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Abstract

The Barents Sea throughflow accounts for approximately half of the Atlantic
Water advection to the Arctic Ocean, while the other half flows through
Fram Strait. Within the Barents Sea, the Atlantic Water undergoes consider-
able modifications before entering the Arctic Ocean through the St. Anna
Trough. While the inflow area in the south-western Barents Sea is regularly
monitored, oceanographic data from the outflow area to the north-east are
very scarce. Here, we use conductivity, temperature and depth data from
August/September 2008 to describe in detail the water masses present in the
downstream area of the Barents Sea, their spatial distribution and transforma-
tions. Both Cold Deep Water, formed locally through winter convection and
ice-freezing processes, and Atlantic Water, modified mainly through atmo-
spheric cooling, contribute directly to the Barents Sea Branch Water. As a
consequence, it consists of a dense core characterized by a temperature and
salinity maximum associated with the Atlantic Water, in addition to the colder,
less saline and less dense core commonly referred to as the Barents Sea Branch
Water core. The denser core likely constitutes a substantial part of the total
flow, and it is more saline and considerably denser than the Fram Strait branch
as observed within the St. Anna Trough. Despite the recent warming of the
Barents Sea, the Barents Sea Branch Water is denser than observed in
the 1990s, and the bottom water observed in the St. Anna Trough matches
the potential density at 2000 m depth in the Arctic Ocean.

The production of cold, dense water at high-latitude
shelves plays an important role in the thermohaline
circulation of the world’s oceans (Meincke et al. 1997).
In recent decades, a temperature increase in the Atlantic
Water (AW) flow towards the Arctic Ocean has been
observed (Quadfasel etal. 1991; Polyakov et al. 2005), and
the temperature signal has been propagating downstream
into the interior Arctic Ocean (Dmitrenko, Polyakov et al.
2008).

The poleward advection of AW along the Norwegian
coast bifurcates at the entrance to the Barents Sea (Orvik
& Niiler 2002). One branch, commonly called Fram Strait
Branch Water (FSBW), continues northward along the
western coast of Spitsbergen and eventually enters the

Arctic Ocean through Fram Strait (Beszczynska-Moller
et al. 2011). The other branch enters the Barents Sea
(Skagseth et al. 2008), undergoes considerable modifica-
tions, and eventually enters the Arctic Ocean through
the St. Anna Trough as Barents Sea Branch Water
(BSBW; Schauer, Loeng et al. 2002).

The FSBW cools as it flows northward through the
Fram Strait and downstream in the Nansen Basin it
subducts below the cold halocline water in the Arctic
Ocean and forms a subsurface temperature and salinity
maximum (Rudels et al. 1999). Further downstream in
the Arctic Ocean, some of the FSBW enters the Barents
Sea from the north through various submarine valleys
and canyons (Matishov et al. 2009; Lind & Ingvaldsen
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2012), both to the west of Franz Josef Land (Mosby 1938;
Novitskiy 1967) and along the western flank of the St.
Anna Trough (Hanzlick & Aagaard 1980; Loeng et al.
1993; Schauer, Loeng et al. 2002). The latter circulation
pattern has also been suggested by geostrophic calcula-
tions (Panteleev et al. 2004), as well as by numerical
model simulations (Kércher et al. 2003; Gammelsrod
et al. 2009). However, it is still unknown to what extent
the FSBW influences the north-eastern Barents Sea.
Hereinafter, we refer to the AW that is advected by the
Barents Sea branch as Barents-derived Atlantic Water
(bAW).

The Barents Sea is the largest shelf sea that is adjacent
to the Arctic Ocean. It accounts for a substantial part
of the dense water that is formed within the Arctic
(Martin & Cavalieri 1989) and is therefore important
for the renewal of the Intermediate and Deep Water in
the Arctic Ocean (Rudels et al. 1994; Jones et al. 1995;
Rudels et al. 2000). The continuous advection of warm
AW keeps a substantial part of the Barents Sea ice-free
year-round (Kvingedal 2005), resulting in a large net
heat flux from the ocean to the atmosphere (Simonsen &
Haugan 1996; Smedsrud et al. 2010). Several processes
contribute to the modifications of the BSBW (Pfirman
et al. 1994; Rudels et al. 1994; Ozigin & IvSin 1999;
Rudels et al. 2004). These processes include freshwater
input from river runoff, sea-ice melting and net pre-
cipitation (Coachman & Barnes 1963; Steele et al. 1995),
wind and tidal mixing (Sundfjord et al. 2007), atmo-
spheric cooling and sea-ice formation (Aagaard et al.
1981; Jones & Anderson 1986). The formation of sea ice
and the subsequent release of brine contribute to the
formation of water masses with a density high enough to
cause them to sink to great depths in the Arctic Ocean.
Several of these dense water formation sites have been
identified, including the Novaya Zemlya Bank (Nansen
1906; Midttun 1985; Ozhigin et al. 2000), the Great
Bank, the Central Bank (Blindheim 1989; Loeng 1991),
the Spitsbergen Bank (Sarynina 1969) and the area
around Franz Josef Land (Martin & Cavalieri 1989).
The BSBW, which is the downstream end product of
wide-ranging modification processes, is commonly iden-
tified as an intermediate temperature and salinity mini-
mum in the ©-S space (Schauer, Rudels et al. 2002;
Dmitrenko, Kirillov et al. 2008; Dmitrenko et al. 2009).
However, our results challenge this traditional view.

The north-eastern Barents Sea is connected to the
Arctic Ocean through the St. Anna Trough (Fig. 1).
A 350-m-deep branch of the St. Anna Trough is oriented
westward between Novaya Zemlya and Franz Josef
Land. This branch will hereinafter be called the Western
Trough. A saddle point with a sill depth of approximately
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Fig. 1 Bathymetric map of the north-eastern Barents Sea and the St.
Anna Trough. Stars show positions of stations obtained by the RV
Professor Boyko and dots show positions of stations obtained by the RV
Obva. Grey lines indicate discussed sections (see also Fig. 2).

200 m separates the Western Trough and the North-east
Basin in the north-eastern Barents Sea. The depth of
the St. Anna Trough varies between 300 and 500 m in
the southern part and reaches 1000 m at the entrance
to the Arctic Ocean in the north.

A portion of the recent Arctic climatic changes has been
attributed to a multi-decadal oscillation within the North
Atlantic (Sutton & Hodson 2005). The temperature vari-
ability in the Barents Sea is closely linked to this oscillation
(Levitus et al. 2009), as observed in the Kola section
(TereS¢enko 1997); recent decades have constituted a
warm phase (Skagseth et al. 2008). The thermohaline
response to the temperature changes remains uncertain,
although model studies indicate less dense water forma-
tion during warm periods (Arthun et al. 2011). Better
knowledge of the formation, characteristics and subse-
quent export of Intermediate and Deep Water from the
Barents Sea to the Arctic Ocean is therefore necessary.

Regular monitoring at the south-western entrance
to the Barents Sea has revealed a recent increase in
advected volume and heat into the Barents Sea (Skagseth
et al. 2008). The outflow area to the north-east is,
however, more irregularly and sparsely sampled, partly
due to the seasonal ice coverage. As a consequence, little
is known about the variability of the water masses
flowing towards the Arctic Ocean. In this study, we
present unique data that enable us to describe in detail
the spatial distribution and characteristics of the water
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masses that are present at the doorstep to the Arctic
Ocean. Furthermore, we track AW modifications through
interaction with locally formed water masses en route to
the Arctic Ocean by identifying the presence of various
mixing processes, thereby adding to our existing knowl-
edge of the exchanges between the Barents Sea and the
Arctic Ocean.

Data and methods

Oceanic data

A total of 142 conductivity—temperature—depth (CTD)
stations covering the St. Anna Trough and the north-
eastern Barents Sea between Novaya Zemlya and Franz
Josef Land were obtained during two cruises with the
research vessels Professor Boyko and Obva (Fig. 1). The
period covered was from late August to mid-September
2008. Although the merged data set spans a period of
three weeks, we consider it to be synoptic due to our focus
on the water masses below the pycnocline. The RV
Professor Boyko was equipped with a FSI 3” Micro CTD
(Falmouth Scientific, Cataumet, MA, USA) and had a
salinity accuracy of 0.0002 S/m and a temperature
accuracy of 0.002°C. The RV Obva was equipped with a
SBE 19 plus CTD system (Sea-Bird Electronics, Bellevue,
WA, USA) and had a salinity accuracy of 0.0005 S/m and a
temperature accuracy of 0.005°C. Some of the stations are
combined into sections (Fig. 1): section A crosses the
North-east Basin, section B crosses the Western Trough
and section C crosses the St. Anna Trough at 79°N.
In general, the St. Anna Trough is sparsely sampled,
whereas the Western Trough is more densely sampled.
However, based on the CTD measurements, we calculated
an internal Rossby radius of approximately 1.5 km. Hence,
most mesoscale features are not resolved by the CTD
sampling.

Twenty-three CTD stations that covered section B were
obtained in September 1991, using a Neil Brown CTD
system (Neil Brown Ocean Sensors, Falmouth, MA, USA).
The accuracy of the temperature sensor is 0.005°C, while
the conductivity has an accuracy of 0.01.

Atmospheric data

Monthly averages of mean sea-level pressure, winds at
a height of 10 m, and heat fluxes (sensible and latent
heat and longwave and shortwave radiation) between
the ocean and the atmosphere were obtained from the
European Centre for Medium-Range Weather Forecasts
ERA-Interim data set (Uppala et al. 2008), at a spatial
resolution of 1.5° x 1.5° for the period 1989-2008.
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Results

Water mass characteristics

Three distinct water masses were present in the Western
Trough during the observation period (Fig. 2), two of
which were of Atlantic origin (® >0; see Table 1 for
water mass definitions). The two water masses of Atlantic
origin could be distinguished by their respective sali-
nities. The water mass with the higher salinity corre-
sponds to bAW. The water mass with the lower salinity
was observed throughout the St. Anna Trough and had
a temperature that decreased southwards, so we identi-
fied this water mass as FSBW. The third water mass
was distinguished by its substantially lower tempera-
ture, with the lowest temperatures being close to the
freezing point. Hereinafter, we will call this water mass
Cold Deep Water (CDW). Although this was colder, the
slightly lower salinity made it less dense than the bAW
and only slightly denser than the FSBW. Hence, the bulk
of the CDW was considered an intermediate water mass
throughout the observation area.

Figures 3 and 4 demonstrate that the characteristics
and depths of the different water masses vary geogra-
phically. Here, we have identified the core of each
distinct water mass by the temperature extreme within
the salinity range of the water mass (Fig. 2; Table 1). First
and foremost, the different and only partly overlapping
geographical distribution of bAW and FSBW is evident,
as well as their respective downstream cooling: the bAW
cools eastward while the FSBW cools south-westward in
the St. Anna and Western troughs. In contrast, the CDW
is heated where its presence overlaps with the bAW
and/or FSBW. Furthermore, the sinking of the bAW and
CDW into the Western and St. Anna troughs is evident.
To further investigate the advection and modification of
each water mass, vertical sections and @-S diagrams are
described in the following section.

Re-circulating FSBW

FSBW enters the St. Anna Trough to the north-west
(Fig. 1) and occupies the western and central areas
(Fig. 3). This water has an intermediate temperature
maximum (Figs. 2, 5, 6), with maximum temperatures
of approximately 2°C in the inflow area. While
the majority of FSBW circulates within the St. Anna
Trough, one part enters the Western Trough and approxi-
mately follows the 200-m isobath (Fig. 6). In the
Western Trough, the FSBW is identified as a warm core
between approximately 50 m and 200 m depth, which
is bounded above by cold Arctic Water and below
by CDW. At this stage, the maximum temperature is
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Fig. 2 ©-S diagrams for the three sections: (a) A, (b) B and (c) C. Black lines indicate the bounds defining the different water masses: Fram Strait Branch
Water (FSBW), Barents-derived Atlantic Water (bAW), Cold Deep Water (CDW) and Barents Sea Branch Water (BSBW). In (d), grey lines show positions of
the sections and coloured lines show the advection paths of the different water masses. Blue lines in the @-S diagrams show the freezing temperature.

The depth contours are similar to those in Fig. 1.

reduced to 1°C. While FSBW is clearly present in the
Western Trough (Fig. 6), we found no trace of this water
mass in the CTD data to the west of the saddle point
separating the Western Trough and the North-east Basin
(Fig. 2a).

Mixing between FSBW and CDW can be inferred
from the @-S diagrams in both the Western Trough and
the St. Anna Trough (Fig. 2), and mixing with surrounding
water masses is also evident from the reduction in the
FSBW temperature while en route. The mixing lines
in the @-S diagrams indicate mostly isopycnal mixing.
To investigate possible turbulent mixing, we estimated the
gradient Richardson number following two slightly ditfer-
ent procedures: the synoptic gradient Richardson number
(Ri;) assuming parallel flow, and the geostrophic gradient
Richardson number (Ri;) assuming geostrophic flow

(van Gastel & Pelegri 2004). A necessary condition for
turbulence is then Ri,, Ri; <1 (Abarbanel et al. 1984; Miles
1986). Following the suggestion by Loeng et al. (1997), we
chose the surface as the level of no motion when cal-
culating the geostrophic velocity. Based on the CTD
data for section B, we found bottom-intensified currents
along both the northern and southern slopes of the
Western Trough (Fig. 7), with velocities comparable to
those reported from direct current measurements (figure 6
in Gammelsrad et al. 2009). When calculating the synoptic
gradient Richardson number, we assume that the section is
perpendicular to the flow which is represented by
the geostrophic velocity. Although we find local minima
in the gradient Richardson number in the frontal areas of
the FSBW, both the synoptic and geostrophic approaches
yields Richardson numbers of O(10).
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Table 1 Water mass definitions. Barents Sea Branch Water may consist
of both Cold Deep Water and Barents-derived Atlantic Water and has
not been given any definite bounds here.

Water mass Temperature range (°C)  Salinity range

Atlantic Water (AW) 0 >0 5$>3475

Fram Strait Branch Water O >0 34.75 <5<34.9
(FSBW)

Barents-derived Atlantic O >0 $>349
Water (bAW)

Cold Deep Water (CDW) O <0 5>3475

Arctic Water 0< -1 343 <5<34.7

Surface Water (SW) O0>-—1 5$<343

Barents-derived Atlantic Water

bAW exits the Barents Sea through the North-east Basin
and enters the Western Trough (Figs. 2, 3). Vertical
profiles in the North-east Basin revealed two distinct
layers, with warmer water overlying a colder, well-mixed
layer. The two layers were separated by a thermocline
located approximately at the sill depth of the connection
between the North-east Basin and the Western Trough
(not shown). While the two layers exhibit different
temperatures, both layers have a similar salinity (35.0).

In the Western Trough, bAW occupies the southern
slope and various banks on the Novaya Zemlya shelf
(Fig. 6). It is also partly submerged under the CDW,
creating a tilted front and horizontal density gradients
between the two water masses, as well as a correspond-
ing vertical velocity shear. By calculating the gradient
Richardson number following the procedures above, we
find values of O(10). Hence, the vertical velocity shear
alone is not sufficient to overcome the stabilization by
the stratification. In the deep part of the Western Trough,
there is an indication of interleaving at the interface
between the bAW and the CDW (Fig. 6, inset). The
mixing with CDW reduces the temperature of the
bAW from more than 1°C to approximately 0°C as it
flows eastward from the North-east Basin, through the
Western Trough and further downstream into the St.
Anna Trough. The high salinity, however, is maintained
due to the relatively high salinity in the CDW (Figs. 2,
3). In section C, a deep temperature maximum is
seen within the CDW (Figs. 2, 5). Although it is below
0°C and therefore not categorized as bAW, the ©-S
properties clearly show its bAW origin. This suggests
further cooling as the bAW continues through the St.
Anna Trough (Fig. 2).

Cold Deep Water

Figure 2 documents the presence of CDW in the North-
east Basin during the summer of 2008. The CDW spatial
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distribution was limited to the northern parts of the basin
and the banks to the south of Franz Josef Land (Fig. 8).
The core of the CDW was observed at intermediate
depths, from just below the pycnocline at 50 m to
approximately 150 m, with a minimum © of —1.6°C.
The temperature increase with depth below this tem-
perature minimum indicates an influence of water
masses of Atlantic origin (bAW) from below (not shown).
Hence, the winter convection during the preceding
winter (2007/08) did not reach the bottom in the
North-east Basin. This pattern is also evidenced by
the lower potential density of the CDW compared to
the bAW that is observed in the deeper parts of the
North-east Basin (Fig. 2). Vertical profiles of temperature
and salinity indicate the presence of double diffusive
processes at the interface between the bAW and the
overlying CDW at station 55 in section A (not shown).

In the Western Trough, eastward-tflowing CDW forms
an intermediate layer between the overlying FSBW and
the underlying bAW (Fig. 6). As the CDW flows east-
ward, mixing with the surrounding water masses (Figs. 2,
3) increases the minimum potential temperature of the
CDW from —1.6°C in the north-eastern Barents Sea to
—0.6°C in the St. Anna Trough. While the CDW and the
FSBW exhibit similar salinity, the bAW is more saline,
which results in a slight increase in the CDW salinity.

Just north of Novaya Zemlya (Fig. 6, blue arrow) CDW
with a higher potential temperature (& = —0.58°C),
higher salinity (S=34.95) and higher potential density
(09 =28.09) than the CDW observed in the North-east
Basin was observed. This makes this water mass distin-
guishable in the @-S diagram (Fig. 2b, black arrow).
A water mass with similar characteristics (© = —0.60°C;
S=34.94) was observed in the bottom layer in the
northern parts of the St. Anna Trough (not shown). No
evidence of this water mass was observed between
section B and the northern St. Anna Trough.

Air-sea interactions

A comparison of the net air-sea heat fluxes in the Barents
Sea, which is based on the ERA-Interim data set during
the winters of 1990/91 and 2007/08 and preceded the
observations in summer 1991 and 2008, respectively,
reveals substantial differences in the cooling pattern
between the two periods (Fig. 9). During the winter of
2007/08, the most significant heat loss to the atmosphere
occurred in the south-western quartile, compared to
the winter of 1990/91, when the largest heat loss took
place in the north-eastern quartile. Moreover, the gen-
eral atmospheric circulation shows different patterns
during the two winters. During the winter of 2007/08,
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Fig. 3 Core water mass properties, represented by local maximum temperature (minimum temperature for Cold Deep Water) of the water masses
discussed. The dots show the spatial distribution and the colour denote the respective core temperatures. (a) Recirculating Fram Strait Branch Water.
(b) Barents-derived Atlantic Water. (c) Cold Deep Water. Depth contours similar to Fig. 1 are shown down to 500 m depth.

the Novaya Zemlya Bank was dominated by air masses
from the south-west, whereas during the winter of 1990/
91 the prevailing winds brought air masses from the
south and east into the eastern Barents Sea.

Discussion

General circulation

Our interpretation of the general circulation pattern,
which is based on the previously described observations,
agrees with that of earlier studies (Schauer, Loeng et al.
2002; Rudels et al. 2004) and is summarized in Fig. 2.
AW originating from the FSBW enters the St. Anna
Trough from the north-west (Hanzlick & Aagaard 1980),
while AW advected through the Barents Sea and cold
water masses formed within the Barents Sea enter the St.
Anna Trough from the south-west (Loeng et al. 1993;
Schauer, Loeng et al. 2002). The salinity of the bAW

(page number not for citation purpose)

exiting the Barents Sea into the Western Trough is close
to the salinity of inflowing AW at the western entrance
to the Barents Sea (Skagseth et al. 2008), implying that
the bAW is formed mainly through direct atmospheric
cooling of AW with only little input of freshwater. Our
data clearly show that the flow of FSBW is topographi-
cally controlled and that it circulates within the St. Anna
Trough and the Western Trough without entering the
North-east Basin in the Barents Sea. However, the FSBW
contributes to the modification of the BSBW en route
to the Arctic Ocean.

The ©-S diagrams from sections A, B and C (Fig. 2)
show evidence of mixing between all three water masses
observed within the Western Trough (bAW, FSBW and
CDW). A calculation of both the synoptic and geostrophic
gradient Richardson numbers based on the CTD data
revealed values of O(10), which is one order of magni-
tude larger than the critical value (Abarbanel et al. 1984;
Miles 1986), in the frontal areas between the different
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Fig. 4 Depth of water mass cores (see also Fig. 3), represented by maximum temperature (minimum temperature for Cold Deep Water) of
the water masses discussed. The dots show the spatial distribution and the colour denote the respective core depths. (a) Recirculating
Fram Strait Branch Water. (b) Barents-derived Atlantic Water. (c) Cold Deep Water. Depth contours similar to Fig. 1 are shown down to

500 m depth.

water masses considered here. However, based on direct
current measurements and CTD observations from the
Gulf Stream region, van Gastel & Pelegri (2004) found
that the geostrophic gradient Richardson number is
always above the actual gradient Richardson number.
Furthermore, van Gastel & Pelegri (2004) argue that
smoothing affect the calculated geostrophic gradient
Richardson number, although the effect in the specific
case considered was considered small. Here, we have
used 5-m averages based on 1-m resolution data and
the smoothing effect is therefore probably small. Despite
these uncertainties, we conclude that the geostrophic
vertical velocity shear alone, which is consistent
with direct current measurements in section B in 1991
(figure 6 in Gammelsrod et al. 2009), is most likely not
sufficiently strong to induce turbulent mixing. In the
deepest part of the Western Trough, we find indications
of interleaving in the frontal area between the bAW and
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the CDW. This represents another possible source
of mixing, although the spacing between the CTD
stations is too coarse to resolve such a process properly.
The presence of double diffusive “staircases” in the
North-east Basin suggests that double diffusive processes
contribute to the vertical heat fluxes from the inter-
mediate bAW to the overlying CDW here. Whereas
Sundfjord et al. (2007) argue that double diffusive
processes contribute significantly to vertical heat fluxes
in frontal areas further west in the Barents Sea, our
results suggest that this may also apply to the less
energetic flow regime in the north-eastern parts of the
Barents Sea. Moreover, our results may also imply that
turbulent mixing plays the major role in the more
energetic flow pattern downstream in the Western
Trough and the St. Anna Trough, although the current
dataset cannot substantiate any firm conclusions, but
rather give some indications in terms of mixing processes.
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Fig. 5 Vertical sections of (a) potential temperature and (b) salinity in
section C. Negative temperatures are shown by dotted lines.

Barents Sea Branch Water

Although our rigid water mass definitions implies that
bAW is not present in the central and northern (not
shown) parts of the St. Anna Trough, the @-S properties
of the BSBW (Fig. 2; upper right) clearly shows that it
originates partly from CDW and partly from cooled bAW.
While the temperature and salinity minimum associated
with the CDW part is commonly interpreted as the core of
the BSBW within the Arctic Ocean (e.g., Schauer, Rudels
et al. 2002; Dmitrenko et al. 2009), we argue that the
deeper and denser (28.0 <o <28.08) temperature and
salinity maximum associated with the bAW part consti-
tutes a core of Atlantic origin within the BSBW. Although
we lack direct current measurements to quantify the
relative contribution from the CDW and the bAW to the
total flow from the Barents Sea towards the Arctic Ocean,
we note that in 2008 the bAW occupied the part of section
B (Fig. 6) where Gammelsrad et al. (2009) observed the
strongest eastward current in 1991/92 (their figure 10).
Our geostrophic calculations indicate that a similar flow
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pattern was present also in 2008. Hence, the relatively
warm and saline core originating from the bAW, which
was observed in the St. Anna Trough in 2008 likely
constituted a substantial part of the BSBW flow towards
the Arctic Ocean. Moreover, while the CDW-influenced
part of the BSBW is both colder and less saline (but still
denser) than the FSBW, as also noted by, e.g., Schauer,
Rudels et al. (2002), we find that the bAW-influenced part
is also colder but more saline and therefore considerably
denser than the FSBW observed within the St. Anna
Trough (g ca. 27.9) and downstream in the Arctic Ocean
(0o ca. 27.92; Dmitrenko et al. 2009).

Different modes of Cold Deep Water

At least two different CDW modes, with associated
formation sites, were identified in our observations.
The bulk of the CDW that was advected eastward into
the Western Trough originated from the area immedi-
ately to the south-west of Franz Josef Land (Figs. 2—4).
This CDW mode exhibited low potential temperatures
that are associated with ice-freezing processes and
relatively high salinities, although not high enough to
achieve a potential density as high as the warmer, more
saline bAW. This CDW mode formed an intermediate
layer along the eastern rim of the St. Anna Trough.

A second CDW mode was observed on the shelf
north of Novaya Zemlya (Figs. 2, 3), an area where
polynyas regularly form, which enhances sea-ice produc-
tion and subsequent brine release (Martin & Cavalieri
1989). The minimum potential temperature of —0.58°C
shows that this CDW mode contains a relatively large
bAW component but that its salinity is slightly lower than
that of the bAW. The relatively fresh Novaya Zemlya
Coastal Current (e.g., Jakobsen & Ozhigin 2011) is a
likely source of the additional freshwater. When poly-
nyas open where this CDW mode was observed, cold
brine-enriched surface water descends through the
underlying bAW and gains heat, thereby increasing its
temperature. Model studies have shown that dense water
formed on the Novaya Zemlya Bank is partly advected
northward along the Novaya Zemlya coast (Arthun et al.
2011), while direct observations have shown that this
water is advected south-westward and through the
North-east Basin (Midttun 1985). Although we did not
observe this CDW mode in the North-east Basin, the
Novaya Zemlya Bank cannot be ruled out as its formation
site. Nevertheless, based on the absence of this CDW
mode in the North-east Basin, we speculate that this CDW
mode was formed locally on the shelf immediately north
of Novaya Zemlya. This mode had a higher potential
density (6o =28.09) than the value (g9 <28.05) reported
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Fig. 6 Vertical sections of (a) potential temperature and (b) salinity in section B. Negative temperatures are shown by dotted lines. The blue arrow
indicate dense Cold Deep Water mode in trench close to Novaya Zemlya. Inset: temperature profiles from stations 49-51 at 250-350 m depth (red box).

in 2002 (Schauer, Loeng et al. 2002) and was as high as
that observed in 1965 (Hanzlick & Aagaard 1980). This
indicates interannual variations in formation sites and
characteristics of the different modes of CDW, although
we lack data to draw any conclusions regarding their
relative importance.

The similarity in the characteristics of the dense CDW
observed to the north of Novaya Zemlya and in the
northern parts of the St. Anna Trough suggests a common
source. Although the area around Franz Josef Land
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regularly hosts active polynyas (Martin & Cavalieri
1989), we argue that the area to the north of Novaya
Zemlya is a more likely, common source. According to
Killworth (2001), density-driven plumes typically descend
at a ratio of 1/400 relative to the along-isobath advection.
Hence, a 300-m descent from 200 m (depth at the
formation site) to 500 m (depth of the central St. Anna
Trough) could be reached within an advection dis-
tance of approximately 120 km, which is shorter than
the approximate distance of 450 km between the two
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Fig. 7 Vertical section of geostrophic velocity in section B. Negative
values are shown by dotted lines. Positive values toward the east.

observations sites. Thus, the bottom water observed in the
northern parts of the St. Anna Trough might be remnants
of a cascading outflow of the dense bottom water that was
produced on the shelf north of Novaya Zemlya during
the previous winter. The absence of this water mass further
south in section C suggests a pulsating pattern of outflow
and that most of the dense CDW had already descended
into the Arctic Ocean by the time of the observations,
although this could also be partly explained by sparse
sampling coverage.

Interannual variability

There is a substantial difference between the bAW proper-
ties that were observed in 1991 (figure 2 in Gammelsrad
et al. 2009) and those that were observed in 2008 (Fig. 2).
The maximum temperature was 0.5°C warmer in 2008,
and bAW and CDW were clearly identifiable in the
Western Trough. In 1991, the characteristics of the east-
ward flowing water masses in the Western Trough were
more similar to what was observed further downstream
in the St. Anna Trough in 2008. One possible explanation
is changes in the characteristics of the AW entering
the Barents Sea in the south-west, which vary between
years and decades (e.g., Skagseth et al. 2008) and thereby
precondition the formation of CDW (Midttun & Loeng
1987). However, the varying sea-ice cover and subse-
quent changes in the air-sea heatfluxes within the Barents
Sea tend to absorb the variability in the upstream
conditions (Smedsrud et al. 2010; Arthun et al. 2012).
We speculate that a more likely explanation is that the
CDW formed at ditferent sites in 1991 and 2008 due to
the different cooling patterns in the preceding winters
(Fig. 9). The pattern in 2008 was close to the climatolo-
gical state, while the pattern in 1991 was clearly anom-
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Fig. 8 Vertical sections of (a) potential temperature and (b) salinity in
section A. Negative temperatures are shown by dotted lines.

alous compared to climatological values (e.g., Arthun &
Schrum 2010). Based on this observation, we find it likely
that substantial CDW production took place on the
Novaya Zemlya Bank in 1991, as CDW was the dominat-
ing water mass over the bank and in the North-east Basin
(not shown), as opposed to 2008 when no CDW was
observed in that area. Indeed, in addition to advecting
cold and dry air from the south-east, the more easterly
prevailing winds during the winter of 1990/91 favoured
polynya activity, to a large extent, on the Novaya Zemlya
Bank (Fig. 9c). In contrast, relatively warm air masses
were advected into the Barents Sea from the south-west
during the winter of 2007/08, which is reflected by the
substantially lower temperatures on the Novaya Zemlya
Bank in the winter of 1990/91 compared to 2007/08
(Fig. 9¢, d). A south-westward shift in the main CDW
production site in 1991 compared to 2008 would force the
CDW to encounter the bAW further upstream, whereas
in 2008, the two water masses were kept more
or less separated until they entered the Western Trough.
The modelled north-eastward advection path of CDW
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shown.

formed on the Novaya Zemlya Bank (Arthun et al.
2011) suggests that a northward shift in the formation
area forces a larger fraction of the CDW to enter the
Western Trough directly and not flow south-westward
and through the North-east Basin. The larger heat fluxes
to the north of Novaya Zemlya in 2007/08 compared to
1991/90 further suggest that there was less ice cover in
2007/08 and therefore greater dense water production
through direct atmospheric cooling.

Despite the recent warming of the AW flowing through
the Barents Sea (Skagseth et al. 2008), we tind evidence of
the presence of bottom water flowing towards the Arctic
Ocean that, according to figure 6 in Rudels et al. (2000),
matches the potential density at 2000 m depth in the Arctic
Ocean. Therefore, depending on the entrainment of
surrounding water masses, the BSBW may potentially
sink to greater depths than the 1300 m observed by
Schauer et al. (1997). This sinking ventilates the deep
water masses, although we lack adequate data to quantify
the amount of this dense water mass. Moreover, the AW

flowing through the Barents Sea is cooled to below 0°C
before entering the Arctic Ocean. Hence, it —0.1°Cis used
as an overall temperature estimate of all water masses
leaving the Arctic Ocean, as was proposed by Aagaard and
Greisman (1975), it may be argued that the Barents Sea
does not contribute to any heat gain in the Arctic Ocean,
despite the recent warm period.

Concluding remarks

Based on an extensive, near-synoptic array of CTD
measurements, we find that both water masses formed
locally through ice freezing and thermohaline convective
processes as well as AW modified through atmospheric
cooling in the Barents Sea contribute directly to the BSBW
observed in the St. Anna Trough. The two are identifiable
within the BSBW by their different thermohaline char-
acteristics as an intermediate temperature and salinity
minimum and a deeper temperature and salinity max-
imum, respectively. As a result, the BSBW displays
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a relatively wide density range (28.0 <o <28.09). The
densest part matches the potential density at 2000 m depth
in the Arctic Ocean. The Barents Sea ice cover in winter
has been reduced due to recent warming. This allows for
more direct atmospheric cooling of the AW, while the
freshwater input from ice melt has been reduced. As a
consequence, the warm and saline, yet dense Atlantic
origin part of the BSBW likely constitutes a substantial part
of the total flow from the Barents Sea towards the Arctic
Ocean. However, direct current measurements are re-
quired in order to determine the relative contribution and
the variability of the water masses forming the BSBW.
Additionally, turbulence measurements are needed in
order to investigate the relative importance of the various
mixing processes indicated here. Hence, there is a need for
further research activity in this area.
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