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ABSTRACT

This study uses CTD and microstructure measurements of shear and temper-

ature from 348 glider profiles to characterize turbulence and turbulent mixing

in the southeastern Beaufort Sea, where turbulence observations are presently

scarce. We find that turbulence is typically weak: the turbulent kinetic en-

ergy dissipation rate, ε , has a median value (with 95% confidence intervals)

of 2.3 (2.2, 2.4) × 10−11 W kg−1 and is less than 1.0× 10−10 W kg−1 in

68% of observations. Variability in ε spans five orders of magnitude, with

indications that turbulence is bottom enhanced and modulated in time by the

semidiurnal tide. Stratification is strong and frequently damps turbulence,

inhibiting diapycnal mixing. Buoyancy Reynolds number estimates suggest

that turbulent diapycnal mixing is unlikely in 93% of observations; however,

a small number of strongly turbulent mixing events are disproportionately im-

portant in determining net buoyancy fluxes. The arithmetic mean diapycnal

diffusivity of density is 4.5 (2.3, 14) ×10−6 m2 s−1, three orders of magni-

tude larger than that expected from molecular diffusion. Vertical heat fluxes

are modest at O(0.1) W m−2, of the same order of magnitude as those in

the Canada Basin double-diffusive staircase, however, staircases are gener-

ally not observed. Despite significant heat present in the Pacific Water layer

in the form of a warm-core mesoscale eddy and smaller, O(1) km, tempera-

ture anomalies, turbulent mixing was found to be too low to release this heat

to shallower depths.
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1. Introduction32

In this study, we present observations of ocean turbulence and mixing in the Beaufort Sea’s33

Amundsen Gulf in the western Arctic Ocean (Figure 1) from a series of conductivity-temperature-34

depth (CTD) and microstructure measurements collected in summer 2015. The Amundsen Gulf35

is the site of the Cape Bathurst polynya, part of the circum-arctic system of flaw polynyas which36

are important in the dynamics of the Arctic ice sheet, the formation of Arctic deep water, and –37

in the case of the Cape Bathurst polynya – as a habitat for some of the highest densities of birds38

and mammals found anywhere in the Arctic (Arrigo and van Dijken 2004; Harwood and Stirling39

1992; Dickson and Gilchrist 2002). It is also strategically located along the Northwest Passage,40

and expected to become a major commercial shipping line as summer sea ice continues to de-41

crease (Prowse et al. 2009; Khon et al. 2010). Since the late 1990s, there has been a dramatic42

reduction in the extent and age of multi-year sea ice in the region, as well as large inter-annual43

variations in summer ice concentration and the duration of summertime ice clearance (Niemi et al.44

2012). Arctic-wide, changes in sea ice alongside other rapid and dramatic Arctic system changes45

in the past few decades have perturbed regional ecosystems at all tropic levels (e.g. Grebmeier46

et al. 2006; Wassmann 2011, 2015) and have the potential to affect ecosystem services related to47

natural resources, food production, climate regulation, and cultural integrity (Post et al. 2009). In48

light of these ongoing changes to the broader physical environment, it is important to continue49

developing a detailed understanding of the physical oceanography—and in particular of the mix-50

ing characteristics—of the region in order to facilitate studies that will model the environmental51

and ecological responses to future regional climate change (e.g. Carmack and MacDonald 2002;52

Rainville et al. 2011; Carmack et al. 2015).53
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The Arctic Ocean is under-sampled with respect to turbulence and mixing rates, and observa-54

tions of ocean turbulence are notably scarce in the Beaufort Sea. A number of studies over the55

previous decade have deepened our understanding of mixing rates and mechanisms in the broader56

Canada Basin (e.g. Rainville and Winsor 2008; Timmermans et al. 2008a,b; Guthrie et al. 2013;57

Dosser et al. 2014; Shaw and Stanton 2014; Chanona et al. 2018), but, to our knowledge, only58

six previous studies (Padman and Dillon 1987; Bourgault et al. 2011; Shroyer 2012; Rippeth et al.59

2015; Lincoln et al. 2016; Fine et al. 2018) have used microstructure measurements to charac-60

terize mixing rates in the Beaufort Sea directly. Many of these studies have focused on specific61

processes such as diffusive convection (Padman and Dillon 1987), mesoscale eddy heat loss (Fine62

et al. 2018), and canyon flows (Shroyer 2012). Outside of these, the studies collectively con-63

firm that turbulence in the Beaufort Sea is generally very weak and mixing rates are generally64

very small away from the surface and significant topography. This is consistent with the indirect65

estimates of Guthrie et al. (2013) that report internal wave energies and consequent background66

mixing rates that are about a factor of five lower in the Beaufort Sea than in the central and eastern67

Arctic Ocean. Lincoln et al. (2016) attribute the suppression of turbulent mixing at intermediate68

depths to the strong stratification that characterizes the central Canada Basin, which was observed69

to buffer intermediate depths from enhanced wind-driven internal wave energy. At the same time,70

a number of observations also suggest a key role of topography, and in particular the steep topog-71

raphy of the basin margins and of canyons, in driving a localized enhancement of turbulence and72

mixing (Shroyer 2012; Rippeth et al. 2015; Lincoln et al. 2016). In addition, an important role73

of mesoscale eddy features in modulating the space and time variability in mixing rates has been74

documented (Fine et al. 2018). There remains a pressing need to continue building a broad record75

of mixing estimates in the region to better understand the space and time geography of mixing76

rates and mechanisms, and their susceptibility to change.77
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With this study, we contribute to a more comprehensive understanding of the mixing environ-78

ment within Amundsen Gulf of the southeastern Beaufort Sea by providing a novel description of79

the region’s turbulence and mixing characteristics. By using an autonomous ocean glider equipped80

with a CTD and turbulence sensors, we collected a large number of tightly resolved measurements81

of turbulent microstructure shear and temperature gradients, concurrent with observations of the82

hydrography, made possible by the long-duration, continuous, high frequency sampling capabil-83

ities of the glider platform. This novel mode of sampling is significant because a large number84

of tightly resolved measurements are needed to accurately characterize turbulence, which tends85

to be described with intermittent, lognormally distributed variables that are easily under-sampled86

(Baker and Gibson 1987; Gregg 1987). Further, it permits an examination of high frequency time87

and space patterns that are difficult to resolve with traditional turbulence sampling techniques. We88

use these measurements to characterize the statistical distributions of estimates of the turbulent89

dissipation rate of kinetic energy, diapycnal mixing rate, and vertical heat flux during the period90

of observation. In addition, we use these observations to gain insight into the relative importance91

of different mechanisms, namely tidal mixing, double diffusion, and near-surface mesoscale and92

smaller processes, that underpin and/or modulate the observed turbulence environment. To our93

knowledge, this is the first time such a highly-resolved characterization of mixing from direct94

turbulence measurements has been presented for this region, and the first time an autonomous in-95

strument has been used to characterize the statistics of turbulence and mixing in the western Arctic96

Ocean.97

The remainder of the document is structured as follows. In Section 2, we describe the CTD98

and microstructure measurements from the glider, and briefly outline the data processing methods.99

Section 3 uses the CTD measurements to describe the relevant hydrographic context. In Section100

4, we present the primary results of this study, the turbulence observations and the mixing rate and101
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heat flux estimates derived from them. Section 5 presents a discussion of mixing mechanisms. We102

synthesize our results in Section 6.103

2. Measurements and Data Processing104

a. Sampling Strategy105

We collected CTD and turbulence measurements in Amundsen Gulf using an autonomous 1000-106

m-rated Teledyne-Webb Slocum G2 ocean glider, fitted with (1) a pumped Seabird CTD measuring107

conductivity, temperature, and pressure; and (2) an externally mounted turbulence-sensing pack-108

age measuring shear and temperature microstructure (Section 2b). The measurements used in109

this study are those first described by Scheifele et al. (2018), collected continuously over 11 days110

during the period 25 Aug – 5 Sept, 2015.111

The 186 km horizontal path of the glider, immediately northwest of the Gulf’s sill, is shown in112

Figure 1. The glider spent the first 5 days in the central Gulf, where the water depth exceeds 400113

m, and the remaining time on three traverses of the continental shelf near Banks Island. Along114

this path, the glider collected 348 discrete quasi-vertical measurement profiles, at a nominal glide115

angle of 26◦ from the horizontal. The first 112 profiles, in water ∼410 m deep, extend from the116

near surface to a fixed depth of 300 m; later profiles typically extend to within 15 m of the local117

bottom, which ranged between 205–430 m depth. The location of each profile is approximated118

with its mean coordinates, neglecting horizontal translation that occurs over the course of one119

profile. The mean (standard deviation) distance between consecutive profiles is 536 (357) m.120

b. Turbulence Measurements and Data Processing121

The glider carried an externally mounted, self-contained microstructure sensing package known122

as a Microrider, also used in recent studies by Fer et al. (2014), Peterson and Fer (2014), Palmer123
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et al. (2015), and Schultze et al. (2017). The Microrider is manufactured by Rockland Scien-124

tific and is factory-installed on the glider. Our configuration of the Microrider had two velocity125

shear probes and two fast response thermistors, each sampling at 512 Hz, measuring microstruc-126

ture velocity and temperature gradients respectively. All sensors sampled continuously during the127

deployment, but one of the two shear probes failed after the first three days of measurement.128

We derive independent estimates of the turbulent kinetic energy (TKE) dissipation rate, ε , from129

each of the four microstructure channels. This rate is a measure of the intensity of turbulence130

in the flow, and is proportional to the rate of diapycnal mixing in the Osborn (1980) model (see131

Section 4c). We briefly outline our methodologies to derive ε from the shear and temperature mi-132

crostructure measurements below; a more detailed description of the methods and their limitations133

is given in Scheifele et al. (2018).134

We calculate the TKE dissipation rate from the measured microstructure shear variance accord-135

ing to136

εU = 7.5ν

〈(
∂u′

∂x

)2
〉

, (1)

where ∂u′/∂x is a turbulent-scale shear component measured along the glider’s along-path coor-137

dinate, x, and ν is the kinematic viscosity of seawater. Here we have made the assumption of138

isotropic turbulence. Angled brackets indicate ensemble averaging over the segments and subseg-139

ments indicated below, and the subscript U indicates that this is a shear-derived dissipation rate140

estimate. We use half-overlapping 40-s segments of measurement to calculate successive εU es-141

timates; within each of these segments, we calculate and average 19 shear power spectra from142

consecutive half-overlapping 4-s subsegments, we then integrate to obtain the shear variance in143

the segment. The spatial length encompassed by each 4-s subsegment depends on the glider’s144

speed and has a mean (standard deviation) of 163 cm (15 cm) for upcasts and 100 cm (15 cm) for145

downcasts.146
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We calculate the TKE dissipation rate from the temperature microstructure measurements using147

power spectra of temperature gradients, calculated over the same 40-s segments and 4-s subseg-148

ments that we used to calculate the shear spectra. We fit a theoretical form for the temperature149

gradient spectrum—the Batchelor spectrum—to the observed temperature gradient power spec-150

trum using the maximum likelihood estimator method outlined by Ruddick et al. (2000). In this151

procedure, ε is a variable fitting parameter that is optimized by minimizing the difference between152

the observed and theoretical spectra. We refer to this optimized value as εT , with the subscript T153

indicating a temperature gradient-derived dissipation rate estimate.154

Both εU and εT estimates are then subjected to a series of quality control criteria that remove155

suspect estimates. These routines are designed to flag and remove values where, for example, the156

glider’s flight was not steady, shear probes contacted small marine organisms or debris, Taylor’s157

frozen turbulence hypothesis is violated in the calculation of power spectra, etc. They are detailed158

in Scheifele et al. (2018). Quality control removes 22% of εU and 34% of εT estimates.159

Finally, dual estimates of ε from each set of probes are arithmetically averaged to obtain single160

εU and εT values for each 40-s segment. As described in detail in Scheifele et al. (2018), we find161

agreement within a factor of 2 from the two types of estimates when ε exceeds 3× 10−11 W kg−1,162

a threshold we identify as the noise floor of the shear-derived estimates. However, our analysis163

indicates that the noise floor of the shear measurements biases the statistical distribution of εU at164

values of ε as large as 1 × 10−10 W kg−1, while temperature-derived estimates of ε are reliable165

to values as small as 2 × 10−12 W kg−1. The averaged εU and εT estimates are combined into166

a single best ε estimate using the following method. When εU ≥ 1× 10−10 W kg−1, we keep167

only εU because the shear-derived estimate relies more directly on the definition of the dissipation168

rate and is more reliable in energetic conditions (Gregg 1999). However, if the εU estimate is169

unavailable because it failed quality control, we keep the coincident εT estimate instead, if this is170
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available. If both are available, but they differ by more than a factor of 10, both are discarded.171

Below 1× 10−10 W kg−1, we keep only εT . However, when εT < 2× 10−12 W kg−1, we set ε172

to zero, following the approach used by Gregg et al. (2012). We are left with 22,153 unique ε173

estimates for the remaining analysis; of these, 4,699 (or 21%) are set to zero.174

c. Arithmetic vs. Geometric Averaging175

Turbulence in the ocean is patchy in space and intermittent in time, and the distributions of176

dissipation rates and mixing coefficients are typically lognormal-like, spanning many orders of177

magnitude (Baker and Gibson 1987). Arithmetic mean values may differ from median and geo-178

metric mean values by orders of magnitude in such data, so it is important to distinguish between179

these various metrics and recognize their distinct physical interpretations (Kirkwood 1979). The180

geometric mean (GM) is defined as GM = N
√

X1X2 · · ·XN for a sample set {Xi} with a sample size181

of N. This is equivalent to computing the mean of the logarithms of the samples, and then taking182

the antilog. As such, the GM is a useful metric of the arithmetic mean for lognormal distribu-183

tions, as it characterizes the distribution’s central tendency, or “typical value”. In the case of a184

lognormal distribution, the geometric mean is equal to the median value; the difference between185

the geometric mean and median can thus be interpreted as indicating the degree of departure from186

lognormality. In contrast, the arithmetic mean (AM), defined as AM = ∑
N
i=1 Xi/N, characterizes187

the integrated effect of the distribution. It is disproportionately skewed by a small number of large188

values on the right-hand side of the distribution in the case of lognormally distributed variables.189

Thus, while a geometric mean or median mixing rate represents the “typical” mixing rate in a set190

of observations, the arithmetic mean rate describes the cumulative effect of mixing, and thus bet-191

ter typifies, say, average buoyancy transformations produced by mixing in those observations. We192

present geometric mean, median and arithmetic mean values throughout this study, as appropriate.193
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Confidence intervals for the computed mean and median values are reported as [–, –], representing194

lower and upper bounds based on the 95% confidence interval from bootstrap re-sampling in the195

case of arithmetic mean and median values, and the standard error in the mean derived from the196

geometric standard deviation in the case of geometric mean values.197

3. Hydrography198

In Figure 2, we present the fields of Conservative Temperature, Θ, and squared buoyancy fre-199

quency, N2 = −(g/ρθ )∂ρθ/∂ z. Here g is the gravitational acceleration and ρθ is the potential200

density referenced to the sea surface, derived from the CTD measurements and smoothed by a201

15-second running mean filter when used in the calculation of N2. For each field, a mean vertical202

profile and a spatial cross section are shown. The horizontal coordinate in the cross sections is203

the glider’s geographic along-track distance coordinate, s, measured along the two-dimensional204

track shown in Figure 1b. To guide the eye, each cross section is broken into multiple panels at205

waypoints where the glider changed its direction of travel.206

We observe five distinct hydrographic layers, similar to those used to describe layering in the207

Canada Basin (e.g. Carmack et al. 1989). From shallowest to deepest, these are a warm surface208

mixed layer (SML); a strongly stratified near-surface “cold halocline” (CH); a cold Pacific Water209

(PW) layer; an intermediate “warm halocline” (WH) where temperature increases with depth; and210

a warm Atlantic Water (AW) layer. We define the boundaries of the layers using their local Con-211

servative Temperature and Absolute Salinity, SA, structure using criteria similar to those described212

in Jones (2001), Jackson et al. (2010) and Timmermans et al. (2014a); the boundaries and hydro-213

graphic characteristics of the layers we observe are summarized in Table 1. The layering can be214

seen most easily in the Conservative Temperature profile (Figure 2a).215
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Three points about the hydrography stand out as noteworthy for the purposes of this study. First,216

the amount of heat sequestered below the warm halocline in the warm AW layer is substantial: in217

the central Gulf, where the water depth is ∼425 m and the AW layer is ∆z≈ 160 m thick and has218

a mean Conservative Temperature ΘAW = 0.30 ◦C, the sequestered heat, E, is approximately219

E = ρ0cp
(
ΘAW −Θ0

)
∆z≈ 2×108 J m−2, (2)

relative to the melting Conservative Temperature of ice, Θ0 = 0 ◦C. Here the constants ρ0 and cp220

are characteristic values of the density and specific heat capacity of seawater respectively, taken to221

be ρ0 = 1025 kg m−3 and cp = 3850 J kg−1 ◦C−1. If mixed or advected to the surface, this heat222

could melt Z∗ = 0.66 m of sea ice, where Z∗ = E/ρiLo, ρi = 910 kg m−3 is the density of sea ice223

(Timco and Frederking 1996) and Lo = 3.3×105 J kg−1 is the latent heat of melting sea ice (Ono224

1967). This amount of sea ice loss would be a significant fraction of the Amundsen Gulf’s mobile225

winter ice pack, which is typically 0.6–1.9 m thick in late spring (Peterson et al. 2008).226

Second, the stratification is strong everywhere in the subsurface relative to that in lower latitude227

oceans. Typical values for N2 in the North Atlantic and North Pacific pycnoclines are O(10−6)228

s−2 (Emery et al. 1984). This benchmark is comparable to the smallest N2 values we observe in229

the AW, but is nearly two orders of magnitude smaller than N2 in the PW layer and is three orders230

of magnitude smaller than N2 in the CH. Numerous previous studies in the Beaufort Sea (e.g.231

Guthrie et al. 2013; Lincoln et al. 2016; Chanona et al. 2018) have noted that stratification is a key232

controlling feature of the mixing characteristics in this region. We will build on these results in233

Section 4 by combining our measurements of the turbulence and density fields to demonstrate that234

density stratification frequently inhibits turbulent mixing in the Amundsen Gulf in our dataset.235

Finally, while most of the subsurface appears to be generally uniform in the horizontal, we236

observe substantial horizontal mesoscale and smaller (O(1) km) Conservative Temperature vari-237
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ability in the PW layer (Figure 2a). Most distinctive is the presence of a mesoscale eddy between238

waypoints 2 and 3. This variability and its potential implications for the layer’s heat budget are239

discussed further in Section 5c.240

4. Turbulence and Mixing241

a. Turbulent Dissipation Rates242

As is typical for ocean turbulence observations (e.g. Gregg 1987; Lueck et al. 2002), we observe243

an ε distribution that spans many orders of magnitude. Further, the positive skew in the distri-244

bution (Figure 3a) suggests a relatively small number of strongly turbulent events occurring in a245

less turbulent background flow field. We note that the tail on the left side of the distribution is246

artificially cut-off by the estimated noise floor of our microstructure temperature measurements:247

values of ε below the detection limit (21% of the data; Section 2b), representing turbulence too248

weak for us to observe, are set to zero for the calculation of arithmetic mean and median values,249

and are not depicted in Figure 3a. Resolvable ε realizations vary over five orders of magnitude,250

from O(10−12) to O(10−8) W kg−1. The interquartile range, IQR, of these estimates is (3.0 – 160)251

× 10−12 W kg−1.252

Consistent with previous studies in the region (e.g. Bourgault et al. 2011; Guthrie et al. 2013;253

Rippeth et al. 2015; Lincoln et al. 2016), we find that turbulence is typically very weak. The254

geometric mean dissipation rate, representing the central tendency of a lognormally distributed255

variable, is 2.8 [2.7, 2.8] × 10−11 W kg−1∗. The median value is 2.3 [2.2, 2.4] × 10−11 W kg−1.256

In 68% of these observations, ε is smaller than 1.0 × 10−10 W kg−1, a common benchmark for257

∗Note that the geometric mean is defined only for non-zero values, so we set below-detection-limit values to the detection limit (2.0 × 10−12

W kg−1) for geometric mean calculations throughout. We note that arithmetic mean and median values are not sensitive to the treatment of below-

detection-limit estimates: these values are unchanged (to the number of significant figures reported) if these estimates are set to zero or the detection

limit. In contrast, the geometric mean value can be sensitive to the treatment of below-detection-limit values: for example, the geometric mean
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“low turbulence” open ocean dissipation rates (Gregg 1999; Lueck et al. 2002). Only 0.4% of258

the distribution lies above 1×10−8 W kg−1. However, the small number of large ε estimates do259

play an important role in setting the integrated dissipation rate over the period of observation: the260

arithmetic mean value of ε is 4.9 [4.0, 6.8] ×10−10 W kg−1, more than an order of magnitude261

larger than the geometric mean and median values.262

The variability of the ε field has a notable spatial structure that can be identified in the mean263

vertical profiles and horizontal cross section of the field (Figure 4a). In the vertical, there is an264

ε minimum in the core of the cold PW layer at ∼100 m depth: here ε is typically O(10−11) W265

kg−1. The geometric average dissipation rate near the sea surface and the seafloor indicates that266

ε is typically an order of magnitude larger in proximity to these boundaries. Consistent with the267

data set as a whole, the arithmetic mean in each of these depth bins is an order of magnitude larger268

than the geometric mean (the arithmetic mean of ε is 4.4 [1.0, 20]×10−9 W kg−1 at∼20 m depth,269

1.1 [0.98, 1.2] ×10−10 W kg−1 at ∼110 m depth, and 1.1 [0.79 1.4] ×10−9 W kg−1 at ∼350 m270

depth). Larger uncertainty bounds in the mean of the near-surface bin reflects a stronger influence271

of high-end outliers of the distribution there. Laterally, the most obvious source of variability is a272

prominent near-bottom patch of elevated dissipation at the base of the continental slope, where ε273

can be as high as O(10−8) W kg−1. This turbulent patch is found between s = 52–81 km and is274

identified in Figure 4a by a white rectangle.275

Dissipation rates in the turbulent patch are anomalously high relative to the rest of the field, but276

modify the statistics of the full data set only marginally (Table 2). For example, the arithmetic277

mean of ε excluding estimates from within the patch is 4.4 [3.4, 6.3] ×10−10 W kg−1, only 10%278

smaller than the estimate from the data set as a whole. However, the arithmetic mean of data only279

value of ε for the full data set reduces from 2.8 [2.7, 2.8] × 10−11 W kg−1 to 1.7 [1.6, 1.7] × 10−11 W kg−1 if these estimates are set to be the

detection limit and an order of magnitude smaller that the detection limit value respectively.
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from within the patch is 11 [9.7, 13] ×10−10 W kg−1, an increase by a factor of 2.2 over the mean280

calculated from the full set of data. For a similar comparison of the geometric mean value, median281

value and IQR see Table 2.282

Further information about the variability in the ε field is available from the glider’s three repeat283

transects over the continental shelf slope. A comparison of the depth-averaged dissipation rate284

estimates along the three transects is shown in Figure 5, for each of which ε is plotted as a function285

of distance from the glider’s eastern-most waypoint, geometrically averaged in 2.5-km bins. This286

bin-averaged dissipation rate remained of the same order of magnitude over the 7 days needed287

to complete the transects—note that the ε axis in Figure 5 is linear, not logarithmic—and varied288

between (1–5)×10−11 W kg−1. From the first and last transects, it appears that ε is systematically289

larger in the central Gulf than it is on the shelf slope, but the second transect doesn’t exhibit this290

pattern; nonetheless, when all transects are averaged together (not shown), the pattern of enhanced291

ε in the central Gulf relative to on the shelf slope remains. Note that the turbulent patch discussed292

previously and identified in Figure 4 by the white rectangle is situated to the immediate left of the293

leftmost axis limit in Figure 5.294

A notable attribute of the ε transects in Figure 5 is a number of localized peaks in the depth-295

averaged ε value that appear in all three occupations of the transect at approximately the same296

horizontal position. Examples are the local maxima at∼5-7 km,∼18-19 km and∼23 km distance.297

Note that it is not possible to decouple time and space variability in measurements taken from a298

glider transect; here, we have treated the ε observations as a spatial series in order to highlight what299

appear to be geographic features, but we will discuss temporal variability and its implications in300

Section 5a.301
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b. The Influence of Stratification302

Combining observations of ε with those of N2 and the kinematic viscosity, ν , we construct es-303

timates of the buoyancy Reynolds number, ReB = ε/νN2, which quantifies the energetic capacity304

of the flow to develop vertical overturns that lead to diapycnal mixing (Figures 3b, 4b). Note that305

in our computation of ReB, we bin N2 similar to ε , described in Section 2b, after applying a 15 s306

running mean smoothing. The ReB parameter is a measure of the relative separation between the307

Ozmidov and Kolmogorov scales, i.e. the length scale over which turbulence first becomes con-308

fined by stratification, and the length scale over which turbulence becomes dissipated by viscosity,309

respectively. On length scales between these scales (the inertial subrange) we expect turbulent310

kinetic energy transfer to follow a scale-free cascade and be responsible for overturning density311

structure. A small ReB value thus indicates that viscosity is acting to directly dissipate the turbulent312

motions responsible for overturning, whereas a large ReB value indicates that the large overturning313

scales are undamped by viscous dissipation. Evidence from laboratory, numerical and field studies314

suggests that the ReB parameter has a critical value near Re∗B = 10, below which vertical overturns315

and diapycnal turbulent mixing are unlikely (Stillinger et al. 1983; Shih et al. 2005; Ivey et al.316

2008; Bouffard and Boegman 2013). However, there is considerable debate as to whether an exact317

critical value exists, and on its possible dependence on parameters, with studies reporting a range318

of Re∗B from as small as 0.1 up to 24 (Bouffard and Boegman 2013). In addition, our ability to319

accurately quantify ε at these small values of ReB is questionable, especially due to the breakdown320

of the assumption of isotropic turbulence. Gargett et al. (1984) showed that the assumption of321

isotropic turbulence can break down at ReB values as large as 200 and greater. We proceed to use322

low ReB estimates with caution, keeping in mind their potential limitations.323
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We impose a Re∗B = 10 criterion to separate our data into two regimes, one where turbulent324

diapycnal mixing is expected (ReB≥ 10), and one where it is not (ReB < 10). Doing so, we find that325

turbulence in the flow is expected to be energetic enough to support enhanced turbulent diapycnal326

mixing for only 7% of our ε estimates; these are the estimates to the right of the yellow vertical327

line in Figure 3b. Equivalently, we can say that we do not expect enhanced turbulent mixing in328

93% of observations; in this large subset of the data we expect that the rates of molecular diffusion329

are relevant to the vertical fluxes of properties like temperature and salt. The ReB distribution,330

therefore, suggests that stratification plays a dominant role in inhibiting turbulent mixing in the331

Amundsen Gulf at this time, suppressing the development of turbulence in the majority of our332

observations.333

Further, it is apparent from the mean vertical profile and spatial cross section of the ReB field334

(Figure 4b) that where turbulent mixing is expected to occur is not homogeneously distributed in335

space. Rather, most of the turbulent mixing expected in our dataset occurs within 100 m of the336

seafloor in the isolated patch of enhanced ε that we observed at the edge of the shelf slope region337

(i.e. inside the white rectangles in Figure 4). Only here is ReB commonly of O(10) or larger, with338

individual values occasionally reaching as large as O(103). The white rectangle representing the339

region of enhanced ε in Figure 4a encloses only 8% of ε estimates, but it encloses 41% of the340

occurrences where ReB ≥ 10 and 64% of those where ReB ≥ 100. Inside the rectangle, 37% of the341

ε estimates indicate that ReB ≥ 10; in contrast, only 5% of the estimates indicate that ReB ≥ 10342

outside this region.343

c. Density Diffusivity Estimates344

In the 7% of observations where ReB≥ 10, we expect that turbulence drives a localized enhanced345

density flux. For these estimates, we calculate the rate of diapycnal density diffusion, Kρ , using346

16



the canonical Osborn (1980) model for turbulent mixing:347

Kρ = Γ
ε

N2 , (3)

where Γ is a flux coefficient that we take to be 0.2 following Osborn’s original (upper bound)348

estimate.349

In the remaining 93% of observations, where ReB < 10 and a turbulent density flux is unlikely,350

temperature and salt are expected to diffuse by molecular diffusion. Assuming a linear approxi-351

mation for the equation of state of seawater, the diffusivity of density in this case is given by352

Kρ =
Rρ κ mol

S −κ mol
T

Rρ −1
, (4)

where κ mol
T = 1.4×10−7 m2 s−1 and κ mol

S = 1.0×10−9 m2 s−1 are the molecular diffusion rates353

of temperature and salt in seawater. Defining the diffusivity ratio, τ = κmol
S /κmol

T = 1/140, this354

expression can be written as355

Kρ =
(Rρ − τ−1)

Rρ −1
κ

mol
S . (5)

The quantity Rρ is the gradient density ratio, defined as356

Rρ ≡
β (∂SA/∂ z)
α (∂Θ/∂ z)

, (6)

where α and β are the coefficients for thermal expansion and haline contraction of seawater respec-357

tively. Note that Kρ here may be either positive or negative, depending on the sign and magnitude358

of Rρ . Specifically, when 1 < Rρ < τ−1 (the case in 67% of our observations where ReB < 10),359

the density flux due to molecular diffusion of temperature and salt is downward, in the direction360

of increasing density. Finally, note also that the water column becomes susceptible to double dif-361

fusion when Rρ is low, a phenomenon that we have neglected here; we address the role of double362

diffusion in Section 5b.363
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A histogram of the density diffusivity estimates, separated into up-gradient and down-gradient364

subsets, is given in Figure 6a. The discontinuity between 8× 10−8 m2 s−1 and 3× 10−6 m2 s−1
365

reflects the distinction between our estimates of Kρ that assume turbulent mixing vs. molecular366

diffusion, with all estimates to the right of the discontinuity computed using Equation 3 and all367

estimates to the left of the discontinuity computed using Equation 5. The discontinuity is an artifact368

of the Osborn model’s inability to describe the transition between turbulent and non-turbulent369

density fluxes. Although alternative models that describe a smooth transition between the turbulent370

and molecular regimes have been proposed (e.g., Bouffard and Boegman 2013), the treatment of371

these transitional regime estimates do not have a significant impact on the characterization of the372

integrated diffusivity: arithmetic Kρ averages are largely unaffected by variability (or inaccuracies)373

in the smaller-orders of magnitude Kρ estimates. To illustrate, we compare the arithmetic mean of374

all Kρ estimates using the Osborn model (Equation 3) indiscriminately versus imposing the Re∗B375

criterion to separate turbulent and non-turbulent mixing regimes: the arithmetic mean increases376

by a factor of only 1.1. For the same reason, negative Kρ estimates are largely immaterial to the377

characterization of the arithmetic mean diffusivity: the negative Kρ estimates are multiple orders of378

magnitude smaller than the few large (and positive) turbulent Kρ estimates seen on the right-hand379

side of the Kρ distribution which primarily set the arithmetic mean diffusion rate.380

The arithmetic mean of all Kρ estimates is 4.5 [2.3, 15]×10−6 m2 s−1, three orders of magnitude381

larger than the arithmetic mean of the molecular regime estimates (-3.8 [-3.9, -3.7]×10−9 m2 s−1).382

This implies that the upper 7% of Kρ estimates are responsible for drawing up the average mixing383

rate by a factor of approximately 2000 from that set by 93% of the observations in the molecular384

regime, a result that highlights the importance of the relatively small number of turbulent mixing385

events in setting the mean mixing rate. The arithmetic mean represents the 94th percentile of data:386
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another indication of the disproportionate importance of the turbulent fluxes in setting the bulk387

transformation of buoyancy.388

Like the dissipation rate, Kρ shows systematic vertical structure (Figure 7a; left panel): it is389

typically smallest at the depths of the cold PW layer around 100 m depth; it is typically 1-3 orders390

of magnitude larger near the surface and near the bottom. In these spatial views (Figure 7a), Kρ is391

computed locally as either a turbulent or molecular regime contribution as appropriate given the392

local ReB value; the mean vertical profile averages the molecular and turbulent contributions ac-393

counting for their relative occurance as a function of depth bin. The disproportionate contribution394

of a few, large turbulent mixing rate estimates is again apparent when comparing the geometric395

mean vertical profile of Kρ to its arithmetic mean counterpart: the arithmetic mean profile is every-396

where 1 to 2 orders of magnitude larger. In the upper 200 m of the water column, only 3% of the397

observations indicate a turbulent density flux. However, the arithmetic mean profile is typically398

O(10−7) m2 s−1, two orders of magnitude above the geometric mean value. Below 200 m, the399

arithmetic average of Kρ increases steadily and reaches a maximum of 3.3×10−5 m2 s−1 between400

335–360 m depth. This elevated mean Kρ signal reflects the influence of the near-bottom turbulent401

patch at the edge of the shelf slope that is seen in the ε and ReB sections (Figure 4): this turbulent402

patch is the dominant feature in the Kρ cross section variability (Figure 7a; right panel). Inside this403

patch, where 37% of the estimates indicate a turbulent mixing regime (Section 4b), the arithmetic404

mean Kρ value is 4.6 [1.8, 18]×10−5 m2 s−1; in comparison, outside the patch, where only 5% of405

mixing estimates are characterized as turbulent, the arithmetic mean value of Kρ is 1.0 [0.86, 1.4]406

×10−6 m2 s−1. Further metrics comparing Kρ inside and outside the patch are presented in Table407

2.408

19



d. Vertical Heat Fluxes409

We use the temperature microstructure measurements to estimate the turbulent diffusivity of410

temperature, KT , from the Osborn-Cox relation (Osborn and Cox 1972):411

KT = κ
mol

T C, (7)

where C is the Cox number, defined412

C ≡ 〈|∇Θ′|2〉
(∂Θ/∂ z)2

=
3
〈
(∂Θ′/∂x)2

〉
(∂Θ/∂ z)2

, (8)

which we calculate from a mean background vertical Conservative Temperature gradient, ∂Θ/∂ z,413

and the along-path microscale temperature gradient, ∂Θ′/∂x. The second equality comes from414

the assumption of isotropic turbulence. Angle brackets indicate ensemble averaging over the same415

segments and subsegments used for the ε calculations (Section 2b), whereas the over bar repre-416

sents an arithmetic mean over a single ε segment. Note that the numerator of C represents the417

variance of turbulent thermal fluctuation gradients, and can be evaluated in any direction (includ-418

ing the glider path direction, x) when isotropic turbulence is assumed. Further note that KT and419

Kρ are not generally equivalent in our observations due to the possibility of differential diffusion420

of temperature and salt, especially at low ReB (e.g., Smyth et al. 2005).421

The Osborn-Cox relation is based on an assumed balance between the turbulent production422

of thermal fluctuation variance and its dissipation through molecular diffusion. In regions of low423

ReB, we do not expect significant turbulent production, and the balance assumed in the Osborn-Cox424

relation is unlikely to hold (e.g., Gregg 1975). Therefore, in estimating the temperature diffusivity,425

we apply the Osborn-Cox relation (Equation 8) only to those observations with ReB ≥ 10. For all426

remaining observations, we set the temperature diffusivity to the molecular value κ mol
T . As only427

7% of the measurements satisfy the ReB ≥ 10 condition for turbulent mixing (see Section 4b), the428

majority of our heat flux estimates are considered to proceed at the molecular rate.429
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From estimates of temperature diffusivity, the vertical heat flux, FH , is straightforward to obtain430

using431

FH =−ρ0cpκ
∂Θ

∂ z
(9)

where cp = 4.1×103 J kg−1 K−1 is the specific heat capacity of seawater. Here the mixing rate, κ ,432

is set to KT where ReB ≥ 10 and κ mol
T elsewhere. The heat flux estimates we obtain are generally433

small (Figure 6b): the IQR of |FH | is 0.003–0.01 W m−2, and the absolute value of the flux, |FH |,434

is less than 0.1 W m−2 in 95% of the observations. The arithmetic mean upward heat flux reaches435

as high as 0.18 [0.13, 0.26] W m−2 in the AW layer (Figure 7b; left panel) because of the effects of436

the locally isolated turbulent patch (Section 4a), which again is the dominant feature in the cross437

section variability (Figure 7b; right panel). However, even inside the patch, heat fluxes are modest:438

the arithmetic mean value of FH here is 0.20 [0.16, 0.27] W m−2, and FH exceeds 1 W m−2 in only439

3.5% of observations. The arithmetic mean heat flux through the warm halocline, separating the440

warm core of the AW and cold core of the PW, is an order of magnitude smaller. The magnitude of441

these mean heat flux values are low, but comparable to previous observational estimates of O(0.1)442

W m−2 in the central Canada Basin where double diffusion often dominates the mixing (Padman443

and Dillon 1987; Timmermans et al. 2008a; Shibley et al. 2017), as well as estimates of O(0.1)444

to O(1) W m−2 derived from observations on the Beaufort Sea shelf along the North American445

continent (Shaw et al. 2009; Chanona et al. 2018). Despite being comparable to previous estimates446

in the region, the magnitude of the mean heat flux observed in the turbulent patch is still 2 orders447

of magnitude smaller than the Arctic Ocean-wide mean rate of heat loss out of the AW of 6.7 W448

m−2 calculated by Turner (2010) based on a bulk estimate from the measurements of Aagaard449

and Greisman (1975). We note that the sources of this heat loss are still largely unaccounted for450

(Carmack et al. 2015).451
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5. Discussion: Mixing Processes452

a. Deep Tidal Mixing453

In addition to geographic variability (Section 4a), the deep ε field has a systematic temporal454

signal. This is seen in the power density spectrum of the ε observations (Figure 8a), constructed455

by neglecting spatial variability and treating the glider measurements as a simple time series.456

Here we analyze a time series, shown in Figure 8b, constructed by geometrically depth-averaging457

all ε observations deeper than 100 m depth, interpolating to a 15-minute grid, and filtering to458

remove temporal variability on scales smaller than 2 hours. To construct the spectrum, we use459

Welch’s method using 4-day segments of data, 50% overlapped and Hamming-windowed. The460

most notable feature in the ε power spectrum is a rounded peak at frequencies spanning 1.3 to 2.4461

cpd, straddling both the M2 tidal frequency, 1.93 cpd, and the local inertial frequency, f = 1.90462

cpd. The spectral peak thus suggests that the dominant mode of temporal variability in ε is linked463

to the semidiurnal tide, inertial forcing, or some combination of both.464

Owing to the close proximity of the frequencies of semidiurnal tides and the frequency of inertial465

currents at these latitudes, distinguishing internal tidal waves from inertial waves in this region is466

difficult. A number of results, however, suggest that tides are the dominant process setting the deep467

ε variability seen in Figure 8. These include first, the finding that no analogous peak in the ε power468

spectrum exists for observations shallower than 100 m (not shown), i.e. the signal at the inertial469

and M2 frequencies is only prevalent in the deeper measurements. It seems unlikely that the forc-470

ing of this deep signal originates at the surface (cf. Lincoln et al. 2016). Second, Acoustic Doppler471

Current Profiler (ADCP) measurements from a nearby mooring (ArcticNet 2018, mooring CA08,472

Figure 1b) show a slow and steady modulation of the barotropic (here depth-averaged between473

10 m and 170 m depth) velocity amplitude (Figure 9a), suggesting that local current variability is474
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predominantly tidal not wind-driven. Third, rotary spectra of the depth-averaged current velocities475

decomposed into tidal and non-tidal components using tidal harmonic analysis (Pawlowicz et al.476

2002) indicate that energy in both the clockwise and counterclockwise components centered at477

the f and M2 frequencies is dominated by the energy in the tidal signal (Figure 9b). Our analysis478

of the spatial distribution of turbulent dissipation (Figure 5) further suggests a link between en-479

hanced turbulence and topographic features, and thus a credible role of tidal modulation. Finally,480

the directionality of both the deep tidal flow and the low frequency residual current suggest that481

local tidally-driven mixing is plausibly an important process at this site. Decomposing the deep482

currents into high frequency and residual flows using a scale separation of 1.3 cpd, we find that483

the high frequency flow (dominated by the tides, and accounting for 23% of the total variance) is484

predominantly aligned with the major axis of the Amundsen Gulf, as is the low-frequency residual485

flow which exceeds the tidal flow in magnitude (Figure 9c). This set-up is significant, as it implies486

that our study site is downstream of a region of complex topography offshore of the southern tip487

of Banks Island (Figure 1a) roughly two times a day (i.e., the semidiurnal M2 frequency).488

Further support for the interpretation that ε is tidally-modulated comes from the results of past489

studies in the region. We expect semidiurnal currents in the region to be strongly influenced by490

the locally-generated baroclinic tide (Kulikov et al. 2010); the shelf slope north of nearby Cape491

Bathurst has previously been identified as a likely region of strong internal tide generation (Ku-492

likov et al. 2004). A detailed analysis of tidal currents in the region by Kulikov et al. (2004)493

concluded that over 70% of the total energy of semidirunal currents was associated with baro-494

clinic coherent tidal currents, compared to only ∼7% in association with inertial components.495

Furthermore, although the latitude of our study is southwards of the critical latitude for the M2496

tide, it has been suggested that an M2 internal tide generated in this region becomes resonantly497

trapped between the continent and the critical latitude (Kulikov et al. 2004, 2010). Ultimately, in-498
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ternal tides in this region are expected to dissipate near their generation site (Morozov and Pisarev499

2002; Kulikov et al. 2004, 2010). We further note that observations linking tides and topography500

to mixing have been recently reported for the broader Arctic Ocean (Rippeth et al. 2015, 2017).501

b. Double Diffusion502

Even when the mechanical energy inputs to mixing do not support enhanced turbulent mixing of503

buoyancy (Section 4b), double diffusion can act to produce turbulent transports of temperature and504

salt (Radko 2013). The susceptibility of a water column to the diffusive regime of double diffusion505

can be characterized by the gradient density ratio, Rρ , defined in Section 4c. Empirically, diffusive506

convection in the Arctic Ocean is most commonly observed when 1 < Rρ < 7; it is also sometimes507

seen when 7 < Rρ < 10, but it is not typically observed when Rρ > 10 (Shibley et al. 2017). In the508

central Canada Basin’s warm halocline, Rρ is typically 6.3± 1.4, and coherent double diffusive509

staircases are observed over horizontal scales exceeding 1000 km (Timmermans et al. 2008a;510

Shibley et al. 2017).511

We calculate Rρ from our measurements using background gradients filtered to exclude vertical512

scales smaller than 5 m (Figure 10). We find that 1 < Rρ < 10 in 21% of observations; 19%513

are in the range 7–10, and 2% are in the range 1–7. Instances where 1 < Rρ < 10 are almost514

exclusively in a band near the top of the Atlantic Water layer: in the potential density anomaly515

band σ0 = 28.5–29.5 kg m−3, corresponding approximately to the depth range∼200–335 m, 70%516

of Rρ observations are in the range 1–10. There is also a notable number of small Rρ values in the517

eddy, where 16% of Rρ observations are in the range 1–10.518

Despite conditions near the top of the AW layer that suggest that the density structure there519

could be favourable to double diffusion, we do not observe pervasive double diffusive staircases520

like those observed in the central Canada Basin’s thermocline, although we do see sporadically dis-521
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persed individual temperature steps that are likely related to double diffusive processes. It appears,522

therefore, that double diffusion does not play a substantial role in the broader vertical transport of523

heat or density out of the thermocline in this region. This finding is potentially surprising at first524

because it is often thought that the absence of a double diffusive staircase implies energetic tur-525

bulent mixing (e.g. Guthrie et al. 2017; Shibley and Timmermans 2019) and the turbulent mixing526

estimates from our dataset are typically weak.527

The absence of staircases could be due to a number of reasons. For example, more intense528

mixing upstream or earlier in time could plausibly explain staircase absence, especially given the529

region of complex topography upstream of the survey site and the variability of the low frequency530

flow recorded by the CA08 mooring. It is also plausible that Rρ is generally too large to lead531

to double-diffusive staircases, even in such a low-mixing environment. This situation is well532

documented in a number of deep lakes, where levels of Rρ & 6 are often found sufficient to prevent533

the formation of a well-defined staircase structure even in the complete absence of turbulent mixing534

(Wüest et al. 2012). Observations of staircases in the central Canada Basin thermocline (e.g.535

Padman and Dillon 1987; Timmermans et al. 2008a) are generally found at lower values of Rρ536

than observed here.537

c. Pacific Water Mesoscale and Smaller Features538

One of the most striking features in our observations is the large variability in the temperature539

structure of the Pacific Water layer, visible in an enlarged view of the Conservative Temperature540

cross section (Figure 11a). The most obvious feature here is the anticyclonic warm-core mesoscale541

eddy between along track distances of s = 53 and s = 100 km and depths of 40 and 110 m.542

The eddy has an approximate height of 70 m and an approximate diameter of 38 km; the latter543

dimension was estimated using the glider flight model of Merckelbach et al. (2019) to estimate the544
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distance the glider travelled through water, and by assuming that the glider intersected the eddy’s545

central core (see Appendix for details). With a maximum Conservative Temperature of -0.1◦C546

observed at ∼50 m depth, the eddy is about 1.3◦C warmer than the ambient water at its core. It547

appears to have at least one outer tendril, transected by the glider twice at s = 104 km and s = 139548

km along track distance.549

The origin of the eddy is unknown, but its large Conservative Temperature anomaly and Absolute550

Salinity range of 32− 33 g kg−1 (Figure 11b right panel) suggest that it is composed of summer551

Bering Sea Water (sBSW) that has been modified on the Chukchi shelf (Timmermans et al. 2014b).552

Though the pathways of Chukchi shelf waters into the Beaufort Sea are highly variable, sBSW can553

form a component of the eastward shelfbreak jet (von Appen and Pickart 2012). These authors554

note that it is unlikely for sBSW to enter the Canadian Arctic Archipelago as a well-defined jet,555

rather it is expected sBSW will enter in the form of mesoscale eddies derived from the jet through556

baroclinic and barotropic instabilities, consistent with what we observe. This life history suggests557

that the eddy may have originated from as far as along the shelf-break north of Alaska. Other558

known locations of mesoscale eddy formation in the Pacific Water layer include Cape Bathurst559

(Williams and Carmack 2008; Sévigny et al. 2015) and Mackenzie Canyon (Williams et al. 2006).560

Irrespective of its possible origin, the eddy represents a significant amount of heat for the561

Amundsen Gulf. Assuming that the eddy is symmetric about a central axis, we estimate its total562

heat content to be 180 PJ (1 PJ = 1015 J) relative to the ambient water, taken to be Θ =−1.37 ◦C563

(see Appendix for details). When spread over the approximate area of Amundsen Gulf (taken as564

400 × 150 km), the heat from this eddy alone would be capable of producing a 1.0 cm depth of565

ice melt (see Section 3), corresponding to 0.5-1.7% of the late spring sea ice pack (Peterson et al.566

2008). However, our observations suggest that turbulence in the Pacific Water layer is extremely567

weak, and generally insufficient to effect the upward turbulent transport of this heat to the sea ice568
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cover above (Section 4d). The absence of turbulence at these depths is reasonably expected to lead569

to the long-lived persistence of temperature anomalies in the PW layer such as the mesoscale eddy570

observed here.571

Equally striking as the eddy is the presence of substantial temperature variability on horizontal572

scales of O(1) km seen throughout the PW layer. This variability can be seen in Figure 11a573

as a series of blotches superimposed on the ambient PW outside of the influence of the eddy.574

Temperature-salinity characteristics of these smaller-scale structures (Figure 11b, middle panel)575

appear to be sufficiently dissimilar from those of the eddy that we suggest that they are distinct576

features, rather than tendrils of the eddy. It is unclear how these smaller structures were created.577

However, in light of recent results by Sévigny et al. (2015), who linked horizontal temperature578

structure above 100 m depth in Amundsen Gulf to submesoscale frontal formation and isopycnal579

outcropping at Cape Bathurst, it is possible that we are observing remnant features of nearby580

submesoscale dynamics.581

6. Conclusions582

Using a unique, near-continuous, 11-day glider-based sampling of turbulence and hydrography583

in Amundsen Gulf, a detailed quantification of turbulence and mixing led us to the following584

conclusions.585

1. Consistent with previous studies in the region, we find that turbulence is typically very weak.586

In our data set, the turbulent kinetic energy dissipation rate, ε , has a geometric mean value of587

2.8×10−11 W kg−1 and is less than 1×10−10 W kg−1 in 68% of observations.588

2. Further, we find that weak turbulence and strong stratification combine to predominantly in-589

hibit turbulent diapycnal mixing of buoyancy in the region. The presence of turbulence strong590

27



enough to drive vertical overturns and an enhanced buoyancy flux above that expected from591

molecular diffusion, defined by the criteria ReB ≥10, is found in only 7% of observations.592

3. Despite typically weak turbulent levels, our data set also shows that ε is highly variable,593

despite the limited time and space spanned by our measurements. Variability in ε in our594

observations spans five orders of magnitude.595

4. An important implication of this variability is that a small number of strongly turbulent mix-596

ing events are disproportionately important in determining net buoyancy fluxes. These rare597

energetic turbulent events are responsible for enhancing the arithmetic mean diffusivity of598

density by three orders of magnitude above molecular levels.599

The tightly-resolved measurements of turbulence and hydrography also provided insight into the600

relevance of various possible turbulence-forcing mechanisms. We conclude the following.601

1. Turbulent dissipation below the Pacific Water layer is modulated in time at the semidiurnal602

frequency and shows structure fixed in space across repeat transects over the continental shelf603

slope, suggesting that the deep turbulent field is tidally-forced. Regional bathymetry and604

currents support the plausibility of this mechanism.605

2. Despite weak turbulence levels and a density structure that is potentially favourable to dou-606

ble diffusion at the top of the Atlantic Water layer, we do not observe well-formed double607

diffusive structures. Thus, double diffusion does not appear to play a substantial role in the608

vertical transport of heat in this region at this time. However, the magnitude of the turbulent609

heat fluxes we estimate are comparable to those in the Canada Basin diffusive staircases, of610

order 0.1 W m−2.611
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3. Significant heat is present in the Pacific Water layer in the form of a mesoscale eddy and612

smaller scale structures, however, turbulent levels appear insufficient to cause a significant613

turbulent transport of this stored heat to shallower depths.614

Given that the dominant forcing mechanism of deep turbulent mixing in the Gulf has been pro-615

posed to occur through tide-topography interaction, it is relevant to pose the question of how616

representative our characterization of turbulence and mixing is for broader space and time scales617

than those spanned by our observations. The spatial variability of turbulence evident in our obser-618

vations points to a possibly greater role played by regions of complex topography in setting the net619

mixing rate in the region, raising the question of whether broader scale measurements are needed620

to achieve a spatial sampling that leads to representative mixing statistics. Although the glider621

sampling provides improved statistics of the intermittent turbulent field, we also expect signifi-622

cant variability over longer time scales due to changes in wind and tidal forcing, residual current623

strength, ice conditions and stratification, all which have been shown to modulate internal wave624

energy and turbulence in the broader region (e.g. Dosser et al. 2014; Chanona et al. 2018; Cole625

et al. 2018). Low turbulence levels that these observations document are consistent with finescale626

estimates of diffusivity in the Beaufort Sea in spring and summer over multiple years reported by627

Guthrie et al. (2013), but appear up to two orders of magnitude weaker than those measured in the628

Gulf in early winter (Bourgault et al. 2011), the prime season for ventilating the mixed layer.629

The role of turbulent mixing and its space-time variability in setting the vertical nitrate flux is630

important for Arctic Ocean primary production (e.g. Bourgault et al. 2011; Tremblay et al. 2015;631

Randelhoff and Guthrie 2016) and is thus particularly important to understand in the habitat of the632

Cape Bathurst Polynya (Stirling 1980, 1997) given the low turbulent mixing rates characterizing633

this region. Randelhoff and Guthrie (2016) report that regional differences in turbulent mixing and634
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stratification lead to varying responses of primary production to climate change. We suggest that635

future glider-based sampling of turbulence in Amundsen Gulf and the Arctic Ocean more broadly636

has the potential to deliver a better understanding of time and space variability in mixing rates637

and its impacts, from which important insights regarding the functioning of Arctic ecosystems in638

a changing climate may be gained.639
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crew of the Canadian Coast Guard Ship Amundsen. They also thank Achim Randelhoff and two643

anonymous reviewers for critically reading the manuscript and making suggestions that led to sig-644

nificant improvements and clarifications. This work was supported by the National Science and645

Engineering Research Council of Canada (NSERC) through the Canadian Arctic GEOTRACES646

program—supported by the Climate Change & Atmospheric Research program (NSERC RGPCC647

433848-12)—and the Discovery Grant Program (NSERC-2015-04866); the Helmholtz Founda-648

tion through the Polar Regions and Coasts in the Changing Earth System II program; the Alfred P.649

Sloan Foundation; the University of British Columbia; the Killam Doctoral Scholarships program;650

the Vanier Canada Graduate Scholarships program; the UBC Four Year Fellowship Program; the651

Northern Scientific Training Program; and the NSERC Michael W. Smith Foreign Study Supple-652

ment. Logistical support was provided by the Ocean Tracking Network (OTN); the Marine En-653

vironmental Observation, Prediction and Response (MEOPAR) Network; and the Amundsen Sci-654

ence Program which are supported by the Canada Foundation for Innovation (CFI) and NSERC.655

Mooring data were collected on board the Canadian research icebreaker CCGS Amundsen for the656

Long-Term Ocean Observatory, a project of ArcticNet. MEOPAR and ArcticNet belong to the657

30



Networks of Centres of Excellence Program of the Government of Canada. ArcticNet data are658

publicly available on the Polar Data Catalogue.659

APPENDIX660

Calculation of eddy geometry and heat content661

Integration of the total heat content of the eddy required the following steps. First, it must be662

noted that the along-track distances quoted in the text, and denoted by s, are geographic distances663

relative to the fixed Earth frame. In order to estimate the diameter of the eddy, as well as a radial664

distance axis from the eddy center, the contribution of the water velocity acting to advect both the665

glider and the eddy over the fixed Earth coordinates must be accounted for. To do this, we have666

integrated the steady-state glider flight model of Merckelbach et al. (2019) in time, accounting for667

the heading of the glider, to produce a horizontal path of the glider through the eddy based on the668

glider’s speed through the water. We next project this path onto a straight line segment connecting669

the first and last positions at the eddy edges. We form a radial coordinate, r, by taking the central670

position of this line segment as the origin (allowing for negative r). Then, following similar studies671

(e.g., Armi et al. 1988; Fine et al. 2018), we assume that the eddy is axisymmetric, and that the672

glider transected its center. This allows the heat content to be calculated through673

heat content = ρcpπ

∫ R

−R
|r|
∫

Zeddy

[Θ(r,z)−Θref]dz dr, (A1)

where we allow the radial coordinate to range from −R to R, with R being the eddy radius. This674

accounts for the fact that two halves of the eddy have been measured. Each half is revolved π675

radians in the axisymmetric assumption. The quantity Zeddy represents the eddy height, and is a676

function of r. Θref is a reference temperature representing the temperature of the ambient water677

outside the eddy. We chose this to be −1.37◦C. All values of Θ−Θref < 0 are excluded from the678
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integration, as this is considered ambient water. This calculation leads to an estimate of the eddy679

diameter of 38 km (compared to a 48 km geographic along-track distance), and an estimate of the680

eddy heat content of 180 PJ, as stated in the text.681
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Table 2. Select statistics of ε and |Kρ | observed in (top) all the data; (middle) all data911

except that within the turbulent patch; and (bottom) data only from within the912

turbulent patch. The turbulent patch is defined as the region inside the white913

rectangle in Figures 4 and 7, between s = 52–81 km on the horizontal axis.914

Bracketed numbers indicate lower and upper bounds based on the 95% confi-915

dence interval from bootstrap re-sampling in the case of arithmetic mean and916

median values, and the standard error in the mean from the geometric standard917

deviation in the case of the geometric mean values. . . . . . . . . . 45918
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Layer SA [g kg−1] Depth [m] Θ [◦C] σ0 [kg m−3] N2 [10−4 s−2]

SML <28.3 0 – 14 5.9 – 7.3 21.2 – 22.1 —

CH 28.3 – 32.0 12 – 47 −1.2 – 6.6 22.3 – 25.8 0.81 – 49.9

PW 32.0 – 33.2 47 – 122 −1.4 – −0.6 25.9 – 27.1 0.41 – 2.45

WH 33.2 – 34.8 126 – 275 −1.36 – 0.07 27.3 – 29.1 0.18 – 1.46

AW >34.8 267 – — 0.15 – 0.36 29.1 – 29.8 0.03 – 0.31

TABLE 1. Properties of the hydrographic layers. Layers are defined by their Absolute Salinity, SA. Ranges

given for depth, Conservative Temperature, Θ, potential density anomaly, σ0, and stratification, N2, are for the

central 90% of data. The layer labels are SML: Surface Mixed Layer; CH: Cold Halocline; PW: Pacific Water

Layer; WH: Warm Halocline; AW: Atlantic Water Layer.

919

920

921

922
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Arithmetic Mean Geometric Mean Median IQR

All Data

ε [10−11 W kg−1] 49 [40, 68] 2.8 [2.7, 2.8] 2.3 [2.2, 2.4] 0.3 – 16

|Kρ | [10−8 m2 s−1] 450 [230, 1400] 0.87 [0.86, 0.89] 0.78 [0.76, 0.80] 0.25 – 1.6

Excluding Turbulent Patch

ε [10−11 W kg−1] 44 [34, 63] 2.4 [2.4, 2.5] 1.9 [1.8, 2.0] 0.3 – 13

|Kρ | [10−8 m2 s−1] 100 [86, 140] 0.68 [0.67, 0.69] 0.70 [0.68, 0.72] 0.23 – 1.5

Turbulent Patch Only

ε [10−11 W kg−1] 110 [97 130] 15 [14, 16] 18 [16, 21] 2.7 – 79

|Kρ | [10−8 m2 s−1] 4,600 [1,800 18,000] 17 [16, 19] 1.8 [1.8, 1.9] 1.1 – 810

TABLE 2. Select statistics of ε and |Kρ | observed in (top) all the data; (middle) all data except that within the

turbulent patch; and (bottom) data only from within the turbulent patch. The turbulent patch is defined as the

region inside the white rectangle in Figures 4 and 7, between s = 52–81 km on the horizontal axis. Bracketed

numbers indicate lower and upper bounds based on the 95% confidence interval from bootstrap re-sampling in

the case of arithmetic mean and median values, and the standard error in the mean from the geometric standard

deviation in the case of the geometric mean values.
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LIST OF FIGURES929

Fig. 1. (a) Map of the southeastern Beaufort Sea, showing the location of Amundsen Gulf. The930

glider path is shown by the thin black line inside the black rectangle. (b) Enlarged view of931

the region enclosed by the black rectangle in (a), showing the path of the glider. The start and932

end locations of the track are shown by the white rectangles; four intermediate waypoints933

are also shown and numbered consecutively. The color on the glider’s track-line is water934

Conservative Temperature along the 1026.15 kg m−3 isopycnal, indicating the location and935

spatial scale of the warm-core eddy discussed in the text (Section 5c). The white star is936

the location of ArcticNet mooring CA08. Bathymetry data are from IBCAO 3.0 (Jakobsson937

et al. 2012). . . . . . . . . . . . . . . . . . . . . . . . 48938

Fig. 2. (a) Arithmetic mean profile and spatial cross section of Conservative Temperature, Θ. (b)939

Geometric mean profile and spatial cross section of stratification, N2. For the mean pro-940

files, alternating colored background shading indicates the approximate depth ranges of the941

hydrographic layers defined in the text (PW, WH, and AW are labelled). For the spatial sec-942

tions, the horizontal axis is broken and consecutively labelled 1–4 at the waypoints marked943

in Figure 1, indicating where the glider changed direction. White rectangle in (a) indicates944

the mesoscale eddy discussed in the text. . . . . . . . . . . . . . . . 49945

Fig. 3. Histograms of (a) the turbulent dissipation rate, ε , and (b) the buoyancy Reynolds number,946

ReB. For each, the number in the top right indicates the percentage of data that fall within947

the axis limits; the remaining data are below the detection limit and not displayed. The948

interquartile range for each set, including below-detection-limit data, is the span between the949

two dash-dotted lines. For ε , the geometric and arithmetic mean values are also indicated950

(GM and AM, respectively). For ReB, the approximate critical value Re∗B = 10 is indicated951

by the yellow line. . . . . . . . . . . . . . . . . . . . . . 50952

Fig. 4. Mean vertical profiles and horizontal cross sections of (a) ε and (b) ReB. Waypoints are953

indicated as in Figure 2. For each, the geometric mean profile is given in 25 m bins (blue)954

with error bars indicating the standard error in the mean using the geometric standard devi-955

ation; for ε , the arithmetic mean profile is also given (black) with error bars indicating the956

95% confidence interval based on bootstrap re-sampling. As for all geometric mean values957

presented, below-detection limit values set to zero for all other calculations, are set to the958

detection limit (2.0 × 10−12 W kg−1) for the calculation of the geometric mean. In both959

cross sections, the white rectangle between waypoints 2 and 3 identifies the patch of en-960

hanced turbulence discussed in the text. In the ReB cross section, red pixels indicate where961

a turbulent diapycnal flux is expected; grey pixels indicate an expected absence of turbulent962

diapycnal mixing. The approximate critical value Re∗B = 10 is indicated in the ReB mean963

profile by the vertical yellow line. . . . . . . . . . . . . . . . . . 51964

Fig. 5. The three repeat ε transects (left vertical axis) over the continental shelf slope. The hori-965

zontal axis is the distance from Waypoint 3 shown in Figure 1b. Thick lines are 2.5 km,966

geometric mean bin-averages of cast-averaged ε; coloured markers in the background are967

the individual geometric mean cast-averages. The bathymetry is shown with grey shading968

in the background (right vertical axis) for reference. . . . . . . . . . . . . 52969

Fig. 6. Histogram of (a) the diapycnal mixing coefficient, Kρ , of density for all measurements and970

(b) the vertical heat flux, FH , for turbulent regime (ReB ≥ 10) estimates only. Positive Kρ971

indicate down-gradient density diffusion; negative Kρ indicate up-gradient density diffusion.972

The arithmetic mean (AM) of all Kρ estimates is indicated. For FH , the dash-dotted lines973

indicate the 5th and 95th percentiles. . . . . . . . . . . . . . . . . 53974
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Fig. 7. Mean vertical profiles, in 25-m bins, and horizontal cross sections of (a) the diapycnal mix-975

ing coefficient, Kρ , of density and (b) the vertical heat flux, FH . For Kρ , both geometric976

mean (blue) and arithmetic mean (black) profiles are shown; error bars indicate the standard977

error in the mean using the geometric standard deviation in the former and the 95% con-978

fidence interval based on bootstrap re-sampling in the latter. For FH , the arithmetic mean979

profile is shown with error bars indicating the 95% confidence interval based on bootstrap re-980

sampling. For the cross sections, the horizontal axis, waypoint markers, and white rectangle981

identifying the turbulent patch are as in Figure 4. . . . . . . . . . . . . . 54982

Fig. 8. (a) Power density spectrum of deep ε , constructed using Welch’s method and 4 day segments983

of data. Grey shading indicates the 95% confidence interval. The M2 tidal frequency and984

f are indicated. (b) The ε time series used to construct the power density spectrum. The985

series is made from the geometric cast-averages of ε for all depths greater than 100 m and is986

interpolated to a 15 minute grid. Variability on scales smaller than 2 hours has been removed. . 55987

Fig. 9. (a) Depth-averaged current velocity components U (grey) and V (black), measured by Arc-988

ticNet mooring CA08 between depths 10–170 m. The light grey shading indicates the pe-989

riod of the glider deployment. (b) Rotary spectra of the U and V records, as well as their990

decomposition into tidal and non-tidal components, as indicated in the legend. The M2 tidal991

frequency and f are indicated as in Figure 8. (c) Polar histograms with current speeds of992

the U and V records, decomposed into high frequency and residual components. High fre-993

quencies are defined as those greater than 1.3 cpd and are dominated by the M2 tide. The994

approximate orientation of Amundsen Gulf’s major axis, azimuth 305◦, is indicated in each995

histogram by the yellow line. The percentage on each histogram’s perimeter is the tick label996

for the radial axis (relative occurrence). . . . . . . . . . . . . . . . 56997

Fig. 10. Geometric mean vertical profile and horizontal cross section of the density ratio, Rρ . In the998

cross section, data are discretized into three regimes: susceptible to double diffusion (red:999

Rρ≤7), marginally susceptible (yellow: 7<Rρ≤10), and not susceptible (purple: Rρ>10).1000

The value Rρ=10 is shown in the mean profile by the yellow vertical line. . . . . . . 571001

Fig. 11. (a) An enlarged view of the Conservative Temperature, Θ, cross section of the cold halocline1002

and Pacific Water layers, highlighting the eddy as well as smaller, O(1) km, temperature1003

anomalies. The dashed white lines correspond, from left to right, to the three Θ-SA lines1004

shown in the lower three panels. (b) Θ-SA diagrams for the three vertical profiles indicated1005

in the upper panel. Grey dots are all the data shown in the upper panel. Dotted lines are1006

potential density anomaly contours. . . . . . . . . . . . . . . . . 581007
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FIG. 1. (a) Map of the southeastern Beaufort Sea, showing the location of Amundsen Gulf. The glider path

is shown by the thin black line inside the black rectangle. (b) Enlarged view of the region enclosed by the black

rectangle in (a), showing the path of the glider. The start and end locations of the track are shown by the white

rectangles; four intermediate waypoints are also shown and numbered consecutively. The color on the glider’s

track-line is water Conservative Temperature along the 1026.15 kg m−3 isopycnal, indicating the location and

spatial scale of the warm-core eddy discussed in the text (Section 5c). The white star is the location of ArcticNet

mooring CA08. Bathymetry data are from IBCAO 3.0 (Jakobsson et al. 2012).
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FIG. 2. (a) Arithmetic mean profile and spatial cross section of Conservative Temperature, Θ. (b) Geometric

mean profile and spatial cross section of stratification, N2. For the mean profiles, alternating colored background

shading indicates the approximate depth ranges of the hydrographic layers defined in the text (PW, WH, and

AW are labelled). For the spatial sections, the horizontal axis is broken and consecutively labelled 1–4 at the

waypoints marked in Figure 1, indicating where the glider changed direction. White rectangle in (a) indicates

the mesoscale eddy discussed in the text.
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FIG. 3. Histograms of (a) the turbulent dissipation rate, ε , and (b) the buoyancy Reynolds number, ReB. For

each, the number in the top right indicates the percentage of data that fall within the axis limits; the remaining

data are below the detection limit and not displayed. The interquartile range for each set, including below-

detection-limit data, is the span between the two dash-dotted lines. For ε , the geometric and arithmetic mean

values are also indicated (GM and AM, respectively). For ReB, the approximate critical value Re∗B = 10 is

indicated by the yellow line.
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FIG. 4. Mean vertical profiles and horizontal cross sections of (a) ε and (b) ReB. Waypoints are indicated

as in Figure 2. For each, the geometric mean profile is given in 25 m bins (blue) with error bars indicating

the standard error in the mean using the geometric standard deviation; for ε , the arithmetic mean profile is also

given (black) with error bars indicating the 95% confidence interval based on bootstrap re-sampling. As for all

geometric mean values presented, below-detection limit values set to zero for all other calculations, are set to

the detection limit (2.0 × 10−12 W kg−1) for the calculation of the geometric mean. In both cross sections, the

white rectangle between waypoints 2 and 3 identifies the patch of enhanced turbulence discussed in the text. In

the ReB cross section, red pixels indicate where a turbulent diapycnal flux is expected; grey pixels indicate an

expected absence of turbulent diapycnal mixing. The approximate critical value Re∗B = 10 is indicated in the ReB

mean profile by the vertical yellow line.
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FIG. 5. The three repeat ε transects (left vertical axis) over the continental shelf slope. The horizontal axis

is the distance from Waypoint 3 shown in Figure 1b. Thick lines are 2.5 km, geometric mean bin-averages

of cast-averaged ε; coloured markers in the background are the individual geometric mean cast-averages. The

bathymetry is shown with grey shading in the background (right vertical axis) for reference.
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FIG. 6. Histogram of (a) the diapycnal mixing coefficient, Kρ , of density for all measurements and (b) the

vertical heat flux, FH , for turbulent regime (ReB ≥ 10) estimates only. Positive Kρ indicate down-gradient density

diffusion; negative Kρ indicate up-gradient density diffusion. The arithmetic mean (AM) of all Kρ estimates is

indicated. For FH , the dash-dotted lines indicate the 5th and 95th percentiles.
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FIG. 7. Mean vertical profiles, in 25-m bins, and horizontal cross sections of (a) the diapycnal mixing co-

efficient, Kρ , of density and (b) the vertical heat flux, FH . For Kρ , both geometric mean (blue) and arithmetic

mean (black) profiles are shown; error bars indicate the standard error in the mean using the geometric standard

deviation in the former and the 95% confidence interval based on bootstrap re-sampling in the latter. For FH ,

the arithmetic mean profile is shown with error bars indicating the 95% confidence interval based on bootstrap

re-sampling. For the cross sections, the horizontal axis, waypoint markers, and white rectangle identifying the

turbulent patch are as in Figure 4.
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FIG. 8. (a) Power density spectrum of deep ε , constructed using Welch’s method and 4 day segments of data.

Grey shading indicates the 95% confidence interval. The M2 tidal frequency and f are indicated. (b) The ε time

series used to construct the power density spectrum. The series is made from the geometric cast-averages of ε

for all depths greater than 100 m and is interpolated to a 15 minute grid. Variability on scales smaller than 2

hours has been removed.
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FIG. 9. (a) Depth-averaged current velocity components U (grey) and V (black), measured by ArcticNet

mooring CA08 between depths 10–170 m. The light grey shading indicates the period of the glider deployment.

(b) Rotary spectra of the U and V records, as well as their decomposition into tidal and non-tidal components,

as indicated in the legend. The M2 tidal frequency and f are indicated as in Figure 8. (c) Polar histograms

with current speeds of the U and V records, decomposed into high frequency and residual components. High

frequencies are defined as those greater than 1.3 cpd and are dominated by the M2 tide. The approximate

orientation of Amundsen Gulf’s major axis, azimuth 305◦, is indicated in each histogram by the yellow line.

The percentage on each histogram’s perimeter is the tick label for the radial axis (relative occurrence).
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FIG. 10. Geometric mean vertical profile and horizontal cross section of the density ratio, Rρ . In the cross

section, data are discretized into three regimes: susceptible to double diffusion (red: Rρ≤7), marginally suscep-

tible (yellow: 7<Rρ≤10), and not susceptible (purple: Rρ>10). The value Rρ=10 is shown in the mean profile

by the yellow vertical line.

1065

1066

1067

1068

57



FIG. 11. (a) An enlarged view of the Conservative Temperature, Θ, cross section of the cold halocline and

Pacific Water layers, highlighting the eddy as well as smaller, O(1) km, temperature anomalies. The dashed

white lines correspond, from left to right, to the three Θ-SA lines shown in the lower three panels. (b) Θ-SA

diagrams for the three vertical profiles indicated in the upper panel. Grey dots are all the data shown in the upper

panel. Dotted lines are potential density anomaly contours.
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