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Across the Arctic front west of Spitsbergen: high-resolution 
CTD sections from 1998–2000

Tuomo M. Saloranta & Harald Svendsen

The structure of the oceanic Arctic front west of Spitsbergen is inves-
tigated using data from high-resolution CTD sections from September 
1998–2000. Below the fresher surface layer, the front appears as a temper-
ature–salinity front situated near the shelf break. No clear corresponding 
front in density is found. Our analysis suggests that barotropic front insta-
bility is a main factor in provoking subsurface cross-front exchange. The 
subsurface heat loss in the West Spitsbergen Current due to this exchange 
is estimated to be of the same order of magnitude as the heat loss to the 
atmosphere in the surface layer.
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The oceanic Arctic front west of Spitsbergen 
marks the boundary between two different water 
masses: the warm Atlantic type water (AW) in the 
West Spitsbergen Current (WSC) flowing along 
the continental slope, and the Arctic type colder 
and fresher water (ARW) onshore on the conti-
nental shelf (Fig. 1). While numerous studies on 
the WSC have been published (see, e.g. Gascard 
et al. 1995; Saloranta 2001), the properties and 
origin of the shelf waters are less documented. 
Presumably, ARW (and, seasonally, sea ice) is 
transported by the East Spitsbergen Current, pos-
sibly joining with an extension of the Bear Island 
Current, from Storfjorden to the Spitsbergen shelf 
where a mean northward flow prevails (Johannes-
sen 1986; Loeng 1991; Saloranta 2001) (Fig. 1). 
The glaciers and rivers on the Spitsbergen coast, 
especially within fiords, are additional freshwater 
sources.

The Arctic front west of Spitsbergen is part 
of the larger and more or less continuous Arctic 
front system in the Nordic seas. Its southward 
continuation is the Arctic front in the Barents 
Sea (Johannessen & Foster 1978; Loeng 1991; 
Gawarkiewicz & Plueddemann 1995; Parsons et 
al. 1996; Harris et al. 1998) and westward contin-
uation the Arctic front in the Norwegian–Green-

land Sea, west of the WSC (Van Aken et al. 1995). 
Generally, the position of the fronts in the Nordic 
seas is well correlated with bathymetry due to 
topographic steering of the currents (Appendix 
A), and the drop in salinity across such a front 
is usually accompanied with a drop in tempera-
ture, which weakens the density gradient across 
the front (Johannessen 1986).

In contrast to, e.g. the Arctic front in the Bar-
ents Sea, relatively little attention has been given 
to the Arctic front west of Spitsbergen. However, 
water exchange across this front may effectively 
dispose heat from the WSC, especially (i) in the 
subsurface water column (i.e. below 50 - 100 m) 
where the vertical heat flux to atmosphere is 
much reduced, and (ii) in the warm core of the 
WSC, which is situated next to the front over 
the upper part of the continental slope (Boyd 
& D’Asaro 1994; Gascard et al. 1995; Haugan 
1999a; Saloranta 2001) and which is an important 
transporter of heat into the Arctic Ocean (Aagaard 
et al. 1987; Bourke et al. 1988; Gascard et al. 
1995; Manley 1995; Haugan 1999b; Saloranta & 
Haugan 2001). Locally, the varying influence of 
the AW on the shelf and in the fiords can affect 
the composition and distribution of ecosystems 
therein (e.g. benthos [Blacker 1957]) as well as 
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the local sea ice conditions decisive for the access 
of marine traffic to the communities on Spits-
bergen in the winter months.

In this study, the structure of the Arctic front 
west of Spitsbergen is investigated using data 
from high-resolution CTD sections crossing the 
front.

Background

On the basis of topographic steering of currents 
(Appendix A) and of knowledge of the WSC and 
slope–shelf systems in general we can anticipate 
the following main features in the slope–shelf 
system west of Spitsbergen.

(1) The warm AW core of the WSC (hereafter 
referred to as AW core) is, as already pointed 
out, confined over the upper continental slope 
where the maximum mean current speed has also 
been observed (Fahrbach et al. 2001). In addition, 
an onshore thickening wedge of fresher surface 
waters over the shelf (and partly over the slope) 
was revealed in the mean hydrographic cross-
slope structure presented by Saloranta (2001).

(2) The Arctic front resides near the shelf break 
between (i) the AW in the swift WSC, which 
is topographically well steered along the rather 
smooth isobaths of the steep slope (Hanzlick 
1983; Jónsson et al. 1992; Poulain et al. 1996; 
Woodgate et al. 1998), and (ii) the ARW on the 

relatively flat shelf, where the bottom topography 
is more irregular and characterized by banks and 
valleys (Fig. 2). Owing to the ragged shelf bottom 
topography, the mean flow is probably weaker on 
the shelf than over the slope (Boyd & D’Asaro 
1994), consisting of more variable and rather 
closed circulation cells (see Sætre 1999). As the 
shelf break is generally found around 300 m 
depth, the front would be confined to the about 
0 - 300 m layer. Moreover, Condie (1993) showed 
theoretically that a density front will tend to inter-
sect the bottom close to the shelf break. Studies of 
the Arctic front in the Barents Sea (Johannessen 
& Foster 1978; Gawarkiewicz & Plueddemann 
1995; Parsons et al. 1996; Harris et al. 1998) have 
indicated that the front there is indeed well corre-
lated with bathymetry, moving about ± 5 km back 
and forth at the surface due to tides. As the slope 
west of Spitsbergen is much steeper than the slope 
in these studies, even stronger topographic steer-
ing can be anticipated in our case.

(3) While topographic steering of currents may 
inhibit cross-front exchange, there are numerous 
mechanisms that can act the other way (Huthnance 
1995; Brink 1998). For example, baroclinic and 
barotropic instability, wind forcing in the surface 
layer as well as the many submarine valleys 
and other topographic irregularities on the shelf 
likely affect the current patterns, provoke front 
instability (meandering, vortexes) and enhance 
cross-front exchange via ageostrophic effects 
(friction, nonlinearities, small spatio-temporal 
scales) relaxing the conditions required for topo-
graphic steering (Appendix A) (Huthnance 1995; 
Brink 1998).

Moreover, since the current speed and net 
volume transport are likely much larger in the 
WSC than on the shelf, it would be more likely 
to find remnants of the slope water (i.e. AW) on 
the shelf than remnants of the shelf water over 
the slope. While the role of the shelf waters in 
the WSC cooling is still rather uncertain, the rela-
tively light ice conditions in the Spitsbergen fiords 
lacking a shallow sill (undocumented, but famil-
iar to individuals with local experience) qualita-
tively suggest that the contribution of the AW to 
the oceanic heat flux therein is significant.

Data and methods

During the three cruises of R/V Håkon Mosby 
in 1998–2000, each year in September, several 

Fig. 1. Schematic illustration of the current patterns in the sea 
west of Svalbard, based on Johannessen (1986), Loeng (1991) 
and Gascard et al. (1995). Grey shaded arrows denote warm 
currents of Atlantic origin and black arrows colder currents 
of Arctic origin. Dashed line denotes the Arctic front west of 
Spitsbergen.
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CTD sections were conducted across the slope 
and the shelf using a towed undulating SeaSoar 
CTD instrument (see Orvik et al. 1995). This 
data reveals the hydrographic structure within the 
0 - 250 m layer with a horizontal resolution of 
1 - 3 km. Five of these sections (S1–S5) are pre-
sented here (Fig. 2, Table 1). The total length of 
these sections is about 500 km.

The data is post-processed and pressure aver-
aged to depth intervals of 2 m. As no rigorous 
calibration against water samples was done, the 
accuracy of the SeaSoar CTD is not exactly 
known. However, since we are focussing on 
changes in temperature and salinity rather than 
on the absolute values, the precision (random 
error) of the SeaSoar CTD is more relevant in 
our context. It is ± 0.005 °C and ± 0.005 mS 
(≈ ± 0.006 psu), which is more than adequate for 
our purpose.

The 34.9 psu isohaline is used here to roughly 
demarcate the more saline AW from the fresher 
ARW (Swift & Aagaard 1981; Manley 1995). The 
300 m isobath (Fig. 2) is chosen to mark the shelf 
break (hereafter referred to as SB).

Results

We first present the temperature–salinity (TS) 
structures of the five CTD sections (Figs. 2, 3) 
and then outline some qualitative features of the 
corresponding density structures (Fig. 4). In the 
following we speak in terms of 25 m depth inter-
vals (0, 25, 50 m,...).

In 1998, the southern subsection of S1 reveals 
the AW core over the upper slope, i.e. between 
about 300 - 1000 m isobaths. The corresponding 
TS front, below the 0 - 25 m layer, is scarcely 
resolved at the beginning of the section on the 
quite narrow and steep part of the shelf. In the 
northern subsection of S1, the AW core is abruptly 

terminated below 75 m depth near (slightly off-
shore) the SB, where a strong vertical TS front is 
observed (note that the slope is steeper here than 
in the southern subsection, possibly causing the 
AW core to contract horizontally due to topog-
raphic steering). Remnants of AW are found 
onshore of the TS front, and above it, a tongue of 
AW stretches onshore around 50 m depth under 
a fresher and strongly stratified surface layer 
extending over the upper slope. The hydrographic 
structure is very uniform in the 35 km long along-
slope subsection which links the southern and 
northern subsections.

In 1999, in S2 the AW core extends onto the 
shelf about 20 km onshore of the SB. The corre-
sponding front is most distinct in salinity, but is 
associated with a temperature front below about 
50 m depth. A small slightly colder and fresher 
intrusion is seen about 10 km offshore of the SB.

Section S3 repeats partly the track of S1 taken 
one year earlier. Although the AW core in S3 is 
more extensive than in S1, the TS maxima lie 
similarly over the upper slope and the AW core 
is fading offshore. A TS front is observed near 
(slightly onshore) the SB in the 25 - 200 m layer, 
and some remnants of AW are seen onshore of this 
TS front, as in S1. Noteworthy is also the onshore 
thickening wedge of fresher surface water with 
subsurface temperature maximum.

In 2000, in S4 a TS front is again found near the 
SB below the fresher surface water wedge. On the 
shelf, extensive but somewhat “eroded” remnants 
of AW are observed. The last section, S5, runs 
over the tracks of S1 and S3. Also this section 
reveals extensive AW remnants near and onshore 
of the SB, below a fresher surface water wedge. 
Especially noteworthy is the AW column over the 
SB, which seems to be detaching from the rather 
uniform AW core, as it is already separated from 
this core by a narrow vertical column of ARW.

The density structures of S1–S5 (Fig. 4) reveal 

Section Date Starting at Ending at Duration Tide at the SB Wind

S1 6–7 Sept. 1998 78.7° N, 9.9° E 79.0° N, 10.7° E 15.5 h 1 h and 1⁄2 h after L 8 m s-1, 310°
S2 7–8 Sept. 1999 77.6° N, 9.8° E 77.7° N, 12.1° E 4.5 h 1 h after H 13 m s-1, 95°
S3 14 Sept. 1999 79.0° N, 6.7° E 79.0° N, 11.4° E 7 h 1⁄2 h after L 10 m s-1, 165°
S4 7–8 Sept. 2000 77.7° N, 14.2° E 77.2° N, 10.9° E 7.5 h 3 h after L 7 m s-1, 120°
S5 9 Sept. 2000 79.1° N, 7.7° E 79.0° N, 11.1° E 5.5 h 3 h after L 6 m s-1, 65°

Table 1. Information on the sections S1–S5. The column “Tide at the SB” gives the phase of the semidiurnal tide at the time 
when the section is crossing the shelf break (L denotes low water and H high water). Values correspond to tide at Longyearbyen 
(S2 and S4) and Ny-Ålesund (S1, S3 and S5), Svalbard. The column “Wind” gives the average wind speed and direction during 
the section, as measured by the weather station on R/V Håkon Mosby.
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generally no clear subsurface density fronts asso-
ciated with the TS fronts, but isopycnals connect 
the AW and ARW across the TS front. A stronger 
subsurface horizontal density gradient is rather 
seen on the offshore side of the AW core, which 
is associated with a trough of lighter water (this 
feature is resolved by S1 and S3, and was also 
revealed in the mean hydrographic cross-slope 
structure presented by Saloranta [2001]).

A density front is, however, found in the surface 
layer (Fig. 4). This front is associated with the 

fresher shelf waters often appearing as a wedge. 
This wedge extends variably also over the upper 
slope capping parts of the AW core (especially in 
S1).

Discussion

The Arctic front west of Spitsbergen can seem-
ingly be divided into two, surface and subsur-
face fronts. The subsurface front, which will be 
our main focus here, is a TS front between the 
AW core and the shelf waters, where due to the 
balancing TS changes no clear density front is 
formed. As anticipated in the Background section, 
above, it is often capped by a shallow (0 - 50 m) 
and usually onshore thickening layer of fresher 
waters in which the surface front, rather strong 
in density, is found. The salinity stratified surface 
layer is influenced by surface phenomena, such as 
freshwater supply from glaciers and rivers (espe-
cially via the major fiords of Spitsbergen), wind 
forcing, heat exchange with atmosphere and solar 
heating, which explains the large variability in its 
TS properties and in the surface front position.

Many of the observed features of the subsurface 
front also agree with the expectations outlined 
earlier. For example, the AW core is observed over 
the upper slope and the Arctic front is most often 
found near the SB. The subsurface front seems 
to extend down to near the bottom, although the 
temperature contrast in particular fades some-
what with depth due to cooler AW at deeper 
levels.

In S2, the subsurface front and the AW core 
extend anomalously far onshore over the shelf, 
deviating somewhat from what we anticipated 
above. This might, however, be a reversible situa-
tion, a temporary deviation not contributing to net 
cross-front exchange. Other sections show rem-

Fig. 3 (right). Temperature and salinity in sections S1–S5. 
Contours (black solid lines) are drawn for values ≥2 °C and 
≥34.7 psu at 1 °C and 0.05 psu intervals. Values lower than that 
are indicated by light blue dashed contours at 2 °C and 0.3 psu 
intervals. The colour bars in the upper right corner apply to 
all sections; the darkest blue colour indicates values ≤1 °C and 
≤34.5 psu. Black areas mark the bottom (based on sonar mea-
surements on R/V Håkon Mosby), and white dashed line simi-
larly bottom depth in decameters (10 m) according to the scale 
on the y-axis. Yellow vertical dashed line marked with “S” 
denotes the position of the 300 m isobath (i.e. shelf break; see 
Fig. 2), and magenta vertical dashed line marked with “T” a 
turning point in the section track. Ticks at the surface denote 
“stations”, i.e. downward dives of the SeaSoar CTD.

Fig. 2. (a) The location of the SeaSoar CTD sections: S1 (red), 
S2 (black), S3 (green, dashed line), S4 (magenta) and S5 
(blue). Circles denote section starting points. Bottom topog-
raphy is based on Jakobsson et al. (2000); solid contours show 
isobaths of 300, 600, 900 m..., and dotted contours 100 m (red) 
and 200 m (black) isobaths. (b) The bottom depth profiles of 
the CTD sections, based on the sonar measurements on R/V 
Håkon Mosby. Vertical dashed lines denote the corresponding 
position of the 300 m isobath (i.e. the shelf break).

(a)

(b)
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nants of AW on the shelf, which is indicative of 
irreversible cross-front exchange. In S4 the AW 
remnants seem to be relatively old, since their 
properties have faded, while in S5 a possibly 
new detaching remnant can be seen. Moreover, as 
anticipated above, AW remnants are more usually 
observed on the shelf than ARW remnants over 
the slope.

As pointed out, many different mechanisms 
could cause such irreversible cross-front exchange. 
As there is no clear subsurface density front asso-
ciated with the TS front, we can, however, as 
a “first order” approximation neglect processes 

connected to density fronts, such as baroclinic 
front adjustment and baroclinic instability.

Some of the AW “leaking” onto the shelf could 
be associated with the submarine valleys cutting 
across the shelf and deviating the topographically 
steered AW flow from the slope onto the shelf. 
The northern subsection of S1, as well as S3 and 
S5, run over such a valley (Kongsfjordrenna), 
but only S5 reveals more extensive remnants of 
AW. The onshore deviating AW core in S2 might 
be connected to the about 300 m deep “niche” 
onshore of the SB (see bottom profiles in Figs. 2, 
3). AW remnants are, however, also found over 

Fig. 4. Potential density (σθ) of sections S1–S5. The colour bar in the upper right corner applies to all sections. Solid contours 
are drawn for values ≥27.3 kg m-3 at 0.1 kg m-3 intervals. Values lower than that are indicated by dashed contours at 0.3 kg m-3 
intervals and by the lightest shading. Vertical dashed lines marked with “S” and “T” denote the position of the 300 m isobath (i.e. 
shelf break; see Fig. 2) and a turning point in the section track, respectively. Ticks at the surface denote “stations”, i.e. downward 
dives of the SeaSoar CTD.
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a bank in S4. Therefore, while these valleys may 
assist leaking, the AW remnants are seemingly 
not only confined to them.

Tidal currents (max. 0.1 - 0.3 m s−1 according 
to Kowalik & Proshutinsky [1994]) are expected 
to cause only minor horizontal deviations of a few 
kilometres at maximum, e.g. in the front posi-
tion. No clear coherence between the tidal phase 
(Table 1) and the subsurface front position can be 
detected in our sections.

Coastal upwelling might sporadically bring AW 
onto the shelf. If the leaking seen in S2 was pro-
voked by upwelling, we would expect to see also 
extensive capping of the AW core by the fresher 
surface layer. This is however not the case. The 
wind speeds (Table 1) measured during the aqui-
sition of the sections were generally low. More-
over, the wind direction during S2 was easterly 
(the prevailing wind direction), which does not 
favour upwelling either.

The structure of the few ARW intrusions in our 
observations was rather vertically elongated, con-
trary to the thin lens-like intrusions observed by 
Haugan (1999a). Similar vertical shape charac-
terized also parts of the subsurface Arctic front. 
This would agree with the hypothesis that baro-
tropic instability, arising from the velocity shear 
between the rather unidirectional and barotropic 
WSC (Fahrbach et al. 2001) and presumably 
weaker but more complicated flow on the shelf, 
is an important source of frontal mixing generat-
ing waves and vortex fields near the SB and hence 
shedding remnants of AW onto the shelf and vice 
versa.

Although we cannot derive cross-front exchange 
rates from our hydrographic data only, we can 
give a rough order-of-magnitude estimate for the 
heat loss from the warm core of the WSC due 
to cross-front exchange. We first assume that the 
irreversible shelf–slope exchange is generally of 
order: slope current transport per 1000 km along 
the slope (Huthnance 1995). A typical subsur-
face temperature difference of about 2 °C (Fig. 
3) between the slope (AW core) and the shelf 
waters would then indicate a slope current cool-
ing of 0.2 °C/100 km along the slope due to cross-
front exchange. This value corresponds well to 
the observed mean along-slope cooling of the 
WSC below 50 m, 0.2 - 0.4 °C/latitude (Saloranta 
2001). The cooling of 0.2 °C/100 km in, e.g. the 
100 - 200 m layer would correspond to a mean 
vertical heat flux of about 100 W m−2, assuming a 
typical mean speed of 0.15 m s−1 for the part of 

the WSC confined over the upper slope (Fahrbach 
et al. 2001). This subsurface heat loss is of the 
same magnitude as the mean surface heat loss to 
the atmosphere for the autumn season (Häkkinen 
& Cavalieri 1989), acting on, e.g. the 0 - 100 m 
layer.

Conclusions

In the surface layer, the Arctic front appears as 
a density front associated with fresher surface 
waters (usually appearing as an onshore thicken-
ing wedge). Below this 0 - 50 m surface layer, the 
Arctic front appears only as a TS front and a cor-
responding density front is missing. This subsur-
face Arctic TS front seems to be confined near the 
shelf break and extends down near to the bottom. 
AW remnants found on the shelf provide evidence 
for significant irreversible cross-front exchange. 
The missing density front as well as the vertical 
shape in the TS front structures suggest that baro-
tropic front instability is a main cause for sub-
surface cross-front exchange. The heat loss in the 
WSC due to this exchange can apparently be of 
the same order of magnitude as the surface heat 
loss to the atmosphere.
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Appendix A

The topographic steering of currents arises from 
the conservation of potential vorticity. On the 
basis of the momentum and continuity equations, 
and when assuming no friction, hydrostatic con-
ditions and homogeneous fluid, it can be shown 
that:

 
(1)

where Q is potential vorticity, f is coriolis 
parameter (planetary vorticity), ζ is relative vor-
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ticity, H is the depth of the water column, η is 
surface elevation, and u and v are the horizontal 
velocity components (û = uî + v ). Assuming sta-
tionary conditions, |ζ| <<f, |η | <<H, and in addi-
tion |∇ζ|<<|∇f | and |∇η|<<|∇H |, we get:

 
,
 

(2)

which tells us that on an f -plane (constant f ) the 
current will follow contours of constant bottom 
depth, i.e isobaths. (For details see, e.g. Gill 
1982.)
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