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Abstract The Arctic Ocean mixed layer interacts with the ice cover above and warmer, nutrient‐rich
waters below. Ice‐Tethered Profiler observations in the Canada Basin of the Arctic Ocean over 2006–2017
are used to investigate changes in mixed layer properties. In contrast to decades of shoaling since at least the
1980s, the mixed layer deepened by 9 m from 2006–2012 to 2013–2017. Deepening resulted from an
increase in mixed layer salinity that also weakened stratification at the base of the mixed layer. Vertical
mixing alone can explain less than half of the observed change in mixed layer salinity, and so the observed
increase in salinity is inferred to result from changes in freshwater accumulation via changes to ice‐ocean
circulation or ice melt/growth and river runoff. Even though salinity increased, the shallowest density
surfaces deepened by 5 m on average suggesting that Ekman pumping over this time period remained
downward. A deeper mixed layer with weaker stratification has implications for the accessibility of heat and
nutrients stored in the upper halocline. The extent to which the mixed layer will continue to deepen appears
to depend primarily on the complex set of processes influencing freshwater accumulation.

Plain Language Summary The upper tens of meters of the Arctic Ocean, termed themixed layer,
separate the floating sea ice above from warmer and nutrient‐rich waters below. Observations in winter
are used to investigate changes to the mixed layer over 2006–2017. The mixed layer has recently gotten
thicker (deeper) by 9 m, in contrast to past decades where it thinned (shoaled). Deepening resulted from
changes to ocean salinity in the mixed layer that cannot be explained by mixing with saltier water below.
Thus, the increase in mixed layer salinity is inferred to result from interannual changes to the ice‐ocean
circulation, ice melt/growth, or river runoff. Changes to water properties also occurred in the region
immediately beneath the mixed layer, making it energetically easier for heat to be combined into the mixed
layer. The extent to which the mixed layer will continue to deepen appears to depend primarily on the
complex set of processes that can influence mixed layer salinity.

1. Introduction

The Arctic Ocean mixed layer is coupled dynamically and thermodynamically with the ice cover above (e.g.,
McPhee, 2012), while the strong stratification at the mixed layer base effectively isolates heat and nutrients
from the upper tens of meters of the water column (Maykut & McPhee, 1995; Shaw et al., 2009). The mixed
layer in the Canada Basin is shallow, less than 50‐m deep in winter and shoaling to 20 m or less in summer
(Peralta‐Ferriz & Woodgate, 2015; Toole et al., 2010). The shallow winter mixed layer results from limited
vertical mixing together with buoyant freshwater input (as salinity has the largest influence on density at
cold Arctic temperatures). Freshwater accumulates in the Canada Basin due to the Beaufort Gyre, an
anticyclonic circulation of the ice and upper ocean driven by surface winds that retains fresh surface waters
via Ekman convergences. Interannual changes to the mixed layer are influenced by processes that affect
vertical mixing or surface freshwater including ice melt/growth, river runoff, surface circulation, areas of
open water (changes to ice extent or leads) where the wind can directly force the ocean (Krishfield et al.,
2014; McPhee, 2013; Proshutinsky et al., 2009; Zhang et al., 2016), and internal wave breaking near the
mixed layer base (e.g., D'Asaro & Morison, 1992). Mixed layer feedbacks with the ice cover make future
changes to the Arctic ice cover and upper ocean stratification difficult to predict. There is a wide range of
potential outcomes for the ice cover itself (Carmack et al., 2015), and the nutrients and ecosystems residing
within and beneath the mixed layer, which are all sensitive to changes in mixed layer depth
and/or entrainment.

Observations over 1980–2008 have indicated that the Canada Basin winter mixed layer has shoaled due to
increased freshwater accumulation. Based on November–May observations that are interannually sparse,
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the winter mixed layer trend reported for the period 1980–2008 is a shoal-
ing of 0.64 m/year, amounting to 19 m over 30 years (Peralta‐Ferriz &
Woodgate, 2015). Similarly, the trend in winter mixed layer salinity was
a freshening of 0.19 psu/year or 5.5 psu over 1980–2008 (Peralta‐Ferriz
& Woodgate, 2015). Freshening extends throughout the upper few hun-
dred meters of the water column and has occurred due to increased ice
melt and river runoff as well as Ekman convergence of surface waters that
resulted from increased anticyclonic wind stress (Krishfield et al., 2014;
Proshutinsky et al., 2009; Zhang et al., 2016). Mixed layer shoaling due
to freshwater accumulation (and weak vertical mixing) occurred simulta-
neously with increased Ekman pumping that has deepened the average
depth of density surfaces in the upper halocline (Timmermans et al.,
2014; Zhang et al., 2016). Interannual changes to freshwater content
(and inferred changes to freshwater accumulation) are better observed
than changes to vertical mixing within or at the base of the mixed layer.
It is inconclusive to what extent vertical mixing at any depthmay be chan-
ging interannually (e.g., Guthrie et al., 2013). Whether or at what rate the
future mixed layer will continue to shoal is an open question.

Several recent studies have focused on changes to the ice cover and ocean
circulation over the last decade but do not address in detail how the mixed
layer has been affected. Sea ice extent and thickness have continued to

decline, with a historic minimum in extent in summer 2012 (Carmack et al., 2015; Comiso, 2012; Kwok
et al., 2009). Sea ice velocity is increasing along with wind speeds (Carmack et al., 2015; Kwok et al.,
2013). The Beaufort Gyre ice and ocean circulation intensified over 1995–2008 and then stabilized over
2008–2015 (Armitage et al., 2017; Krishfield et al., 2014; McPhee, 2013; Zhang et al., 2016). Increased
Ekman convergence during the spin‐up period led to freshwater accumulation within the upper 400 m
(Krishfield et al., 2014; Proshutinsky et al., 2009), while the stabilization period has been associated with
increased mixed layer salinity (Zhang et al., 2016). These recent dynamic changes, that is, the stabilization
of the Beaufort Gyre together with decreased sea ice extent in summer, have the potential to influence the
Canada Basin mixed layer.

This paper focuses on the winter mixed layer, which is historically underobserved due to limited ship access
in winter months. We are interested in the interannual and large‐scale changes to the mixed layer, not the
variations in mixing layers that are indicative of mixing over a number of days (see section 3). Ice‐Tethered
Profiler observations since 2006 reveal that the decade‐long shoaling trend of the winter mixed layer in the
Canada Basin has reversed.

2. Data
2.1. Ice‐Tethered Profilers

We utilize temperature and salinity profiles in the Canada Basin of the Arctic Ocean from Ice‐Tethered
Profilers (ITPs; Toole et al., 2011; downloaded in March 2019 from www.whoi.edu/itp). The region south
of 80.5°N and west of 165°W in the Canada Basin is considered, limiting the analysis to the Beaufort Gyre
region (see Regan et al., 2019). To focus on the winter mixed layer, January through May data for each
ITP and year are treated as separate records. These months are selected to avoid months when the mixed
layer may be seasonally deepening or shoaling. Only records longer than 30 days are used. A total of 36 win-
ter records are available over 2006–2017 that meet these criteria (Figure 1), with further details of these
records provided in Table 1.

Eight records do not yet have fully processed temperature and salinity data available; we use the level II data
product for these records (Krishfield et al., 2008). Downward profiles are excluded from analysis of level II
data, as these have known biases due to the profiler wake that are not corrected in this level of processing.
The vertical resolution of the level II products is 2 dbar compared with 1 dbar for all other ITP data. A total of
12,148 profiles are included in the analysis, of which 1,065 are level II data. A direct comparison of level II

Figure 1. Map of each January–May ITP record during 2006–2012 (blue)
and 2013–2017 (red).
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upward profiles and the final (level III) data processing shows that differences in mixed layer depth or sali-
nity are minor (e.g., less than 1 m on average for mixed layer depth; not shown).

The ITP systems record at least two (one upward, one downward) profiles of temperature and salinity each
day. Some systems were programmed to sample more frequently in time, up to 8 profiles per day, and so
there are between 30 profiles (a single month of level II data) and 1,200 profiles (5 months of highly sampled
data) within each of the 36 January–May records (Table 1).

To evaluate potential changes to mechanical mixing within the mixed layer (as opposed to thermodynami-
cally driven mixing), the ice velocity during each record is considered. Ice velocity is estimated from hourly
GPS positions of the ITP surface unit. Ice velocity is then interpolated to the corresponding times of each pro-
file, and the speed is then estimated.

2.2. Ice Concentration

Special Sensor Microwave/Imager (SSM/I) ice concentration (Cavalieri et al., 1996) is utilized as it spans the
entire record and is sufficient to show the interannual changes in January–May ice cover. Ice concentration
was interpolated to the times and locations of the ITP profiles used in this analysis.

Table 1
Details of the January–May ITP Records Used in This Analysis

Record numbera ITP number Year Dates Processing Number of profilesb

1 ITP‐1 2006 1/1–5/31 Final 602
2 ITP‐3 2006 1/1–5/31 Final 597
3 ITP‐5 2007 1/1–5/31 Final 393
4 ITP‐6 2007 1/1–5/31 Final 297
5 ITP‐4 2007 1/1–5/31 Final 300
6 ITP‐8 2008 1/1–5/31 Final 301
7 ITP‐13 2008 1/1–5/31 Final 314
8 ITP‐18 2008 1/1–5/31 Final 274
9 ITP‐8 2009 1/1–5/31 Final 148
10 ITP‐11 2009 1/1–5/31 Final 314
11 ITP‐33 2010 1/1–5/31 Final 275
12 ITP‐34 2010 1/1–3/30 Final 175
13 ITP‐32 2010 1/1–2/9 Final 76
14 ITP‐35 2010 1/1–3/31 Final 514
15 ITP‐43 2011 1/1–2/11 Final 41
16 ITP‐41 2011 1/1–5/31 Final 296
17 ITP‐42 2011 1/1–4/15 Final 200
18 ITP‐53 2012 1/1–5/31 Final 278
19 ITP‐41 2012 1/1–5/31 Final 301
20 ITP‐62 2013 1/1–5/31 Final 275
21 ITP‐65 2013 1/1–5/31 Final 426
22 ITP‐64 2013 1/1–5/31 Final 418
23 ITP‐70 2014 1/1–5/31 Final 1203
24 ITP‐69 2014 1/1–2/15 Final 46
25 ITP‐77 2014 3/10–5/31 Final 657
26 ITP‐78 2014 3/11–5/31 Final 649
27 ITP‐79 2014 3/21–5/31 Final 569
28 ITP‐80 2015 1/1–5/24 Final 1144
29 ITP‐85 2015 1/1–5/31 Level II 151
30 ITP‐81 2015 1/1–5/31 Level II 151
31 ITP‐86 2015 1/1–5/31 Level II 149
32 ITP‐87 2015 1/1–5/31 Level II 148
33 ITP‐82 2015 1/1–5/31 Level II 151
34 ITP‐82 2016 1/1–3/10 Level II 47
35 ITP‐89 2016 1/1–5/31 Level II 121
36 ITP‐97 2017 1/1–5/31 Level II 147

Note. Date format is month/day.
aRecords are arranged in the order in which they are plotted in Figures 3a and 3b. bNumber of profiles with a mixed
layer depth estimate.

10.1029/2019JC014940Journal of Geophysical Research: Oceans

COLE AND STADLER 4620



3. Methods

There is not a universal definition of mixed layer depth in the Arctic Ocean, and density thresholds of 0.01 to
0.25 kg/m3 appear in the literature (Peralta‐Ferriz & Woodgate, 2015; Timmermans et al., 2012; Toole et al.,
2010). Here, three different potential density thresholds from the shallowest observation are considered:
0.03, 0.10, and 0.25 kg/m3. The mixed layer depth refers to the 0.25 kg/m3 density threshold and is the focus
of this study as it is indicative of the large‐scale structure of the Beaufort Gyre. With this definition, mixed
layer depth represents the depth to which water has mixed over the winter season and accurately tracks
the region of elevated stratification and shear (Figures 2a and 2b). An alternate definition of mixed layer
depth using a 0.10 kg/m3 density threshold was also considered, and all results are found to be robust to
the choice of density threshold (see section 5). In addition to these definitions of a mixed layer, we consider
a mixing layer base defined using a density threshold of 0.03 kg/m3 for illustrative purposes. Mixing layer
depth is representative of weak stratification within the mixed layer often associated with submesoscale
fronts (Timmermans et al., 2012). We do not consider statistics of the mixing layer here. Note that due to

Figure 2. Example time series of buoyancy frequency for (a) ITP‐5 in 2007 and (b) ITP‐80 in 2015. The mixed layer base
(dark red line) andmixing layer base (magenta dots) are estimated using 0.25 and 0.03 kg/m3 potential density thresholds,
respectively, and sometimes coincide. The 1,023.5 and 1,025.0 kg/m3 potential density surfaces (black) are also shown.
Note that ITP‐5 profiled twice per day, while ITP‐80 profiled eight times per day causing the black and dark red lines to
appear thicker for ITP‐80 as internal wave variability is resolved in more detail. (c) Map of profile locations and (d) average
potential density for ITP‐5 (blue) and ITP‐80 (red).
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the occasional presence of shallowmixing layers (e.g., Figures 2a and 2b), we consider statistics of the poten-
tial density at the base of the mixed layer (e.g., a mean value of 1,021.6 kg/m3 for ITP‐5; Figure 2a), which is
greater than the average potential density within the mixed layer (e.g., a mean value of 1,021.4 kg/m3 for
ITP‐5; Figure 2a).

The shallowest observation was typically at ~7‐m depth, although it was sporadically deeper for some pro-
files (e.g., Figure 2). Missing observations in the upper few meters were not crucial for determining the
mixed layer depth in winter (whereas in summer, they can be). Only six profiles were excluded from analysis
due to insufficient data in the upper tens of meters.

To evaluate interannual changes taking place in waters just beneath the mixed layer, the depth of the 1023.5
kg/m3 potential density surface is considered. It is the shallowest potential density surface present through-
out all records and often resides less than 10 m beneath the mixed layer base (e.g., Figure 2). Changes to the
mean depth of the 1,023.5 kg/m3 potential density surface are indicative of Ekman pumping in the upper-
most portions of the halocline (see section 4.1).

To evaluate how a changing mixed layer may impact the ice cover, the ocean heat content, and the amount
of ice that heat can melt, are considered. Heat content relative to the freezing temperature is estimated for

each profile as Q ¼ ρ0cp∫ T−Tf
� �

dz, where ρ0 = 1,023 kg/m3 is a reference value, Cp = 3,986 J kg−1 °C−1

is the specific heat capacity, and Tf is the freezing temperature of seawater. The reference salinity used in
estimating the freezing temperature is the average salinity of the region considered, which is the 0.5
kg/m3 potential density range immediately beneath the mixed layer base (discussed further in section 4).
The amount of ice that can be melted is estimated as Δzice = Q/ρice/qlh, where ρice= 910 kg/m3 is the density
of the ice and qlh = 3 × 105 J/kg is the latent heat of fusion for sea ice.

Liquid freshwater content is also estimated for each profile. Following Proshutinsky et al. (2009), liquid

freshwater content is estimated as ∫ Sref−S zð Þð Þ=Srefdz where a reference salinity of 34.8 g/kg is used
(see also Aagaard & Carmack, 1989). The integral is calculated from 2‐m depth to the depth at which
salinity equals the reference salinity, with the shallowest salinity value extrapolated to 2‐m depth (so that
no portion of the upper water column is excluded). The reference salinity is at approximately 350‐ to
400‐m depth, and so this is a relative measure of the freshwater in the upper ocean that can be used to
investigate freshwater variability. The liquid freshwater content is also considered as the integral from
2 m to the 29.2 g/kg salinity surface that resides a few meters beneath the base of the mixed layer
(and corresponds to the 1023.5 kg/m3 potential density surface on average) to give an estimate of fresh-
water content of this uppermost region.

4. Results
4.1. Mixed Layer Conditions

Representative ITP records from the central Beaufort Gyre (74–75°N, 140–153°W) illustrate the changes to
winter mixed layer properties that occurred during 2006–2017 (Figure 2). Observed winter mixed layers
sampled by ITP‐80 in 2015 were 9‐m deeper on average (40.2 m versus 31.0 m) than those sampled by
ITP‐5 in 2007. Potential density surfaces in the halocline also deepened. The 1,023.5 kg/m3 isopycnal, which
was 7–8 m below the mixed layer base in both records, deepened by 11 m (39 m versus 50 m on average),
suggesting downward Ekman pumping of the upper halocline between the ITP‐5 observations in 2007
and the ITP‐80 observations in 2015. Mean potential density profiles show that the mixed layer became den-
ser as well as deeper (Figure 2d), suggesting that some vertical mixing or increase in salinity occurred (due to
a change in the freshwater budget, e.g., decreased melting or river runoff).

The ITP data set of 36 records for the January–May period shows the interannual variability in mixed layer
depth (Figure 3a). Despite variability within (e.g., Figures 2a and 2b) and between records, the data reveal a
clear interannual change with the shallowest winter mixed layers observed in 2008–2009, and the deepest
winter mixed layers in 2014–2017. For detailed analysis, the data were partitioned into the time periods of
2006–2012 and 2013–2017. The two groups show a significant difference in the mixed layer depth distribu-
tions (Figure 3c). Mean mixed layer depths were 9.1‐m deeper over 2013–2017 (mean ± standard error of
39.3 ± 0.1 m) versus 2006–2012 (mean ± standard error of 30.2 ± 0.1 m).
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Potential density surfaces in the upper halocline also deepened over 2006–2017. The 1023.5 kg/m3 isopycnal
had a mean depth of 38.8 m in 2006–2012 and 43.7 m in 2013–2017 (Figure 3a), an increase of 4.9 m (com-
pared with an increase of 9.1 m for the mixed layer base). The interannual variability of the depth of the
1,023.5 kg/m3 isopycnal did not perfectly follow that of the mixed layer, with the two variables exhibiting
obvious covariability only during 2013–2017. Deeper in the water column, the 1,025.0 kg/m3 isopycnal
had a mean depth of 62.7 m in 2006–2012 and 64.2 m in 2006–2012, an increase of 1.5 m. For both the
1023.5 and 1025.0 kg/m3 potential density surfaces, probability density functions (PDFs) during the two time
periods were significantly different at the 99% confidence interval (not shown).

The mean density at the base of the mixed layer, ρMLB, was 0.51 kg/m
3 denser over 2013–2017 (mean ± stan-

dard error of 1,022.34 ± 0.01 kg/m3 versus 1,022.85 ± 0.01 kg/m3 over 2006–2012), consistent with vertical
entrainment across the mixed layer base and/or a net reduction in freshwater input to the mixed layer
(Figures 3b and 3d). PDFs of density at the mixed layer base were significantly different at the 99% confi-
dence level (Figure 3d).

To address whether these density and salinity changes could have resulted from one‐dimensional vertical
mixing, artificial salinity and density profiles are constructed by vertically mixing the 2006–2012 mean sali-
nity and density profiles by an additional 4 m (e.g., salinity profiles in Figure 4b). Four meters is chosen as it
is the difference between the 9.1‐mmixed layer deepening and 4.9 m of isopycnal deepening. The mean den-
sity profile vertically mixed in this way corresponded to amixed layer potential density that increased by 0.08
kg/m3, less than one quarter of the observed increase in potential density between the two time periods. Note
that vertically mixing by 9 m corresponds to a mixed layer potential density that increased by 0.25 kg/m3,
only half of the observed increase. Thus, a change in net freshwater input to the mixed layer is required to
explain the observed increase in density at the base of the mixed layer.

Average profiles similarly show that the waters beneath the mixed layer also changed over the study period
(Figure 4). The subsurface temperature maximum of Pacific Summer Water that resides at ~40‐ to 100‐m
depth increased by up to 0.6 °C during 2013–2017 (Figure 4a, see also Timmermans et al., 2018). The

Figure 3. Mean (thick line) and standard deviation (thin vertical bars) for each January–May record of (a) mixed layer depth and (b) density at themixed layer base,
ρMLB. Blue denotes 2006–2012 and red denotes 2013–2017 with each year in light or dark shading and records plotted in the order listed in Table 1. Triangles
indicate ITP‐5 and ITP‐80 records shown in Figure 2. The mean depth of the 1,023.5 kg/m3 density surface (dotted black) is shown in (a). Probability density
functions over 2006–2012 and 2013–2017 of (c) mixed layer depth with the total number of profiles indicated and (d) density at the mixed layer base. Mean (solid)
and median (dashed) values are indicated for each time period.
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mixed layer became ~1 g/kg saltier, with nearly identical mean salinity profiles below 60 ‐m depth. The
denser and deeper mixed layers over 2013–2017 resulted in a stratification maximum at the mixed layer
base that was weaker compared to the earlier period. The upper ocean stratification in the Canada Basin
(Figure 4c) was influenced by vertical mixing and/or a reduction in freshwater input to the mixed layer that
increased the density of the mixed layer and the density at which the (weaker) stratification
maximum occurred.

The heat content and average stratification of the region immediately beneath the mixed layer base combine
to determine the extent to which one‐dimensional vertical mixing can melt sea ice. Here we consider only
what can be reasonably entrained, which is the 0.5 kg/m3 density span below the mixed layer base that cor-
responds to the actual increase in mixed layer density over 2006–2017. This region represents the water
mixed into the mixed layer for 2006–2012 profiles, and the water that could be mixed into the mixed layer
for 2013–2017 profiles assuming a similar increase in mixed layer salinity were to occur in future years.
The heat content relative to the freezing temperature, Q (section 3), and stratification in this region is esti-
mated from individual profiles. In the later time period, heat content had increased (Figure 5a) and average
stratification had decreased with fewer instances of both very weak and very strong stratification (Figure 5b),
consistent with changes to the mean profiles (Figure 4). The average heat content in the 0.5 kg/m3 beneath

Figure 4. Average (a) potential temperature, (b) salinity, and (c) stratification profiles over 2006–2012 (blue) and 2013–2017 (red). Themean properties at the mean
mixed layer depth (circles) and at 1,023.5 kg/m3 (asterisks) are indicated for each period. Dotted blue line in (b) is the salinity profile of the 2006–2012 data after
vertically mixing by an additional 4 m.

Figure 5. Probability density functions over 2006–2012 (blue) and 2013–2017 (red) of average (a) heat content and (b) stratification of the 0.5 kg/m3 density range
immediately beneath the mixed layer base. Mean (solid) and median (dashed) values are indicated for each time period.
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the mixed layer base was 2.8 MJ/m2 over 2006–2012 versus 5.1 MJ/m2

over 2013–2017 and is enough heat to melt 0.01 m (2006–2012) and 0.02
m (2013–2017) of ice. Compared to the 0.6 m of net ice thinning that
has occurred each decade (Carmack et al., 2015), vertically mixing this
heat into the mixed layer accounts for less than 3% of the total melt during
2006–2012 (0.01 m) or during 2013–2017 (0.02 m assuming a continued
increase in mixed layer density). The average stratification beneath the
mixed layer base decreased by 16% between the time periods, making it
energetically easier to vertically mix heat from the Pacific Summer
Water layer.

4.2. Ice Conditions

To address whether the interannual deepening of the mixed layer depth
resulted from interannual changes to the ice cover (e.g., the presence of
leads) that can influence vertical mixing, ice concentration and ice speed
are considered specifically for this spatial and temporal subset of the
region. Values were interpolated to the profile times and locations in
Figure 1. The interannual changes to ice concentration and speed are
similar to those observed from instruments with more complete coverage
of the Canada Basin (section 1). Ice concentrations during January–May
were above 90% in both time periods with a slightly higher probability of
full ice cover (100% ice concentration) over 2013–2017 (Figure 6a). Ice
speed increased during 2006–2017, with a smaller proportion of ice
speeds less than 0.05 m/s and median speeds of 0.07 m/s during
2013–2017 compared with 0.06 m/s during 2006–2012 (Figure 6b).

Changes between the time periods were significant at the 99% confidence level for ice speed and winter
ice concentration.

At deployment, the initial ice thickness of the sea ice floe on which an ITP was deployed was also recorded (a
thickness of 0 m was specified for systems deployed in open water). Ice thickness was measured in a variety
of ways, but the uncertainty is small compared to the bias from preferentially deploying ITPs on the most
robust ice available, and in summer (33 of the records were deployed in the August–October period). The
initial ice thickness estimates decreased from a mean ± standard error of 3.2 ± 0.1 m over 2006–2012 to
1.6 ± 0.2 m over 2013–2017 (not shown).

5. Discussion
5.1. Robustness of Results

While the geographic coverage of the ITP records is not uniform, there is little evidence that geographic
variability influenced these results. Over the two time periods, observations are spread throughout the
Beaufort Gyre, with similar changes observed in both individual records and the collective mean
(Figures 2–4). Gridded maps of mixed layer depth and salinity show that these changes were large in scale,
spanning the entire basin (Figure 7).

These results are also robust to alterations in the methods used to analyze the ITP data, specifically the defi-
nition of the mixed layer base and the definition of winter. Considering a mixed layer base defined using a
0.10 kg/m3 density threshold, as was used in Peralta‐Ferriz andWoodgate (2015), mixed layer depths in both
time periods were slightly shallower on average (Figure 8a), with only minor differences in the density at the
mixed layer base (Figure 8b). The mixed layer deepened by 10.7 m between the two time periods, a slightly
larger change than when using a density threshold of 0.25 kg/m3 (9.1 m of deepening). Considering a stricter
definition of winter to be only the months of January, February, and March, the probably density functions
of mixed layer depth remained largely unchanged with no significant changes to themeanmixed layer depth
(Figure 8c). The increase in density at the mixed layer base between the two time periods was 0.46 kg/m3 for
the January–March subset of data, similar to the 0.51 kg/m3 increase for the full January–May data
set (Figure 8d).

Figure 6. Ice conditions during 2006–2012 (blue) and 2013–2017 (red)
showing probability density functions of (a) ice concentration and (b) ice
speed.
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Alternate error estimates of mean mixed layer depth can be considered. We have given the standard error of
the mean mixed layer depth in each time period assuming each profile is an independent measurement,
which leads to a standard error of ±0.1 m. Assuming that measurements are independent on a weekly basis
results in N = 353 and 307 degrees of freedom for 2006–2012 and 2013–2017, respectively, and a standard
error of ±0.3 m for both time periods. As the measurements have a 1‐ to 2‐m vertical resolution, ±1 m in
2006–2012 and ±2 m in 2013–2017 is an alternate error estimate. Even with this larger error estimate, the
9 m deepening of the mixed layer remains significant.

5.2. Causes of a Deeper, Saltier, and Denser Winter Mixed Layer

It is clear that some mechanisms are not solely responsible for the increase in mixed layer salinity. All pro-
cesses associated with one‐dimensional vertical mixing cannot explain the observed changes to the mixed
layer, including increased mechanical mixing, or reduced stratification at the stratification maximum that
could increase entrainment.

In further support of this conclusion, the indirect indicators of vertical mixing analyzed here, specifically ice
speed and ice concentration (that is indicative of leads at this time of year), suggest that any changes to ver-
tical mixing were not substantial. The observed increase in ice speeds was weak, and moreover, ice speeds
increased during the decadal spin‐up of the Beaufort Gyre, while the mixed layer shoaled (Kwok et al.,
2013; Peralta‐Ferriz & Woodgate, 2015). As there was a slight decrease between the two time periods in
the fraction of open water during January–May, direct atmospheric forcing through leads (during these
months) does not explain the recent increase in mixed layer depth either. It is possible that the 2012 summer
ice extent minima introduced additional wind‐forced mixing to the upper ocean, which then made it easier
to deepen the mixed layer base during the subsequent winter. This argument is weakened as a similar ice
extent minimum was observed in 2007 without a corresponding increase in mixed layer depth in the follow-
ing years. While a cumulative effect of decreased ice extent influencing the mixed layer remains a possibility,
ice extent can certainly have an indirect influence via modulation of processes such as Ekman pumping and

Figure 7. Gridded averages of (a and b) mixed layer depth and (c and d) salinity at 10‐mdepth over (a, c) 2006–2012 and (b, d) 2013–2017. Spatial gridding was done
by averaging all data into bins of 2° in longitude and 0.5° in latitude (or approximately 56 × 58 km bins at these latitudes).
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Ekman convergence of surface waters. Overall, it is not possible, from our ITP data, to conclude whether the
strength of vertical mixing at the mixed layer base changed over 2006–2017.

Beyond the conclusion that vertical mixing is not the sole cause of increased mixed layer salinity, the exact
mechanism can only be speculated on from these observations. It is possible that the stabilization of the
Beaufort Gyre documented in recent studies led to increasedmixed layer salinities via a reduced Ekman con-
vergence of freshwater (Dewey et al., 2018; Meneghello et al., 2018; Zhang et al., 2016; Zhong et al., 2018),
which made it easier for the “background” level of mechanical mixing to deepen the mixed layer base.
Alternatively, the increased mixed layer salinity could have resulted from a net export of freshwater out of
the Beaufort Gyre, implying that the Arctic Ocean could increase freshwater export to the North Atlantic
should these conditions continue. Additional processes such as changing freshwater runoff and/or ice
growth in winter may be contributing along with changes in Beaufort Gyre circulation (driven by changes
in atmospheric circulation). This claim is supported by the increase in depth of the uppermost density sur-
faces (by 1.5 to 5 m) over the two time periods (implying Ekman convergence and downward Ekman pump-
ing) alongside reduced mixed layer salinity (implying Ekman convergence of saltier waters). Regardless of
the exact mechanism behind the increase in mixed layer salinity, the increased salinity is the most likely
cause for the deeper mixed layers.

The simultaneous increase in mixed layer depth along with the downward displacement of density surfaces
over 2006–2017 differed from previous years. In the decades prior to 2008 during the spin‐up of the Beaufort
Gyre, the mixed layer shoaled (Peralta‐Ferriz & Woodgate, 2015), while isopycnal depths increased
(Timmermans et al., 2014; Zhang et al., 2016), compared with mixed layer deepening and isopycnal deepen-
ing over 2013–2017. The deepening of isopycnal surfaces even very near the base of the mixed layer is not a
direct cause of the deeper mixed layer during 2013–2017. Indirectly, if the stratification maxima had shoaled
somewhat during 2006–2017, changes in mixed layer depth would likely have been less dramatic, and so iso-
pycnal deepening aids mixed layer deepening.

5.3. Timing and Interannual Variability

There is some uncertainty in the exact timing of the increase in mixed layer depth. The shallowest mixed
layers in the analysis period occurred in 2008–2009, and the trend toward greater winter mixed layer

Figure 8. Probability density functions (PDFs) over 2006–2012 and 2013–2017 of (a, c) mixed layer depth with the total number of profiles indicated and (b, d) den-
sity at the mixed layer base. In (a) and (b), a mixed layer defined using the 0.25 kg/m3 density threshold (dotted; as in Figures 3c and 3d) is compared to a 0.10 kg/m3

density threshold (solid). In Figures 3c and 3d), the full January–May data set (dotted; as in Figures 3c and 3d) is compared with a subset of the data that includes
only January–March profiles (solid). Mean values are indicated for each time period (solid and dotted).
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depths may have begun during these years (Figure 3a). This would be consistent with the stabilization of the
Beaufort Gyre circulation that began in 2008–2009 (Dewey et al., 2018; Krishfield et al., 2014; Meneghello
et al., 2018; Timmermans et al., 2014; Zhang et al., 2016). We have chosen to present the change in mixed
layer depth as between time periods of 2006–2012 versus 2013–2017 as this corresponds to the observed
change in mixed layer density (Figure 3b); it approximately divides the ITP record in half and corresponds
to well separated statistics of mixed layer depth (Figure 3c).

The increase in mixed layer depth occurred over a period of less than 5 years and suggests that the sparse
winter observations available during the past 30 years may have undersampled significant interannual varia-
bility. As a result, estimated trends of persistent decadal shoaling may be biased. Both existing and future
numerical modeling studies should be used to investigate changes in mixed layer depth on interannual to
decadal timescales. However, realistic numerical modeling may be hindered due to the lack of spatially
and temporally varying fields (of river runoff for example) with which to force models in past decades.

5.4. Cautions and Implications

A full picture of how the mixed layer has changed is only obtained by considering several measures of sali-
nity, density, and freshwater. As noted previously, density at the base of the mixed layer differs from the
average density of the mixed layer; the former is a better measure of entrainment potential, and the latter
is indicative of changes to average density (or salinity) conditions. There is also an important distinction
between mixed layer salinity, which increased, and freshwater content, which decreased, between the two
time periods. Liquid freshwater content relative to S = 34.8 g/kg (section 3, ~400‐m depth) was 20.6 m over
2006–2012 and 21.3 m over 2013–2017, an increase of 0.7 m. Even when considering the region above the
29.2 g/kg salinity surface (or approximately the 1,023.5 kg/m3 isopycnal that consists of the mixed layer
and a few meters of water beneath it), freshwater content increased (slightly) from 7.4 m over 2006–2012
to 7.5 m over 2013–2017. These uppermost tens of meters consist of waters that are saltier in comparison
to previous years but fresher compared to waters below, so it is the deepening of the (relatively fresh) mixed
layer that results in increased freshwater content.

While we have focused on salinity and density, one consequence of a deepening mixed layer is the potential
erosion of any wintertime near‐surface temperature maximum layer. There was no evidence of a winter time
near‐surface temperaturemaximum (Jackson et al., 2010; Maykut &McPhee, 1995; Steele et al., 2011) within
the mixed layer in the averaged winter time temperature profiles for either time period (Figure 4a). Note that
mixed layer temperature was 0.03 °C cooler on average over 2013–2017 (Figure 4a), due to the increase in
mixed layer salinity that reduced the freezing temperature of sea water. This is again in contrast to past
observations of warming and freshening of the winter mixed layer (Jackson et al., 2011).

Regardless of the exact cause of changes in mixed layer depth, there are implications for the present and
future Arctic system. It is inconclusive, from this analysis alone, whether or to what extent freshwater is
being exported from the Beaufort Gyre, as an increase in mixed layer salinity can also result from decreased
ice melt, increased ice growth, or decreased river runoff. The reduced stratification and increased heat con-
tent over 2013–2017 suggests a future western Arctic where one‐dimensional vertical mixing increasingly
brings heat into the mixed layer. Even though past observations (Maykut & McPhee, 1995; Shaw et al.,
2009; Toole et al., 2010) and the present study conclude that it is difficult to vertically mix Pacific Summer
Water heat into the mixed layer to melt ice, this conclusion should continue to be re‐evaluated in the future,
especially if mixed layer salinity increases further. Taking a three‐dimensional view (as in Timmermans
et al., 2014), the increased mixed layer density likely affects the proportion of Pacific Summer Water that
subducts more or less adiabatically beneath the mixed layer versus being incorporated within the mixed
layer to impact the ice cover or warm the atmosphere. Had the mixed layer continued to freshen and shoal,
the Pacific Summer Water layer would likely have contained even more heat than it does at present. The
future evolution of the mixed layer and stratification at the base of the mixed layer will continue to influence
and be influenced by, the evolution of the ice cover and upper ocean water masses.

6. Summary and Conclusions

The changes observed over 2006–2017 are in contrast to those over 1980–2008. The observed mixed layer
reported here was 9‐m deeper and ~1 g/kg saltier over 2013–2017 compared with 2006–2012. The increase
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in mixed layer salinity, and so in density, consequently weakened the stratification at the base of the mixed
layer as well. This is a distinct change from the 0.64 m/year shoaling trend and 0.19 psu/year freshening
trend reported by Peralta‐Ferriz and Woodgate (2015).

The changes to mixed layer depth were associated with increased mixed layer salinity that cannot be
explained by one‐dimensional vertical mixing. We therefore infer that changes to freshwater storage and
accumulation and/or release occurred between 2006 and 2017. These observations are insufficient to deter-
mine the cause of this salinity increase. However, it may have resulted from a decrease in the convergence of
fresh surface waters ultimately driven by changes to atmospheric circulation (e.g., Proshutinsky et al., 2009),
or a convergence of saltier waters resulting from changes to river runoff or ice growth/melt. Continued
downward Ekman pumping of the upper density surfaces did not oppose the increase in mixed layer depth
and potentially made it easier for existing mechanical mixing to deepen the mixed layer base as the fresh-
water eroded. Our understanding of the Arctic system would be improved by monitoring several aspects
of the ocean in addition to freshwater storage, including ocean turbulence and vertical mixing.
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