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Abstract

 

This paper describes the thermohaline characteristics of the Arctic Front to the
west of Spitsbergen, in terms of the double-diffusive environment and the
potential for densification through cabbeling. The front separates the warm,
saline Atlantic water in the West Spitsbergen Current from the cooler, fresher
water on the West Spitsbergen Shelf. We have investigated processes at the
front that can contribute to, or enhance, mixing and water mass modification
in relation to heat transport to the Arctic. Hydrographic data were collected
along a cross-shelf section in September 2005. The double-diffusive properties
along the section were determined by calculating Turner angles, and cabbeling
was investigated with a simple linear mixing scheme. Double diffusion, in the
form of diffusive layering, was found to be active within the Arctic Front,
with considerable interleaving between water masses. Furthermore, mixing of
water masses across the front was found to generate a potential increase in
density of more than 0.03 kg m

 

−

 

3

 

 through cabbeling, which would then pro-
mote sinking and convergence. Our analyses indicate that the two processes of
double diffusion and cabbeling are active at the Arctic Front. We discuss their
potential contribution to maintaining the density-compensated nature of the
front, and conclude that they will promote isopycnal mixing and subsequent
modification of the core water of the West Spitsbergen Current.
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Atlantic water (AW) is a key constituent of Arctic ocean-
ography. The northward flow of AW, combined with
export of polar water and ice through Fram Strait, is the
dominant heat source for the Arctic Ocean (Schauer et al.
2004). AW is transported into the Arctic through both the
Barents Sea and Fram Strait, and it is the latter that is
acknowledged to have the more significant influence on
the temperature of the Arctic basins (Aagaard & Greis-
man 1975; Maslowski et al. 2004). Warm, salty AW is
transported through Fram Strait in the West Spitsbergen
Current (WSC), a rather complex, multipath, barotropic
current (Manley 1995; Saloranta & Haugan 2001; Walc-
zowski et al. 2005). The major contribution to the north-
ward heat transport is within the more easterly Svalbard
branch (Manley 1995; Schauer et al. 2004). This branch
is confined, through topographic steering, to the upper
part of the Svalbard continental slope (Fig. 1), and carries
what has previously been termed the “warm core” of the
WSC in the upper 200 m (Boyd & D’Asaro 1994).

To the west of the WSC, the AW is separated from the
cold fresh polar waters of the Greenland Sea by a density
front (Boyd & D’Asaro 1994). Along the shelf break there
is a density front close to the surface that is associated
with a layer of freshwater. Beneath this layer is a front,
referred to as the Arctic Front, manifested in temperature
(

 

T

 

) and salinity (

 

S

 

) fields (Saloranta & Svendsen 2001).
The Arctic Front separates the WSC from the cooler,
fresher Arctic-type waters on the shelf (Fig. 1), which are
thought to originate from the East Spitsbergen Current
(Saloranta & Svendsen 2001; Skogseth et al. 2005). The
Arctic Front has no corresponding density front and in
this respect it is said to be density compensated.

A consistent observation of the Svalbard branch of the
WSC is the reported latitudinal cooling of the subsurface
waters (Boyd & D’Asaro 1994; Saloranta & Haugan
2004). The rate of heat loss from the warm core is too
great to be fully attributable to simple vertical heat flux
through diapycnal processes. Rather, it is thought that

 

Correspondence

 

Finlo R. Cottier, Scottish Association for 

Marine Science, Dunstaffnage Marine 

Laboratories, Oban, Argyll, PA37 1QA, UK. 

E-mail: fcott@sams.ac.uk.

doi:10.1111/j.1751-8369.2007.00024.x



 

F. R. Cottier & E. J. Venables 

 

On the double-diffusive and cabbeling environment of the Arctic Front, West Spitsbergen

 

Polar Research 26 

 

2007 152–159 © 2007 The Authors

 

153

 

lateral exchange with cooler neighbouring waters is the
most likely mechanism. Westward diffusion of heat along
isopycnals into the Greenland Sea through an energetic
eddy field was proposed by Boyd & D’Asaro (1994).
These ideas were developed by Nilsen et al. (2006), who
investigated isopycnal mixing arising from the mesoscale
eddy field associated with topographically trapped waves
at the continental slope. They estimated lateral heat
fluxes from the subsurface layers of the WSC to be
O(1000) W m

 

−

 

2

 

 from moored observations and modelling
simulations of isopycnal mixing through eddy diffusion
in both the on-shelf (eastward) and off-shelf (westward)
directions (Nilsen et al. 2006). These estimates were
found to be comparable to previous estimates based on
the hydrographic climatology (Saloranta & Haugan
2004).

Some observed rates of northward cooling and freshen-
ing of the AW core are not consistent with pure isopycnal
mixing (Boyd & D’Asaro 1994; Saloranta & Haugan
2004), and require a combination of additional mecha-
nisms to achieve the necessary cooling/freshening ratio
(Saloranta & Haugan 2004). Further water mass modifi-
cation may be achieved through exchanges across the
Arctic Front resulting in AW leaking onto the shelf (Salo-
ranta & Svendsen 2001) or extensive flushing of the shelf

by AW (Cottier et al. 2005). Identifying the key processes
by which the warm Atlantic core of the WSC undergoes
latitudinal cooling is essential for quantifying the delivery
of heat to the Arctic.

It is clear that the dynamic interactions between water
masses across the Arctic Front are important to the
regional and Arctic oceanography; yet, beyond its broad
hydrography, the details of the characteristics of the front
are still rather sparsely observed and quantified. This
paper begins to address these points by describing the
varying thermohaline characteristics across the front, and
by offering a qualitative assessment of the potential role
of double diffusion and cabbeling in frontal dynamics and
subsequent water mass modifications.

The phenomenon of double diffusion occurs when a
water column that is gravitationally stable overall has an
unstable temperature or salinity profile. This leads to
either (i) salt fingering, with warm, salty water overlying
cold, fresh water such that 

 

T

 

 and 

 

S

 

 both decrease with
depth, or (ii) diffusive layering with cold, fresh water
overlying warm, salty water with 

 

T

 

 and 

 

S

 

 increasing
together with depth (Turner 1973). Double diffusion acts
on the molecular scale, yet despite this it is capable of
driving  lateral  interleaving  across  fronts  by  the  release
of potential energy through diffusive mixing of water
masses with contrasting 

 

T

 

–

 

S

 

 characteristics (Stern 1967;
May & Kelley 2001). The interleaving features, com-
monly referred to as intrusions (Herbert 1999), have
important implications for horizontal mixing, as they can
generate unusually large eddy diffusivities, with associ-
ated lateral salt and heat fluxes (Ruddick & Richards
2003). Significant water mass modification is possible
through double diffusion (Talley & Yun 2001), and the
interleaving process is also considered important in the
maintenance of thermohaline fronts (Garrett & Horne
1978; Simeonov & Stern 2004).

The process of cabbeling is a consequence of the non-
linearity of the equation of state, and refers to the densi-
fication arising through isopycnal mixing of parcels of
water with the same initial density, but differing temper-
ature and salinity. The product of the mixing, with a
greater density than the parent water masses, will there-
fore tend to sink, and this can lead to water mass transfor-
mation (Marsh 2000; Talley & Yun 2001; You 2003) and
the maintenance of thermohaline fronts (Garrett & Horne
1978; Horne 1978; Lobb et al. 2003). This paper contin-
ues by presenting the hydrographic data collected across
the Arctic Front, and describing the quantitative analyses
for double diffusion and cabbeling. The results of these
analyses are then presented and the paper concludes with
a discussion of the double-diffusive environment and
cabbeling in terms of the cross-front dynamics and the
role in modification of AW.

 

Fig. 1

 

Map of the Svalbard archipelago and regional bathymetry. The

location of the hydrographic section across the shelf west of Spitsbergen

is marked with a bold line, and the letters refer to the station identifiers at

each end of the section. The current pathways of Atlantic water and

Arctic-type waters are shown schematically.
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Observations and methods

 

Hydrographic data were collected by the authors specifi-
cally for this study from RRS 

 

James Clark Ross

 

 during
cruise JR127 in September 2005. A section of seven sta-
tions was occupied across the West Spitsbergen Shelf and
over the shelf break with approximately 12 hours sepa-
rating the first and the last stations. The 47-km-long
section was oriented perpendicular to the isobaths, and
water depths ranged from 100 m (Station B) to 470 m
(Station I) (Fig. 1). At each station, vertical profiles of
temperature and conductivity were measured to within
10 m of the seabed at 24 Hz using a Sea-Bird Electronics

 

911plus

 

 conductivity–temperature–depth (CTD) system
and a carousel water sampler. Data were calibrated
against bottle samples and averaged to a 1-m bin size.
Temperature was converted to potential temperature (

 

θ

 

)
and density to potential density (

 

σ

 

θ

 

) using standard algo-
rithms (Fofonoff & Millard 1983).

The hydrographic data were analysed with respect to
two of the proposed frontal mixing mechanisms: double
diffusion and cabbeling.

 

Double diffusion

 

The susceptibility of the water column to double-diffusive
convection can be described by the vertical density ratio,
a measure of the relative contributions of 

 

T

 

 and 

 

S

 

 to the
stratification. An alternative measure of the degree of
density compensation is given by the Turner angle (

 

Tu

 

),
as proposed by Ruddick (1983), which provides a practi-
cal index for the nature and strength of double-diffusive
activity through the water column. For each CTD profile,
the susceptibility of the water column to double-diffusive
convection was quantified by calculating the value of 

 

Tu

 

down each CTD profile. 

 

Tu

 

 is defined as the four-quadrant
arctangent of (

 

N

 

2

 

θ

 

 

 

−

 

 

 

N

 

2
S

 

)/(

 

N

 

2

 

θ

 

 

 

+

 

 

 

N

 

2
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), where 
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 (Ruddick 1983), and where 

 

α

 

 and 

 

β

 

 are
the thermal expansion and haline contraction coeffi-
cients, respectively. As defined, the water column will be
diffusively unstable between 

 

−

 

90

 

°

 

 

 

<

 

 

 

Tu

 

 

 

<

 

 

 

−

 

45

 

°

 

, stable for
|

 

Tu

 

| 

 

<

 

 45

 

°

 

, unstable to salt fingering for 45

 

°

 

 

 

<

 

 

 

Tu

 

 

 

<

 

 90

 

°

 

 and
gravitationally unstable for |Tu| 

 

>

 

 90

 

°

 

. To compare condi-
tions at each station, vertical profiles of 

 

Tu

 

 and the per-
centage of the water column susceptible to each of the
four defined 

 

Tu

 

 regimes was calculated from the 1-m
resolution CTD data over the depth interval 1–100 m.

 

Cabbeling

 

Mixing of water masses along isopycnal surfaces will lead
to cabbeling, where the density of the product water is
greater than either of the two parent water masses. To

estimate the density increase resulting from such mixing
we followed the same procedure described by Lobb et al.
(2003). We selected two CTD stations with 

 

θ

 

–

 

S

 

 profiles
representative of the two parent water masses on either
side of the Arctic Front: Arctic-type waters on the shelf
and AW in the WSC. It was assumed that the waters on
either side of the front mixed along isopycnals and these
parent water masses formed the mixing end members.
For equal values of initial 

 

σ

 

θ

 

 the corresponding 

 

θ

 

 and 

 

S

 

 for
each end member were mixed theoretically in differing
proportions. The resulting increase in density was the
difference between 

 

σ

 

θ

 

 of the product water and the
initial 

 

σ

 

θ

 

.

 

Results

 

The distribution of 

 

θ

 

 and 

 

S

 

 from all CTD data collected
along the across-shelf section is plotted in Fig. 2. Three
distinct domains can be identified in the distribution: (i)
low salinity water with 

 

S

 

 

 

<

 

 34.0, which is confined to the
surface layers, and in late summer results from freshwa-
ter inputs primarily from local glacial melt and precipita-
tion; (ii) cold (

 

θ

 

 

 

<

 

 4

 

°

 

C) and rather fresh water (

 

S

 

 

 

<

 

 34.9),
which is Arctic-type shelf water originating from the East
Spitsbergen Current; (iii) warmer (

 

θ

 

 

 

>

 

 4

 

°

 

C) and rather
saline water (

 

S

 

 

 

>

 

 34.9), which has the characteristics of
AW. These domains are wholly consistent with previous
descriptions of the regional hydrography (Saloranta &
Svendsen 2001; Svendsen et al. 2002; Cottier et al. 2005).

Vertical property fields of 

 

θ

 

, 

 

S

 

 and 

 

σ

 

θ

 

 are presented in
Fig. 3. The dominant feature in the across-shelf section is

 

Fig. 2

 

The potential temperature (

 

θ

 

) plotted against salinity (

 

S

 

), with all

the conductivity–temperature–depth (CTD) data points from the cross-

shelf section, gives a broad illustration of the distribution of water mass

characteristics of the region.
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the steep front in both 

 

T

 

 and 

 

S

 

, with near-vertical iso-
therms and isohalines, located over the shelf break
between stations D and G. Here the water depth increases
from 120 to 300 m over a distance of 20 km. The frontal
region at the shelf break is not apparent in the density
section, although the isopycnals (notably 

 

σ

 

θ

 

 

 

=

 

 27.8) slope
offshore.

In general, water on the shelf had salinities less than
34.9 and temperatures of less than 4

 

°

 

C. However, a lens
of rather warmer and more saline water can be identified
at 80 m at Station C. The wedge of surface water, shal-
lower than 20 m, is demarcated by the 34.0 isohaline.
There is also a subsurface temperature maximum of
~4

 

°

 

C, which is possibly a remnant of earlier summer
warming. Off the shelf the water was warmer and more
saline, and we define the boundary for AW as having a
salinity of greater than 34.9 (Swift & Aagaard 1981). The
salinity maximum (

 

S

 

 

 

≈

 

 35.18) in the AW at stations G, H
and I was found at a depth of between 40 and 50 m. AW,
indicated in the sections as the light shaded region, was
also present on the shelf at Station C close to the bed.

Maximum lateral temperature and salinity gradients, of
3 

 

×

 

 10

 

−

 

1

 

°

 

C km

 

−

 

1

 

 and 5 

 

×

 

 10

 

−

 

2

 

 km

 

−

 

1

 

, respectively, occurred
between stations D and G at a depth of approximately
40 m. Between the same stations, lateral density gradi-
ents were generally weak, with a maximum magnitude of
7 

 

×

 

 10

 

−

 

3

 

 kg m

 

−

 

3

 

 km

 

−

 

1

 

 and a mean value between 30 and
100 m in depth of 1 

 

× 10−3 kg m−3 km−1.
Results of the Turner angle analysis of the CTD data are

shown in Fig. 4. A vertical section across the shelf is
presented in Fig. 4a, with the double-diffusive regimes of
diffusive layering and salt fingering shown as shaded

regions. On the shelf double-diffusion is active over the
majority of the depth, predominantly through diffusive
layering. In contrast, off the shelf (stations G, H and I)
double diffusion is most active below 50 m, predomi-
nantly through salt fingering. At station E, located in the
front, diffusive layering is active in distinct layers
between 50 and 100 m. There is also active diffusive
layering below the surface waters.

These results are summarized in Fig. 4b, which shows
that in the depth interval of 1–100 m, the proportion of
the water column susceptible to double-diffusive convec-
tion of either the diffusive layering or salt-fingering type
amounted to 45–70%. The remaining proportion of the
water column was predominantly stable. The proportion
of each double-diffusive mode (diffusive layering or salt
fingering) varied across the front: diffusive layering dom-
inated the shelf area (stations B, C and D), whereas salt
fingering was dominant off the shelf (stations G, H and I).
The greatest percentage of double diffusivity occurred
within the Arctic Front at Station E, where diffusive
layering was dominant.

A density increase as a result of cabbeling was found
to occur along isopycnals between σθ = 27.4 and 27.8
(Fig. 5). The maximum density increase exceeded
0.03 kg m−3 for mixing of waters with σθ = 27.65, where
the largest differences in θ (∆θ ~ 5°C) and S (∆S ~ 0.6)
occurred.

The characteristics of interleaving are inversions of
temperature and/or salinity, most easily seen in θ–S data
(Walsh & Carmack 2003). In Fig. 5 interleaving was iden-
tified at Station E, lying between the two end member
profiles (D and G). Five intrusions were identified

Fig. 3 Vertical sections crossing the shelf of (a)

potential temperature, (b) salinity and (c) poten-

tial density. Letters and vertical dotted lines

identify the stations and the light-grey shaded

area in each section marks the extent of Atlantic

water. Bold isohalines in (b) demarcate Atlantic

water and fresh surface water. The bold 27.65

isopycnal in (c) is referred to in the text.
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between 40 and 80 m in depth that have a typical vertical
length scale of 5 m, and the distance of 14.4 km between
stations D and G constrains the magnitude of their hori-
zontal length scale.

Discussion

In this paper we have described the density-compensated
Arctic Front located at the Svalbard continental slope,
and presented the first assessment of its double-diffusive
nature and potential water mass modification through
isopycnal processes. The hydrography of the front, as
observed in September 2005, is found to be consistent
with previous descriptions (Boyd & D’Asaro 1994; Salo-
ranta & Svendsen 2001; Cottier et al. 2005). However,
the existence of this T–S front is not always clear (Haugan
1999), and at some locations along the West Spitsbergen
Shelf it is absent under certain shelf-exchange conditions
(Cottier et al. 2005).

The hydrographic structure on the shelf undoubtedly
has a seasonal nature, particularly the depth of the sur-
face layer, which is formed primarily through glacial melt
and precipitation (Svendsen et al. 2002), and the occur-
rence of a subsurface temperature maximum is likely to
be related to summer warming. However, in general the
shelf hydrography remains stratified, even during winter
(Boyd & D’Asaro 1994; Cottier et al. 2005). It is important
to correctly interpret the lens of rather saline water on
the shelf at a depth of 80 m at Station C. Unlike many
other Arctic shelves, the West Spitsbergen Shelf is domi-
nated by advected sea ice rather than locally formed sea
ice (Boyd & D’Asaro 1994), and consequently such saline
water is unlikely to be the result of brine released during

Fig. 4 (a) Vertical section across the shelf showing the distribution of

Turner angles derived from the conductivity–temperature–depth (CTD)

data. The block shading illustrate the unstable (US), diffusive layering (DL),

salt fingering (SF) and stable (St) regimes. (b) Vertical section showing the

proportion of double-diffusive convection type (�, salt fingering; �, diffu-

sive layering) occurring at each station across the shelf. Depth is indicated

on the left-hand y-axis and the percentage of double-diffusivity type is

marked on the right-hand y-axis. The extent of Atlantic water is indicated

by the light-grey shaded area and the horizontal dashed line is the 100-m

depth limit for the calculation of the proportions. 

(a)

(b)

Fig. 5 The potential temperature (θ) plotted against salinity (S) illustrates

the increase in density through linear mixing of water mass end members

and cabbeling. The shelf water end member is Station D and the Atlantic

water end member is Station G; indicated by bold black lines. Station E,

within the Arctic Front, is indicated by the bold grey line. The increase in

potential density through linear mixing of varying proportions of the end

members is indicated by the dashed black contours of equal density

change. Contours are drawn at 0.005 kg m−3 intervals.
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the previous winter. Furthermore, the lens has a temper-
ature of >3°C, which is thus consistent with cross-front
leakage and the layering of AW with shelf waters as
described by Saloranta & Svendsen (2001).

Although Saloranta & Svendsen (2001) associated
leakage of AW with the presence of submarine valleys, or
channels, cutting across the shelf, our observations show
that it also occurs in a location without such topographic
features. Either this leakage can occur along the length of
the shelf or these pockets of AW are readily advected.
Complete summertime flushing of the shelf area by AW,
as reported by Cottier et al. (2005), has not occurred at
this location. This raises questions of the generality of the
flushing phenomenon in both time and space; is it associ-
ated solely with across-shelf channels or does it occur on
an interannual basis only?

One widely reported aspect of the shelf hydrography is
the presence of a surface density front associated with a
wedge of fresh water (Boyd & D’Asaro 1994; Saloranta &
Svendsen 2001). Our results do not reveal this front, as
the surface layer depth is rather uniform and the west-
ward extent of surface water is beyond our section. The
distinct surface layer, demarcated by the 34.0 isohaline in
Fig. 3b, and a rather strong pycnocline at about 20 m in
depth, will tend to minimize heat loss through diapycnal
processes. Consequently, it is valid for us to focus our
discussions on what has been termed the subsurface layer
with respect to cooling of the warm core of the WSC
(Boyd & D’Asaro 1994; Saloranta & Haugan 2004; Nilsen
et al. 2006).

Within the front (Station E) there is evidence in the
subsurface layer of interleaving between the Arctic
waters on the shelf and the AW (Fig. 5). This observation
is reinforced by the active diffusive layering at Station E
in the depth range 50–100 m (Fig. 4a). There are a num-
ber of important consequences of the interleaving pro-
cess. First, it sets up a lateral mixing of heat and salt
(Ruddick & Richards 2003), and the magnitude of associ-
ated lateral eddy diffusivities are reported to range from a
few to several thousand m2 s−1 (Ruddick & Gargett 2003).
Second, it brings contrasting water masses together over
a broad interface, which will enhance water mass trans-
formation (Talley & Yun 2001). Third, it permits diapyc-
nal mixing through double diffusion at the interface of
the interleaving layers (Schmitt et al. 2005). The inter-
leaving situation is illustrated schematically in Fig. 6.
From the limited dataset it is not realistic to make quanti-
tative estimates for each contributory process, but they
are clearly active and likely to be relevant to the modifi-
cation of the inshore branch of the WSC. Whereas this is
the first description of such interleaving features in the
front to the west of Spitsbergen, CTD data presented by
Haugan (1999: fig. 4) provide additional examples of

interleaving in waters of 600 m in depth. Interleaving will
promote water mass modification in the warm core
through double diffusion.

The change in the form of double diffusion between the
shelf and the shelf slope is related to the temperature and
salinity stability of the water column. On the shelf, at
Station D for example, the water is predominantly stable
with respect to salinity but is unstable with respect to
temperature, with warmer water lying beneath cooler
waters (Fig. 5). This situation gives rise to the diffusive
layering form of double diffusion (Fig. 4a). The active
diffusive layering across the front is likely to support the
formation of the regular interleaving structures identified
at Station E in Fig. 5. In contrast, at Station G, there is a
gradual decrease in salinity below 50 m, with the tem-
perature profile having a stable form. This leads to salt
fingering.

Cabbeling is a product of isopycnal mixing, and at the
front this is likely to be further enhanced by the process
of interleaving that was identified in Fig. 5, and was dis-
cussed earlier. Our analysis of the data has shown a
potential increase in density through cabbeling of greater
than 0.03 kg m−3 when mixing water across the front.
This maximum is located along σθ = 27.65, which has a
very small lateral gradient (Fig. 3c) requiring minimal
work to achieve isopycnal mixing.

Clearly this theoretical approach draws on a number of
assumptions. First, that such isopycnal mixing actually
occurs. Significantly, at Station E there is water with the
required θ–S properties that are not found in the parent
water masses and can only result from such isopycnal
mixing. Second, the estimate of densification is reliant on
identifying appropriate parent water masses as the end
members. Fig. 2 shows that the θ–S signature for the two
parent water masses is distinct and well defined on either

Fig. 6 Diagram of the double diffusive interleaving that occurs at the

Arctic Front between Atlantic water and the Arctic-type shelf waters. The

interleaving permits effective isopycnal mixing between contrasting water

masses, leading to increased density of the product water, sinking and

convergence.
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side of the front. Finally, our estimates are based on one
section only. However, in late summer, we would expect
to see the smallest contrast in θ–S properties between the
parent water masses. Therefore, we consider our estimate
of the magnitude of densification to be valid along much
of the Arctic Front west of Spitsbergen.

The dynamical effect of densification is increased verti-
cal velocity leading to convergence of waters at the front
(Garrett & Horne 1978; Ruddick & Gargett 2003), and
this is illustrated in Fig. 6. Therefore, the hydrographic
contrast between the AW and the Arctic waters, the gen-
eration of interleaving layers and the process of cabbeling
through isopycnal mixing, may act to maintain the T–S
front. It is unlikely that the cabbeling process will gener-
ate a new, distinct water mass, as has been reported
elsewhere (Talley & Yun 2001). Additionally, the absolute
vertical heat and salt fluxes associated with the double-
diffusion processes are most likely to be secondary to
those produced by externally forced mixing. However,
we conclude that the double-diffusive processes support
interleaving of water masses leading to convergence at
the front, and thereby permit the required isopycnal mix-
ing for cooling of the warm core (Saloranta & Haugan
2004; Nilsen et al. 2006). Although these mesoscale
effects may make the greater contribution to lateral heat
flux, in this paper we offer a mechanism that supports
such isopycnal processes.

Despite the acknowledged importance of the Arctic
Front west of Spitsbergen in modifying the communica-
tion of the WSC with cooler shelf waters, there are rather
few descriptions of it. Here we have illustrated the den-
sity-compensated nature of the front and identified the
regimes of double-diffusive activity. We have also shown
from the CTD data that thermohaline interleaving is a
characteristic of the front. Finally, we presented evidence
for active cabbeling, which will lead to convergence.
These processes will tend to promote water mass modifi-
cation and provide a mechanism for the maintenance of
the T–S contrast at the front. Future work should focus on
the spatial and temporal extent of the interleaving char-
acteristics and quantify these processes in supporting
isopycnal mixing across the front.
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