associated vertical heat fluxes. We additionally investigate the relative roles of mechanisms
that can influence the IW‐driven contribution to turbulent dissipation in explaining the variability of turbu-
lence observed. Throughout our analysis, we evaluate how the time variabilities in these turbulent metrics
differ between each region.

The remainder of this paper is organized as follows. In section 2, we review the background oceanographic
environment of Nares Strait and the Beaufort Sea, the sites of our two case studies, and outline the technical
details of the mooring data we use in each location. In section 3, we describe our implementation of the
fine‐scale parameterization of turbulent dissipation, in addition to relevant concerns related to instrument
noise and the sensitivity of our results to various choices made in the parameterization implementation.
We present our estimates of IW‐driven turbulent dissipation rates from both regions in section 4, highlight-
ing their statistical distributions, regional differences, and dominant timescales. This section further ana-
lyzes the relative roles of tides, winds, sea ice, and stratification in modulating the observed dissipation
rates, diagnoses when a turbulent mixing regime is expected, and finally estimates turbulent IW‐driven mix-
ing rates and vertical heat fluxes when applicable. Section 5 summarizes and discusses these results,
acknowledging limitations and putting them in a larger context.

2. Study Regions and Data
2.1. Nares Strait

Nares Strait is an approximately 500 km long passageway situated between Greenland and the steep wall of
Ellesmere Island on the eastern side of the Canadian Arctic Archipelago (Figure 1). It plays an important
role in the exchange of water between the central Arctic basins and Baffin Bay, which ultimately leads to
the North Atlantic gateway of Davis Strait. It is characterized by land‐fast ice bridges in late winter that
can persist for several months and rapidly drifting ice floes during the ice melt season (Agnew, 1998;
Samelson et al., 2006). Nares Strait is also located very close to the semidiurnal critical latitude (74.5°N),
which impacts the propagation of nonlinear and linear IWs in varying ways (Davis et al., 2019; Rippeth
et al., 2017). Tidal dynamics dominate the oceanographic conditions on short timescales, with tidal ampli-
tudes that are amplified by a standing wave pattern permitted by the strait's specific topographic parameters
and strong baroclinic tidal energy (Davis et al., 2019). Interest in Nares Strait is motivated largely by its
dominant role in freshwater transport (see Beszczynska‐Möller et al., 2011, and references therein).
Münchow (2016) documents significant interannual variability in volume and freshwater transport in this
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region, which has the potential to have important consequences for the evolution of the Meridional
Overturning Circulation (Koenigk et al., 2007).

Despite this region's importance, investigations in this region are limited due to a variety of observational
challenges. It is particularly known for harsh weather conditions and, with the exception of the North
Water Polyna in the southern end of the strait, its thick multiyear ice is hazardous to both ship traffic and
mooring arrays. Here, we build on existing work on tidal structure (Davis et al., 2019; Münchow &
Melling, 2008), hydrography (Rabe et al., 2010), and sea ice (Ryan &Münchow, 2017) by analyzing mooring
data from the Canadian Archipelago Throughflow Study (CATS) to extend our knowledge of this region,
specifically with respect to its IW‐driven mixing environment.

The Nares Strait component of CATS involved the deployment of an array ofmoored instruments across a 38
kmwide cross section of Kennedy Channel (a section contained within Nares Strait) between 2003 and 2006.
The instrumentation included four moorings with bottom‐mounted 75‐kHz Long Ranger Acoustic Doppler
Current Profilers (ADCPs), designated from west to east as KS02, KS10, KS12, and KS14 (Figure 1). The
ADCPs recorded measurements of water velocity using 85 pings per ensemble, averaged over 30‐min
intervals, in 8‐m depth bins from about 30 m below the surface to 15 m above the sea floor. As the depth of
the channel varies, they were mounted at depths of ∼279, 276, 240, and 134 m respectively (Figure 2a).

To obtain corresponding time series of the stratification, we used data records from three additional
moorings (KS01, KS09, and KS13; Figure 1) that were each equipped with four SBE37 Sea‐Bird MicroCAT
Conductivity and Temperature (CT) sensors. These instruments sampled every 15min and were mounted
on each mooring at ∼30‐, 80‐, 130‐, and 200‐m depth (Figure 2a). Each velocity record on the ADCP‐
equipped moorings was matched to a CT record on the CT sensor‐equipped moorings by finding the most
proximate mooring. Distances between matched moorings were between 1 and 3 km for each velocity
record. Note that KS13 was the closest CT‐equippedmooring to both KS12 and KS14, so CT records from this
single mooring were used to assess stratification for both the KS12 and KS14 velocity records.

All data were accessed in publicly available, post‐processed form (https://data.eol.ucar.edu/dataset/
106.292). Specifics of the data processing and quality control procedures, including interpolation across data

Figure 1. Location of moorings from the 2003–2006 component of the Canadian Arctic Throughflow Study (CATS) in Nares Strait and the 2003–2004 component
of the Canadian Arctic Shelf Exchange Study (CASES) on the Beaufort Sea shelf‐slope. Red diamonds in the inset maps represent ADCP‐equipped moorings
(KS02, KS10, KS12, KS14, CA11‐03) and blue circles represent CT‐equipped moorings (KS01, KS09, KS13, CA11‐03). Note that in the case of the Beaufort Sea site,
these symbols represent a single mooring. Bathymetric map of the Arctic Ocean is reproduced from the publicly available International Bathymetric Chart of the
Arctic Ocean (IBCAO) Version 3.0 (Jakobsson et al., 2012), where shading shows bathymetric depth and topographic height.
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gaps and removal of salinity spikes, as well as adjustments related to clock drift, pressure drift, true compass
heading, and low scattering conditions, are explained inMünchow andMelling (2008) and Rabe et al. (2010).

2.2. Beaufort Sea

The Beaufort Sea is a well‐studiedmarginal sea located in the Canada Basin of the Arctic Ocean (Figure 1). Its
large‐scale circulation is dominated by the anti‐cyclonic Beaufort Gyre, in addition to a strong undercurrent
that flows in the opposite direction, the latter of which is responsible for bringing both Pacific and Atlantic
sourced waters eastward toward the Canadian Arctic Archipelago (Aagaard, 1984). Its water properties are
strongly influenced by processes on the Mackenzie Shelf that bounds it to the south. Due to large volumes
of freshwater from the Mackenzie River, this shelf is one of the most estuarine environments in the Arctic
Ocean (MacDonald et al., 1987). While topography associated with the sharp Mackenzie shelf break pro-
motes the generation of energetic IWs (Kulikov et al., 2010), the Beaufort Sea is also well‐known for its high
stratification relative to other regions of the Arctic Ocean, to which Guthrie et al. (2013) attribute the weak
IW‐drivenmixing rates that they estimate in this region. The strength of stratification is in part a result of sus-
tained surface Ekman convergence of freshwater deriving from river discharge, net precipitation, and sea ice
melt, which results in strong stratification at themixed layer base (Timmermans&Marshall, 2020). Deeper in
the water column, it is also set by the layering of distinct water masses present in the system that are sourced
both within and outside of the Arctic Ocean (Carmack et al., 1989; Lansard et al., 2012).

A wide variety of dynamics in the Beaufort Sea impacts the physical and biological conditions in complex
ways. For example, current variability is influenced by river inflow, ice melt, and brine rejection that induces
density‐drivenflows (Kulikov et al., 1998;Melling, 1993; Omstedt et al., 1994).Weak tides in the Beaufort Sea,
characterized by typical amplitudes of a couple of centimeters for the dominant constituents (Kowalik &
Proshutinsky, 1994), have a relatively smaller impact on currents in this region. Additionally, seasonally
varying wind speeds, which tend to peak in May and November, in addition to bursts of intense storms in
August, contribute to variability in wind‐driven upwelling events, with important implications for primary
productivity in the region (Pickart et al., 2013). The impact of wind speed on air‐ocean momentum transfer
is modulated by sea ice cover, which typically forms in October and can remain until sometime between late
April and August, depending on the year (Barber & Hanesiak, 2004; Carmack &MacDonald, 2002; Williams
& Carmack, 2015).

Here, we use data from a mooring (CA11‐03) deployed as part of the 2003–2004 segment of the Canadian
Arctic Shelf Exchange Study (CASES) that was situated in the outer region of the Mackenzie Shelf slope.
Previous work using data from this mooring includes a diagnosis of the hydrography of the region

Figure 2. Approximate location and depth of moored ADCPs (triangles) and CT sensors (squares) (a) in Nares Strait and
(b) on the Beaufort Sea shelf‐slope, with bottom bathymetry estimated from the IBCAO data set. For the Nares Strait site,
the bathymetry represents a north‐west to south‐east across‐channel cross section. For the Beaufort Sea site, the
bathymetry is shown along a line of constant longitude (138.65°W) corresponding to the location of CA11‐03.
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(Lanos, 2009), as well as analysis of aspects of the biogeochemical environment (Magen et al., 2010; Sampei
et al., 2009). Mixing conditions derived from the velocity data have not been characterized. The CA11‐03
mooring was deployed close to the 1,000‐m isobath north of Mackenzie Canyon for the period 5 October
2003 to 9 September 2004. It was equipped with an upward‐looking 300‐kHz Long Ranger ADCP that was
mounted at a depth of ∼122m (Figure 2b). The ADCP recorded water velocity using 85 pings per ensemble
in 8‐m depth bins, as in the Nares Strait array, to within about 10m from the surface, but was averaged at a
45‐min, rather than 30‐min, time resolution. Temperature and conductivity measurements were obtained
from a Sea‐Bird SBE37 CT sensor, sampling every 15min, and an Aanderra RCM‐11 recording meter
equipped with temperature and conductivity sensors, sampling every 30min. These instruments were
mounted at ∼54‐m depth and ∼223‐m depth, respectively (Figure 2b).

Instrument calibration was completed by the Institute of Ocean Sciences before and after deployment, and
ADCP quality control procedures were completed by True North Scientific Company, including corrections
for magnetic declination and clock drift, as well as masking out ensembles corrupted by side‐lobe contribu-
tions caused by surface interference. Temperature and salinity profiles were also adjusted based on compar-
isons with in situ profiles taken shortly after mooring deployment and before mooring recovery. All data are
publicly available from the Polar Data Catalogue (http://www.polardata.ca; https://doi.org/10.5884/11653).

3. Methods

We estimate the potential for IW‐driven turbulence by applying a shear‐based fine‐scale parameterization
for the turbulent kinetic energy dissipation rate, ϵ, which is based on theory describing the IW spectral
energy cascade. This method yields an estimate of the turbulent dissipation rate by assuming that the rate
of downscale energy transfer at IW scales is equal to the rate of turbulent production (see Polzin et al., 2014,
for a detailed review). While several different formulations of the parameterization have been developed
(e.g., see Gregg, 1989, and Polzin et al., 1995, for a description), we use the commonly applied prescription
of Kunze et al. (2006) (there expressed in terms of the turbulent mixing rate instead of the turbulent dissipa-
tion rate),

ϵIW ¼ ϵ0
N2

N2
0

⟨V2
z⟩

2

⟨V2
zGM⟩

2hðRωÞLðf ; N Þ: (1)

This formulation takes advantage of reference to the Garrett‐Munk (GM) model IW spectrum (Garrett &
Munk, 1975; modified by Cairns & Williams, 1976) that can be characterized by an analytically known dis-
sipation rate, which at 30° latitude and in a background reference stratification of N0 ¼ 5:24 × 10−3 s−1, is

given by ϵ0 ¼ 6:73 × 10−10 W kg−1. Here, Vz represents the vertical shear of horizontal velocity andN2 repre-
sents the average stratification in the vertical profile segment of interest. Angle brackets indicate integration
over specified vertical wavenumbers relevant to the internal wavefield of the spectrum of the observed verti-

cal shear variance,V2
z, and theGMmodel shear spectrum,V2

zGM. The function h(Rω) accounts for effects of the

internal wavefield frequency content and depends on the shear‐to‐strain ratio, Rω, and the function Lðf ; N Þ
corrects for a latitudinal dependence, where f is the Coriolis frequency. Since direct calculation of Rω requires
both fine‐scale shear and strain information, the latter of which is unavailable from these measurements, we
assume thatRω ¼ 7 (the global average value found in Kunze et al., 2006). While there is some evidence that
the Arctic Ocean is characterized by Rω values larger than this global average value (e.g., 11 as found in Fer
et al., 2010), the sensitivity of ϵIW estimates to choices of Rωwithin this range is limited to a factor of 1.8 (e.g.,
see Figure 1 in Kunze et al., 2006).

We compute midpoint estimates of N2 between each moored CT sensor using the Gibbs SeaWater
Oceanographic Toolbox v3.06 (https://www.teos-10.org; McDougall & Barker, 2011). In Nares Strait, the
moorings were deliberately designed to experience considerable knockdown in response to tidal currents
to reduce the likelihood of damage from mobile ice floes and icebergs (Rabe et al., 2010). There is thus a
strong tidal signal in the raw measurements obtained from these moorings. To account for this knockdown,
we average depth and N2 estimates from the CT sensors in 2‐week intervals, which removes the spectral sig-
nals at tidal frequencies while retaining seasonal variation in stratification. This approach yields three
depth‐varying N2 estimates, which are representative of the large‐scale stratification centered at depths of
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60 ± 2, 108 ± 1, and 166 ± 0.4 m for KS01; 79 ± 2, 126 ± 2, and 183 ± 1m for KS09; and 68 ± 1, 114 ± 1, and
170 ± 0.3 m for KS13 (where uncertainties indicate one standard deviation of the 2‐week‐averaged depth). At
the Beaufort Sea shelf‐slope site, where there are only two CT sensors on the mooring line (mounted at
depths of 54 and 223m), we simply obtain one midpoint estimate of N2 and are thus precluded from
accounting for the vertical structure of N2 in our ϵIW estimates. Note that we evaluated the suitability of
these coarse‐resolution estimates of the background stratification by comparing them to smoothed profiles
of N2 derived from nearby CTD casts available in each region and confirmed that they showed reasonable
agreement at depths relevant to the locations of the moored CT sensors. We further verified that
estimated dissipation rates in Nares Strait were not significantly sensitive to using a depth‐varying versus
depth‐averaged N2 value.

Using first differencing over 8‐m depth bins, we compute Vz from the time series of horizontal velocity mea-
sured by the moored ADCPs and construct time series of vertical shear profiles at 8‐m depth intervals. To
obtain vertical wavenumber spectra of Vz, discrete Fourier transforms (DFTs) are then applied to 75% over-
lapping segments of each vertical Vz profile, where each segment is normalized by the segment‐averaged N2

following Kunze et al. (2006). We typically choose segment lengths of 128 m, except for the shallower moor-
ings KS14 and CA11‐03, where 104‐ and 88‐m segments are the longest segments available, respectively.
These segment lengths impact the available vertical wavelengths for integration, as discussed below.
Before applying the DFT, we detrend the signal, apply a Hann window to each segment, and normalize
the resulting power spectral density estimates (see Emery & Thomson, 1997, for standard methods). We thus
obtain shear spectra in wavenumber space for each DFT segment (see Figure 3 for average spectra based on
the order of magnitude of corresponding ϵIW estimates).

We integrate the normalized shear spectra derived from the KS02, KS10, and KS12 records between kzmin

¼ 0:02 cpm and kzmax ¼ 0:05 cpm, corresponding to vertical wavelengths of 20 to 50m. Due to the shorter
DFT segments used for the KS14 and CA11‐03 records, we integrate spectra derived from these records
using a reduced lower wavenumber limit of integration of kzmin = 0.025 cpm, corresponding to a vertical
wavelength of 40 m. The smaller range of integration is expected to make the ϵIW estimates more sensitive
to uncertainty in the spectral estimates; however, in our application, we do not note any qualitative

Figure 3. Averaged normalized shear spectral densities for mooring records (a) in Nares Strait and (b) on the Beaufort
Sea shelf‐slope (black lines). Spectra from each vertical segment of horizontal velocity shear are bin‐averaged
according to the corresponding ϵIW estimate in order‐of‐magnitude bins, as indicated by the labels on each averaged
spectrum. The number of spectra included in each average is denoted by n. Dashed purple lines represent the average
GM model spectrum for all segments. Blue lines represent the ADCP noise spectrum using the manufacturer‐stated
velocity single‐ping accuracy (dot‐dashed) and a more conservative estimate using double that value (dotted).
The waveband of integration used in the implementation of the fine‐scale parameterization is shown by the shaded box.
Note that the spectra obtained from KS14 are qualitatively similar to those obtained from KS02, KS10, and KS12, but are
omitted from the averages shown in (a) because the waveband limits of integration in that shallower location are
different from those used for the other three Nares Strait moorings.
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difference in the quality of the ϵIW estimates across the different mooring records. While ideal limits of
integration are somewhat subjective, we justify our choice based on the fact that the observed spectra
are approximately white over these ranges (see Figure 3), as appropriate for application of the
fine‐scale parameterization (Polzin et al., 2014). The choice of the lower wavenumber limit further
ensures that each DFT segment contains at least 2.5 wavelengths of the longest wavelength of interest
(as recommended in Emery & Thomson, 1997), while the choice of the upper wavenumber limit mini-
mizes contamination by non‐wave small‐scale processes (discussed further below).

The number of ϵIW estimates in the vertical that we obtain from each mooring record depends on the
number of resolved DFT segments and varies due to water depth and gaps in the data record due to qual-
ity control processing. Typically, we obtain estimates at four depth levels at the KS02 and KS10 sites,
three depth levels at the KS12 site, and one depth level at the KS14 and CA11‐03 sites. The depth ranges
of the DFT segments that these estimates represent are typically centered at 32‐m intervals between 100
to 196 m for KS02, 97 to 193 m for KS10, and 100 to 164m for KS14. Estimates of ϵIW are centered at 78m
for KS14 and 67m for CA11‐03.

We evaluate the impact of instrument noise on the spectral estimates by computing the ADCP model noise
response in vertical wavenumber space following Kunze et al. (2006) (see also Damerell et al., 2012,
and Brearley et al., 2013) and comparing estimates of noise as a function of wavenumber to the observed
spectral estimates. Noise spectra are calculated by assuming a single‐ping accuracy of 3.2 cm s−1, the
manufacturer‐stated value relevant to optimal scattering conditions, and a more conservative estimate of
6.4 cm s−1 (e.g., similar to that assessed in Brearley et al., 2013). We find that both noise estimates lie below
average shear spectral levels within our wavenumber limits of integration for all ϵIW order‐of‐magnitude
bins, with the exception of that for the lowest ϵIW bin (O(10−12) W kg−1) inferred at the Beaufort Sea site
(Figure 3, blue lines). These estimates, which represent less than 1% of the Beaufort Sea data set, are thus
subject to greater uncertainty owing to concerns over noise contamination; however, we confirm that redu-
cing our upper wavenumber integration limit to kzmax = 0.03 cpm (corresponding to a vertical wavelength of
30m), which should reduce the contaminating effect of noise at high wavenumbers, does not yield signifi-
cant changes in the resulting distributions or mean values of our ϵIW estimates.

Throughout this paper, we use the subscript “IW” notation to emphasize that we estimate the turbulent
dissipation rate due to breaking of the local internal wavefield only; the inability of the fine‐scale parameter-
ization to capture other sources of turbulence is as an important limitation of this method. In most places
within the ocean interior, we expect that IW breaking is the dominant source of turbulence (e.g., Garrett
& Munk, 1979; Kunze, 2017). This view is supported by evidence that estimates of IW‐driven dissipation
rates agree with direct microstructure measurements (i.e., measurements made on the significantly smaller
scales of the turbulent inertial subrange, which are thus not subject to the same assumptions regarding
turbulence sources) to within a factor of 2 to 3 over a wide range of ocean conditions (e.g., Gregg, 1989;
Gregg et al., 2003; Polzin et al., 1995; Whalen et al., 2015).

An exception is in regions that are unstable to convection, which is particularly relevant to fine‐scale para-
meterization applications in the Arctic Ocean. Weak mixing due to double diffusive convective instability is
prevalent in the Atlantic Water thermocline in many regions of the central basins where IW energy is low
(Shibley et al., 2017; Timmermans et al., 2008). Although the resolution of hydrographic structure at our
two sites does not permit an in situ evaluation of the propensity for double‐diffusive instability, we expect
double diffusion to be largely absent around most Arctic Ocean continental shelf‐slope regions (Shibley
et al., 2017) and in shelf regions of the Canadian Arctic Archipelago (Chanona, 2020), likely because of
higher IW‐drivenmixing levels in these regions (e.g., Rippeth et al., 2015). This expectation is consistent with
our assumption that IW‐driven turbulence is the dominant form of turbulence at the locations of our two
study sites. We derive further confidence in our estimates from independent tests of the parameterization
in the Arctic Ocean specifically, which tend to show good agreement between parameterized estimates
and direct microstructure measurements of the dissipation rate in terms of bothmagnitude and spatial varia-
bility in select locations (Fer et al., 2010; Guthrie et al., 2013; Kawaguchi et al., 2016).

In shallow water and regions of complex topography, such as Nares Strait, additional sources of turbulence
not well accounted for by the parameterization, including directly breaking nonlinear types of IWs (solitons
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and bores), topographic scattering, and hydraulic effects, may all play a
role (MacKinnon, 2007). At present, it is difficult to assess the relative role
of these various processes in controlling turbulent mixing at this location.
Their contribution to the net mixing environment is a topic that requires
future investigation.

4. Results
4.1. Distribution of Inferred Turbulent Dissipation Rates

We first consider the distribution of ϵIW estimates for each record in full,
composed of 201,597, 198,888, 152,018, and 52,585 estimates in Nares
Strait (KS02, KS10, KS12, and KS14, respectively) and 6,599 estimates
on the Beaufort Sea shelf‐slope (CA11‐03). We find that these distribu-
tions each span multiple orders of magnitude, indicating that large loca-
lized temporal variability in turbulence intensity exists in both regions
(Figure 4). Specifically, the 1% to 99% interpercentile range of inferred tur-
bulent dissipation rates spans approximately 3 orders of magnitude for all
ϵIW distributions. Note that for each Nares Strait record for which we
obtain more than one depth estimate per time step, we find that the depth
variability of ϵIW is small (decreasing by less than a factor of 3 with depth).
Owing to this lack of significant vertical structure, we select to not show
the depth dependence of our ϵIW estimates here.

Despite these wide ranges, we find that the distributions of ϵIW in Nares
Strait and on the Beaufort Sea shelf‐slope are distinct and that this regio-
nal distinction is much more pronounced than the differences observed
between the individual Nares Strait mooring records. The distribution of

the collective estimates derived from all four Nares Strait mooring records has a geometric mean value (char-
acterizing the central tendency of a log‐normal distribution) of 4 × 10−9W kg−1 and a geometric standard
deviation (a unitless multiplicative factor that serves as a metric of the spread of that distribution) of 4.2.
The variation between this collective mean and those derived from individual distributions, which range
from 3 × 10−9 to 5 × 10−9W kg−1, is negligible. In contrast, the geometric mean value of the Beaufort Sea
distribution is over an order of magnitude smaller than all Nares Strait distributions at 8 × 10−11W kg−1.
Its geometric standard deviation is similar at 4.4. The lack of overlap within one standard deviation of these
distributions implies that over 68% of the Beaufort Sea distribution is unique from each Nares Strait
distribution.

The Nares Strait and Beaufort Sea distributions of ϵIW further differ somewhat in shape, particularly in
the structure of their high‐end tails. This skew symmetry can be quantified by comparing the sample

skewness of each distribution, defined as G1 ¼ g1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðn − 1Þp

=ðn − 2Þ, where g1 is the population skewness
and n represents the sample size (Joanes & Gill, 1998). We find that each Nares Strait distribution has a
sample skewness of 15, 16, 16, and 5 (for KS02, KS10, KS12, and KS14, respectively), compared to a sam-
ple skewness of 8 for the Beaufort Sea distribution. While both cases are skew symmetric relative to a
log‐normal distribution (characterized byG1 ¼ 0), the higher tail observed in all Nares Strait distributions,
with the exception of that from KS14, has important implications for net turbulent transports (discussed
further in section 4.4). We note that the disparity in the number of estimates derived from each Nares
Strait record versus that derived from the Beaufort Sea shelf‐slope record, which totals between 8 and
30 times more estimates, may result in an increased likelihood of observing rare, strongly turbulent
events. Nevertheless, subsampling each Nares Strait distribution to match the size of the Beaufort Sea dis-
tribution (using 10,000 random subsamples) confirms that this characterization of elevated skewness in
Nares Strait relative to the Beaufort Sea shelf‐slope is robust.

4.2. Timescales of Variability

We next examine the time series of ϵIW in the frequency domain to diagnose the dominant timescales of
variability. For this analysis, we consider the depth‐averaged time series for simplicity; as noted above, ϵIW

Figure 4. Log‐scale histograms of IW‐driven dissipation rates, ϵIW,
estimated from each Nares Strait mooring record (KS02, KS10, KS12,
KS14) and the Beaufort Sea shelf‐slope mooring record (CA11‐03). Each
distribution contains all depth estimates for each mooring, which typically
includes four estimates at each time step for KS02 and KS10, three
estimates at each time step for KS12, and one estimate at each time step for
KS14 and CA11‐03. The geometric mean (in units of W kg−1) and the
geometric standard deviation (a unitless multiplicative factor) of all four
Nares Strait mooring distributions collectively and of the Beaufort Sea
shelf‐slope distribution are indicated in the upper right corner.
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estimates tend to show little variation in depth relative to their variation in time. We compute spectra for
both the individual Nares Strait and Beaufort Sea shelf‐slope ϵIW time series by applying a Fourier
analysis to continuous segments in each signal (i.e., segments free of data gaps), block‐averaging the
resulting spectra in frequency space, and smoothing by taking an average across frequency bins to
increase the confidence level at the expense of lower spectral resolution. The length of the segments is
chosen as a compromise between maximizing the number of gap‐free segments available while still
sufficiently resolving daily and subdaily frequencies.

The resulting ϵIW spectra for the records from KS02, KS10, KS12, and KS14 reveal broad spectral peaks at
distinct frequencies (Figure 5). In particular, a signal near the twice per day frequency occurs persistently
across all four moorings, although it is most pronounced for KS12 and KS14 which are located on the eastern
side of the strait. Spectra from these twomooring records further exhibit peaks that align closely with known
tidal harmonics. While the close proximity of the M2 tidal frequency and the local inertial frequency at this
latitude, combined with our spectral resolution, challenge our ability to attribute a forcing mechanism to the
semidiurnal signal, spectral peaks at other tidal frequencies suggest an influence of the tide on the ϵIW time
series in this region. Further, a rotary decomposition of the current time series consistently shows a lack of
distinct clockwise polarization at the M2/inertial frequency, suggesting a dominance of tidal over inertial
forcing at this timescale. We examine themodulation of ϵIW by tidal forcing compared to that of wind forcing
and other environmental conditions further in section 4.3.

Equivalent spectral peaks at these timescales are less evident in the ϵIW spectrum from the Beaufort Sea
shelf‐slope time series. A small peak near the twice per day frequency appears persistent to different spectral
smoothing choices, but its magnitude lies near the limit of our spectral confidence. Overall, the magnitude of
this ϵIW spectrum is 3 orders of magnitude lower than those of the ϵIW spectra in Nares Strait over the range
of resolved timescales, indicating significantly weaker turbulent energy levels.

We also consider lower frequency variability in the Nares Strait ϵIW time series on seasonal timescales. The
3‐year duration of themooring records in that region permits an investigation of these timescales. The 1‐year
record from the Beaufort Sea shelf‐slope, which also contains significantly more data gaps, does not. The
depth‐averaged and low‐passed time series of ϵIW for each Nares Strait mooring (formed using a 120‐day
moving window over daily‐averaged estimates) highlight persistent low frequency variability (Figure 6).
Seasonal variations in ϵIW are distinct, with an overall pattern of elevated dissipation rates in the summer
months. This seasonal cycle is consistent with strain‐based estimates of ϵIW derived from ship‐lowered
CTD measurements over a similar depth range in Canadian Arctic shelf and shelf‐slope waters more

Figure 5. Spectral decomposition of the depth‐averaged time series of ϵIW for each Nares Strait record (KS02, KS10,
KS12, KS14) and the Beaufort Sea shelf‐slope record (CA11‐03), using 10‐day and 5‐day 50% overlapping segments,
respectively. Solid and dashed vertical lines denote frequencies and multiples of frequencies associated with key tidal
constituents (labeled). Red and blue vertical dotted lines denote the local inertial frequency, f, associated with the latitude
of each region. The 95% confidence interval for the Nares Strait and Beaufort Sea shelf‐slope spectral estimates is
indicated in the upper left in red and blue, respectively.
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broadly (Chanona et al., 2018), as well as the seasonal cycle of IW energy and amplitude in the Canada Basin
found by both Dosser and Rainville (2016) and Cole et al. (2018).

The magnitude of the seasonal cycle varies between moorings and from year to year, but is small in all cases
relative to the multiple‐order‐of‐magnitude variability observed in the overall distributions of individual ϵIW
estimates. The maximum summer andminimumwinter average dissipation rate estimates differ by between
a factor of 2.5 and 3.2 for all mooring records, with the exception of KS10 in 2004 where the variation is
enhanced to a factor of 6.7. The timing of the summertime peak also varies from approximately June through
September depending on the mooring and year.

In addition to having a higher peak value in summer in the low‐frequency average, daily ϵIW averages exhibit
enhanced day‐to‐day variability in summer relative to winter. In particular, we find a small seasonal cycle in
the geometric standard deviations of daily ϵIW estimates, with values that are largest during summer periods
when ϵIW is also maximal (Figure 7). While ϵIW estimates in a given day can range by as little as a factor of 6
up to approximately 5 orders of magnitude, we find that, when averaged both in depth and across eachmoor-
ing record, the magnitude of the low‐passed standard deviation seasonal cycle is less than a factor 2. The
cycle is most prominent between the summers of 2004 and 2006, with maximum values occurring in July
or August of each year. A winter minimum in the geometric standard deviation is least evident at the end
of 2003.

4.3. The Role of Tides, Winds, Ice, and Stratification

Given evidence of ϵIW variability at tidal and/or inertial timescales (Figure 5), a natural next step is to inves-
tigate the roles of tides and winds, as well as other environmental factors, in underpinning the variability of
ϵIW we document. The presence of spectral peaks at other tidal harmonics in addition to the M2/f frequency
suggests that tidal forcing may play a key role in modulating the IW‐driven dissipation we infer. To further
quantify this hypothesis, we examine the relationships between ϵIW and peak baroclinic current speed, u∗, a
metric of internal tide strength, which we compute by removing the depth‐averaged velocity from the in situ
ADCP velocity records at each time step and taking the maximum value.

In Nares Strait, we find that ϵIW at each of the four mooring sites is coherent with u∗ at the 95% confidence
level across a wide range of daily and subdaily timescales (Figure 8a). In particular, the coherence amplitude
is largest (up to a maximum value of 0.7) at frequencies that coincide with tidal harmonics near one, two,
three, and four cycles per day. In addition to the observed coherence, we find that daily‐averaged estimates
of ϵIW scale with daily‐averaged u∗ via a log‐linear relationship on average (Figures 8b–8e). At all Nares Strait
mooring sites, bin‐averaged ϵIW estimates show a clear increase with increasing speed over the observed
range, differing by a factor of∼3 between the low‐end and high‐end bins. We also find small, but statistically
significant to the 95% confidence level, correlations between time series of these two parameters; r2

Figure 6. Low‐passed time series of depth‐averaged ϵIW estimates obtained from each Nares Strait mooring (KS02, KS10,
KS12, KS14). Shaded boxes depict periods of land‐fast ice as determined in Ryan and Münchow (2017) from ice
profiling sonars on nearby moorings. Vertical dashed lines indicate 1 January of each year.
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coefficients are largest for KS02 and KS12 (0.33 and 0.22, respectively) and somewhat smaller for KS10 and
KS14 (0.14 and 0.16, respectively).

In contrast, estimates of ϵIW and u∗ from the Beaufort Sea shelf‐slope site show little coherence at the 95%
confidence level over the same range of timescales (Figure 9a), despite some evidence of a small spectral
peak in the ϵIW time series near the M2/f frequency (Figure 5). However, in a qualitatively similar manner

Figure 7. Time series of the geometric standard deviation of daily depth‐averaged ϵIW estimates in Nares Strait (gray
line). The corresponding 120‐day running mean is shown by the thick black line. Values associated with each of the
four mooring records are averaged together for simplicity. Vertical dashed lines indicate 1 January of each year.

Figure 8. (a) Coherence spectra for ϵIW and u∗ for each Nares Strait mooring (KS02, KS10, KS12, KS14). Solid and
dashed vertical lines and associated labels are as in Figure 5. Lines are grayed out when the coherence amplitude
falls below the 95% confidence level indicated by the dot‐dashed horizontal line. (b–e) Scatter plots of daily‐averaged u∗

versus daily‐averaged ϵIW estimates for each Nares Strait mooring, as labeled. Bin averages, linearly spaced relative to the
x axis, are shown by white boxes and associated standard deviations are indicated by the vertical bar. Averages that
include less than 25 values are excluded and the x axis is truncated in (b), (c), and (d) to exclude high outliers
(representing 0.3%, 2%, and 0.2% of the u∗ data, respectively).
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as in Nares Strait, daily‐averaged estimates of ϵIW do show an increasing trend associated with increasing u∗

(Figure 9b). High‐end and low‐end bin‐averaged ϵIW estimates differ by a factor of 6, but the wide scatter
yields a small statistically significant correlation coefficient of r2 ¼ 0:10.

While evaluating robust relationships on the Beaufort Sea shelf‐slope is more challenging than in Nares
Strait, as there are significantly less data available, we note that baroclinic speeds at the Beaufort Sea site,
rarely exceeding 0.05 m s−1, are significantly lower than typical speeds observed in Nares Strait. Further,
as discussed in section 4.4, weak turbulence combined with the stratification in this region implies that
the Beaufort Sea site is typically not characterized as a turbulent mixing regime. This may explain why time-
scales relevant to tidal forcing do not dominate the ϵIW signal here. It is also relevant to consider the impact
of the different setting of the Nares Strait versus Beaufort Sea shelf‐slope estimates. While ϵIW estimates at
both sites are representative of upper ocean conditions, the much greater water column depth at the
Beaufort Sea mooring site likely influences the strength of tidally driven dissipation at the level of the obser-
vations. In particular, in strongly stratified waters characteristic of this region, the efficiency of tidal forcing
may be limited in its vertical extent above the sea floor (e.g., as in Simpson et al., 1996).

We also investigate the relationships between ϵIW estimates and other metrics relevant to IW forcing and dis-
sipation, but find little to no evidence of comparable coherence or correlation. Specifically, we use the 15‐km
resolved Arctic System Reanalysis (ASR) (Bromwich et al., 2012) to evaluate the influence of near‐surface
wind stress and sea ice concentration. The 3‐hr resolved outputs are then interpolated in time to match
the time resolution of each ADCP time series. Wind stress is computed using the Large and Pond (1981)
parameterization. For both the wind stress and sea ice concentrationmetrics, coherence spectra show no evi-
dence of significant coherence and correlation coefficients between daily‐averaged time series of each for-
cing metric and ϵIW are negligible (r2 < 0.02). In addition, a comparison between the ϵIW distribution in
periods of land‐fast ice versus that in open‐water conditions, a contrast that is particularly relevant in the
Nares Strait environment, shows that these distributions are effectively indistinguishable. Note that includ-
ing time lags between 1 and 7 days when computing correlation coefficients does not strengthen the relation-
ships between ϵIW and any of the metrics we consider in either region.

To gain insight into the influence of IW forcing mechanisms and/or environmental conditions on the low
frequency variability of ϵIW observed in Nares Strait on seasonal timescales, we next focus on metrics that
exhibit cyclical seasonal patterns, including upper ocean stratification (computed from the two shallowest
in situ CT sensors associated with each mooring), wind stress, and sea ice concentration; here, baroclinic
current speeds are excluded as they do not show systematic seasonal variation. With the exception of the
western KS02 site, which is characterized by peaks in stratification that occur slightly later in the summer,
low‐passed time series of stratification appear closely in phase with the observed ϵIW seasonal cycle
(Figures 10a and 10b). This relationship is consistent with theory that predicts that the cascade of IW energy
to the breaking scale is accelerated in higher stratification (e.g., Polzin, 2009). It potentially also reflects an
enhancing influence of stratification on the effects of baroclinic tidal forcing on internal tidal amplitudes
(Kulikov et al., 2004). This effect would increase the energy available for mixing even if the amplitude of
the baroclinic current speed itself exhibited little seasonal variation.

Figure 9. As in Figure 8, but for the Beaufort Sea mooring record (CA11‐03). In (b), the x axis is truncated to exclude
high outliers (representing 2% of the u∗ data).
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While the time series of wind stress varies on seasonal timescales, the timing of the peaks, which indicate
intensified wind forcing during winter as expected from winter storms (Figure 10c), appears
anti‐correlated with periods of elevated dissipation rates in summer. The timing of the seasonal maxima
in ϵIW also does not align with the seasonal cycle in ice concentration (Figure 10d, dotted line), lagging per-
iods of solid ice cover by 1 to 2 months on average. In contrast, we observe that periods of elevated ϵIW esti-
mates consistently coincide with the timing of the ice breakup period over this 3‐year record, as seen in the
alignment of seasonal maxima in ϵIW with periods of negative time rate of change of ice concentration
(Figure 10d, solid line). This relationship suggests the potential for a variety of mechanisms to contribute
to enhanced turbulence during the ice melt season, when Nares Strait undergoes a rapid transition from
land‐fast ice to freely drifting, small ice floes (Ryan & Münchow, 2017). Relevant processes may include
some combination of IW dissipation dynamics in the under‐ice boundary layer (Guthrie et al., 2013;
Morison et al., 1985), enhanced near‐inertial ice motion during periods of mobile ice flow (McPhee, 2008),
interactions between tidal flow and deep ice keels and ridges (Marsden et al., 1994), and/or increased ocean
surface stress via sea ice drag (Martin et al., 2016).

Figure 10. Low‐passed time series in Nares Strait of (a) depth‐averaged ϵIW (as in Figure 6), (b) upper ocean
stratification, (c) wind stress, and (d) the time rate of change of ice concentration (left axis, solid line) and ice
concentration (right axis, dotted line). Colors and line thicknesses denoted by the legends in (b–c) indicate time
series that are most representative of each mooring site, that is, the nearest CT‐equipped mooring in (b) and the
nearest ASR grid cell in (c). Recall that KS12 and KS14 are associated with the same stratification estimates, and thus,
these time series overlap. Similarly, KS10 and KS12 are associated with the same wind stress estimate. Since the ice
concentration data are highly similar across the strait, we show only one time series here for simplicity. The thick line is
colored gray to indicate a positive time rate of change of ice concentration (formation) and yellow to indicate a negative
time rate of change (breakup). The horizontal thick black line denotes a time rate of change of zero. In each panel,
shaded boxes depict periods of land‐fast ice and vertical dashed lines indicate 1 January of each year as in Figure 6.
Note that disparities between land‐fast ice shading and the ice concentration time series are primarily an artifact of
smoothing over a 120‐day window.
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We recognize that seasonal variations in the quality of ADCP measurements of horizontal velocity may also
play a role in the seasonal variation of shear variance here, as the environment is intermittently noisier when
mobile ice is present and ADCP noise floor estimates are typically higher in winter periods when the abun-
dance of scatterers is reduced. We derive confidence in our conclusion that the reported seasonal cycle in ϵIW
is a physical water column signal from an analysis of ADCP noise and error metrics, which indicates that
uncertainty in the velocity estimates is elevated during periods of land‐fast ice as opposed to periods when
estimates of ϵIW are maximal. Further, consistency with previously reported seasonality of IW amplitude
and energy (Cole et al., 2018; Dosser & Rainville, 2016) and inferred turbulent dissipation in Canadian shelf
and shelf‐slope waters using strain‐based methods (Chanona et al., 2018) gives credibility to the seasonality
reported here. Finally, while the drivers of the seasonal cycle in ϵIW are interesting to speculate on, it is
important to recall that the magnitude of this cycle is small relative to the much wider range of higher fre-
quency variability in ϵIW that we observe in this study (summer and winter peaks typically vary by a factor of
3). Seasonal variation thus does not appear to be a dominant source of variability in IW‐driven dissipation in
this region.

4.4. IW‐Driven Mixing Rates and Vertical Heat Fluxes

Given the importance of turbulence to oceanmixing andwater property fluxes, it is common to use estimates
of the turbulent dissipation rate, ϵ, to infer the implied turbulent mixing rate via the Osborn model
(Osborn, 1980). However, numerous recent studies (e.g., Bouffard & Boegman, 2013; Ivey et al., 2008) high-
light the importance of considering the characteristics of the oceanographic environment before doing so,
especially in strongly stratified, low‐energy environments like the Arctic Ocean (Sévigny, 2013; Scheifele
et al., 2018). A quantification of when conditions justify the assumption of turbulent mixing implicit in

the Osborn model is typically assessed by computing the buoyancy Reynolds number, Reb ¼ ϵ=νN2 , where
ν is the kinematic viscosity. Specifically, a threshold criteria of Reb > O(10) can be used to characterize flows
that have sufficient turbulent energy to overcome the background stratification and generate turbulent over-
turns (Bouffard & Boegman, 2013).

We use estimates of ϵIW and N2 to compute the time series of Reb at varying depths for each mooring record.
A comparison of the distributions of Reb estimates in Nares Strait versus the Beaufort Sea shelf‐slope again
highlights a distinct regional contrast (Figure 11a) (note that throughout this subsection, we group estimates
from all Nares Strait moorings together, a simplification justified by the minimal mooring‐to‐mooring

Figure 11. Log‐scale histograms of (a) the buoyancy Reynolds number, Reb, and (b) the IW‐driven diffusivity, κIW, in
Nares Strait (red) and on the Beaufort Sea shelf‐slope (blue). The dashed line in (a) indicates Reb ¼ 10, the threshold
criteria below which we expect turbulent overturning to be suppressed and mixing to be in a molecular or transitional
regime. Estimates of κIW that correspond to values of Reb that surpass this threshold are shown in (b) as solid bars; light

shading depicts the portion of the distribution where computation of κIW via the Osborn model is poorly justified.
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differences between estimates from the KS02, KS10, KS12, and KS14 records relative to the much larger
regional contrast between estimates from Nares Strait overall and those from the Beaufort Sea shelf‐slope
site). While the distribution of Reb estimates in Nares Strait indicates that 73% of estimates satisfy the criter-
ion of Reb> 10, indicating that mixing may be classified as turbulent, the same can be said for the Beaufort
Sea data for only 2% of the record. This characterization implies that the anticipated frequency of turbulent
mixing events is significantly higher in Nares Strait relative to the Beaufort Sea shelf‐slope, occurring about
40 times more often.

These Reb estimates have important implications for estimation of the expected mixing rate. In particular,
the proportion of Reb estimates above versus below the critical value indicates when it is appropriate to

derive κIW according to the Osborn model, such that κIW ¼ ΓðϵIW=N2), where Γ is the flux coefficient (here
set to the typically assumed value of 0.2). This subset of κIW estimates is shown in Figure 11b as solid bars.
For the remainder of estimates, for which Reb< 10, the mixing regime is not appropriately characterized as
fully turbulent and estimates of κIW are not expected to describe the mixing rate (Figure 11b, light shading).
Instead, for this subset of data, we expect mixing to occur at the rates of molecular diffusion (i.e., 10−9 m2 s−1

for salt and 10−7 m2 s−1 for temperature) or at rates associated with a molecular‐to‐turbulent transitional
regime (see, e.g., Bouffard & Boegman, 2013). While the turbulent subset of the Nares Strait distribution
characterizes a large majority of κIW estimates in this region, only 111 estimates on the Beaufort Sea
shelf‐slope are classed to be in a fully turbulent mixing regime. Despite this disparity in relative occurrence,
the κIW estimates in the turbulent regime in each region have a similar central tendency; geometric mean
values of this subset are 2 × 10−5 m2 s−1 for the Nares Strait estimates and 1 × 10−5 m2 s−1 for the
Beaufort Sea shelf‐slope estimates. However, the larger fraction of turbulent estimates in Nares Strait implies
that the arithmetic average of this subset, at 9 × 10−5 m2 s−1, is a factor of 8 larger than the equivalent aver-
age on the Beaufort Sea shelf‐slope.

The distinction in the Reb distributions for the two regions will result in a significant regional difference in
the time‐averaged mixing rate, determined by the combined contribution of mixing in molecular, transi-
tional, and turbulent regimes. We illustrate a key example of this impact via the calculation of vertical heat
flux estimates implied by our ϵIW estimates. Specifically, we compute the vertical heat flux according to FH

¼ −ρcpκðdT=dzÞ, where we set the mixing rate, κ, equal to our estimates of κIW when Reb> 10 and equal to

the molecular diffusivity of temperature, κT ¼ 1 × 10−7 m2 s−1, otherwise. Here, ρ is the density and cp is the
specific heat capacity of seawater. To compute the vertical temperature gradient, dT/dz, we use a linear
regression over the range of the moored CT sensors. Note that this treatment neglects a contribution of
the transitional regime; however, such impacts on the average heat flux are small, as the integrated heat flux
is largely unaffected by variability (or inaccuracies) in the smaller order of magnitude mixing rate estimates.
We also only compute estimates of FH associated with negative dT/dz (i.e., those which correspond to
upward heat fluxes and are thus most relevant to sea ice melt).

The relative shapes of the bimodal distributions of FH in each region (Figure 12) highlight how the frequency
of turbulent κIW estimates can dramatically impact net heat transport. In Nares Strait, the arithmetic mean
value of 1.1W m−2 is clearly dominated by the turbulent subset of estimates, which have a 1% to 99% inter-
percentile range spanning 0.1 to 18.7Wm−2. In contrast, the very small fraction of turbulent estimates at the
Beaufort Sea site is insufficient to skew the mean value of 4 × 10−3W m−2 into the range of turbulent esti-
mates, which spans 0.05 to 0.3W m−2. In both regions, the values of the non‐turbulent subset of estimates
are typically O(10−3) W m−2.

The high end of the Nares Strait distribution is characterized by a long tail, with close to 1,500 estimates that
surpass 50W m−2. We confirm that a sample of these estimates is associated with large vertical shear and
thus appears physical. These high shear events appear short‐lived, with less than 10% of these extreme esti-
mates being associated with consecutive, 30‐min resolved mooring measurements. Apart from evidence of a
small seasonal variation in the occurrence of high‐end estimates (occurring 2.5 times more often in the sum-
mer, July–August, than in winter, January–February), they are relatively evenly distributed in space and
time. They occur in every month of the record and individual events are rarely separated by more than 5
days; this suggests that they likely represent a frequently occurring intermittent process. Due to the
multiple‐order‐of‐magnitude variability in FH estimates, such high‐end outliers are disproportionately
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important in contributing to vertical transport of heat toward the surface. For example, we find that 60% of
the total heat flux integrated over the 3‐year record in Nares Strait is generated by only the top 5% of all FH
estimates. While the integrated heat flux is significantly lower on the Beaufort Sea shelf‐slope owing to the
much weaker role of turbulence at that location (even after accounting for the shorter record duration), the
small number of rare turbulent heat fluxes are approximately 2 orders of magnitude greater than molecular
heat flux estimates and thus contribute to over half of the total heat flux at this site.

Time series of the daily arithmetic average of FH and its 120‐day running mean indicate that both the day‐to‐
day variability and the low‐passed average values of vertical heat flux in Nares Strait are elevated in summer
(Figure 13), consistent with the variability observed in the ϵIW time series in this region. We further note a
seasonal cycle in the background temperature gradient that is also larger on average during the summer
(not shown). The seasonal variation of FH has potentially important implications on sea ice characteristics
here. In particular, we find that the highest daily FH estimates appear to consistently occur in the months
following periods of land‐fast ice (Figure 13, shaded boxes). We compute the implications of the integrated
heat flux for sea ice melt and find that this flux could melt Z∗ ¼ 2:6 cm of sea ice melt over a 2‐month

Figure 13. Time series of heat flux estimates in Nares Strait, where the gray line shows the time series of daily‐averaged
estimates across all four mooring sites and the red line shows the corresponding 120‐day running mean. Shaded boxes
depict periods of land‐fast ice and vertical dashed lines indicate 1 January of each year as in Figure 6.

Figure 12. Log‐scale histograms showing both turbulent IW‐driven heat flux estimates (computed when Reb> 10)and
molecular‐driven heat flux estimates (computed when Reb≤ 10) (a) in Nares Strait and (b) on the Beaufort Sea shelf‐
slope. We further restrict the data to only include estimates associated with negative temperature gradients (decreasing
with depth), such that the distributions represents estimates of the upward heat transport most relevant to sea ice melt.
Arithmetic mean values of each distribution are denoted by dotted lines.
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summer period (July–August), where Z∗ ¼ E=ρiLo, E is the time‐integrated heat flux, ρi is the density of sea
ice, and Lo is the latent heat of melting sea ice (Fukusako, 1990). Winter heat fluxes (January–February) are
capable of melting about half this quantity. Integrated over a full year, the mean FH value in Nares Strait of
1.1W m−2 suggests that annual melting of up to 11 cm of sea ice could be driven by vertical ocean mixing,
which represents about 10% of the approximately 1‐m average ice thickness in this region (Ryan &
Münchow, 2017). However, it is important to recognize the implicit assumption in these calculations that
all heat fluxed in the stratified interior water column reaches the ice‐ocean boundary. In fact, a significant
fraction may be lost to warming subsurface layers (Padman & Dillon, 1991). Nevertheless, Arctic modeling
experiments show that similar ranges of heat fluxes (e.g., O(1) to O(10) W m−2) can significantly influence
sea ice concentration, with effects that are comparable to atmospheric thermodynamic forcing (Maykut &
Untersteiner, 1971; Polyakov et al., 2010, 2011).

5. Summary and Discussion

By applying a shear‐based fine‐scale parameterization of turbulent dissipation to mooring records of vertical
current shear and stratification in Nares Strait and on the Beaufort Sea shelf‐slope, we have obtained over
600,000 estimates of the IW‐driven dissipation rate, spanning 3‐year and 1‐year periods, respectively. Our
analysis of these respective time series, their relationships with potential forcing metrics, and their implica-
tions for the variability of mixing regimes, mixing rates, and turbulent heat fluxes have yielded key results
enumerated as follows.

1. There exists large local temporal variability in estimates of the dissipation rate in both regions. Estimates
of ϵIW at each site span over 3 orders of magnitude.

2. Despite this wide variability, a distinctive contrast in turbulence intensity between the two sites is appar-
ent, with the Beaufort Sea shelf‐slope site characterized by much weaker turbulence on average. The sta-
tistical distribution of ϵIW at each site does not overlap to within one standard deviation, geometric mean
values of each distribution differ by 2 orders of magnitude, and there exists proportionally more high‐end
outliers in the Nares Strait distribution of ϵIW estimates.

3. In Nares Strait, there is evidence of systematic variability in ϵIW at diurnal, semidiurnal, and higher tidal
harmonic frequencies. We further see systematic seasonal variability in dissipation matching a seasonal
cycle in stratification with enhanced values in summer relative to winter months.

4. In Nares Strait, we document coherence between the dissipation rate and the baroclinic velocity, used as
a metric of tidal forcing, over a wide range of timescales. Further, our analysis suggests that dissipation
magnitude scales systematically with daily‐averaged tidal strength.

5. Estimates of the buoyancy Reynolds number indicate that turbulent mixing occurs rarely at the Beaufort
Sea shelf‐slope site (2% of recorded estimates). In contrast, in Nares Strait, we expect turbulent mixing to
occur frequently (71% of recorded estimates).

6. High‐end tail estimates of the turbulent dissipation distribution are disproportionately important in set-
ting the net vertical heat flux. In Nares Strait, the highest 5% of heat flux estimates are responsible for 60%
of the total heat flux integrated over the 3‐year record. On the Beaufort Sea shelf‐slope, turbulent fluxes
representing 2% of the record generate over 50% of the total record‐integrated heat flux.

A key overarching feature of our results is the large, local variability in turbulent metrics we document, con-
sisting of multiple‐order‐of‐magnitude variability at both sites. While these ranges are consistent with ranges
of variability reported across other mixing studies in the Arctic Ocean (see, e.g., Chanona et al., 2018, their
Table 1) and corroborate an understanding of wide variability in turbulent dissipation that exists on a broad
range of time and length scales (e.g., Chanona et al., 2018; Kunze, 2017; Whalen et al., 2012), the relatively
long time series and large number of estimates delivered by our analysis provide uniquely sampled statistical
descriptions of turbulent metric distributions in two contrasting Arctic Ocean environments. These statisti-
cal descriptions are important because they suggest plausible ranges of variability on various timescales cri-
tical to the assessment of whether mixing rates are changing in response to changing Arctic conditions.
Further, they more robustly define the mean value and contribution of rare, high‐end outliers, the latter
being critically important for accurately describing net heat, nutrient, and buoyancy fluxes frommixing rate
estimates (Baker & Gibson, 1987). In our study, we find that the top few percent of heat flux estimates can
account for over half of the total integrated flux. This disproportionate contribution of rare and episodic
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turbulent events illuminates the substantial challenge in using sparse observations to characterize the Arctic
Ocean mixing environment and mixing's net impacts.

Our results also highlight important distinctions between Nares Strait versus the Beaufort Sea shelf‐slope,
despite a similarly large range of variability in turbulent dissipation. At the Beaufort Sea site, we quantify
extremely low dissipation rates and exceptionally small IW‐driven heat flux estimates, consistent with the
characterization of the Arctic Ocean as weakly mixed relative to the rest of the global ocean (e.g., D'Asaro
& Morison, 1992; Fer, 2009; Rainville & Winsor, 2008) and the conclusion that IW‐driven mixing is not
the most important contributor to Arctic Ocean vertical heat transport (D'Asaro & Morison, 1992). In con-
trast, turbulent dissipation in Nares Strait is 2 orders of magnitude larger on average, and mean
IW‐driven vertical heat fluxes are of a magnitude sufficient to melt over 10 cm of ice per year. These quanti-
fications contribute to a growing record that describes significant regional contrasts in turbulent mixing
Arctic‐wide (e.g., D'Asaro & Morison, 1992; Guthrie et al., 2013; Rainville & Winsor, 2008; Rippeth
et al., 2015; Shaw & Stanton, 2014; Sundfjord et al., 2007). They further add evidence of contrasting skew
symmetry in regional distributions of dissipation estimates, as well as a marked difference in the propensity
for being in a turbulent mixing regime, for the two contrasting sites we consider. This latter difference has
important implications for our expectations for the future evolution of mixing in the Arctic Ocean in the con-
text of changes in ice cover, wind forcing, ice mobility, and stratification, suggesting that regional contrasts
in mixing intensity may amplify in the future. Given evidence that spatially varying mixing rates in Arctic
model configurations can significantly impact stratification, circulation, and heat budgets (Epstein, 2018;
Liang & Losch, 2018; Zhang & Steele, 2007), our results suggest that regionally varying prescriptions of
the mixing rate in ocean models may be important to improving our ability to predict the Arctic Ocean state.

Our analysis provides insights into important timescales of variability in turbulent metrics and further sug-
gests mechanisms that are likely to be important in modulating turbulent mixing rates. The evidence we pre-
sent that IW‐driven mixing on daily timescales is most strongly modulated by baroclinic current speed
relative to local wind stress, sea ice concentration, or stratification adds to a growing body of evidence that
suggests that tidal forcing of turbulent mixing dominates in many regions of the Arctic Ocean interior (e.g.,
Chanona et al., 2018; Fer et al., 2015; Lenn et al., 2011; Rippeth et al., 2015, 2017; Scheifele et al., 2020). This
conclusion is also consistent with the findings in Guthrie et al. (2013), which indicate that wind forcing and
its interaction with sea ice cover do not play a dominant role in setting mixing rates in the water column
interior. Evidence that tides can drive episodic, depth‐independent mixing, in contrast to the wind which
is restricted to influencing only the near surface, is also documented in the Southern Ocean by Mead
Silvester et al. (2014). On longer timescales, we identify a seasonal modulation of mixing rates that appears
closely tied to seasonal variability in stratification and further may reflect the response to a variety of
mechanisms active during the ice melt season. These insights are also important when considering how
we expect Arctic Ocean mixing rates to change in the future.

Finally, our results identify a significant role of stratification in defining mixing at these two sites. Buoyancy
Reynolds number estimates indicate that weak dissipation and strong stratification combine to imply that
mixing at both sites, albeit to different degrees, is often characterized as molecular and/or in a transitional
regime, rather than as fully turbulent. In these non‐fully turbulent mixing regimes, the applicability of the
standardly assumed Osborn (1980) model relating the turbulent dissipation rate to the turbulent diffusivity,
the prescription of themixing efficiency, and the relevance of the differingmolecular diffusivities of heat and
salt all require careful consideration (Bouffard & Boegman, 2013; Ivey et al., 2008). Changes in turbulence
anticipated as sea ice extent continues to decrease (e.g., Rainville & Woodgate, 2009) must be considered
in tandem with changes in Arctic Ocean stratification (e.g., Peralta‐Ferriz & Woodgate, 2015; Rabe
et al., 2011) with regard to their impact on mixing regime; changes in the frequency of turbulent mixing will
have important consequences for net vertical heat fluxes. In this way, our results endorse the conclusions of
Davis et al. (2016) which identify the erosion of the cold halocline as the largest risk for ongoing melting of
Arctic sea ice.

There are important limitations in our investigation of the relative roles of mechanisms that force and/or
modulate the IW contribution to turbulent dissipation. First, our attempt to define the relationships between
dissipation and various forcing mechanisms may be challenged by the inherent assumption that the wave-
field is locally generated. Second, it may be hampered by the crude and poorly resolved forcing information
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we consider in some cases. In particular, we recognize that measures of baroclinic current speed and strati-
fication are derived from in situ measurements collected at the same location and temporal resolution as
those used to estimate ϵIW, whereas wind stress and ice concentration estimates are obtained from a coarser
space‐time resolution reanalysis product. We further recognize that wind‐driven IW generation in the Arctic
Ocean is likely controlled by a more complex interplay of factors related to sea ice dynamics, such as wind
factor (Dosser & Rainville, 2016), rather than wind stress alone, and additionally that wind‐driven effects
may have limited vertical extent (Lincoln et al., 2016).

These limitations alongside open questions about the implications of our results for the larger Arctic
ice‐ocean system motivate further investigation. First, a more detailed analysis of the relationship of
near‐surface dissipation to local wind forcing, ice motion, and ice characteristics is called for. We endorse
continuing to build a broad record of mixing estimates that use diverse methods and resolve various scales
of variability, which are needed to better understand the space‐time geography of mixing rates and mechan-
isms, as well as their susceptibility to change. In this task, it is important to build on the tests of Fer
et al. (2010), Guthrie et al. (2013), and Kawaguchi et al. (2016) to develop our understanding of the skill
and utility of the fine‐scale parameterization in the unique Arctic environment. It is further necessary to
appropriately merge this description of IW‐driven mixing with other Arctic Ocean relevant mechanisms
of mixing such as double diffusion, isopycnal interleaving, and stirring by mesoscale eddies. As regional dif-
ferences in turbulent mixing and stratification are likely to lead to varying responses to climate change, such
as with respect to sea ice melt (e.g., Davis et al., 2016) and primary production (e.g., Randelhoff &
Guthrie, 2016), further assessment of the sensitivity of the modeled Arctic Ocean state to different mixing
rate distributions is also needed. Finally, given the identified need to consider not only future changes in
IW activity and turbulent energy, but also future changes in stratification and property gradients that act
as important controls for the impacts of mixing, it will be important to collect well‐resolved, long‐duration
time series of both turbulent energy and water column structure in order to understand the future evolution
of the Arctic Ocean in the context of ongoing environmental change (e.g., Carmack et al., 2015).

Data Availability Statement

Each data set is publicly available in post‐processed form (https://data.eol.ucar.edu/dataset/106.292) and
from the Polar Data Catalogue (www.polardata.ca; https://doi.org/10.5884/11653).
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