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Spice

• On a single isopycnal, water can be warmer and saltier or 
colder and fresher 

• “Spice” quantifies how warm and salty it is (spicy is hot 
and salty (thanks Walter!!)).  

• Only makes sense when density is held constant 
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ABSTRACT

The contemporary Arctic Ocean differs markedly from midlatitude, ice-free, and relatively warm oceans in the
context of density-compensating temperature and salinity variations. These variations are invaluable tracers in the
midlatitudes, revealing essential fundamental physical processes of the oceans, on scales from millimeters to thou-
sands of kilometers. However, in the cold Arctic Ocean, temperature variations have little effect on density, and a
measure of density-compensating variations in temperature and salinity (i.e., spiciness) is not appropriate. In general,
temperature is simply a passive tracer, which implies that most of the heat transported in the Arctic Ocean relies
entirely on the oceandynamics determinedby the salinity field. It is shown, however, that as theArcticOceanwarms
up, temperature will take on a new role in setting dynamical balances. Under continued warming, there exists the
possibility for a regime shift in themechanisms bywhich heat is transported in theArcticOcean. Thismay result in a
cap on the storage of deep-ocean heat, having profound implications for future predictions of Arctic sea ice.

1. Introduction

Temperature and salinity distributions in the Arctic
Ocean are established by the seasonal cycle of solar
forcing, which drives surface ocean warming and cooling
and sea ice melt and growth cycles, precipitation, river
influxes, and inflows from the Atlantic and Pacific
Oceans. Mechanical redistribution and mixing by the
winds, tidal mixing, and convective processes further
modify temperature–salinity structure. Processes that
govern the temperature–salinity properties are essential
to the transport of ocean heat in the Arctic, which im-
pacts the fate of sea ice (e.g., Maykut and Untersteiner
1971;Wettlaufer 1991; Perovich et al. 2008; Timmermans
2015) and has feedbacks to a warming atmosphere (e.g.,
Aagaard and Greisman 1975; Steele et al. 2008; Francis
et al. 2009). This paper addresses the implications of a
warming Arctic Ocean for its fundamental dynamics as
they relate to the relative influences of temperature and
salinity on density. In section 2, we review the concept of

spiciness and describe its meaning in the context of the
coldArctic Ocean. In section 3, we compare and contrast
the water column temperature–salinity structure of the
Arctic Ocean and temperate Pacific Ocean. We show
Arctic observations that reveal the potential for a change
in the relative influences of temperature and salinity on
density as the Arctic Ocean warms and describe the
consequences of this for the structure and ventilation of
the Arctic halocline.

2. Spiciness

Changes in seawater temperature and salinity may be
scaled by the coefficients of thermal expansion a and
haline contraction b,
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to express the total differential in density r as
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where SA is Absolute Salinity, Q is Conservative Tem-
perature, and p is pressure; all computations here use
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functions in the Gibbs Seawater Oceanographic Tool-
box that use the International Thermodynamic Equa-
tion of Seawater—2010 (TEOS-10; McDougall and
Barker 2011; IOC et al. 2010). Along a constant density
surface, the effects on density of changes in temperature
dQ and salinity dSA are compensating (i.e., cancel each
other) such thatbdSA5 adQ. Therefore, the variation in
water properties along isolines of density can be quan-
tified as a measure that is proportional to bdSA. The
concept of a quantity related to temperature and salinity
variations that do not affect the density was first in-
troduced by Stommel (1962), more rigorously mathe-
matically defined by Veronis (1972), and coined ‘‘spice’’
(for warm and salty) by Munk (1981). This is the prin-
ciple of a spiciness variable and various forms have been
derived (e.g., Veronis 1972; Jackett and McDougall
1985; Huang 2011; Flament 2002). Here, we use a spic-
iness variable t, which is based on the requirement that
its integral along an isoline of potential density s (at a
reference pressure pr5 0 dbar) satisfies (McDougall and
Krzysik 2015)

ð

s

dt5
ð

s

s(adQ1bdSA)5 2

ð

s

sbdSA ,

where a and b are evaluated at pr 5 0. Spiciness t, which
has units of kilograms per cubic meter, is a differential
quantity (its actual value depends upon the arbitrary choice
of the constant of integration; McDougall and Krzysik
2015), and it is only appropriate to quote changes in t along
an isopycnal, not across isopycnals.

While the Arctic Ocean has a fascinating and com-
plicated Q–SA structure, it is presently much less spicy
than warmer oceans. At temperatures near freezing,
increases in temperature have little effect on density
because thermal kinetic expansion must compete with
the weak hydrogen bonding that decreases the distance
between water molecules. The coefficient of thermal
expansion a is small at cold temperatures and increases
with temperature such that it is about an order of mag-
nitude larger at typical upper-ocean temperatures of the
Pacific Ocean (;208C) compared to the near-freezing
Arctic Ocean. The strong temperature dependence of
a (that gives rise to the curvature of s contours on a
temperature–salinity diagram; Fig. 1a) is a factor in the
classification of a oceans (warmer oceans that are pre-
dominantly stratified by temperature) and b oceans,
such as the Arctic Ocean, that are predominantly strat-
ified by salinity (e.g., Carmack 2007). Near 08C, the
gradient in spice with respect to temperature is about
0.05 kgm23 8C21 for the range of densities of relevance
in the oceans, while at about 208C, it is an order of
magnitude larger (Fig. 1b).
Stipa (2002) discusses the absence of spice in the

context of the cold, brackish Baltic Sea (having salinities
between 5 and 7 gkg21). Seawater has the property that
for SA & 23.86 gkg21, the temperature for which
a 5 08C21 is warmer than the freezing temperature for a
given salinity (Fig. 1a), and it is not possible for an increase
in temperature to compensate an increase in salinity at
temperatures near freezing. While the temperature of
maximum density for a given salinity is the freezing

FIG. 1. (a) Conservative TemperatureQ (8C)–Absolute Salinity SA (g kg21) plane with isolines of potential density at
zero pressures0 (black lines; kgm

23) and coefficient of thermal expansion a (green lines; 1025 8C21). The dashed black
line indicates the freezing temperature at zero pressure. The blue diamonds indicate an example lateral surface ocean
density gradient from theChukchi Sea (rightmost diamonds) to theCanadaBasin (leftmost diamonds). In this example,
summer solar heating warms the surface such that the lateral density gradient is eliminated (red diamonds; the dotted
line is s05 22.3 kgm23). (b) s0–t plane with isolines ofQ (8C; blue lines) and SA (g kg21; black lines). As temperature
increases along an isopycnal (constant s0), the change in t (kgm23) with respect to a change in temperature increases,
while the tendency for spiciness is relatively insensitive to salinity.
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• Arctic Ocean is generally 
not spicy because it is 
very cold, which means 
α is very small.  

• Even though there is 
often complex T-S 
structure, spice varies 
much less than in mid-
latitude oceans 

• Under a warming 
scenario, spice could 
become increasingly 
important since warmer 
water is spicier

FIG. 2. (a) Conservative TemperatureQ (8C), (b) Absolute Salinity SA (g kg21), and (c) potential density s0 (kgm
23)

profiles from the Arctic (;758N, 1558W, separated by less than 10 km and less than 1 day in April 2007) and Pacific
(;358N, 1458E in the vicinity of theKuroshio Extension frontal zone, separated by about 70km and 10 days in September
2013) Oceans. Profiles with and without intrusions/interleaving are shown (the superscripts ‘‘I’’ on the legend labels
indicate the profile with the intrusion); profiles are from a drifting Ice-Tethered Profiler (ITP 6) (Arctic) and Argo float
(number 5904027; Pacific). (d) The same profiles in the Q–SA plane with isolines of potential density (black and dotted
lines; kgm23) and spiciness (green lines; kgm23). The dashed black line indicates the freezing temperature at zero
pressure. (e) The anomaly in spiciness on an isopycnal between each of the Arctic profiles (blue) and each of the Pacific
profiles (red). (f) Close-up of the Arctic profiles in Q–SA space. (g) Map showing locations of Arctic Ocean (AO) and
Pacific Ocean (PO) profiles.
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Thermal Expansion
Freshwater Saltwater

(Talley et al. 2011)



surface (Iselin 1939; Stommel 1979). Stommel (1979)
argued that fluid that subducts from the surface during
the summer and fall (when mixed layers are shallowest
and deepening) is entrained by the mixed layer deep-
ening until the deepest mixed layers occur (in March),
and only winter mixed layer fluid can be permanently
subducted into the thermocline. This selection mecha-
nism for fluidmaking up themain thermocline is referred
to as ‘‘Stommel’s demon’’ (Schmitt 1999). The corre-
spondence between lateral surface gradients in density
and spiciness, where temperature–salinity properties are
set by surface atmospheric forcing and dynamical pro-
cesses (Stommel 1993; Young 1994; Rudnick and Ferrari
1999), and vertical gradients in the subtropical gyre
thermocline is an essential indicator of this process
(Iselin 1939; Stommel 1979; Luyten et al. 1983).
Similar wind-driven dynamics apply to ventilation of

the interior Arctic Ocean but with the potential to be
fundamentally altered in a warming climate. In theArctic

Ocean’s Canada Basin (Fig. 2g), the halocline is venti-
lated by the same mechanism as thermocline ventilation
(Timmermans et al. 2014). Year-round, there exists a
lateral surface salinity gradient from the Chukchi Sea to
the fresher interior Canada Basin (the center of the wind-
driven Beaufort Gyre; Proshutinsky et al. 2009). Wind
stress curl pumping from an Ekman layer transfers fluid
on isopycnals that outcrop at the surface in the Chukchi
Sea down into the interior Canada Basin halocline; below
the surface layer, water masses spread along isopycnals,
while being advected to greater depths as they are swept
along geostrophic contours in the Beaufort Gyre circu-
lation. In this way, water warmed by solar insolation in
ice-free regions in summer is archived at depth, away
from the influence of surface atmospheric fluxes and
wind-driven mixing.
Solar-warmed waters in the Chukchi Sea give rise

to warm interleaving layers in the halocline, with the
atypically warm intrusions observed in the Canada Basin

FIG. 3. As in Fig. 2, but an atypically spicy Arctic intrusion is shown (dark blue). Profiles are from an Ice-Tethered
Profiler (ITP 33), andwere taken less than 1 day and less than 10 kmapart inNovember 2010, in the vicinity of the blue
diamond shown in the inset map of Fig. 2.
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intrusions have 
already been observed 
that show much more 
of a spice signature

stable cold and freshwater overlies a warm and salty
layer. At a molecular level, heat diffuses upward faster
than salt, leading to rising buoyant parcels. As a parcel
rises, heat diffuses out of it faster than salt so that its
buoyancy decreases. The parcel may initially over-
shoot its neutral density because of inertia, resulting in
damped oscillatory behavior. Over time, this process
results in well-defined convecting cells that are sepa-
rated by thin interfaces where the cells meet. Fluxes of
both heat and salt are generally continuous through
layers and interfaces, but within the convecting layers
both temperature and salinity are relatively uniform
while across the interfaces there are sharp gradients
in both temperature and salinity. This results in a
characteristic staircase apparent in vertical profiles of

temperature, salinity, and density. DDC steps are
ubiquitous in the Canada Basin above the Atlantic
layer, but estimates of heat flux through them are
fairly low, with an estimated range of 0.05–0.3Wm22

(Timmermans et al. 2008a).

c. Lateral heat fluxes

Thermohaline intrusions occur where warm and salty
water lies laterally next to cold and freshwater and are
observed frequently throughout the world’s oceans.
These intrusions result in a net flux of heat and salt from
the warm salty side of the front (Turner 1978; Ruddick
and Richards 2003). Thermohaline intrusions have been
observed at the edges of warm and salty Mediterranean
eddies (meddies), where they dominate the decay of

FIG. 1. Survey details. (left) Map of the Chukchi shelf slope. Color represents temperature at 50-m depth, as
determined by a global HYCOM model (Metzger et al. 2014). Barrow Canyon is just to the northwest of Alaska.
The eddy survey region is enclosed in a black box. (right) Eddy survey pattern. SWIMS sections are shown as solid
lines, MMP as dashed. The average velocity relative to the eddy center in the 30–50-m depth range is shown for
SWIMS sections. The red star indicates the inferred position of the eddy’s center when the survey began. (bottom)
Temperature measured in SWIMS survey along lines T1–T4.
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We carried out several microstructure measurements at locations
marked in Fig. 2 in the vicinity of the MO-eddy using an ALEC
Electronics Turbulence Ocean Microstructure Acquisition Profiler
(TurboMAP). The TurboMAP is a loosely tethered free-fall profiler
approximately 2 m long that is equipped with two shear probes, an

FP07 thermistor, a light-emitting diode (LED) fluorescence-turbidity
probe, and a CTD package (Wolk et al., 2002). The noise levels are the
orders of 1.0!10"10 W kg"1 and 1.0!10"12 K2 s"1 for the dissipa-
tion rates of kinetic energy and thermal variance, respectively. The
TurboMAP collected profiles of microscale velocity shear; high- and
low-resolution temperature; conductivity; pressure; turbidity; fluor-
escence; and x, y, and z-acceleration between the surface and depths
of approximately 500 m as the device descended. The falling rate was
controlled by weights attached to the hull such that it was nearly
constant within 0.6–0.7 m s"1 below a depth of 20 m, above which
the data collected are not used in the analyses because of a variety of
falling rate.

The turbulence energy dissipation rate E was evaluated by
following the procedures described by Wolk et al. (2002). The
dissipation rate E is defined by E¼ 7:5n/u2

zS, where n is the
kinematic viscosity of seawater, uz is the vertical velocity shear, and
the operator /S represents the ensemble average. The velocity shear
spectra were integrated through an iterative procedure between the
higher cut-off wavenumber, the Kolmogoroff wavenumber
kc ¼ 1=2p $ ðE=n3Þ1=4, and the lower bounds of an ad hoc wavenum-
ber at 1 cycle per meter (CPM). The integration procedure was
conducted for a definite interval of 2-s segments, which was
equivalent to an actual length of 1.2–1.4 m. The Fourier spectra for
microstructure temperature gradients were subsequently calculated
at the 2-s segment as well. The dissipation rate of the thermal
variance w was estimated from the isotropic turbulence theory as
w¼ 6kT/y2

zS, where the molecular diffusivity kT is equal to
1.4!10"7 m2 s"1 and /y2

zS is the variance of the vertical gradient
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Fig. 2. A plan view of the MO-eddy survey, where observation sites of CTD, XCTD
and TurboMAP are marked by circles, crosses, and squares, respectively. Two-digit
numbers denote cast-codes of TurboMAP measurements. Doubled circle indicates
an approximated location of the MO-eddy. Bathymetry contours based on the
IBCAO is plotted with a 500 m depth interval.
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Fig. 3. Potential temperature y (a and c), and potential vorticity Q (b and d) in cross-slope (a and b) and along-slope (c and d) sections of the MO-eddy. Each panel is
overlaid by salinity contours with a 0.5 interval. Inset maps indicate locations where the hydrographic data were acquired.
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be occurring here, where warmer, saltier PSW subducts below the cooler fresher Arctic surface water as
it enters the main Beaufort Gyre. Historical MODIS data suggests there is often a sharp SST front in
this region, at this time of year. Subduction may occur due to some combination of frontal processes
(instabilities, secondary circulation, etc) and Ekman pumping. Published work seems torn between
thinking most of the PSW subducts through or near Barrow Canyon, and others arguing for a significant
amount of frontal subduction all along the shelfbreak. Here we saw evidence for both processes. The
plan view currents in Figure 8 show a strong slope current to the west, and a shelf-break heading to
the east. Temperature reflects a complex combination of processes. Within the slope current (slightly
o↵shore of the shelf break), the warmest water hovers around 20 m depth (Fig. 8, left top panel), and
has T-S properties very similar to the coastal current water also observed to the East of Barrow Canyon
(Fig. 7). The SOLO floats released in this region have proved excellent markers of the slope current,
and are tracking the evolution of its heat content along their journey (Fig. 9).

Figure 8: An overview of the first module. Left panel shows near-surface currents (arrow) colored by near-
surface density. A strong westward slope current and eastward shelf and shelf-break current are visible, as is the
associated density gradient. Right panel: a side-view of sub-surface temperature from this area.

At the same time, there is also evidence of subduction of slightly cooler local shelf waters. A series
of race-track-style repeated sections conducted with the ship and two flanking wave-gliders (not shown)
show very intriguing evidence for energetic submesoscale eddies embedded within this larger-scale pattern;
we suspect such motions may be related to the dynamical processes governing local frontal subduction.
Microstructure sections crossing the shelf-break front show interesting patterns of dissipation associated
in part with shear. In the upper 100m (left panels of Fig. 10), turbulent is elevated generally along the
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heat fluxes associated with this warm coastal plume.

Microstructure 1
Surface currents+SSS

FCTD Temperature

Microstructure 2

Figure 12: Various views of the mushrooming warm coastal jet. Upper center: plan view map of near-surface
currents (arrows) and sea-surface salinity (color). The thin surface layer properties were often not directly
correlated with the river of warm water just below, from which they were separated by a sharp halocline. Center
lower: FCTD temperature section, the perspective of which is indicated in Figure 11. Left and right sets of
panels are microstructure sections as indicated in Figure 11. For the panels on the left, quantities are from top
to bottom: temperature, salinity, turbulent dissipation rate, zonal and meridional currents. For the panels on
the right, quantities from top to bottom are temperature, the vertical gradient of temperature, the turbulent
dissipation rate, and the upward turbulent heat flux.

The surface fluxes during module 2 continued to be mostly negative (ocean surface cooling), because
the air remained colder that the ocean surface. The surface mixing rates appear to have slowed down,
however, because the remnant ice created a reduced e↵ective fetch and limited the generation of the
short surface waves that carry the wind stress. Surface wave heights, wave slopes, and equilibrium stress
estimates from the SWIFT deployments show a surface that is no longer following a typical mechanical
wind balance. Rather, the rates of turbulent input to the surface (and the measured dissipation rates
just below) become a strong function of ice coverage and location relative to larger collection of remnant
ice. Anecdotally, subsequent SAR images showed rapid melt of the ice pack near this feature, which we
suspect is not a coincidence given the large measured upward turbulent heat fluxes. Ongoing analysis
will attempt to put this story together in a more quantitative manner.
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Implications: VentilationGeophysical Research Letters 10.1002/2017GL073042

Figure 4. Schematic depth-distance section from the Chukchi Sea/Canada
Basin boundaries to the interior Canada Basin showing isohalines in (top)
summer and (bottom) winter. Isohalines may be taken to be approximately
S1 ≈ 30 to S4 ≈ 33, although with variations in these values as forcing and
sources vary in any given year and season. This illustrates how the warm
halocline survives through the winter (i.e., the warm layer is not displaced
by near-freezing water ventilating in winter).

be ventilated (taking the area to be
about 2 × 105 km2 and the thickness
of the warm halocline to be about
50 m). That is, it is likely that T and
S properties of outcropping sCSW in
any given summer will be observed
in the properties of the warm Canada
Basin halocline that same year. To test
these estimates, we released a pas-
sive tracer at the ocean surface in both
October 2009 and March 2010 over
the region of strongest subduction
(Figure S3). Water parcels are observed
to sweep around the Beaufort Gyre
anticyclonically, following a broad tra-
jectory to the center [see Timmermans
et al., 2014]. There is also some mix-
ing across geostrophic contours with
eddies transported by a bolus veloc-
ity in the GM parameterization. Tracers
indicate that water from the Chukchi
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
et al., 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

TIMMERMANS ET AL. CANADA BASIN HALOCLINE VENTILATION 5013

Chukchi Sea (NCS) region exerts major influence on the interior struc-
ture of the halocline; here, water masses with the salinity range of the
warm halocline outcrop at the surface (11). In this region, which we
define to be within 70°N to 75°N and 150°W to 170°W, and south of

the 300-m isobath (Fig. 2E), water is pumped down from the surface
(via the Ekman transport convergence as a result of the prevailing an-
ticyclonic wind stress gradients) and transported laterally by the BG ge-
ostrophic flow into the interior gyre (9, 11). Observations suggest that

Fig. 1. Temperature and salinity in the BG. (A) Temperature anddepthprofiles inMarch 1992, 2008, and 2015 and (B) the sameprofiles on the temperature-salinity plane. The
dashed-dotted black line indicates the freezing temperature at zero pressure, and the vertical dashed linesmark S= 31 and S= 33. (C) and (D) are the same,with the profiles being
from September 1992, 2008, and 2015. Heat content (Q, J m−2) relative to the freezing temperature integrated between the isohalines S = 31 and S= 33 is shown in (A) and (C) for
the profiles plotted. All profiles are in the vicinity of the diamond shown in the regional map (E), which was free of sea ice in September 2008 and 2015, and ice covered for the
other profiles (contours indicate the monthly sea ice edge; 15% concentration); the cyan boundary delineates the BG region.
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the NCS is characterized by the strongest time-mean Ekman downwel-
ling in the entire Canada Basin, with downwelling rates averaging
around 20 m year−1, which corresponds to a vertical Ekman flux
of around 0.05 Sv (1 Sv = 106 m3 s−1) for the region (12). This strong
downwelling, associated with the region of maximum strength of the
prevailing easterlies, takes place year-round with some interannual var-
iability, but no significant trend over 2003–2014 [see Figs. 4 to 6 in (12)].

A major oceanographic feature of relevance in the NCS is a surface
front in the vicinity of the Chukchi slope. The front marks the lateral
transition between relatively warm (in summer/fall) and salty surface
waters (and a deeper mixed layer) to the south, and cool and fresh sur-
face waters (and a shallower mixed layer) to the north, toward the in-

terior of the BG freshwater center.Water at the surface on the south side
of the front is transferred below the mixed layer and into the interior
halocline by subduction: vertical Ekman pumping plus lateral induc-
tion. It should be noted that there are likely other physical mechanisms
at play in this important region that depend on the details of surface
buoyancy forcing and sea ice state [for example, (13, 14)], local winds,
and properties, dynamics, and stability of regional boundary currents
[for example, (8, 15–17)]. The ventilation rate from this region (combi-
nation of Ekman downwelling and lateral induction) is estimated to be
around 0.2 Sv (11). The cause of thewarming halocline can be discerned
by examining surface ocean temperatures over this region of maximum
subduction, the portal for halocline ventilation.

Fig. 2. Maps of heat content in the BG warm halocline. (A to E) Heat content (J m−2) relative to the freezing temperature integrated between the isohalines S = 31 and
S= 33 for all data (including all seasons) in the periods (A) 1987–2001, (B) 2002–2005, (C) 2006–2009, (D) 2010–2013, and (E) 2014–2017. The hatched region in (E) is the NCS
region of strongest subduction (see text). The cyan boundary delineates the BG region considered in the time series calculations. The gray bathymetric contour marks the
100-m isobath, and black dots indicate temperature-salinity profile locations. Black contours on each panel indicate the monthly sea ice edge (15% concentration) for the
month labeled.
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around 20 m year−1, which corresponds to a vertical Ekman flux
of around 0.05 Sv (1 Sv = 106 m3 s−1) for the region (12). This strong
downwelling, associated with the region of maximum strength of the
prevailing easterlies, takes place year-round with some interannual var-
iability, but no significant trend over 2003–2014 [see Figs. 4 to 6 in (12)].

A major oceanographic feature of relevance in the NCS is a surface
front in the vicinity of the Chukchi slope. The front marks the lateral
transition between relatively warm (in summer/fall) and salty surface
waters (and a deeper mixed layer) to the south, and cool and fresh sur-
face waters (and a shallower mixed layer) to the north, toward the in-

terior of the BG freshwater center.Water at the surface on the south side
of the front is transferred below the mixed layer and into the interior
halocline by subduction: vertical Ekman pumping plus lateral induc-
tion. It should be noted that there are likely other physical mechanisms
at play in this important region that depend on the details of surface
buoyancy forcing and sea ice state [for example, (13, 14)], local winds,
and properties, dynamics, and stability of regional boundary currents
[for example, (8, 15–17)]. The ventilation rate from this region (combi-
nation of Ekman downwelling and lateral induction) is estimated to be
around 0.2 Sv (11). The cause of thewarming halocline can be discerned
by examining surface ocean temperatures over this region of maximum
subduction, the portal for halocline ventilation.

Fig. 2. Maps of heat content in the BG warm halocline. (A to E) Heat content (J m−2) relative to the freezing temperature integrated between the isohalines S = 31 and
S= 33 for all data (including all seasons) in the periods (A) 1987–2001, (B) 2002–2005, (C) 2006–2009, (D) 2010–2013, and (E) 2014–2017. The hatched region in (E) is the NCS
region of strongest subduction (see text). The cyan boundary delineates the BG region considered in the time series calculations. The gray bathymetric contour marks the
100-m isobath, and black dots indicate temperature-salinity profile locations. Black contours on each panel indicate the monthly sea ice edge (15% concentration) for the
month labeled.
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• In the western Arctic, the warm PSW 
halocline is ventilated during the 
summer as Chukchi Sea surface water 
subducts 

• As this layer gets spicier, heat is 
subducted and archived in the halocline 

• Stored heat may affect sea ice growth/
melt, etc.

(Timmermans et al.  2017, 2018)



functions in the Gibbs Seawater Oceanographic Tool-
box that use the International Thermodynamic Equa-
tion of Seawater—2010 (TEOS-10; McDougall and
Barker 2011; IOC et al. 2010). Along a constant density
surface, the effects on density of changes in temperature
dQ and salinity dSA are compensating (i.e., cancel each
other) such thatbdSA5 adQ. Therefore, the variation in
water properties along isolines of density can be quan-
tified as a measure that is proportional to bdSA. The
concept of a quantity related to temperature and salinity
variations that do not affect the density was first in-
troduced by Stommel (1962), more rigorously mathe-
matically defined by Veronis (1972), and coined ‘‘spice’’
(for warm and salty) by Munk (1981). This is the prin-
ciple of a spiciness variable and various forms have been
derived (e.g., Veronis 1972; Jackett and McDougall
1985; Huang 2011; Flament 2002). Here, we use a spic-
iness variable t, which is based on the requirement that
its integral along an isoline of potential density s (at a
reference pressure pr5 0 dbar) satisfies (McDougall and
Krzysik 2015)

ð

s

dt5
ð

s

s(adQ1bdSA)5 2

ð

s

sbdSA ,

where a and b are evaluated at pr 5 0. Spiciness t, which
has units of kilograms per cubic meter, is a differential
quantity (its actual value depends upon the arbitrary choice
of the constant of integration; McDougall and Krzysik
2015), and it is only appropriate to quote changes in t along
an isopycnal, not across isopycnals.

While the Arctic Ocean has a fascinating and com-
plicated Q–SA structure, it is presently much less spicy
than warmer oceans. At temperatures near freezing,
increases in temperature have little effect on density
because thermal kinetic expansion must compete with
the weak hydrogen bonding that decreases the distance
between water molecules. The coefficient of thermal
expansion a is small at cold temperatures and increases
with temperature such that it is about an order of mag-
nitude larger at typical upper-ocean temperatures of the
Pacific Ocean (;208C) compared to the near-freezing
Arctic Ocean. The strong temperature dependence of
a (that gives rise to the curvature of s contours on a
temperature–salinity diagram; Fig. 1a) is a factor in the
classification of a oceans (warmer oceans that are pre-
dominantly stratified by temperature) and b oceans,
such as the Arctic Ocean, that are predominantly strat-
ified by salinity (e.g., Carmack 2007). Near 08C, the
gradient in spice with respect to temperature is about
0.05 kgm23 8C21 for the range of densities of relevance
in the oceans, while at about 208C, it is an order of
magnitude larger (Fig. 1b).
Stipa (2002) discusses the absence of spice in the

context of the cold, brackish Baltic Sea (having salinities
between 5 and 7 gkg21). Seawater has the property that
for SA & 23.86 gkg21, the temperature for which
a 5 08C21 is warmer than the freezing temperature for a
given salinity (Fig. 1a), and it is not possible for an increase
in temperature to compensate an increase in salinity at
temperatures near freezing. While the temperature of
maximum density for a given salinity is the freezing

FIG. 1. (a) Conservative TemperatureQ (8C)–Absolute Salinity SA (g kg21) plane with isolines of potential density at
zero pressures0 (black lines; kgm

23) and coefficient of thermal expansion a (green lines; 1025 8C21). The dashed black
line indicates the freezing temperature at zero pressure. The blue diamonds indicate an example lateral surface ocean
density gradient from theChukchi Sea (rightmost diamonds) to theCanadaBasin (leftmost diamonds). In this example,
summer solar heating warms the surface such that the lateral density gradient is eliminated (red diamonds; the dotted
line is s05 22.3 kgm23). (b) s0–t plane with isolines ofQ (8C; blue lines) and SA (g kg21; black lines). As temperature
increases along an isopycnal (constant s0), the change in t (kgm23) with respect to a change in temperature increases,
while the tendency for spiciness is relatively insensitive to salinity.
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• If the Chukchi continues to warm, the lateral density gradient between the Chukchi and 
Beaufort Sea will decrease 

• This changes the shape of the isopycnals, so that the deeper PSW isopycnal would no 
longer be ventilated in the height of summer 

• The amount of warming needed is realistic with longer ice-free periods in the Chukchi  (200 
W/m^2 for 1.5 months) 

• This would shut off the mechanism that’s currently archiving much of the summer heat input 

Geophysical Research Letters 10.1002/2017GL073042

Figure 4. Schematic depth-distance section from the Chukchi Sea/Canada
Basin boundaries to the interior Canada Basin showing isohalines in (top)
summer and (bottom) winter. Isohalines may be taken to be approximately
S1 ≈ 30 to S4 ≈ 33, although with variations in these values as forcing and
sources vary in any given year and season. This illustrates how the warm
halocline survives through the winter (i.e., the warm layer is not displaced
by near-freezing water ventilating in winter).

be ventilated (taking the area to be
about 2 × 105 km2 and the thickness
of the warm halocline to be about
50 m). That is, it is likely that T and
S properties of outcropping sCSW in
any given summer will be observed
in the properties of the warm Canada
Basin halocline that same year. To test
these estimates, we released a pas-
sive tracer at the ocean surface in both
October 2009 and March 2010 over
the region of strongest subduction
(Figure S3). Water parcels are observed
to sweep around the Beaufort Gyre
anticyclonically, following a broad tra-
jectory to the center [see Timmermans
et al., 2014]. There is also some mix-
ing across geostrophic contours with
eddies transported by a bolus veloc-
ity in the GM parameterization. Tracers
indicate that water from the Chukchi
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
et al., 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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Implications: Double Diffusion
• The difference in 

molecular diffusion 
of heat and salt can 
create convective 
cells when cool 
fresh water lies 
above warm salty 
water

26

Figure 2: (a) Background stratification (WS/CF)  during a "rundown" salt-fingering

experiment.  The net fluxes, shown schematically as arrows, are proportional to the

difference between the initial (dashed) and final (solid) profiles.   (b) diagram of tank

containing salt-finger interface between well-mixed layers (c Magnified view of salt-

fingers showing the mechanism of the instability. (d) Background stratification (CF/WS)

for  a diffusive sense convection experiment, with a diffusive interface and well-mixed

layers above and below.(e) diagram of tank showing convecting layers and diffusive

interface.
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(Ruddick & Gargett 2003)

• Over time, this results in mixed layers separated by sharp 
interfaces creating a characteristic “step” structure 

• Over the course of the staircase, both heat and salt rise. Heat rises 
faster than salt due to it’s higher molecular diffusivity 

• Density travels down the staircase, increasing stratification

Convecting 
cell



Implications: Double Diffusion

where Sx and qx are the lateral changes in salinity and
potential temperature for a given layer. Note that an
analogous clustering in q ! S space was shown to occur
for the salt fingering double-diffusive instability in the
Caribbean Sheets and Layers Transects (CSALT) experi-
ment [Schmitt, 1988; Schmitt et al., 1987], where individual
layers in a thermohaline staircase in the western tropical
North Atlantic could be traced in q ! S space over more
than 500 km.
[11] In (near) steady state, layer q and S values are

determined by a balance along the layer between lateral
advective divergence and the vertical divergence of the
double-diffusive heat and salt fluxes. If the vertical velocity
is vertically uniform (or zero), then the horizontal diver-
gence of velocity vanishes, by continuity, so the lateral
advective divergence can be replaced by lateral advection.
Hence the ratio,

Rrx ¼
b@S=@x
a@q=@x

¼ b@qs=@z
a@qq=@z

; ð2Þ

where qS (in m s!1) and qq (in !C m!1 s!1) are the fluxes of
salt and temperature. In a manner similar to McDougall
[1991] who considered layering in the salt-fingering case,
an equation for the flux divergence ratio can be found by
taking the vertical derivative of the flux ratio Rf = (b qS)/
(aqq) as follows,

b@qs=@z
a@qq=@z

¼ Rf 1! a
b
@ b=að Þ

@z

qq
@qq=@z

! "

þ dRf

dz

qq
@qq=@z

: ð3Þ

Using (2) in (3) yields,

dRf

dz
þ Rf

@qq=@z

qq
! a

b
@ b=að Þ

@z

! "

! Rrx
@qq=@z

qq
¼ 0: ð4Þ

Assuming a flux ratio that is independent of depth (Rf

depends on Rr, and, while there is a trend toward increasing

Rr from west to east across the basin, Rr appears to be
independent of depth.) (4) may be written as

Rrx ¼ Rf 1! a
b
@ðb=aÞ

@z

qq
@qq=@z

! "

: ð5Þ

Experiments to measure the temperature and salinity of
laboratory mixed layers as functions of time indicate that
the ratio of vertical fluxes approaches a constant value Rf &
0.15 for 2 ' Rr ' 8 [Turner, 1968]. Over the height of the
staircase (about 100 m),

a
b
@ b=að Þ

@z
& 0:005 m!1:

Our calculations discussed in the next section indicate that
the temperature flux changes very little over the depth of the
staircase, thus a large-scale height (i.e., qq/(@qq/@z) ( 1) is
not unreasonable. For example, a scale height of about 5
km, together with the laboratory-based Rf & 0.15 could
explain (1). It is also possible that other physical processes
(McDougall [1991] cites migration of interfaces and vertical
turbulent mixing in the case of salt fingers) may affect the
lateral density ratio in thermohaline staircase layers.

3.3. Heat Fluxes

[12] Several laboratory experiments combined with theo-
retical analyses and best fits to oceanic cases have addressed
the issue of heat fluxes across diffusive interfaces. A
comprehensive review is given by Kelley et al. [2003].
Formulations have been derived to compute the vertical heat
transport through a double-diffusive staircase as a function
of the temperature difference across an interface between
two adjacent mixed layers to the 4/3 power (‘‘4/3 flux
laws’’). Hence, it is not necessary to know the thicknesses
of interfaces between mixed layers in the staircase to
determine fluxes, only the change in temperature dq from
one mixed layer to the next. On the basis of comparisons
given by Kelley et al. [2003], we use arguably the most

Figure 4. ITP profiles of (a) potential temperature and (b) salinity in the Canada Basin (ITP2, profile
185, 19 September 2004, 134!W, 77!N). The vertical gray bars indicate the results of a layer detection
technique based on potential temperature gradients. The density ratio Rr for each step is also plotted
(circles) in Figure 4a at the depth of each gradient region between layers.
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to the inflowing AW core and lowest in the southeastern
corner of the basin.
[13] Padman and Dillon [1987] used Marmorino and

Caldwell’s [1976] double-diffusive heat flux parametriza-
tion given by

FH ¼ 0:0086eð4:6 expf#0:54ðRr#1ÞgÞrcp
agk
Pr

! "1=3
ðdqÞ4=3; ð7Þ

to estimate heat fluxes through the Canada Basin staircase.
They found average heat fluxes FH % 0.02! 0.1 W m#2 by
estimating FH for each step. Although this form yields only
small differences to (6), for the purposes of direct
comparison we used (7) to find average heat fluxes from
the ITP measurements to be FH = 0.22 ± 0.10 W m#2. Heat
fluxes through the present-day staircase appear to be about 3
or 4 times larger than they were in 1985, possibly a
manifestation of the recent increased AW heat advection
into the Canada Basin. It is worth noting, however, that heat
fluxes supported by the present-day staircase are lower
(only about twice as large as Padman and Dillon’s

estimates) in that part of the ITP survey region nearest the
AIWEX measurements (Figures 1 and 7); that is, there
exists the possibility that the differences are spatial rather
than due to AW temperature increases over time. In any
case, today’s AW heat fluxes remain an order of magnitude
less than recent estimates of vertical heat flux at the ocean
surface [e.g., Maykut and McPhee, 1995; Perovich and
Elder, 2002; Krishfield and Perovich, 2005; W. J. Shaw and
T. Stanton, unpublished data, 2008], which range from a
few W m#2 to around 40 W m#2. That is, the double-
diffusive AW heat flux is only a small fraction of the total
ocean-to-ice heat flux. Turbulent mechanisms for AW heat
transport (discussed in section 4) may contribute more. We
note that most of the surface ocean heat influencing the sea
ice derives from solar energy (see, for example, Perovich
and Elder [2002], McPhee et al. [2003], and Perovich et al.
[2007]); there is some evidence also that pycnocline
upwelling of warmer Pacific-derived water below the
surface mixed layer can increase ocean-to-ice heat fluxes
locally [McPhee et al., 2005].

3.4. Are Double-Diffusive Flux Laws Appropriate?

[14] The validity of the 4/3 flux laws may be verified by
comparison to more direct heat flux estimates. If the
interfaces between mixed layers were resolved, molecular
heat transport through the high-gradient interfaces could be
computed for comparison with estimates from the double-
diffusive flux laws. In the absence of turbulent mixing, the
conductive heat flux across interfaces can be estimated by
FM = rcpk@q/@z. The ITP permits the resolution of 25 cm
thick interfaces at its nominal profiling speed and sample
rate, while for typical dq, the interfaces would have to be
less than half as thick for the molecular fluxes to be in
agreement with our double-diffusive heat flux estimates.
However, a microstructure profile taken in the ITP survey
region that has better than 2 cm resolution in the vertical
indicates diffusive interface thicknesses that are expected
given heat fluxes computed in the previous section
(Figure 8). The microstructure profile through the staircase
indicates interface gradients @q/@z = 0.36 ± 0.09 !C m#1, to
yield a molecular heat flux of FM % 0.2 W m#2, in
agreement with the 4/3 flux-law estimates.
[15] It is of interest to calibrate 4/3 flux laws on the basis

of field data. In particular, Radko [2007] proposes that
evolution of a double-diffusive staircase can occur through
merging events whereby interfaces across which the buoy-
ancy difference is larger grow at the expense of interfaces
with smaller buoyancy variation. He formulates a timescale
(that depends on buoyancy fluxes) for merging based on a
linear stability analysis of buoyancy conservation equations
for a series of identical steps; the statistics of merger
timescales can be used to calibrate 4/3 flux laws. Layer
merging ceases when layer thickness reaches a critical value
and the staircase equilibrates [Radko, 2005]. It seems
unlikely that layer q # S properties would group on discrete
lines over basinwide lateral scales and in observations
spanning several years if layers and interfaces were contin-
uously merging and splitting (i.e., the Canada Basin staircase
appears to be close to a stable equilibrium). Nevertheless,
our preliminary inspection suggests there may be occasional
merging and splitting in the double-diffusive staircase, and

Figure 6. (a) ITP 2 and (b) ITP 5 q # S values
(normalized by b/a) through a portion of the staircase
(S % 34.4 ! 34.6). The slope of lines formed by each
mixed layer is approximately constant (lateral density
ratios Rrx are given).
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• DD Layers are ubiquitous above the Atlantic 
Water Layer in the Arctic 

• They are extremely coherent and extend 100s of 
kilometers (!) 

• Upward heat fluxes through them are persistent 
but small (0.05-0.3 W/m^2) 

• Currently there is no persistent double diffusion 
above the PSW warm layer (Timmermans et al. 2008)



Implications: Double Diffusion

−βΔS

αΔT
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• The strength of double 
diffusion is controlled by 
how much temperature 
and salinity change 
within a profile 

• As the temperature 
change gets larger, the 
double diffusion gets 
stronger 

• Spicy intrusions 
represent a large 
change in temperature 
in the vertical, and can 
induce local double 
diffusive convection

Δρ = −αΔT + βΔS Tu = arctan(−αΔT / βΔS)Δρ = −αΔT + βΔS Tu = arctan(−αΔT / βΔS)− 45°



Implications: Double Diffusion
• ArcticMix eddy had double 

diffusive layers on top 

• Vertical heatflux through 
these layers was ~5 W/m2 

• Increasingly spicy intrusions
—or increasing frequency of 
spicy intrusions—will lead 
to more vertical double 
diffusive heat fluxes 

• Implications for climate/sea 
ice…???

(iii) Lateral intrusions

Lateral temperature gradients (Fig. 5d) and salinity
gradients (not shown)were fairly strong along the sides of
the eddy, with temperature gradients of O (1023)8Cm21.
This promotes another double-diffusive phenomenon:
thermohaline intrusions. These intrusions appeared as
alternating layers of cold–fresh and warm–salty water,
which were coherent across multiple profiles at the sides
of the eddy (Figs. 7a,c). Double-diffusive intrusions can
occur because of the presence of warm salty water lying
next to cold freshwater (Stern 1967; Ruddick and Turner
1979), andMay andKelley (1997) describe how a density-
compensated thermohaline gradient, combined with lat-
eral shear, can also trigger a baroclinic instability, leading
to lateral mixing. The analysis that follows depends on
the assumption that the intrusions were approximately in

steady state balance on time scales that are short relative
to the eddy decay time, that is, that the time scale for the
evolution of intrusions was significantly longer than the
time scales associated with the observed turbulence (but
short enough that the eddy did not decay substantially
during this time scale). Intrusions generally evolve over

FIG. 7. Temperature and salinity profiles. (a) All temperature profiles taken on T5 of the eddy. The red box
highlights a region with diffusive layers; the blue box highlights a region with thermohaline intrusions. (b) Salinity
and temperature profiles at the top of the eddy. Distinctive steps are apparent, with well-mixed layers separated by
sharp interfaces. The salinity profiles show some salinity spiking due to the abruptness of the interfaces. (c) Salinity
and temperature profiles at the side of the eddy. Alternating layers of cold/fresh and warm/salty water indicate the
presence of lateral intrusions.

TABLE 2. Properties of DDC staircases. Means are taken over
each step included in analysis. The 95% confidence intervals as-
suming statistically independent measurements are given in
parentheses.

Property Mean value (95% confidence interval)

Rr 2.6 (1.6, 3.6)
Layer height 0.96m (0.88m, 1.03m)
Interface height 0.079m (0.075m, 0.083m)
DT across interfaces 0.298C (0.278C, 0.318C)
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Conclusions
• Arctic has historically been a minty ocean, but as surface temperatures 

increase around the Arctic and warmer water subducts, it is becoming 
increasingly spicy 

• In the short-term, this spice allows for the storage of intrathermocline 
heat 

• Possibly this heat is safely sequestered away? 

• Or possibly the subduction brings this heat from basin margins into 
the Central Arctic, where it can melt more sea ice? 

• Spicy intrusions may also be susceptible to double diffusion, providing 
another pathway for subsurface heat to affect surface sea ice 

• In the long-term, increasingly warm surface waters may not subduct at 
all in the summer, releasing more heat to the atmosphere



Thoughts for Discussion 

Actual Arctic is way more complicated than the cartoon. 
How does the patchiness of warm water and subduction 
locations affect this picture?

Geophysical Research Letters 10.1002/2017GL073042

Figure 4. Schematic depth-distance section from the Chukchi Sea/Canada
Basin boundaries to the interior Canada Basin showing isohalines in (top)
summer and (bottom) winter. Isohalines may be taken to be approximately
S1 ≈ 30 to S4 ≈ 33, although with variations in these values as forcing and
sources vary in any given year and season. This illustrates how the warm
halocline survives through the winter (i.e., the warm layer is not displaced
by near-freezing water ventilating in winter).

be ventilated (taking the area to be
about 2 × 105 km2 and the thickness
of the warm halocline to be about
50 m). That is, it is likely that T and
S properties of outcropping sCSW in
any given summer will be observed
in the properties of the warm Canada
Basin halocline that same year. To test
these estimates, we released a pas-
sive tracer at the ocean surface in both
October 2009 and March 2010 over
the region of strongest subduction
(Figure S3). Water parcels are observed
to sweep around the Beaufort Gyre
anticyclonically, following a broad tra-
jectory to the center [see Timmermans
et al., 2014]. There is also some mix-
ing across geostrophic contours with
eddies transported by a bolus veloc-
ity in the GM parameterization. Tracers
indicate that water from the Chukchi
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
et al., 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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Shelf-break front, upper ocean The deeper perspective

Figure 10: Two view of the same microstructure section, the left centered in the top 100 m, and the right going
down to 300 m. In both cases, from top to bottom panels are: temperature, salinity, turbulent dissipation rate,
zonal and meridional velocity.

5.3 Module 2 (SODA fountain): a warm coastal jet or meander impinging
on the remnant ice pack

Our second module revolved around what appeared to be a detached or meandering branch of the Alaska
Coastal current, as it headed o↵shore into deep water and encountered the large remnant ice pack. Initial
discovery of this feature was fortuitous, as we planned work in this area primarily to study processes at
the western more dispersed (down-wind) side of the ice pack. Upon arrival and initial sampling surveys
we were surprised to see a deep (⇠ 100m) wall of warm nearly 7 degree water moving at 2 knot speeds.
Quick correlation with SAR images showed what appeared to be a ’mushroom-ing’ feature (Fig. 11).
We spent the following week studying this feature, using a combination of drifter, wave-glider and wire-
walker deployments and ship-board profiling. During that time the feature itself was rapidly evolving
(Fig. fig:mushroom1, upper right), making in situ interpretation challenging, and it would have been
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Thoughts for Discussion 

• On the European side, the Polar Front between the 
Atlantic and the Arctic is deep but still linked to 
topography.  

• Warmer Atlantic Water sharpens the front and prevents 
sea ice formation south of it 

Strait, suggesting far-reaching impacts from processes
occurring in the Barents Sea (Karcher et al. 2011).
It has been hypothesized by Aagaard and Woodgate

(2001) that a prolonged reduction in the fresh, meltwater
input from seasonal sea ice into BSW could cause a mod-
ification of the BSW properties, and in turn induce a
warming and salinification of AIW. This hypothesis over-
looks the role the PF could play in determiningwhether the
meltwater is entrained intoBSWorArWand discounts the
influence of changes in other water masses in the Barents
Sea. Indeed, both the transport and the temperature ofAW
circulating in the Barents Sea have increased in recent de-
cades (Årthun et al. 2012), resulting in a reduction inwinter
sea ice area through a decrease in wind-driven sea ice ad-
vection and delayed winter refreezing (Lien et al. 2017).
Thus, winter sea ice extent trends are consistent with the
emerging evidence of ongoing Atlantification (i.e., the in-
creased influence of AW resulting in a warming and sali-
nification) of the Barents Sea (Reigstad et al. 2002; Oziel

et al. 2017) and Arctic Ocean (Polyakov et al. 2017). This
makes it important to quantify the role that Barents Sea ice
trends play on BSW properties.
The goal of this study is to investigate the variability of

SST in order to characterize the PF’s location in the
eastern Barents Sea and to determine how this compares
to the seasonal sea ice edge and what the implications
for BSW formation are, given the documented sea ice
loss and Atlantification of the Barents Sea. To that aim,
we use a combination of the new, high-resolution, 32-yr
Operational Sea Surface Temperature and Sea Ice Anal-
ysis (OSTIA) SST dataset, satellite observations of sea ice
concentration, and 3D optimally interpolated temperature
and salinity products.
The methods and tools are presented in section 2. To

identify forcings on the formation of BSW, in section 3
themechanisms that cause variability in SST on seasonal
and to multidecadal time scales in the Barents Sea are
explored. In section 4, SST is used to pinpoint the

FIG. 1. Bathymetry of the Barents Sea. The different lines and boxes indicate the area used
for EOF analysis of SST (green box), the region used forHovmöller analysis (blue dashed box),
the cross-front transect (light-blue line), the area selected for calculating the contribution of sea
ice to AW/BSW (dark-blue box), the area selected for 100–300-m BSW properties from EN4
data and 0–100-m ArW properties from EN4 data (cyan dashed box), the area selected for
0–100-m surface BSWproperties fromEN4 data south of the PF (yellow dashed line), the Kola
section (orange line), and the Fugløya–Bear Island section (red line).
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shows that the sea ice edge follows the PF in both the
eastern and western Barents Sea during winter and
spring from 2005 to 2016 (Figs. 2a–d), but this was not
the case before 2005 (Fig. 3). Steele and Ermold (2015)
suggest that during the expansion and retreat of seasonal
sea ice, the edge loiters at fronts where there is a gra-
dient in temperature inhibiting further expansion. This
then implies that the expansion of sea ice south of the PF
before 2005 could be consistent with cooler SST or
stronger northerly winds enabling greater transport of
the mobile sea ice pack across the PF, enabling it to
loiter closer to the Barents Sea Front.
We then focus on the interannual variability of the PF

and its relationship with the sea ice edge (Fig. 6). To
perform this analysis, the SST gradient is calculated

meridionally and these gradients are averaged zonally
within the box shown as a blue-dashed line in Fig. 1.
Zonally averaged SST gradients on a given day are
normalized by the daily standard deviation of the gra-
dient in the same analysis box (Fig. 1), in order to re-
move the potential large effect of the strong seasonality
and interannual variability in the intensity of the SST
gradient. Figure 6a shows that the PF is persistent in its
location throughout the majority of the year. Between
1985 and 2004, the PF was covered by sea ice for
parts of winter and spring but held position at 76.58N,
rather than moving south with the advancing winter sea
ice edge as previously thought (Smedsrud et al. 2010).
As expected, there is also a thermal-surface front at the
position of the sea ice edge to the north of the PF in

FIG. 6. (a)Magnitude of the meridional gradient in zonally averaged SST between 358 and 508E (blue dashed box
in Fig. 1) and PF location (dashed line). The magnitude is normalized on a daily basis by its standard deviation to
show the changes in the position of the front over time. Note that changes in intensity over time cannot be deduced
from (a). (b) Latitude of the sea ice edge for the same region. (c) Mean SST gradient between 76.38 and 76.78N
before normalization (blue line, 12-month running mean applied) and AW temperature from the Kola section
(green line, 12-month running mean applied, section marked in Fig. 1). Gaps indicate missing data and sea ice
coverage for AW and the SST gradient, respectively. (d) BSW salinity (blue line) and temperature (green line)
between 100 and 300m from the EN4 data, averaged in the cyan dashed box in Fig. 1. Uncertainty values for EN4
data are shown by the shaded areas. Dashed green and blue lines in (c) and (d) show the respectivemeans for 1985–
2004 and 2005–16.
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(Barton et al. 2018)



Thoughts for Discussion 

Atmospheric effects of 
more heat available in 
Chukchi may result in 
more extreme North 
American winter 
weather?

(Francis et al. 2017, Messori et al. 
2016, NOAA)
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