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Abstract Our understanding of ocean mixing is challenged by its patchy, episodic nature and a scarcity
of direct measurements, especially in the Arctic Ocean. In this study, we exploit a historical record of nearly
3,000 conductivity-temperature-depth profiles collected in the shelf and shelf-slope waters of the Canadian
Arctic Ocean from 2002 to 2016 to characterize the variability of 28,872 internal wave-driven turbulent
dissipation and mixing rate estimates from a finescale parameterization. We find that these estimates of
wave-driven dissipation rates and associated diapycnal diffusivities are generally low, but exhibit wide
variability, each spanning several orders of magnitude. We further find that stratification plays a significant
role in modulating the mixing rate both vertically and regionally within the study domain. Dissipation
rate and diffusivity estimates display a weak seasonal cycle, but no evidence of statistically significant
interannual trends over this period. Exceptionally large localized temporal variability appears to dominate
other potential underlying patterns. The presence of strong upper ocean stratification combined with
predominately weak dissipation rate estimates implies that many regions in the Canadian Arctic
Ocean are likely in a molecular or buoyancy-controlled mixing regime. Even when the concept of a
turbulent-enhanced diffusivity is potentially relevant, most turbulent heat flux estimates out of the Atlantic
Water thermocline are smaller than the average value required to close the standardly assumed Arctic
Ocean heat budget. In contrast, we find evidence for isolated occurrences of anomalously large heat fluxes,
which may disproportionately contribute to the liberation of Atlantic Water heat toward the surface sea
ice pack.

1. Introduction

The Arctic Ocean is characterized by remarkably low turbulent energy levels relative to the rest of the world’s
oceans (Rainville & Winsor, 2008). It has thus predominantly been viewed as a quiescent, weakly mixed ocean.
This description of the Arctic Ocean is reinforced by observations of low internal wave activity (e.g., Guthrie
et al., 2013; Halle & Pinkel, 2003; Levine et al., 1985) and pervasive double-diffusive staircases that dominate
much of the thermocline (e.g., Shibley et al., 2017; Timmermans et al., 2008), the existence of which implies
weak shear instabilities and turbulence. However, the scarcity of existing measurements in this remote, harsh
environment poses significant challenges in our ability to accurately quantify typical Arctic Ocean mixing
rates and understand their variability in space and time. Mixing patchiness, which is pervasive globally (Ivey
et al., 2008), remains particularly poorly characterized in the Arctic Ocean due to relative undersampling. This
study aims to address the need for broader analyses by using widespread historical observations to charac-
terize both the spatial and temporal variability of estimated internal wave-driven mixing rates in the shelf and
shelf-slope waters of the Canadian Arctic Ocean.

Internal waves are believed to be the dominant driver of turbulent mixing in the ocean interior (Garrett &
Munk, 1979) and their impacts on mixing are affected by oceanographic conditions that are highly variable
in both space and time. In the Arctic Ocean in particular, important influences on wave-driven mixing include
winds, ice, topography, and tides. For example, large-scale geographical surveys of microstructure parame-
ters across the central Arctic have revealed enhanced turbulence over major Arctic ridges (Rainville & Winsor,
2008). Rippeth et al. (2015) also detected elevated turbulence across rough Arctic continental shelf breaks that
were linked to the tide. Unique environmental factors in high-latitude oceans, including the suppression of
freely propagating linear internal tides poleward of the critical latitude, the importance of tidal energy conver-
sion to nonlinear waves (Rippeth et al., 2017), and the insulating effects of sea ice cover, are further expected to
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Table 1
Summary of Dissipation Rate, 𝜖, Mixing Rate, 𝜅, and Heat Flux, FH, Results From Previous Turbulent Mixing Studies in the Arctic
Ocean

Source Location 𝜖 [W/kg] 𝜅 [m2/s] FH [W/m2] Type

Padman and Dillon (1991) Yermak Plateau 10−10 –10−6 −5–25 Micro

D’Asaro and Morison (1992) Nansen Basin 10−6 –10−4 2–22 Fine

/Fram Strait

Wijesekera et al. (1993) Yermak Plateau 10−10 –10−8 Fine

Sundfjord et al. (2007) Barents Sea 10−8 –10−6 10−5 –10−3 0.3–50 Micro

Fer and Sundfjord (2007) Barents Sea 10−8 –10−6 10−4 –10−3 10–20 Micro

Lenn et al. (2009) East Siberian slope 10−10 –10−9 10−6 –10−4 0.01–5 Micro

Fer (2009) Amundsen Basin 10−9 –10−7 10−6 –10−4 0–0.5 Micro

Fer et al. (2010) Yermak Plateau 10−9 –10−7 10−5 –10−4 −15–15 Micro/fine

Bourgault et al. (2011) Amundsen Gulf 10−9 –10−7 10−6 –10−3 Micro

Lenn et al. (2011) Laptev Sea 10−6 –10−3 10−6 –10−3 Micro

Guthrie et al. (2013) Central Arctic 10−6 –10−4 −2–2 Micro/fine

/Canada Basin

Rippeth et al. (2015) Circumpolar shelves 10−9 –10−7 0.05–50 Micro

/Canada Basin

Kawaguchi et al. (2016) Chukchi Plateau 10−10 –10−8 O(1) Micro/fine

Note. “Type” indicates whether 𝜖 is obtained from direct microstructure observations (micro) or inferred via a finescale
parameterization (fine). Ranges of 𝜖 and 𝜅 are rounded to the nearest order of magnitude. Values reported within the
mixed layer of Fer and Sundfjord (2007) and Kawaguchi et al. (2016) are excluded as they are not relevant to internal
wave-driven processes and are thus outside the scope of this study.

impose regional and seasonal limitations on internal wave generation, evolution and, ultimately, wave-driven
mixing. Previous studies, including a mixture of both direct turbulence measurements and finescale estimates
of wave-driven turbulence, have found that the turbulent kinetic energy dissipation rate, 𝜖, and associated
eddy diffusivity, 𝜅, can each span 2 to 4 orders of magnitude in localized Arctic regions (Table 1).

Climatic changes that have been observed in the Arctic environment in recent decades, such as the decrease
in multiyear ice (Comiso, 2002), the intensification of storms (Zhang et al., 2004), and the increase in sea ice
drift speeds (Hakkinen et al., 2008), are dramatic and ongoing. Related changes in wind and sea ice proper-
ties have also been shown to significantly impact the response of near-inertial internal wave amplitude and
energy (e.g., Dosser & Rainville, 2016; Martini et al., 2014; Rainville & Woodgate, 2009). It is thus reasonable to
anticipate a future increase in wave-driven mixing in the upper ocean. However, despite this well-documented
increase in internal wave activity, direct microstructure measurements of turbulence, though sparse, convey
a message of continued quiescence in the Arctic Ocean interior. For example, in a case study of mixing during
stormy, ice-free conditions in 2012, Lincoln et al. (2016) found that stratification effectively insulated inter-
mediate Atlantic Water (AW) thermocline waters from significant wind-driven energy inputs, thus suggesting
that mixing in the interior may not be impacted by changes in surface forcing. Strong Arctic Ocean stratifica-
tion has further been shown to dampen energetic internal waves and turbulence in the Beaufort Sea (Guthrie
et al., 2013). In contrast, in regions in the eastern Arctic where stratification has weakened in recent years,
there is evidence that turbulent AW heat fluxes have increased (Polyakov et al., 2017). Future changes in Arctic
stratification thus appear likely to play an important role in the evolution of turbulent mixing conditions.

In light of recent changes in both internal wave energy sources and stratification, there is a growing interest in
how a future increase in internal wave activity may disrupt the typically quiet, but highly variable Arctic Ocean
interior. The degree to which increased internal wave activity in the Arctic Ocean will translate into intensified
turbulent mixing remains uncertain. Further, the potential for increased wave-driven mixing to erode the Arc-
tic Ocean’s strong upper ocean stratification, which historically has isolated the surface sea ice pack from AW
heat fluxes (Rudels et al., 1996), is not well understood. Variability in mixing mechanisms, as well as small-scale
patchiness of turbulence in space and time, complicates our interpretation of limited and localized obser-
vations and can potentially obscure large-scale patterns in the mixing environment. In an effort to alleviate
these challenges, we characterize the variability in internal wave-driven turbulence in the shelf and shelf-slope
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Figure 1. (a) Locations of conductivity-temperature-depth profiles from ArcticNet cruises (blue symbols) and JOIS
cruises (cyan symbols). Gray symbols indicate profiles excluded from analysis due to the presence of double-diffusive
staircases (see section 3). Temporal distribution of conductivity-temperature-depth data by (b) year and (c) month.
JOIS = Joint Ocean Ice Study.

waters of the Canadian Arctic Ocean. To do so, we investigate the extensive spatial and temporal scope of tur-
bulent dissipation and mixing rate predictions from nearly 3,000 historical conductivity-temperature-depth
(CTD) profiles. We apply a finescale parameterization for the turbulent kinetic energy dissipation rate, which
has been used widely over the past few decades to estimate the potential for internal waves to drive mixing
throughout the world’s oceans (e.g., D’Asaro & Morison, 1992; Gregg, 1989; Gregg et al., 2003; Guthrie et al.,
2013; Kunze et al., 2006; Lique et al., 2014; Meyer et al., 2015; Polzin et al., 1995; Whalen et al., 2012; Wijesekera
et al., 1993). This method offers a key opportunity to exploit a wealth of existing finescale measurements in
the Arctic Ocean that span space and time much more extensively than current microstructure data sets. The
primary goal of this study is to contribute to our understanding of the space-time variability of turbulent mix-
ing in the region by characterizing 28,872 estimates of turbulent dissipation and diapycnal mixing rates. We
further quantify the variability of stratification strength and assess its impact on suppressing turbulent mixing.

This paper is organized as follows. In section 2, we describe the CTD data set used in this study, including its
geographic and temporal coverage. Details of our implementation of the finescale parameterization of tur-
bulent dissipation and our method of inferring the associated wave-driven turbulent diffusivity is outlined
in section 3. In section 4, we present key spatial and temporal patterns that characterize the distributions
of our internal wave-driven dissipation and diffusivity estimates. We investigate vertical, regional, seasonal,
and interannual patterns of these rates and compare them to associated patterns in stratification strength.
In section 5, we discuss the apparent roles of tidal forcing, topography, and wind speed in underpinning
observed spatial and temporal patterns; the limiting effects of stratification on the potential for turbulent mix-
ing; and the implications of the distribution of estimated diffusivities on upward turbulent heat fluxes from
subsurface AW.
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Figure 2. (a) Stratification profile, N2, from a sample conductivity-temperature-depth cast in the Beaufort Sea. The
estimated background stratification profile (thick line) is calculated from a piece-wise quadratic fit to the observed data
(thin line) as described in the text. (b) Strain spectral density for the same profile. Thin gray lines indicate the spectrum
for each overlapping fast Fourier transform segment (calculated every 32 m) and the thick line indicates the mean of all
spectra. Purple lines represent the corresponding Garrett-Munk model spectrum for each segment. The waveband of
integration relevant to the internal wave scales of interest is shown by the shaded box.

2. Data

In this study, we examine 3,588 ship-lowered CTD profiles that span a wide geographic domain in the Cana-
dian Arctic Ocean (Figure 1). Of these profiles, 633 are discarded due to the presence of double-diffusive
staircases which are inconsistent with internal wave-dominated mixing (gray symbols, Figure 1; see section 3).
The data are sourced from two different databases. The first includes publicly available measurements from
ArcticNet, a Network of Centres of Excellence of Canada, that were collected during numerous cruises on the
CCGS Amundsen, the CCGS Pierre Radisson, and the CCGS Sir Wilfrid Laurier between 2002 and 2014. These pro-
files provide coverage of a number of distinct regions of the shelf and shelf-slope waters of the Canadian
Arctic Ocean, including the Beaufort Sea, Amundsen Gulf, the Canadian Arctic Archipelago, Hudson Bay, Baf-
fin Bay, and Davis Strait (blue symbols, Figure 1). Additional profiles are analyzed from the 2003–2016 Joint
Ocean Ice Study (JOIS) expeditions aboard the CCGS Louis St. Laurent, which extend coverage of the west-
ern Canadian Arctic, particularly along the shelf-slope region of the Canada Basin (cyan symbols, Figure 1).
These data were collected and made publicly available by the Beaufort Gyre Exploration Program based at
the Woods Hole Oceanographic Institution (http://www.whoi.edu/beaufortgyre). The combined annual cov-
erage of these data sets spans 15 years, with the usable number of profiles in each year ranging from 69
to 617, except for the years 2012, 2015, and 2016, in which the number of usable profiles ranges from 8 to
16 (Figure 1b). The seasonal distribution of profiles shows that the total number of profiles is higher in the
late-summer and early-fall months of July through October by an average factor of∼2–3; however, all months
are represented by a minimum of 88 profiles (Figure 1c).

Both the ArcticNet and JOIS programs employed SeaBird 911+ CTDs, with a 24 Hz sampling rate and
accuracies of ±0.0003 S/m, ±0.001 ∘C, and ±0.015% of full scale for conductivity, temperature, and pres-
sure, respectively. Each cast sampled to within 10–15 m of the ocean floor, with a typical lowering rate
of 1 m/s that was occasionally slowed to 0.5 m/s in the upper 200–500 m of the water column. All data
were accessed in quality-controlled, post-processed form with processing procedures following standard
Seabird processing and calibration steps, including 1 dbar averaging and the removal of salinity spikes. Fur-
ther details on the data processing procedure and quality control can be found in Guillot (2007) and at
http://www.whoi.edu/website/beaufortgyre/ for the ArcticNet and JOIS data, respectively.

3. Methods

We estimate the potential for internal wave-driven dissipation by applying a strain-based finescale param-
eterization for the turbulent kinetic energy dissipation rate, 𝜖. This method is based on theory describing
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Figure 3. Log-scale histograms of (a) internal wave-driven dissipation rates, 𝜖IW , and (b) internal wave-driven
diffusivities, 𝜅IW . The complete data set of 28,872 estimates are shown in each distribution, representing all 32 m
resolved point estimates in each vertical conductivity-temperature-depth profile. The central tendencies of the
distributions are indicated by the location of the geometric mean (solid line) and the spread of data is reflected by the
geometric standard deviation (dashed lines). Exact values of the geometric (geo) and arithmetic (arith) means and
associated standard deviations are given. Note that the geometric standard deviation is a multiplicative factor and is
thus dimensionless.

the downscale spectral energy cascade between internal wave scales and turbulent microscales where dis-
sipation and mixing occur (see Polzin et al., 2014, for a detailed review of assumptions, implementation, and
limitations). Here we follow the prescription in Kunze et al. (2006),

𝜖IW = 𝜖0
N2

N2
0

⟨𝜉2
z ⟩

2

⟨𝜉2
zGM⟩

2
h(R𝜔)L(f ,N), (1)

where we introduce the subscript “IW” notation to emphasize our focus on internal wave-driven dissipation
and mixing, recognizing that internal wave breaking is just one contributor to the overall turbulence. The
constants 𝜖0 = 6.73 × 10−10 W/kg and N0 = 5.24 × 10−3/s arise from normalization by the Garrett-Munk (GM)
spectrum (Garrett & Munk, 1979) and N2 represents the average stratification in the vertical profile segment
of interest. Angle brackets indicate integration over specified vertical wavenumbers relevant to the internal

Figure 4. Domain-wide average vertical profiles of (a) the internal wave-driven dissipation rate, 𝜖IW , (b) stratification, N, and (c) the internal wave-driven
diffusivity, 𝜅IW . We obtain averages along fixed depths by computing geometric means in (a) and (c) and arithmetic means in (b), where gray shading indicates
corresponding geometric and arithmetic standard deviations. At each depth, we require data from at least 50 conductivity-temperature-depth casts to compute
an average value. Due to fast Fourier transform segment length and averaging (see section 3), the shallowest estimates of 𝜖IW and 𝜅IW occur at ∼75 m. For
comparison, the average N profile is shown over the same depth range. Note that the kinks near 1,000 m in (a) and (b) are not physical, but reflect a regional bias
since deep profiles in the data set are not evenly geographically distributed.
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Figure 5. Representative temperature (purple) and salinity (blue) profiles
from a sample conductivity-temperature-depth cast taken from the Beaufort
Sea (as in Figure 2), depicting typical depth ranges of the CHL, AW
thermocline, and AW heat core. Based on temperature and salinity criteria
described in Jones (2001), Jackson et al. (2010), and Timmermans et al.
(2014), we define layer boundaries on a profile-by-profile basis by the ML
depth, the CHL temperature minimum, 𝜃min, and the AW temperature
maximum, 𝜃max, as indicated. Here we introduce the AW heat core as the
100 m thick layer centered around the AW temperature maximum.
CHL = cold halocline; ML = mixed layer; AW = Atlantic Water.

wavefield for the observed strain variance, 𝜉2
z , and the GM model strain

spectrum, 𝜉2
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 L(f ,N) corrects for a latitudinal dependence, where f is
the Coriolis frequency. Note that, in the absence of shear data, we assume
that R𝜔 = 7 (the global average found in Kunze et al., 2006), recognizing
that this is a source of uncertainty. There is some evidence to suggest
that the Arctic Ocean is characterized by R𝜔 values larger than this global
average value (e.g., Fer et al., 2010).

We estimate the wave-induced strain as 𝜉z = (N2 − N2
ref
)∕N2

ref
, where we

derive N from the 1 dbar-processed temperature, salinity, and pressure
data using the Gibbs-SeaWater Oceanographic Toolbox (McDougall &
Barker, 2011). We then approximate the background stratification (i.e., lack-
ing wave-induced perturbations), Nref, as a smooth piece-wise quadratic
fit to the observed N profile. We apply this fit to overlapping segments
that are initially 10 m in length and increase by 1 m every four segments.
This method yields a fit that allows for rapid changes in the background
stratification in the upper water column, while also being appropriate for
the largely uniform values of stratification at depth. We confirm that the
resulting 𝜖IW estimates are insensitive to reasonable variations of both the
segment length and the fitting method. The mixed layer, which inherently
does not contain internal waves (assuming a uniform stratification), is iden-
tified using a density difference criterion of 0.25 kg/m3 (Peralta-Ferriz &
Woodgate, 2015) and removed prior to analysis.

By applying a fast Fourier transform (FFT) on 75% overlapping 128 m seg-
ments along each vertical 𝜉z profile, we next compute the power spectral
density of 𝜉z as a function of vertical wavenumber. To do so, we detrend
and window each segment of 𝜉z (using a Hann window) and normalize the
resulting power spectral density estimate according to standard Fourier
methods described in Emery and Thomson (1997). This technique pro-
duces 32 m resolved estimates of strain spectral density as a function of

vertical wavenumber, kz , ranging from 0.008 to 0.5 cpm. A representative example of an N2 profile, its back-
ground fit, and the corresponding strain spectra are shown in Figure 2. To obtain ⟨𝜉2

z ⟩, we integrate these
spectra between the vertical wavenumbers kzmin

= 0.02 cpm and kzmax
= 0.10 cpm, corresponding to vertical

wavelengths of 𝜆zmax
= 50 m and 𝜆zmin

= 10 m, respectively. We discuss the choice of these limits of integra-
tion, which is somewhat subjective, below. Substituting ⟨𝜉2

z ⟩ into (1) ultimately yields 32 m resolved vertical
profiles of 𝜖IW .

We use these estimates of 𝜖IW to infer the associated turbulent mixing rate, 𝜅IW , by employing the Osborn
(1980) relation

𝜅IW = Γ
𝜖IW

N2
. (2)

Here the flux coefficient,Γ, is given byΓ= Rf /(1-Rf ), where the flux Richardson number, Rf , (defined as the ratio
of the buoyancy flux to the shear production of turbulent kinetic energy) represents the mixing efficiency. We
setΓ to the commonly assumed value of 0.2 (Rf = 0.17), acknowledging that the validity of this assumption for
oceanic flows is presently the subject of debate (e.g., Salehipour et al., 2016), particularly for low energy, highly
stratified flows as typify the Arctic Ocean (e.g., Bouffard & Boegman, 2013). Indeed, suggestions of enhanced
efficiencies have been reported in weakly turbulent Arctic conditions (Sévigny, 2013).

In contrast to frequency spectra of internal waves, which are bound by the f to N frequency band, defining the
range of vertical wavenumbers relevant to internal wave activity is problematic since there is no equivalent
theoretical wavenumber bound (Garrett & Munk, 1979). The choice of the limits of integration in (1) is there-
fore motivated by the trade-off between the desire to capture the variance of as many relevant internal wave
scales as possible, while avoiding contamination by nonwave small-scale processes and allowing for the anal-
ysis of relatively shallow profiles. We justify our choice above by noting that the observed strain spectra tend
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Figure 6. Spatial maps of (column 1: a, d, g) internal wave-driven dissipation rates, 𝜖IW , (column 2: b, e, h) stratification, N, and (column 3: c, f, i) internal
wave-driven diffusivities, 𝜅IW . Rows 1 to 3 depict layer-averaged values across the cold halocline, Atlantic Water thermocline, and Atlantic Water heat core,
respectively. All values are bin averaged into 1∘ longitude × 2∘ latitude grid cells. Color bar ranges are consistent across all layers for each parameter, at the
expense of showing detail within each layer.

to be approximately white over our selected wavenumber range (e.g., Figure 2b), as appropriate for applica-
tion of the finescale parameterization (Polzin et al., 2014). Further, we find that our estimates of 𝜖IW are not
significantly sensitive to the variation of these integration limits over the range of 𝜆zmin

> 2 m to 𝜆zmax
< 75 m.

We ensure the FFT is capable of well resolving the waveband of interest by requiring that (1) each FFT seg-
ment contains a minimum of 2.5 wavelengths of the longest internal waves of interest (as recommended in
Emery & Thomson, 1997) and (2) each profile yields at least two strain variance estimates (i.e., contains at least
two overlapping segments). Our choice of 𝜆zmax

= 50 m implies that these requirements are satisfied for all
profiles that are 160 m or longer in the ArcticNet and JOIS data sets.

To justify the application of (1), it is critical to limit the contamination of the computed strain spectra by non-
wave sources within our waveband of interest. One such source of particular relevance in the Arctic Ocean is
double-diffusive staircases, since the vertical length scales characteristic of double-diffusive steps are known
to overlap with internal wave scales (Shibley et al., 2017). While visual examination of profiles from the west-
ern Beaufort Sea shelf, the Canadian Arctic Archipelago, and Baffin Bay indicate that staircases were generally
not present, we do observe pervasive staircases in profiles located in the deep Canada Basin, consistent with
previous observations (e.g., Timmermans et al., 2008). To avoid including these nonwave sources of strain vari-
ance in our 𝜖IW and 𝜅IW estimates, we make the conservative choice to discard all profiles in this region that are
deeper than 2,000 m (gray symbols, Figure 1). We further recognize the potential for other types of nonwave
motions to also contribute to the contamination of the strain spectra; however, these sources are more diffi-
cult to identify and remove. For example, typical vertical length scales of Arctic eddies have been observed
to be between 30 and 300 m (Zhao et al., 2014), which partially overlaps the range of length scales included
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Figure 7. As in Figure 6, but showing log-scale histograms for western and eastern regions of the study domain. Dashed lines indicate the geometric mean.

in our chosen integration limits. Given this potential for additional nonwave sources of strain variance, it is
appropriate to interpret our results as an upper bound on the potential for internal waves to drive turbulent
dissipation and mixing in this region.

4. Results
4.1. Domain-wide Distributions of 𝝐IW and 𝜿IW

As a first characterization of the variability of inferred internal wave-driven dissipation rates and diffusivities in
the region, we examine their statistical distributions across the entire domain, consolidating both space and
time dimensions (Figure 3). The central tendencies of these distributions, characterized by geometric means
of 7×10−10 W/kg and 7×10−6 m2/s, respectively, indicate relatively quiet levels of turbulence as compared to
typical midlatitude oceans (e.g., Gregg, 1987; Ledwell et al., 1993, 2000). However, the most striking feature
of both distributions is the extreme variability evident in their wide spread. Estimates of 𝜖IW and 𝜅IW span
approximately 6 and 5 orders of magnitude, respectively. The corresponding geometric standard deviations
are nearly a full order of magnitude for 𝜖IW and over half an order of magnitude for 𝜅IW .

At the lowest end of these wide ranges, our estimates yield extremely small values, O(10−12) W/kg for 𝜖IW and
O(10−7) m2/s for 𝜅IW , which are roughly 1 to 2 orders of magnitude lower than the weakest microstructure and
finescale values reported in previous, more localized Arctic studies (see Table 1). With nearly a quarter of 𝜅IW

estimates falling below 10−6 m2/s and ∼6% that are as weak or weaker than the molecular diffusivity of heat,
a significant subset of this data thus depicts a mixing environment that appears to be accurately described
by the standard picture of Arctic Ocean quiescence. Conversely, in the high-end tail of the 𝜅IW distribution,
over 14% of estimates are O(10−4) m2/s or greater, which is comparable to well-studied, highly turbulent geo-
graphic locations in the midlatitudes, such as in the Brazil Basin (Ledwell et al., 2000) and over the Mid-Atlantic
Ridge (Mauritzen et al., 2002). Thus, while our estimates of 𝜅IW indicate that mixing is generally weak, it is clear
that mixing is not weak everywhere at all times.

4.2. Spatial Variability
To better diagnose the spatial variability of 𝜖IW and 𝜅IW , we first examine their average vertical structure
(Figure 4). We further compare these profiles with the average stratification profile to elucidate the compet-
ing roles of 𝜖IW and N on the typical mixing rate profile, as defined in (2). In the upper ∼400 m, we find that the
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Table 2
Statistical Characterizations of the Distributions of 𝜖IW and 𝜅IW Shown in Figure 7

Mean Standard deviation Mean Standard deviation

Layer Region (geometric) (geometric) (arithmetic) (arithmetic) Range

𝜖IW [W kg−1] CHL West 3 × 10−9 4.6 1 × 10−8 4 × 10−8 2 × 10−11 –7 × 10−7

East 9 × 10−9 4.0 2 × 10−8 4 × 10−8 4 × 10−10 –2 × 10−7

Thermo West 2 × 10−9 4.5 8 × 10−9 5 × 10−8 3 × 10−11 –2 × 10−6

East 3 × 10−9 3.1 5 × 10−9 7 × 10−9 1 × 10−10 –5 × 10−8

Heat core West 3 × 10−10 5.8 2 × 10−9 5 × 10−9 3 × 10−12 –6 × 10−8

East 1 × 10−9 3.1 2 × 10−9 3 × 10−9 2 × 10−11 –2 × 10−8

N [s−1] CHL West 2 × 10−2 1.3 2 × 10−2 4 × 10−3 2 × 10−3 –4 × 10−2

East 1 × 10−2 1.3 1 × 10−2 4 × 10−3 7 × 10−3 –3 × 10−2

Thermo West 8 × 10−3 1.3 8 × 10−3 2 × 10−3 3 × 10−3 –1 × 10−2

East 5 × 10−3 1.3 5 × 10−3 1 × 10−3 2 × 10−3 –1 × 10−2

Heat core West 2 × 10−3 1.3 2 × 10−3 7 × 10−4 6 × 10−4 –5 × 10−3

East 4 × 10−3 1.3 4 × 10−3 8 × 10−4 1 × 10−3 –6 × 10−3

𝜅IW [m2 s−1] CHL West 2 × 10−6 4.4 9 × 10−6 3 × 10−5 2 × 10−8 –6 × 10−4

East 2 × 10−5 3.6 4 × 10−5 6 × 10−5 1 × 10−6 –3× 10−4

Thermo West 1 × 10−5 3.8 2 × 10−5 4 × 10−5 2 × 10−7 –8 × 10−4

East 2 × 10−5 2.7 3 × 10−5 3 × 10−5 1 × 10−6 –2 × 10−4

Heat core West 1 × 10−5 4.3 3 × 10−5 5 × 10−5 1 × 10−7 –4 × 10−4

East 2 × 10−5 3.0 3 × 10−5 4 × 10−5 8 × 10−7 –3 × 10−4

Note. Values are subdivided according to vertical water column layers (Cold halocline [CHL]/Atlantic Water thermocline [thermo]/Atlantic Water heat core [heat
core]) and regional domains (west/east) as defined in the text. Indicated units apply to all values in a given row except the geometric standard deviation, which is
a dimensionless multiplicative factor.

rapid change in N dominates the average vertical structure of 𝜅IW . Here the inhibiting effect of stratification
on the mixing rate tends to weaken with depth, allowing for an increase in 𝜅IW despite decreasing 𝜖IW . Below
this part of the water column, average values of 𝜖IW , N, and 𝜅IW all remain relatively constant with depth.
The variability of averaged 𝜖IW and 𝜅IW profiles, indicated by standard deviations that are typically an order of
magnitude (gray shading, Figure 4), exhibits little depth dependence throughout the water column.

We next characterize geographic variability by mapping 𝜖IW , N, and 𝜅IW across the study region. To account
for significant vertical variability, we consider layer-averaged values in three important upper Arctic Ocean
water column layers: the cold halocline (CHL), the AW thermocline, and the AW heat core (see Figure 5 for the
identification of these layers in representative temperature and salinity profiles). In the CHL and the AW ther-
mocline, estimates of 𝜖IW display no clear regional patterns; however, N is distinctly stronger in the Beaufort
Sea and along the western continental shelf relative to eastern regions (Figure 6). Profiles in Davis Strait also
tend to exhibit relatively high stratification in this part of the water column. Spatial patterns in 𝜅IW appear
consistent with patterns in N, with slightly elevated mixing rate estimates in the east, and weaker rates in the
west. This relationship is most pronounced in the CHL and also evident in the thermocline, although quanti-
tative correlations between N and 𝜅IW are not compelling. In contrast, we observe no apparent geographical
patterns in 𝜅IW in the AW heat core. Here the counter-acting combination of high 𝜖IW and high N in the east
and low 𝜖IW and low N in the west explains this lack of geographic dependence in 𝜅IW .

To examine these regional patterns more quantitatively, it is useful to segment the study domain into eastern
and western regions of the Canadian Arctic Ocean (defined as west of 120∘W and east of 80∘W, respectively),
omitting the central archipelago to emphasize the regional contrast. We further exclude Hudson Bay, which is
distinct from other eastern Canadian Arctic regions. While the geometric means of the regional distributions
of 𝜖IW , N, and 𝜅IW support the qualitative conclusions drawn from spatial maps of these parameters (Figure 6),
the spread of values reveals additional insight into the variability within each region (Figure 7 and Table 2).
For both 𝜖IW and 𝜅IW in a given layer, overlap between the geometric standard deviations of each western
and eastern distribution implies that the variability within regions is large relative to the variability between
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Figure 8. Seasonal variability of (a, b) internal wave-driven dissipation rates, 𝜖IW , and (c, d) internal wave-driven diffusivities, 𝜅IW . Top row shows cold
halocline-averaged values and bottom row shows Atlantic Water thermocline-averaged values. Monthly geometric averages (colored symbols) are shown along
with corresponding standard deviations (gray lines). Shaded regions indicate winter (December–March) and summer (June–September) periods. Note that each
complete monthly climatology is repeated to highlight the seasonal cycle, where dotted lines mark the start of repeated data.

regions. In most cases (except Figures 7e and 7h), the range of values in the western region fully encapsulates
the corresponding range in the eastern region. Note that the western region contains nearly five times as
many profiles as the eastern region, which is likely partially responsible for the wider spread of distributions
in the west relative to the east.

4.3. Temporal Variability
Monthly averages of 𝜖IW reveal distinct seasonal cycles in different water column layers (Figures 8a and 8b).
In the CHL, 𝜖IW is highest in the summer/fall and lowest in the late winter/spring. In contrast, in the thermo-
cline, which exhibits similar patterns to that of the AW heat core (not shown), 𝜖IW is minimal in summer and
largest in early winter. The magnitude of the 𝜖IW seasonal cycle is over three times larger in the CHL than in
the thermocline, with peak averaged values in the summer and winter differing by a factor of ∼28 and ∼8,
respectively. The seasonal evolution in the CHL is consistent with that of near-inertial wave amplitudes cal-
culated over a similar depth range (Dosser & Rainville, 2016). The onset of ice break-up at the end of winter,
typically occurring in early April, also appears to align with increasing 𝜖IW rates; unfortunately, a precise anal-
ysis of the dependence of 𝜖IW on ice cover is challenging due to interfering effects of ice-breaking ships on
ice cover at sampling stations. An explanation of the wintertime peaks in 𝜖IW in the thermocline is less obvi-
ous. The mechanisms responsible for producing higher strain in this part of the water column are unclear and
require further study.

The seasonality of𝜅IW is tightly coupled to that of 𝜖IW in both layers, such that𝜅IW is greatest in the summer/fall
in the CHL and greatest in the early winter in the thermocline (Figures 8c and 8d). Seasonal variation in strati-
fication thus does not play a strong moderating role in the seasonal evolution of 𝜅IW in these layers. However,
small seasonal variations in N do act to weaken the seasonal 𝜅IW cycle overall, reducing its magnitude relative
to the 𝜖IW cycle by close to half in both the CHL and the thermocline. Here it should be remembered that we
define the CHL dynamically, starting at the seasonally evolving base of the mixed layer; the seasonal evolution
of properties at fixed depth may look substantially different.

Time series of annually averaged 𝜖IW and 𝜅IW estimates in the thermocline demonstrate no statistically sig-
nificant linear trends over the 15-year time period spanned by the data (Figures 9a and 9c). Correlation
coefficients are small and the uncertainty in least squares linear fits yield slopes that are indistinguishable
from zero at the 95% confidence level. While a decreasing trend in N is statistically distinguishable from zero
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Figure 9. Temporal variability of Atlantic Water thermocline-averaged
(a) internal wave-driven dissipation rates, 𝜖IW , (b) stratification, N, and
(c) internal wave-driven diffusivities, 𝜅IW . Yearly averages (geometric for
(a) and (c); arithmetic for (b); red symbols) are shown along with
corresponding standard deviations (gray lines). Gray dots indicate
the observed Atlantic Water thermocline values for each
conductivity-temperature-depth profile prior to annual averaging. Slopes
(with uncertainty calculated at the 95% confidence level) and r2 coefficients
are derived from least squares linear fits (black lines).

(Figure 9b), the rate of change is small and this pattern exhibits no clear
link to the temporal variability of 𝜅IW . Similar to our regional analysis, we
find that variability within years exceeds the variability between annual
averages year to year, and associated geometric standard deviations are
typically around an order of magnitude or greater. While we only focus on
domain-wide, AW thermocline-averaged estimates for simplicity, note that
these results are consistent for annual averages computed over all water
layers and regions defined in section 4.2.

Exceptionally large temporal variability within a localized region of space
likely hinders our ability to identify both temporal and geographical pat-
terns. We demonstrate this characteristic in the data with a sample set of
415 CTD profiles collected in 2003 and 2004 that were all located in the
Amundsen Gulf, within a 10 arcmin of longitude and 2 arcmin of latitude
region (∼6× 4 km; Figure 10). Across these highly localized measurements,
𝜖IW and 𝜅IW estimates each span over 4 orders of magnitude. This magni-
tude of spread is present in the 𝜖IW and 𝜅IW distributions in both the CHL
and the AW thermocline at this location, which has water column depth of
∼220 m; the variability is thus not simply a reflection of depth-dependent
turbulent intensity. The similarity between the distributions of 𝜖IW and 𝜅IW

within this highly localized region in the Amundsen Gulf and the corre-
sponding distributions across the full domain of the data set (Figure 3)
suggest that large temporal variability is a prominent feature of this mixing
environment.

5. Discussion
5.1. Roles of Tides, Topography, and Winds
We explore whether the observed variability in 𝜖IW and 𝜅IW documented
in section 4 show any significant relationships to variables key to inter-
nal wave generation, specifically by evaluating differences between aver-
age vertical 𝜖IW and 𝜅IW profiles in (1) regions of strong/weak barotropic
tidal speed, (2) regions of rough/smooth topography, and (3) periods of
strong/weak local near-surface wind forcing (Figure 11). Barotropic tidal
speeds, Utide, are extracted from the MOG2D-G hydrodynamic gravity
waves model Carrère and Lyard (2003); bottom roughness values, h2, are
from Epstein (2018) and are derived from the International Bathymetric
Chart of the Arctic Ocean (IBCAO) version 3.0 (Jakobsson et al., 2012); and
10 m wind speeds, Uwind, are from the 30-km Arctic System Reanalysis

(ASRv1), which provides output at 3-hr intervals from 2000 to 2012 (Bromwich et al., 2012). CTD data between
2013 and 2016 are thus excluded in the presentation and analysis of Figures 11f and 11i.

Of these three variables, tidal speed exhibits the strongest influence on average 𝜖IW and 𝜅IW profiles, with
average values of 𝜖IW and 𝜅IW in regions of strong Utide exceeding those in regions of weak Utide at all depths
(Figures 11d and 11g). We note that regions with the largest tidal speeds such as the eastern Archipelago, Hud-
son Bay, and parts of Baffin Bay (Figure 11a) also tend to have weaker stratification (Figures 6b and 6e); thus,
large-scale patterns in both N and Utide are conducive to producing larger mixing rates in these regions. In con-
trast, we detect little to no distinction in average profiles of 𝜖IW or 𝜅IW over rough versus smooth topography,
noting the significant overlap within one standard deviation of each average profile (Figures 11e and 11h).
Patterns are also indistinguishable during stormy versus calm conditions (Figures 11f and 11i).

Potential dependencies of 𝜖IW and 𝜅IW on winds or bottom roughness may be difficult to identify and charac-
terize for a number of reasons. The wave field we characterize may not be generally locally generated, and it
is also possible that the resolution of the IBCAO and ASRv1 data sets are insufficient to capture the time and
space scales of relevant internal wave generation mechanisms. We further expect that wind-driven effects are
restricted to near-surface layers, as seen, for example, in recent work by Lincoln et al. (2016) demonstrating
that the impact of intense cyclone wind speeds had limited vertical extent in the Arctic Ocean. It is thus likely
that wind forcing is only important in driving turbulence closer to the surface than our shallowest estimates
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Figure 10. As in Figure 3, but for a subset of 415 nearby profiles located in the Amundsen Gulf.

of 𝜖IW and 𝜅IW , which occur at a depth of ∼75 m. Finally, we recognize that wind-driven internal wave genera-
tion in the Arctic is likely dominated by a more complex interplay of factors related to sea ice dynamics, such
as wind factor (Dosser & Rainville, 2016), rather than on wind speed alone. However, the lack of apparent influ-
ence of the wind on 𝜖IW and 𝜅IW may indicate that the influence of tides and stratification dominate in setting
the patterns of variability in the interior. Our observations of wide temporal variability persisting throughout
the water column (Figure 10) reinforce this suggestion that the tides are an important driver of the mixing
we infer. Similar observations of depth-independent, episodic mixing that were consistent with the timing of
semidiurnal tidal cycles have been documented in both the Laptev Sea (Lenn et al., 2011) and the Southern
Ocean (Mead Silvester et al., 2014). Here bursts of tidally modulated dissipation rates of up to 2–3 orders of
magnitude larger than background levels were observed at multiple depths.

5.2. Impacts of Stratification
In light of the strong stratification present throughout the upper Canadian Arctic Ocean, combined with
the predominantly weak wave-driven dissipation rates that we infer, a key question that arises is whether
turbulence is sufficiently energetic to overcome this stratification and generate turbulent mixing in this
environment. To gain insight into this question, we use our estimates of 𝜖IW to compute the dimensionless
buoyancy Reynolds number

Reb =
𝜖IW

𝜈N2
, (3)

which serves as a measure of the relative importance of the destabilizing effects of turbulence to the stabiliz-
ing effects of stratification and viscosity (Ivey et al., 2008). Here 𝜈 is the kinematic viscosity and N2 represents
the average stratification over the water column layer of interest.

Across the CHL, AW thermocline, and AW heat core, distributions of Reb in our study domain reveal that a
large fraction of measurements lie below critical thresholds of Reb typically assumed to indicate that turbulent
mixing is suppressed (e.g., see Bouffard & Boegman, 2013, and references therein; Figure 12). Respectively,
approximately 60%, 31%, and 30% of profiles in each of the CHL, AW thermocline, and AW heat core layers are
characterized by Reb < 20, the approximate limit below which the vertical mass flux is observed to go to zero
in controlled laboratory experiments (Stillinger et al., 1983), thus marking insufficient energy for turbulent
mixing given the stratification strength. Although the geometric means of the Reb distributions in the AW
thermocline and AW heat core lie above this limit, at Reb ≈ 40 in both cases, the variability across all three
layers is large, with our estimates of Reb spanning close to 5 orders of magnitude. The large number of profiles
with weak turbulent dissipation rates and strong stratification demonstrate the prevalence of molecular and
buoyancy-controlled mixing regimes in the Canadian Arctic Ocean. Conversely, 15–25% of Reb estimates in
each layer are O(102), which represent a regime in which we expect significant turbulent mixing and a maximal
mixing efficiency (Ivey et al., 2008). These rare, but energetic occurrences will be disproportionately important
in contributing to turbulent mixing overall.

These Reb distributions caution where it is appropriate to compute 𝜅IW using the standard Osborn model
given by (2) in the Canadian Arctic Ocean. In particular, assuming that an enhanced turbulent eddy diffusivity
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Figure 11. (a) Spatial distribution of strong (purple) and weak (blue) barotropic tidal speeds, Utide, (b) spatial distribution of rough (purple) and smooth (blue)
topography as determined by topographic roughness, h2, and (c) log-scale histogram of stormy (purple) and calm (blue) 10 m wind speeds, Uwind, associated
with each conductivity-temperature-depth profile. High/low bin cutoffs for each parameter are defined by the upper/lower quartile limits of their corresponding
distributions; gray regions indicate interquartile values not included in our analysis. Average vertical profiles of 𝜖IW (middle column) and 𝜅IW (right column) are
binned accordingly for (d, g) strong/weak tidal speeds, (e, h) rough/smooth topography, and (f, i) stormy/calm wind speeds. The number of profiles comprising
each vertical average is given by n and shading indicates the associated geometric standard deviations.

characterizes the diffusivity of both heat and salt (and thus the diapycnal diffusivity), as is necessary in the
application of the flux gradient closure that relates the eddy diffusivity to the buoyancy flux and stratification,
is poorly justified in nonturbulent, low Reb flows. The assumption of a constant flux Richardson number, Rf ,
is also problematic in this regime, as both laboratory and direct numerical simulations show that Rf tends
to zero as Reb tends to 1 (Ivey et al., 2008). In light of this, our estimates of 𝜅IW in regions of low Reb should
be regarded with a large degree of uncertainty. In contrast, assumptions implicit in the derivation of our 𝜖IW

estimates is based on physics at intermediate scales larger than those at which turbulence occurs (Polzin et al.,
2014); thus, while the implications of Reb are relevant to the interpretation of 𝜖IW in terms of their associated
𝜅IW estimates, they do not apply directly to the 𝜖IW estimates themselves.

5.3. Implications for Turbulent Heat Fluxes
Finally, we investigate the potential implications of our inferred 𝜅IW distribution on vertical heat fluxes in the
region by computing an estimate of the wave-driven turbulent heat flux,

FH = −𝜌cp𝜅IW(dT∕dz). (4)

Here 𝜌 is the density, cp is the specific heat capacity of seawater, and dT∕dz is the measured temperature gradi-
ent, all calculated as averages over the water column layer of interest. Given that the use of 𝜅IW in equation (4)
implicitly assumes a turbulent mixing rate, we only characterize FH in profile segments where the associated
Reb value suggests that the mixing environment is indeed turbulent (i.e., where Reb > 20). Here we focus our
analysis on results from the AW thermocline because of the important impacts that heat fluxes through this
water layer may have on Arctic sea ice.
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Figure 12. Log-scale histograms of the buoyancy Reynolds number, Reb , averaged over the (a) cold halocline,
(b) Atlantic Water thermocline, and (c) Atlantic Water heat core for each conductivity-temperature-depth profile. The
Reb = 20 limit is indicated by the dotted line, below which we expect insufficient energy for turbulent mixing given the
stratification strength (Stillinger et al., 1983).

The distribution of the AW thermocline-averaged internal wave-driven turbulent heat flux ranges from∼0.1 to
∼90 W/m2, with a geometric mean of∼1 W/m2 (Figure 13a). This peak value is 1 to 2 orders of magnitude larger
than typical Arctic double-diffusive heat fluxes (Shibley et al., 2017) and is comparable to many other observed
values of Arctic Ocean turbulent heat fluxes (see Table 1 and references therein). While the average value of
FH appears typical, it is also important to consider the implications of anomalously high values evident in the
skew symmetric shape of its distribution. These infrequent, but large values may indicate significant isolated
mixing events that disrupt the otherwise quiet domain. Their disproportionate contribution can be gauged by
the observation that the arithmetic mean value of the FH distribution, arguably the more appropriate measure
to consider when estimating the net heat flux and water mass transformation, is approximately twice as large
as its geometric counterpart.

While the distribution of FH only depicts heat fluxes in turbulent regimes, it is also relevant and worthwhile
to consider a hypothetical distribution of heat fluxes that also includes the nonturbulent regimes, and is thus
representative of the study domain as a whole. For this purpose, we assume that FH is 0.1 W/m2 everywhere
Reb < 20, consistent with the order of magnitude of double-diffusive heat fluxes that Shibley et al. (2017)
observed in the Canada Basin. When the contributions from these nonturbulent environments are taken into
account, we find that despite the fact that only∼60% of our domain can be characterized as turbulent accord-
ing to the Reb > 20 criterion, turbulent heat fluxes in these regions account for 96% of the net integrated heat
flux over the whole study region. Further, we find that over half of this net integrated heat flux is generated
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Figure 13. (a) Log-scale histogram of the Atlantic Water thermocline-averaged internal wave-driven heat flux, FH . The
dashed line indicates the geometric mean of the distribution. (b) Spatial distribution of FH , geometrically averaged in
grid cells as defined in Figure 6. Note that estimates of FH are only shown for conductivity-temperature-depth profiles
where the corresponding Atlantic Water thermocline-averaged value of Reb surpasses the Stillinger et al. (1983)
turbulent mixing threshold of Reb ≈ 20.

by only 10% of all FH estimates. These results emphasize the disproportional significance of high-end outliers
in the FH distribution in contributing to AW heat transport. We also note that only ∼4% of all FH estimates fall
above 4 W/m2, the typical basin-wide average required to close the standardly assumed Arctic Ocean heat
budget (Fer et al., 2010). When such rare, but energetic mixing events occur, heat fluxes may become signifi-
cant in the context of sea ice loss, although a considerable fraction of heat is expected to be lost to warming
the pycnocline before reaching the surface layer (Padman & Dillon, 1991).

Our estimates of FH further suggest that these anonymously large heat fluxes are likely episodic in nature.
First, their spatial distribution lacks clear geographic patterns and, second, when binned into 2∘ × 1∘ grid cells,
rare instances of large values tend to collocate with many more typical weak heat flux estimates (Figure 13b).
The contribution of high FH estimates are thus largely diminished as outliers in the grid cell average. In grid
cells that contain a large number of estimates, we also observe geometric standard deviations of the grid
cell average of close to half an order of magnitude, highlighting the presence of significant local temporal
variability. This result is consistent with the wide spread of 𝜖IW and 𝜅IW estimates found in the highly localized
region of the Amundsen Gulf discussed in section 4.3.

As a final note, we consider the potential implications of the patterns of 𝜖IW , N, 𝜅IW , and the large-scale tem-
perature gradient on AW heat fluxes should turbulent energies in this region increase in the future. Under such
changes, we note that the eastern Canadian Arctic, specifically within Baffin Bay, appears particularly suscep-
tible to significant increases in the turbulent heat flux. Here weak stratification combines with the strongest
temperature gradients measured within our study domain. Despite the lack of apparent relationship between
wind strength and 𝜅IW discussed in section 4.1, storm activity is anticipated to increase in the future Arctic

CHANONA ET AL. 9192



Journal of Geophysical Research: Oceans 10.1029/2018JC014342

environment (Day & Hodges, 2018). These intensified storms may become sufficiently strong to generate sig-
nificantly increased turbulent heat fluxes from the warm subsurface AW under these mixing favorable eastern
Canadian Arctic conditions.

6. Conclusions

The extensive spatial and temporal variability of our estimates of wave-driven dissipation rates and diffusivi-
ties in the shelf and shelf-slope waters of the Canadian Arctic Ocean is a key theme of this study. Most notably,
exceptionally wide localized temporal variability of 𝜖IW and 𝜅IW appears to play a dominant role in the patterns
we observe. Whether averaging in depth, by region, monthly, or by year, we consistently find large standard
deviations associated with the spread of data in each of these space/time dimensions. This variability high-
lights the substantial challenge that likely plagues efforts to use sparse observations to characterize the Arctic
Ocean mixing environment. The log-normal-like distribution patterns of turbulent metrics that we infer serve
as an important reminder that many measurements of turbulence will be necessary to robustly represent both
the central tendency and the extreme small and large outlying values. The latter are especially important for
accurately describing the net heat and buoyancy fluxes and for characterizing net water mass transformation
from mixing rate estimates. This study contributes to our ability to understand and interpret turbulent mixing
measurements in the Arctic Ocean by better characterizing the distributions of estimated turbulent metrics
in a sparsely sampled region.

A second important lesson learned involves an improved appreciation of the significant role of stratification
in defining the characteristics of turbulent mixing in the Canadian Arctic Ocean. Particularly in the CHL and
the AW thermocline, stratification has a dominant influence on both the vertical and regional patterns of
the estimated mixing rate. Further, our estimates of the buoyancy Reynolds number imply that strong strat-
ification often sufficiently inhibits the capacity of turbulent energy to generate mixing; in these cases, the
relationship between the turbulent dissipation rate and turbulent diffusivity is likely to depart from the stan-
dardly assumed Osborn (1980) model. Here both the prescription of the mixing efficiency and the relevance
of the differing molecular diffusivities of heat and salt require careful consideration. While future changes in
stratification in the upper Canadian Arctic Ocean remain uncertain due to competing climate change effects,
including changing river runoff, sea ice melt, and atmospheric forcing, our results suggest that the response
of stratification could have important consequences for the future state of turbulent mixing in this region. It
thus appears essential to consider changes in stratification alongside changes in internal wave energy when
making predictions of the future Arctic Ocean mixing environment.
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