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Abstract The Arctic halocline stratification is an important barrier to the transport of deep ocean heat to
the underside of sea ice. Surface water in the Chukchi Sea, warmed in summer by solar radiation, ventilates
the Canada Basin halocline to create a warm layer below the mixed-layer base. The year-round persistence
of this layer is shown to be consistent with the seasonal cycle of halocline ventilation. We present
hydrographic observations and model results to show how Chukchi Sea density outcrops migrate seasonally
as surface fluxes modify salinity and temperature. This migration is such that in winter, isopycnals bounding
the warm halocline are blocked from ventilation, while the cool, relatively salty and deeper halocline layers
are ventilated. In this way, the warm halocline is isolated by stratification (both vertically and laterally) each
winter. Results shed light on the fate and impact to sea ice of the warm halocline under future freshening
and warming of the surface Arctic Ocean.

1. Introduction

The Arctic Ocean’s Canada Basin has a strong halocline stratification, with upper layers formed and modi-
fied by inflows from the Pacific Ocean, sea ice melt/growth, net precipitation, river runoff, and redistribution
of surface freshwater by atmospheric forcing [e.g., Aagaard et al., 1981]. The anticyclonic Beaufort Gyre
dominates the large-scale ice and ocean circulation in the Canada Basin [e.g., Proshutinsky et al., 2009]. In
general, the Canada Basin halocline consists of a lower portion of relatively cold and salty waters (the cold
halocline) underlying an upper portion composed of relatively fresh and typically warmer waters (the warm
halocline), Figure 1.

The canonical picture of formation and maintenance of the cold halocline is that dense water created by
freezing and brine rejection over the shelf regions of the Arctic sinks to its level of neutral buoyancy and
spreads laterally into the interior basin [e.g. Aagaard et al., 1981; Melling and Lewis, 1982; Melling, 1993;
Aagaard and Carmack, 1994; Weingartner et al., 1998; Wells and Wettlaufer, 2007]. The mechanism for lat-
eral spreading to the interior remains unclear, although it is believed to be aided by eddy fluxes and
wind-driven upwelling/downwelling and associated lateral exchange [e.g., Spall et al., 2008; Woodgate et al.,
2005a; Williams and Carmack, 2015; Jackson et al., 2015]. The warm halocline layers are thought to origi-
nate from warm surface waters at the basin margins in summer [e.g., Steele et al., 2004; Morison et al., 2012;
Timmermans et al., 2014; Brugler et al., 2014]. Timmermans et al. [2014] put forward that the Canada Basin warm
halocline is ventilated by a combination of wind-driven Ekman pumping and the large-scale geostrophic cir-
culation; in summer, water is transferred from the surface in the Chukchi Sea into the halocline by wind-driven
Ekman convergence and subduction (i.e., lateral induction plus Ekman pumping) in regions where warm
water masses with the same properties as those in the Canada Basin halocline outcrop at the surface, analo-
gous to thermocline ventilation in the midlatitudes [e.qg., Iselin, 1939; Stommel, 1979; Luyten et al., 1983]. The
key element here is that there is a clear physical mechanism for penetration of waters into the interior: they
are swept along geostrophic contours downward and northward into the gyre, following a helical pathway
[Timmermans et al., 2014].

Here we focus on understanding halocline ventilation by water that leaves the surface in the Chukchi Sea
(Chukchi Shelf Water, CSW), within which we include the Canada Basin boundary region off the coast of
Alaska. CSW is derived primarily from water flowing north through Bering Strait year round, with a smaller
fraction in the form of influxes from the Siberian Coastal Current [e.g., Weingartner et al., 1998; Woodgate
etal, 2005b, 2015]. Superimposed on the seasonal cycle of waters entering through Bering Strait [Woodgate
etal., 2005b], waters over the Chukchi Shelf are freshened by ice melt and summer river influxes, and warmed
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Figure 1. Time-depth sections of (a) potential temperature (6, °C, referenced to zero pressure) and (b) salinity S from

() the yearlong drift track (profile locations colored by date as shown in the legend) of an Ice-Tethered Profiler (ITP 33)
that sampled in the Canada Basin between October 2009 and October 2010. While the temporal section aliases spatial
variability over the ITP drift region, introducing a measure of perceived temporal variability (water column fluctuations),
the general features are robust (i.e., there are no major water mass fronts in the sampling region). Bathymetric contours
in Figure 1c are 1000 m and 100 m, and the red line marks the location of the vertical section shown in Figure S4. The
blue shaded region indicates the area over which we compute subduction (Figure 3).

by insolation in summer (to form summer CSW: sCSW), and are cooled and then made more saline by ice
growth and mechanical mixing in winter (to form winter CSW: wCSW). CSW may take values within the approx-
imate salinity range 25 < S < 34, with significant seasonal and interannual variations that depend upon the
source water properties, ice cover, and atmospheric conditions.

In this study, we consider the temperature and salinity (T-S) structure of the halocline in the Canada Basin
as it relates to its source sCSW and wCSW. Most importantly, we explain the thermodynamics and dynam-
ics that allow for the year-round persistence of the warm halocline (centered around 50 m depth) below the
mixed layer in the Canada Basin (Figures 1a and 1b). In section 2, we review the structure of the Canada Basin
halocline as it relates to Chukchi Sea water masses that are transformed over an annual cycle. Oceanographic
measurements, particularly in the important Chukchi shelf/slope regions and in winter, are insufficient to
test ventilation hypotheses. Therefore, we employ an Arctic model based on the Massachusetts Institute of
Technology (MIT) general circulation model, MITgcm [Marshall et al., 1997a, 1997b; Adcroft et al., 2004] to
explore the dynamical connection between CSW and the structure of the Canada Basin halocline through
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Figure 2. Maps of (a, b) potential temperature (°C) and (c, d) salinity at 10 m depth (grey contours in Figure 2d

indicate S = 31,31.5, and 32) and (e, f) depth (m) of the S = 31 isohaline between 2003 and 2013 for the months of
August-October. The maps in Figures 2a, 2¢, and 2e are derived from hydrography archived at the 2013 World Ocean
Database (WOD13; http://www.nodc.noaa.gov/OC5/WOD13/), and Figures 2b, 2d, and 2f are model output. Bathymetric
contours (black) are 1000 m and 100 m. Blue contours in Figure 2b indicate model mixed-layer depth (m), using a density
difference from the shallowest measurement criterion of 0.05 kg/m3, for October 2009; see the full field in Figure S2a.
Red contours in Figure 2f indicate model subduction (40 cm/d, solid; —40 cm/d, dashed) at the base of the mixed layer
(positive down) in October 2009 (see the full field in Figure S2c); maximum/minimum subduction regions are within
these contours, with much weaker magnitude subduction (|Su| < 10-20 cm/d) over the rest of the domain.

analysis of model monthly mean fields of T, S, and velocity. The basic mechanism proposed for seasonal vari-
ability in halocline ventilation is described in section 3 where we analyze the magnitude and seasonal cycle
of halocline ventilation by Chukchi Shelf waters. Our results are summarized and discussed in section 4.

2. Oceanographic Setting

We begin by noting that the general upper ocean structure and water mass distribution in the model out-
put are in broad agreement with hydrographic observations (Figure 2). Briefly, the coupled ocean and sea
ice model [see Heimbach et al., 2010] is forced by reanalysis [Onogi et al., 2007] for the period 1979-2013;
initial and open-boundary conditions are specified from hydrographic climatology and optimized simulations
[Gouretski and Koltermann, 2004; Nguyen et al., 2011]. The ocean model has a mean horizontal grid spacing
~36 km and consists of 50 vertical levels (~5-10 m vertical resolution near the surface). Model runs have eddy
diffusivity set to K = 50 m? s~" in the Gent-McWilliams (GM) parameterization.

The upper ocean structure in the Chukchi Sea/Canada Basin region is characterized by a relatively fresh
Beaufort Gyre centered over the Canada Basin, with saltier surface waters to the southwest in the Chukchi Sea
(Figure 2). The dominant feature is a surface front in the vicinity of the Chukchi slope; the strongest lateral
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gradient in surface salinity is roughly aligned with the 100 m isobath (Figures 2c and 2d). The frontal region
is also characterized by the strongest lateral gradients in mixed-layer depth, with deeper mixed layers to the
south (Figure 2b). The front is maintained by inflowing Pacific water and strengthened by the large-scale anti-
cyclonic atmospheric forcing. This atmospheric forcing drives the main Beaufort Gyre circulation, evident in
the distribution of the depth of the S = 31 isohaline (an isohaline characterizing the warm halocline of the
Canada Basin), which is deepest in the central Canada Basin/Beaufort Gyre region and shoals in the boundary
regions, including the Chukchi Sea (Figures 2e and 2f). Although there is some seasonal variability, this gen-
eral large-scale pattern holds throughout the year (compare August-October, Figure 2, to January—March,
Figure S1 in the supporting information). The exception to this falls at the onset of the melt season, and into
midsummer, when shallow mixed layers and a broad distribution of freshwater generally characterize the
entire region (i.e., the lateral gradient in mixed-layer depth is significantly reduced). As an aside, the local sur-
face salinity minimum offshore of the Mackenzie River outflow (Figure 2d, around 138°W) appears to be a
circulation feature associated with the particular confluence of topography, freshwater input to the surface,
and wind forcing [see, e.g., Williams and Carmack, 2015, Figures 5 and 10; Fichot et al., 2013].

In the Canada Basin interior, the halocline is characterized by a marked warm temperature layer (with max-
imum temperatures around 0°C at around 50 m depth, although with significant spatial and interannual
variability in these values) within the salinity range of about 30 < S < 32 and cooler temperatures (~—1.5°C,
centered around 150 m depth) within the approximate salinity range 32 < S < 33 (Figures 1a and 1b). The
past decade has seen general warming (and increased heat content) of warm halocline water in the Canada
Basin, with considerable interannual variability (with the maximum temperature varying by up to 1°C
between years), although with no apparent seasonal variability in the warm halocline [Timmermans et al.,
2014]. Observations are consistent with changes in sCSW; for example, anomalously warm temperaturesin the
warm halocline in 2007 are associated with warm anomalies in the Chukchi Sea that same year [Timmermans
etal., 2014].

Seasonal changes in CSW are manifest in the structure of the Canada Basin halocline. Outcropping isohalines
at a given latitude in the Chukchi Sea are warmer and fresher in summer (S ~ 30-32) than they are in winter
(S = 32); see Figures 2 and S1. Next we show how the seasonal migration of density outcrops affects halocline
ventilation.

3. Halocline Ventilation

The fundamental mechanism for halocline ventilation of relevance here is that water on isopycnals outcrop-
ping in the Chukchi Sea is transported into the interior Canada Basin halocline by Ekman pumping and lateral
induction. Subducting water masses move down and laterally along isopycnals as they are conveyed along
Beaufort Gyre geostrophic contours. Subduction Su (i.e., the vertical velocity of a parcel of water with respect
to the base of the mixed layer, on an f plane) is the sum of vertical Ekman velocity w; (negative downward)
and lateral induction u,, - Vh, where uy, = (u, v,,) is the horizontal velocity at the base of the mixed layer of
depth h(x, y) [e.g., Nurser and Marshall, 19911:

Su=-wg+u - Vh. (1)
Su > 0 for water leaving the mixed layer.

Suis computed from monthly model output using w, and u,, at the base of the mixed layer, where mixed-layer
depth h is estimated using a 0.05 kg m~3 density difference from the shallowest measurement criterion
(visual inspection for a range of conditions suggests that this returns reliable estimates; the mixed-layer depth
returned is not sensitive to the exact density difference criterion). The Ekman velocity is the vertical velocity
output of the coupled ocean and sea ice model (i.e., accounting for wind stress and the presence of sea ice)
[see, e.g., Bigdeli et al., 2017]. Near the basin margins, Ekman velocities (taking values up to 50— 100 cm/d) can
account for most of the total subduction. The same is true in the interior Canada Basin where mixed-layer
depths do not vary significantly, and weak subduction mainly results from Ekman pumping. However, lat-
eral induction dominates subduction in the frontal region, approximately along the 100 m isobath separating
the Chukchi Sea and Canada Basin, where lateral gradients in salinity and mixed-layer depth are strongest.
This is the region of strongest positive Su (Figures 2f, S1f, S2¢, and S2d); here in both October and March
(representative of summer/fall and winter/spring, respectively), monthly mean Su attains values of more than
50 cm/d.
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Figure 3. Volume flux (Sv, where 1 Sv = 105 m3 s 1) ventilating the halocline versus salinity for (a) October 2008 and
the following March 2009, and (b) October 2009 and March 2010. The volume flux is positive subduction (i.e., water

of a given salinity, for a bin size of 0.2, leaving the mixed layer), computed as the sum of vertical velocity and lateral
induction at the base of the mixed layer, multiplied by the area of a given grid cell; colors indicate the mean potential
temperature (°C) of water leaving the mixed layer. The calculation was performed on the monthly model output over a
region spanning 67°N to 75°N and 180-140°W (see Figure 1¢). (c) Potential temperature (°C, color) and volume flux
(Sv, contours) into the halocline of water of a given salinity versus time. Potential temperatures warmer than 0°C are
colored by the warmest color on the scale. The volume flux contours are 0.3 Sv (black) surrounding, each year, white
contours in increments of +0.2 Sv. Black and grey notches on the x axis indicate (for each year) March and October,
respectively.

To understand halocline ventilation by CSW, we estimate net positive subduction (i.e., water leaving the sur-
face) over a region bounded by 67-75°N and 180-140°W (Figure 1c). The exact choice of domain makes
little difference to the results because the main subduction region is concentrated close to the southwest
boundaries of the Canada Basin and along the 100 m isobath in the Chukchi Sea (Figure 2f). Model grid cells
characterized by positive Su have water parcels leaving the mixed layer in a given month. A positive value
of Su characterizing a given grid cell is multiplied by the cell area to estimate a volume flux of water leaving
the mixed layer in that cell. To capture wintertime ventilation of the cold halocline (sourced from wCSW), and
summertime ventilation of the warm halocline (sourced from sCSW), we consider only those grid cells with
mixed-layer water of salinity within the range of salinity values relevant to those water masses. The specified
mixed-layer salinity range is taken to be S = 30-33 (with a bin size of 0.2), to encompass both the warm halo-
cline and cold halocline (see Figure 1). The result is a net subduction of halocline water within the domain as a
function of salinity within the chosen range (Figure 3). The net subduction in October is predominantly water
characterized by a salinity of 31 to 32 and temperatures above freezing (sCSW), while the March subduction
is of cooler water having a salinity between 32 and 33 and temperatures around freezing, wCSW (Figures 3a
and 3b). This seasonal pattern is repeated each year (Figure 3c). There is minimal subduction in June, July, and
August when thin, fresh mixed layers dominate the entire region after the onset of the melt season. Beginning
in September/October, subduction increases, and there are no consistent differences between summer/fall
and winter/spring ventilation rates in model output spanning 2003-2013 (Figure 3c).

For the salinity ranges noted above (i.e,, 31 < S < 32 bounding the peaks in Figures 3a and 3b), mean subduc-
tion in the region is about 0.4-0.6 Sverdrup (Sv) (1 Sv.= 106 m3 s~'). This is a rate of about 10'> m3 month~’,
which suggests that over a couple of months, about one fifth of the warm halocline in the Canada Basin can

TIMMERMANS ET AL.

CANADA BASIN HALOCLINE VENTILATION 5012



@AG U Geophysical Research Letters 10.1002/2017GL073042

Chukchi Sea
o

Beaufort Sea be ventilated (taking the area to be
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sive tracer at the ocean surface in both
S1 October 2009 and March 2010 over
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(Figure S3). Water parcels are observed
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jectory to the center [see Timmermans
Figure 4. Schematic depth-distance section from the Chukchi Sea/Canada ¢t g, 2014]. There is also some mix-
Basin boundaries to the interior Canada Basin showing isohalines in (top)
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sources vary in any given year and season. This illustrates how the warm ity in the GM parameterization. Tracers
halocline survives through the winter (i.e., the warm layer is not displaced indicate that water from the Chukchi
by near-freezing water ventilating in winter). Sea penetrates the interior gyre, with

pathways entering from the south-
west and west, in about 6 months to 2 years (whether the tracer is released in October or March, Figure S3).
It is worth noting that the estimated subduction rate of CSW leaving the surface (around 0.4 Sv) is a sub-
stantial fraction of the total volume transport through Bering Strait (estimated to be about 1 Sv) [Woodgate
etal., 2015].

Seasonal water mass variation of CSW leads to less dense, shallower (fresher and warmer) waters being ven-
tilated in the Canada Basin halocline in summer and more dense, deeper (saltier and colder) waters being
ventilated in winter (Figure 3); this is depicted schematically in Figure 4. Northward migration in winter of
CSW outcropping isopycnals bounding the summer halocline leads to a configuration that does not allow
for ventilation of water masses of that salinity class in winter. Timmermans et al. [2014] show examples where
lateral gradients in surface temperature-salinity values from the Chukchi Sea to the Canada Basin approxi-
mately map on to vertical profiles, from shallow to deep, in the Canada Basin. This provides evidence for the
movement of water from the Chukchi Sea surface down and laterally into the Canada Basin halocline. A simi-
lar mapping structure, albeit with some modification by mixing of subducted waters, can be seen in October
(representative of late summer/fall conditions) and March (representative of winter/spring conditions) model
temperature and salinity sections from the shelf regions to the Canada Basin interior (Figure S4).

4. Summary and Discussion

Seasonal variability of CSW properties is key to the presence of the warm layer found year round in the Canada
Basin halocline. Seasonal north/south migration of density (salinity) outcrops in the Chukchi Sea/Canada Basin
is such that the warm halocline is ventilated in summer, while the cold Canada Basin halocline is ventilated
each winter (compare to seasonal surface density changes in the Atlantic Ocean that are manifest in thermo-
cline structure [Marshall et al., 1999]). Ventilation timescales estimated here suggest that about one fifth of
the warm halocline in the central Canada Basin could be renewed by subduction of warm sCSW in one sum-
mer/fall (i.e., changes in the Canada Basin halocline could reflect characteristics of CSW at the surface in the
Chukchi Sea that same year).

Summer sea surface temperatures in the Chukchi Sea have been warming at a rate of about 0.5°C per decade
since 1982 [Timmermans and Proshutinsky, 2016], and this warming has already been seen in the warm halo-
cline of the Canada Basin [Timmermans et al., 2014]. With continued warming of sCSW, additional heat will
continue to be archived in the warm halocline. However, the framework described here sets important lim-
itations on halocline ventilation and archival of warm waters there. With continued warming sCSW may
become sufficiently warm that its density is modified such that the lateral density gradient in the vicinity of
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the Chukchi slope is diminished; although the waters are presently warming, their temperatures are still suf-
ficiently cool that the coefficient of thermal expansion is small, and warming has negligible effect on density
[see Timmermans and Jayne, 2016]. Elimination of the surface front discussed here shuts off a major conduit
for halocline ventilation. Similarly, continued freshening at the Canada Basin margins and Chukchi Sea will
also put an end to summer halocline ventilation.

Presently, the low salinity of the central Canada Basin/Beaufort Gyre, plus weak buoyancy fluxes and mechan-
ical mixing, limit winter mixed-layer depths and largely prevent reentrainment of the summer halocline. This
is an important distinction from dynamics of thermocline ventilation where only winter mixed-layer water can
be permanently subducted [Stommel, 1979]. In the case of thermocline ventilation, Stommel [1979] argued
that only water leaving the wintertime mixed layer enters the permanent thermocline because vertical mixing
in the winter ultimately reentrains waters that have left the mixed layer in spring, summer, and fall. While the
Canada Basin surface ocean is not presently subject to sufficiently strong vertical mixing in winter to erode
the warm halocline [see, e.g., Timmermans, 2015], entrainment of this heat would have serious consequences
to sea ice cover. Integrated heat content with respect to the freezing temperature of the warm halocline layer
(Figure 1a; the integration is taken between isohalines S = 29 and S = 32) is about 3 x 108 J m~2, If all of this
heat were to be entrained to the surface, this would amount to about 1 m of sea ice melt, taking the latent
heat of melting to be 2.67 x 10° J kg~ and the density of sea ice to be 900 kg m~3.

Finally, results here point to several key ocean properties that ultimately set the structure of the interior
Canada Basin halocline: spatial patterns and temporal evolution of surface temperature, salinity, mixed-layer
depth, and velocity in the Chukchi Sea and southwest Canada Basin. Sustained ocean observations are needed
in this region to understand how the interplay between surface water masses at the margins and variable
wind forcing and sea ice cover controls the interior halocline.
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