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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

dr

r
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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(adQ1bdS
A
)5 2

ð
s

sbdS
A
,

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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temperature for the much higher salinities of the Arctic

Ocean, isopycnal salinity change tends to zero at these

low temperatures; isolines of density and spiciness are

nearly parallel (Fig. 2).

3. Water column structure: A Pacific–Arctic
comparison

Water column profiles from the Arctic Ocean’s central

Canada Basin and from the western Pacific Ocean ex-

emplify the stark differences in the structure of oceans

that are predominantly stratified by salinity and warmer

oceans that are predominantly stratified by temperature

(Fig. 2). The nearly horizontal Arctic Ocean profile in the

Q–SA plane shows the halocline stratification, character-

ized by cold temperatures and a strong increase in salinity

with depth, while the nearly vertical Pacific Ocean profile

in the Q–SA plane shows the thermocline stratification

characterized by high salinities and a strong decrease in

temperature with depth. Density differences due to salinity

changes in the Arctic halocline are larger than density

differences due to temperature changes by a factor of about

100. By contrast, in the Pacific thermocline, temperature

changes dominate salinity changes in setting density by a

factor of about 5.

a. Surface layer

Overlying the Pacific thermocline or the Arctic halo-

cline, the vertically uniform density surface layer provides

the dynamical link in the coupled atmosphere–ocean sys-

tem. Arctic surface-layer dynamics mediate exchanges

between warmer underlying waters and the overlying

sea ice and atmosphere. In the midlatitude, ice-free

oceans lateral variations in temperature and salinity in

the surface layer are found to be density compensating

on horizontal scales ranging from less than a kilometer

to a hundred kilometers (Rudnick and Ferrari 1999;

Ferrari and Rudnick 2000). While horizontal density

gradients are minimal, horizontal gradients in tem-

perature and salinity are not; the pervasive spiciness of

the surface layer is a revealing signature of the ocean

dynamics at play (Young 1994). Processes such as re-

gionally variable atmospheric forcing set up lateral

gradients in surface density. The resulting surface

ocean fronts slump, and mixing destroys lateral density

gradients, leaving behind only the observed density-

compensated temperature–salinity gradients.

Beneath sea ice, however, the temperature–salinity

relationship is of no use to infer dynamics since the

Arctic Ocean surface layer in winter is almost always at

the surface freezing temperature for seawater. That is,

temperature collapses to a linear function of salinity,

decreasing as salinity increases. While the Arctic Ocean

surface layer displays a complicated structure with sig-

nificant fronts and small eddies of a few kilometers (or

less) in diameter, density compensation is not observed

(Timmermans et al. 2012; Timmermans and Winsor

2013). Temperature by itself is, however, a useful pas-

sive tracer for understanding origins of the layeredwater

masses in the Arctic halocline.

b. Thermocline/halocline intrusions

The interleaving of one water mass into another (giving

rise to thermohaline intrusions, generally in the vicinity of

frontal zones) is manifest by local extrema in temperature

and salinity profiles. Intrusive features are best examined

in theQ–SA plane where fingers extending along isopycnals

show clearly how they provide an injection of spice (i.e.,

interleaving water masses of the same density are char-

acterized by different temperature and salinity). The

waters at the northern boundary of the Pacific Ocean’s

Kuroshio Extension, which transports warm water east-

ward from the coast of Japan (Jayne et al. 2009), often

feature prominent intrusions (Okuda et al. 2001). The

strong spiciness gradients indicate regions of intense lat-

eral stirring of water masses and also contribute to en-

hanced diapycnal ocean mixing (Joyce 1977). The Pacific

intrusions may be contrasted with warm intrusions in the

Arctic halocline (Toole et al. 2010; Timmermans et al.

2014) measured in 2007 (Fig. 2), the second lowest sea ice

extent in the 36-yr satellite record. While warm Arctic

intrusions are characterized by marked deviations in

temperature (implying strong lateral stirring), they are

effectively spiceless (Fig. 2e). In a rare exception, argu-

ably the warmest subsurface water observed in this sector

of theCanadaBasin in at least the past decade provides an

example of spiciness in the Arctic and foretells a shift in

the role of temperature under inevitable future warming

(Fig. 3). In this extreme Arctic case, temperature is more

than a passive tracer, and profiles show how the warm

intrusion is characterized by anomalously high salinities,

which are required to compensate its warm temperatures.

For a 68C temperature change along an isopycnal, the

combined temperature–salinity compensation is around

1kgm23, of comparable spiciness to the intrusive features

in the Kuroshio Extension region (Fig. 2e). The presence

of such warm intrusions in the Arctic halocline raises

questions concerning their origins, their influence to sea

ice cover and climate, and likely scenarios for the preva-

lence of such features in the future.

c. Ventilation of the thermocline/halocline

In the mid- to high-latitude ice-free oceans, seawater

is transferred from the ocean surface into the thermo-

cline by wind-driven subduction in regions where water

masses with thermocline properties outcrop at the
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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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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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in recent years deriving from intense summertime solar

warming on outcropping isopycnals in expansive ice-

free regions (Timmermans et al. 2014). Associated with

the substantially reduced sea ice cover in 2007, for ex-

ample, sea surface temperatures were anomalously

warm in the Chukchi Sea; that same year saw halocline

ventilation by warm intrusions in the Canada Basin

(Fig. 2). This is a conduit for solar-warmed water to be

transported to the halocline, where it has the potential to

melt or slow the growth of sea ice in the fall and winter

(e.g., Timmermans 2015). Except in rare cases (Fig. 3),

the summer solar warming is not sufficient for temper-

ature to influence the density of warm intrusions.

Under future warming and reduced sea ice cover,

however, solar absorption into the surface ocean may be

sufficiently intense that the lateral density gradient be-

tween warm, salty water in the Chukchi Sea and cool,

freshwater at the surface in the Canada Basin is reduced

or eliminated (Fig. 1a). In this case, as solar warming

commences in summer, the surface water in the Chukchi

Sea becomes closer in density to the surface Canada

Basin water. Because of the nonlinear equation of state,

only a small lateral gradient in surface heating is required

to eliminate the surface density gradient because density

changes in response to heating are much smaller for the

cooler water (Fig. 1a). Reduced lateral stratification re-

sults from preferential warming of the saltiest surface

water in the Chukchi Sea (solar absorption is inhibited

where sea ice persists for longer in the Canada Basin).

This leads to warmed waters being pumped to shallower

depths in the halocline (assuming, in this scenario, no

change in the wind stress curl field). An example is pro-

vided by the anomalously spicy Arctic intrusion (Fig. 3),

which was sufficiently warm that it ventilated the water

column about 30m closer to the surface than if temper-

ature had not had any effect on density. If warming is

sufficient to eliminate the lateral surface density gradient

(the example shown in Fig. 1a), halocline ventilation by

surface waters will be shut off because deep isopycnals

will no longer outcrop at the surface. In the example, this

happens once the relatively warm and salty surface of the

Chukchi Sea is warmed by about 78C (to 138C), the
rightmost diamonds in Fig. 1a. This temperature increase

corresponds to about 200Wm22 incoming solar radia-

tion (cf. Perovich et al. 2007) to the surface ocean (in the

absence of sea ice cover and assuming the net summer

heat input is dominated by the absorption of solar radi-

ation) over a period of about 1.5months for typicalmixed

layer thicknesses of a few tens ofmeters—amagnitude of

warming that is inevitable given the anticipated longer

durations of open water in the future. This illustrates that

if seasonal warming is sufficient to appreciably modify

the density of the surface layer, there is a limit to the heat

that may be stored in the halocline. Summer warming in

excess of this limit will be lost rapidly to the atmosphere

upon fall cooling, rather than being stored at depth.

Future warming and reduced Arctic sea ice will

impose a seasonal selection mechanism on ventilating

waters. This is the extent of the analogy with Stommel’s

demon that describes the exclusion from the permanent

thermocline of waters that leave the mixed layer in the

summer/fall in the North Atlantic. In the Arctic, the

halocline will remain unventilated during times when

the mixed layer is warmest and deep isopycnals no

longer outcrop into the mixed layer, analogous to the

unventilated shadow zones in the eastern subtropical

gyre regions of the midlatitudes.

d. Double diffusion

In his article ‘‘Spice and the Demon,’’ Schmitt (1999)

suggested that the differential mixing of heat and salt by

double-diffusive convection sets the well-defined re-

lationship between temperature and salinity in ocean

thermoclines, supplying an explanation for observations

to be consistent with the theory of the ventilated ther-

mocline (Schmitt 1981). TheArcticOcean is well known

for its laterally coherent, interleaving, double-diffusive

intrusions (Carmack et al. 1998; Woodgate et al. 2007)

and double-diffusive staircases (Padman and Dillon

1987; Timmermans et al. 2008), but these double-

diffusive processes are deeper than the ventilated hal-

ocline in the Canada Basin. Although the concept of

variations in temperature and salinity along isopycnals

is useful in the identification of double-diffusive in-

trusions (e.g., May and Kelley 2001), these features are

at least an order of magnitude less spicy than the shal-

lower Pacific halocline intrusions (e.g., Figs. 2, 3). While

Arctic double-diffusive structures show an impressive

persistence and finestructure, double-diffusive heat

fluxes remain weak. Double-diffusive heat fluxes com-

pose only a small fraction of ocean-to-ice heat fluxes in

the salinity-stratified waters (Timmermans et al. 2008),

and the impacts of a changing climate on these waters

remain to be seen.

4. Summary

In the present Arctic, temperature has a negligible ef-

fect on density, and summertime solar-warmed water

has a pathway to ventilate the halocline.Under continued

warming, ocean temperature will play an increasingly

dynamic role in the Arctic Ocean. Interleaving layers

that are warmer and spicier will be a common occur-

rence in the halocline. The classic halocline charac-

terized by monotonically increasing salinity with depth

will be displaced by a more complex pycnocline in
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which interleaving layers are sufficiently warm that

they must be compensated by reversals in the salinity

gradient. When warming is sufficient to eliminate the

lateral density gradient of the surface waters, the wind-

driven ventilation pathway for summertime solar-warmed

water into the halocline will be shut off entirely during

the warmest periods. In a warmer, spicier Arctic

Ocean, the transport of ocean heat, and the capacity

for its archival at depth, will be no longer entirely

dependent on vertical and lateral salinity gradients.

These new dynamics will contribute to ongoing

changes impacting the links among the Arctic Ocean,

sea ice, and climate.
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