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Abstract

The polar front separates the warm and saline Atlantic Waters encountered in the west-
ern part of the Barents Sea from the cold and fresh Arctic Waters situated in the north-
ern part. These water masses can mix together, mainly in the eastern part of the Bar-
ents Sea, generating dense waters in winter which can cascade into the Arctic Ocean5

to form the Artic Intermediate Waters. To study the interannual variability and evolu-
tion of these water masses and the fronts, we have merged data from the International
Council for the Exploration of the Sea and the Arctic and Antarctic Research Institute
and have built a new database which covers the period 1980–2011. The summer data
is interpolated on a regular grid and a “Probability Density Function” method is used to10

show that the polar front splits into two branches east of 32◦ E where the topographic
constraint weakens. Two fronts can then be defined: the “Northern Polar Front” is as-
sociated with strong salinity gradients and the “Southern Polar Front” with temperature
gradients. They enclose the dense Barents Sea Water. The interannual variability of the
water masses is apparent in the observed data and is linked to that of the ice cover. In15

contrast, the link with the Arctic Oscillation is not clear. However, results from a general
circulation model suggest that such a link could be found if winter data were taken into
account. A strong trend, which amplifies during the last decade, is also found: the At-
lantic Water occupies a larger volume of the Barents Sea. This “Atlantification” could be
accompanied by a northwards displacement of the southern polar front in the eastern20

part of the Barents Sea (which is suggested by a model based study) and a decrease
of the volume occupied by the Arctic Waters.
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1 Introduction

1.1 The Barents Sea: a key region for the water mass transformations

The Barents Sea (BS) extends over the northernmost Arctic shelf; it has a mean depth
of about 230 m and covers about 1.4 millionkm2 (Fig. 1a). The water mass distribution
is strongly constrained by the cyclonic circulation, which dominates the BS (Fig. 1b),5

and the bottom topography, especially in the shallow areas. This circulation is forced
by the Atlantic Waters (AW) and the Norwegian Coastal Current Waters which inflow
to the BS through the Barents Sea Opening (BSO); a shelf break which is 470 m deep
at the deepest point. These Eastward inflows amount to about 2 Sv (Ingvaldsen et al.,
2002) and 1.1 Sv (Skagseth, 2008) respectively. Tides of high intensity are observed10

in the BS, principally in shallow and coastal areas (like the Svalbard or the Norwegian
coast). They induce a significant turbulent mixing.

The warm and saline Atlantic Waters mixes in the BS with the fresh and cold Arctic
Waters (ArW) and with the Norwegian Coastal Current Waters along the Norwegian
coast (see Gascard et al., 2004, and Fig. 1b). This sea thus plays a key role in the mass15

water transform and is subject to large hydrological contrasts. The salinity is affected
by the saline Atlantic Waters which inflows from the Norwegian Sea and the fresh
water issuing from the Norwegian Coastal Current Waters, Arctic Waters, rivers, and
ice melting, and can range from 33 to 35.2. The temperature also varies significantly,
ranging from −1.8 ◦C for the Arctic Waters (freezing point) to more than 10 ◦C for the20

Norwegian Coastal Current Waters at surface during summer.
The cooling and mixing of the Atlantic Waters, Arctic Waters and Norwegian Coastal

Current Waters, reinforced by brines rejections due to ice formation (especially around
Svalbard, Franz Josef Land and Novaya Zemlya) and favorable conditions for shelf con-
vection (Martin and Cavalieri, 1989), produce the dense Barents Sea Waters (BSW).25

They mostly flow into the Arctic Ocean on the sea bottom between Novaya Zemlya
(60◦ E, 76◦ N) and Franz Josef Land (60◦ E, 80◦ N) and partly contribute to the over-
turning circulation of the North Atlantic (Anderson et al., 1999). The Barents Sea Wa-
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ters also provide intermediate waters to the Arctic Ocean at a depth of about 1200 m
(Rudels et al., 1994; Schauer et al., 1997, 2002). All of these features and processes
can be affected by the climate change. Note that dense waters are also produced in
the Storfjord (Svalbard), but they flow into the Arctic Ocean through the Fram strait, to
the west of the Svalbard. We do not consider them in this paper.5

1.2 Climate change and low frequency variability of the Barents Sea

During the past decade (1998–2008), the BS has experienced the largest reduction of
sea ice cover in the Arctic (Screen and Simmonds, 2010) coupled with an air-ice–ocean
system warming (Serreze et al., 2007). The annual sea ice extent has decreased by
50 %, reaching its lowest level for the last 60 years (Årthun et al., 2012). The BS is10

becoming the first “ice-free” Arctic Sea (with the Baffin Bay) in summer and autumn.
In winter and spring, a seasonal Marginal Ice Zone remains in the northern and some-
times eastern part of the BS, close to Novaya Zemlya. The north-eastern BS is the
region where the sea ice variability is the largest (Inoue et al., 2012).

As the sea ice extent decreases, the air–sea exchanges in the BS increase. The15

low frequency variability of the Arctic is commonly associated with the Arctic Oscil-
lation (AO) (Thompson and Wallace, 1998). A negative (positive) AO generally cor-
responds to a cold (warm) atmospheric event over the eastern Arctic, a high (low)
pressure anomaly and an anticyclonic (cyclonic) mode of the atmospheric circulation.
The AO (Proshutinsky and Johnson, 1997) affects in particular the conditions along20

the western edge of the BS by modifying the Atlantic Waters inflow through the BSO,
between Fugloya and Bjornoya, and consequently the circulation in the BS. Indeed,
a higher pressure over the Arctic (corresponding to a negative AO) strengthens the
westerly winds in the inflow area and then increases the Atlantic Waters penetration in
the BS (Ingvaldsen et al., 2004). This would bring warmer Atlantic Waters, decrease25

sea ice extent, enhance heat loss from the ocean to the atmosphere, and increase
fresh water content coming from the ice melting.
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Impacts of the interannual variability of the AO on the water mass transformations
in the BS are still in debate. If the BS becomes warmer (and saltier), the stratification
becomes stable since more ice is melting; hence, the mixing, which facilitates the for-
mation of the Barents Sea Waters, is inhibited. In contrast, cold conditions favor winter
ice production which releases a large amount of salt, making the water denser. The5

production of Barents Sea Waters would then be intensified.

1.3 Objectives

The BS plays an important role in the Northern Hemisphere climate (Smedsrud et al.,
2013) by ventilating the Arctic Ocean with the dense Barents Sea Waters (Aagaard and
Woodgate, 2001; Schauer et al., 2002) and by being a place of high primary produc-10

tivity (Loeng, 1991). The BS water masses delimited by several fronts are of particular
interest. In this paper, we try to specify the mean state and variability for the last 30
years (1980–2011) of:

1. The water masses distribution in a context of “Atlantification”. This process,
pointed out by Årthun et al. (2012) for the last decade, is defined by this author15

as an increase of the heat transport from the Atlantic towards the BS due to an
increase of the Atlantic Waters transport and temperature.

2. The fronts associated with the Atlantic Waters, Arctic Waters, and Barents Sea
Waters. These fronts constitute a major oceanographic feature of the BS (Johan-
nessen and Foster, 1978; Pfirman et al., 1994; Gawarkiewicz and Plueddemann,20

1995) and are associated with some vertical mixing and a cross frontal transport.
These processes occur concomitantly with the most vigorous ocean–air heat loss
(∼ 70 TW just for BS) of the Arctic (Serreze et al., 2007; Smedsrud et al., 2010),
which favors the winter Barents Sea Waters production. Only a few studies (e.g.
Parson et al., 1996) provide local descriptions of the polar front, which separates25

the Atlantic Waters from the Arctic Waters in the western part of the BS. To our
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knowledge, no detailed description of the frontal structure has been done in the
eastern part of the BS.

The BS is the only Arctic Sea with sufficient available in-situ observations to perform
reliable analysis of the interannual summer variability. We present in Sect. 2 the data we
have gathered to produce a more comprehensive database than those previously used.5

A regional ocean circulation model (the SINMOD model, see Slagstad and McClimans,
2005) has also been used to complete the study of the variability. The following sections
describe the mean hydrography of the BS, the mean position of the fronts and lastly
the interannual variability and trend which can be identified in the BS.

2 Data and methods10

2.1 Data

The International Council for the exploration of the Sea (ICES, http://ocean.ices.dk, see
for example Nilsen et al., 2008) and the Arctic and Antarctic Research institute (AARI,
Russia, Ivanov et al., 1996; Korablev et al., 2007) provide processed hydrographic data
sets which document the BS area. We have merged these data sets to constitute a new15

database which now is likely the most complete hydrographic collection for the BS. This
database contains more than 130 000 CTD profiles; it includes the BSO section (see
Fig. 1a) (repeated 6 times a year, every two months) and the Vardø section (repeated
twice a year, in winter and summer). The accuracy of the data is difficult to specify.
On rare occasions, the poorest accuracy might be 0.1 ◦C in temperature and 0.1 in20

salinity. However, after interpolation by kriging (see just below), the data associated
with estimation errors below 20 % allowed us to build summer time-series going from
1980 to 2011 for temperature and salinity.
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2.2 Kriging: an optimal method for interpolating data

Kriging is an interpolation technique which provides the Best Linear Unbiased Estima-
tor of an unknown field (Journel and Huijbregts, 1978; Kitanidis, 1997). The originally
sparsely sampled data are characterized by a semivariogram (or equivalently a covari-
ance function) which depends only on the distance between measured sample points5

and represents their spatial correlation. This semivariogram is computed and then used
to interpolate the data on a regular grid.

This technique first allowed us to derive temperature, salinity and density fields for
each summer (August and September) from 1980 to 2011, on a grid whose resolution
is 0.5◦ longitude×0.25◦ latitude. For each variable, four fields have been computed:10

the first field depicts the surface, the second field depicts an upper layer between 0
and 50 m (the high frequency variability is important in this layer and consequently the
data are difficult to exploit), the third field depicts a mid-depth layer between 50 and
100 m (the vertical variations of the temperature and salinity are generally smaller than
in the upper layer, and the low frequency variability easy to detect), and the fourth15

field depicts a bottom, nearly homogeneous layer between 100 and 200 m. In order to
have almost 100 % of the BS surface covered by the data set, the study area has been
limited to the area shown in Fig. 1a (70–80◦ N, 10–65◦ E). Data coverage is less dense
on the eastern part of the domain (Fig. 2) because the observations became sparser
in the Russian part of the BS during the last decade. However, this does not seem to20

have an impact on the results shown below.
The same technique was used to interpolate the temperature and salinity fields com-

ing from the Vardø section. The resolution of the (vertical) grid is 0.125◦ latitude×5 m
depth.

2.3 SINMOD 3-D model description and set-up (Slagstad, 1987)25

SINMOD (SINtef Ocean MODel) is a coupled 3-D hydrodynamic chemical and biologi-
cal model system that has been developed and used for more than 25 years at SINTEF
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(Scientist and Industrial Research Foundation, Norway). The hydrodynamic part of the
model is based on the primitive equations which are solved by finite differences us-
ing an Arakawa C-grid (Mesinger and Arakawa, 1976). The model uses z coordinates
in the vertical direction. The ice model is based on the elastic-viscous-plastic rheol-
ogy (see Hunke and Dukowicz, 1997). The model is forced by transports through open5

boundaries (Slagstad and Wassmann, 1996), atmospheric fluxes provided by the Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis data (ERAi),
freshwater input and tides. The four tidal components (M2, S2, K1 and N2) are imposed
by specifying the transports at the open boundaries of the large-scale model. Data are
taken from TPXO 6.2 (http://polaris.esr.org/ptm_index.html). Freshwater run-off, river10

discharge and run-off from land are based on outputs obtained from a simulation with
a hydrological model (Dankers and Middelkoop, 2007). The model has been validated
from in-situ current measurements and temperature fields, and physical and chemical
observations made at the Vardø section. More details about the model and its valida-
tion can be found in Slagstad et al. (1999) and Slagstad and McClimans (2005).15

For this study, we use monthly temperature and salinity fields obtained from SIN-
MOD runs performed for the 1979–2012 period over the whole Arctic with a 20 km grid
resolution and 25 levels. Initial values of temperature and salinity were taken from the
1998 NODC World Ocean Atlas built by the NOAA-CIRES Climate Diagnostics Cen-
ter, Boulder, Colorado, USA (http://www.cdc.noaa.gov/) to perform this experiment. We20

also use for the 1997–2001 period a high resolution (4 km and 34 levels) numerical
experiment performed with the same model on a reduced domain covering the BS.

The low resolution experiments are used to analyze the process leading to the ob-
served variability of the temperature and salinity fields during the 1980–2011 period.
The high resolution experiment allowed us to study the changes experienced by the25

fronts between a cold and a warm period. In order to remove the “noise” due to the
eddy activity, a Gaussian filter with a standard deviation of 36 km has been applied to
the temperature and salinity fields.
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3 Summer climatology of the water masses from the observations

3.1 Water masses

The Θ–S diagram of the Gimsoy transect in the Norwegian Sea (shown in Fig. 3a for the
1980–1985 period) allows us to identify the summer Atlantic Water (AW, depth ∼ 200 m,
T ∼ 7 ◦C, S ∼ 35.25) and the summer Norwegian Coastal Current Water (NCCW, depth5

∼ 50 m, T > 6 ◦C, S < 34.4), which both enter the BS. Note that the Norwegian Coastal
Current Waters (NCCW) has a large temperature and salinity seasonal variability: the
temperature can reach more than 12 ◦C at the surface in summer and the salinity
ranges from 32 to 34.4. The intermediate Arctic Water (T ∼ −1 ◦C, S ∼ 34.9) is found at
a depth of around 1200 m and consequently cannot enter the BS.10

North of 80◦ N, in the Nansen Basin, from surface down to about 100 m, one finds
the Arctic Water which can penetrate the BS. It clearly appears in the Θ–S diagram of
Fig. 3b (T < 0 ◦C, S < 34.7).

The Atlantic Waters, Norwegian Coastal Current Waters, and Arctic Waters we have
just introduced are thus found in the BS, with slightly modified characteristics. Barents15

Sea Water (BSW) and Fresh Water (FW) have a more local origin. Table 1 summarizes
the characteristics of these five water masses for the BS; the given values are based
on the ones generally found in literature. The square domains represented in the Θ–S
diagrams in Fig. 4 have been built from these values.

These figures illustrate the large differences both in salinity and temperature of the20

water masses of the BS. The Barents Sea Waters (also called “Barents Sea Atlantic
derived water”, “modified Atlantic Water” or “Polar Front Water”) is formed on the BS
shallow banks (Central Bank), mainly in winter, by the mixing of the other water masses
and by large heat losses. For example, the temperature of the Atlantic Waters is about
6 ◦C at BSO, which agrees with Årthun and Schrum (2010), whereas that of the Barents25

Sea Waters is about 0 ◦C between Nova Zemlya and Franz Josef Land (Gammelsrød
et al., 2009). The Barents Sea Waters then cascades down the deeper regions (Årthun
et al., 2011) and the largest part finally flows out of the BS toward the Arctic Ocean
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to form the Intermediate Arctic Water (Rudels et al., 1994). The Barents Sea Waters
has a high density, often greater than 1028 kgm−3. The densest Barents Sea Waters
(not shown) is found east of the Vardø section, and has nearly the same hydrographic
properties as the Intermediate Arctic Water found at around 1200 m depth, outside the
BS (see Fig. 3).5

The Barents Sea Waters scarcely appears in the BSO section (Fig. 4a) and becomes
more visible in the Vardø section (Fig. 4b). This agrees with the results illustrated
in Fig. 5, which characterizes the horizontal occurrence of water masses in August–
September in the BS for the period 1980–2011. Only the layer between 50 and 100 m
has been considered for this computation (see Sect. 2). A percentage of 100 % indi-10

cates that the water mass is present every summer in the concerned area. The Atlantic
Waters is always present in the south-west BS, the BSO trough and up to the Great
Bank (Fig. 5a), and sometimes spreads further north and east in the deepest part of
the BS such as the central basin (occurrence of about 20–30 % in these areas). The
Arctic Waters occurrence (Fig. 5b) is close to 100 % in the North-West BS and over15

the Spitzbergen bank. The locally formed Barents Sea Waters (Fig. 5c) mainly resides
over the Central Bank and in the Central Basin as expected (Årthun et al., 2011), but
also in the eastern part of the BS. The Norwegian Coastal Current Waters (Fig. 5d)
has a significant contribution in the southern part of the BS accounting for about one
third of the inflowing waters through BSO. It remains near the coast, west of 30◦ E, then20

spreads up to 74◦ N with other waters from the White Sea, Pechora Sea, Kara Sea and
rivers.

In the eastern part of the BS, the occurrence of a particular water mass is sometimes
lower than 30 %, and no water mass is dominating east of 40◦ E. The shallow coastal
area (depth shallower than 200 m) of the eastern BS is influenced by the four main25

water masses, i.e. the Atlantic Waters, Arctic Waters, Barents Sea Waters, and Nor-
wegian Coastal Current Waters. This suggests that these different water masses can
easily mix in this area. There is also a large contribution of ice in the fresh surface layer
(not shown). Lastly, the dynamic of the BS is less constrained by the topography in the
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eastern part of the BS than in the western part (Parson et al., 1996; Johannessen and
Foster, 1978; Gawarkiewicz and Plueddemann, 1995). Consequently, the limits of the
domains where the water masses are present no longer follow the isobaths.

3.2 Transformation of the water masses between BSO and Vardø

The temperature and salinity at the BSO and Vardø sections (Fig. 4) allow us to de-5

scribe the transformations of the water masses during their path in the BS in a more
precise way. To carry this out, we define “ideal water masses” which exemplify the
specific properties of each water mass:

– Ideal Arctic Water (blue dot in Fig. 4) is defined by a minimum of temperature
since it is the coldest BS water mass.10

– Ideal Barents Sea Water (black dot in Fig. 4) is defined by a maximum of density
since it is the densest BS water mass.

– Ideal Atlantic Water (red dot in Figs. 3a and 4) is defined by a maximum of salinity
since it is the most saline BS water mass.

An ideal Norwegian Coastal Current Water was not defined because the points which15

characterize it are too scattered. The Norwegian Coastal Current Waters indeed de-
pend on many external forcings (freshwaters inputs, solar heating, etc).

As it progresses from Gimsoy to BSO, the ideal Atlantic Water experiences a weak
decrease in salinity (of about 0.06) and a negligible decrease in temperature. This
decrease is easily explained by a mixing with the fresher Norwegian Coastal Current20

Waters facilitated by the strong eddy activity. The transformations are greater between
BSO and Vardø: the salinity of the ideal Atlantic Water loses about 0.01 and the tem-
perature more than 2 ◦C. They are caused by a mixing with the adjacent Barents Sea
Waters and Arctic Waters and chiefly by the strong sensible heat fluxes which cool the
surface water in winter, inducing a significant drop of the temperature of the Atlantic25
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Waters in the western part of the basin. Note, however, that seasonal variations of At-
lantic Waters at Vardø remain small and no seasonal variability is found for the Barents
Sea Waters (not shown).

3.3 Fronts in the Barents Sea

The front which separates the Atlantic Waters from the Arctic Waters in the Barents5

Sea is denoted as the polar front. It follows the bottom topography in the western part
and consequently remains stable from one year to the other. Its position is less clear in
the eastern part and the new database presented in Sect. 2 can help clarify this. We
thus computed the position of the fronts which separate the Atlantic Waters, the Arctic
Waters and also the Barents Sea Waters. Indeed, the latter naturally appears when an10

objective interpolation method is employed.
The computation has been done for the summer data, between 50 and 100 m (see

Sect. 2), where the Atlantic Waters is easily found. This allows us to eliminate the
surface layer where temperature and salinity strongly vary (of about 1.0–3.0 ◦C and
0.2–0.8) and to avoid the freshwater coming from the Pechora and White Seas in the15

eastern BS or from the melting ice. Below 100 m, the vertical mixing due to the tur-
bulence generated by the tidal flow is strong (Parson et al., 1996) and the effects of
salinity on the density compensate those of temperature. The existence of the fronts
thus becomes more elusive because the density gradients vanish.

Figure 6a and d respectively shows the mean temperature and salinity fields ob-20

tained from the data described in Sect. 2 between 50 and 100 m (August–September
of the 1980–2011 period). The temperature of the Atlantic Waters in the south-western
part of the basin exceeds 7 ◦C whereas that of the Arctic Waters is below −1 ◦C in the
North. The salinity ranges from less than 34 for the Norwegian Coastal Current Waters
close to the Norwegian coasts and for the Arctic Waters in the northern part of the25

basin, and to more than 35 for the core of the Atlantic Waters which enters through the
BSO. The temperature and salinity fronts are easy to discern in the western part of the
basin in these figures, yet it is more difficult in the eastern part. Consequently, we have
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developed an algorithm which allows to determine the position of the fronts in a more
objective way.

This algorithm is based on the computation of Probability Density Functions (PDF).
We present it for the temperature field. First, the points where the norm of the temper-
ature gradient exceeds 0.1 ◦C km−1 are selected. The histogram of the temperature T5

of these points is built, representing the number of points for which this temperature
is in the interval T −dT and T +dT with dT = 0.05 ◦C, where T represents the range
of possible temperatures (see Fig. 6b). The PDF is obtained by dividing this number
by the total number of points. The maximum of the PDF is determined, and the corre-
sponding temperature of Tm = 0.8 ◦C is determined. At last, the standard deviation SD10

is computed as: SD = 2.4 ◦C. The frontal zone is defined by the area delimited by the
isotherms Tm−SD/2 = −0.4 ◦C and Tm+SD/2 = 2 ◦C. It is represented in Fig. 6a and c
where the three isotherms (red lines) have been drawn. The area limited by the two ex-
treme isotherms is the one where it is the most probable to find a temperature gradient
exceeding the initial threshold 0.1 ◦C km−1. The method is robust. The results do not15

significantly change when the threshold value for the gradient is reasonably modified
(for example when 0.10 ◦C km−1 is replaced by 0.08 or 0.12 ◦C km−1).

The same method was used for the salinity, with a threshold value equal to 0.01 km−1,
resulting in the PDF curve shown in Fig. 6e. The frontal area is then delimited by the
isohalines S = 34.45 and S = 34.75 (mid value: 34.6). It is represented in Figs. 6d and20

5e where the three isohalines (blue lines) have been drawn.
In the western part of the BS, the frontal areas computed from the temperature or

salinity fields are narrow, nearly joined, associated with strong gradients (see Figs. 6c
and 5e), and follow the bottom topography as expected. The situation is more compli-
cated east of the Vardø section. Two frontal areas clearly appear: a northern one as-25

sociated with the salinity gradients (of about 0.004 km−1; see Fig. 6f), and a southern
one associated with the temperature gradients (of about 0.05 ◦C km−1; see Fig. 6c). To
distinguish them, we denoted the first one the “North Polar Front” and the second one
the “South Polar Front”. They are partly linked to the bottom topography: the “North Po-
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lar Front” heads north, up to the 79◦ N latitude and the SPF heads south, crossing over
the Central Bank, up to the Central Basin. Note that the 2 ◦C isotherm which shows the
southernmost position of the “South Polar Front” (see Fig. 6c) is located further south
than the front defined by Harris et al. (1998) in the eastern BS.

This description is compatible with the results of the previous subsection and those5

found in literature (see for example Parson et al., 1996 or Harris et al., 1998).
It is clear from Fig. 7 that the front at about 74◦ N is dominated by the temperature

gradient. The situation is more complex for the other fronts. Consequently, to evaluate
the impact of the temperature and salinity gradients on the density gradients, we have
computed the dimensionless horizontal density ratio Dx defined by Rudnick and Ferrari10

(1999):

Dx = α · Tx/β ·Sx
(where α is the thermal expansion coefficient of the seawater, β is the haline contrac-
tion coefficient, Tx and Sx are horizontal temperature and salinity gradients in ◦C m−1

and m−1 respectively shown in Fig. 7c and d). The result of this computation is shown15

in Fig. 7e: the “Norwegian Coastal Current Front” and the “North Polar Front” are dom-
inated by the effects of salinity (Dx < 1; blue) whereas the “South Polar Front” is domi-
nated by those of the temperature (Dx > 1; red).

4 Variability of the water masses of the Barents Sea

The Arctic Oscillation index (AO, see Fig. 8a), is defined as the pressure difference20

between the North Pole and the eastern Atlantic at 20◦ N and according to Thompson
and Wallace (1998) it was the dominant pattern of the atmospheric interannual and
decadal variability over the Arctic. When this index is low, the atmospheric circulation
becomes more anticyclonic and the air temperature decreases over the eastern Arctic.
Consequently, the heat fluxes between the atmosphere and ocean are enhanced, par-25

ticularly in winter. Furthermore, the westerlies are enhanced and advect more Atlantic
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Waters into the BS from the Norwegian Sea through the BSO. The consequences of
these changes are well marked in the BS. For example, the maximum extent of the sea
ice (Fig. 8b, see also Furevik, 2001), which is a good indicator of the climate in the BS
area (Serreze et al., 2007) is significantly correlated with the AO index (the correlation
is about −0.33). As expected, a maximum of the sea ice extent is generally associated5

with a low AO index, as shown in Fig. 8 by the vertical blue bands enhancing the corre-
lations. Similarly, the correlation between the winter (March) sea surface temperature
(SST) or air temperature at 2 m (T2) in the BS (Fig. 8c) and the AO index is significant,
of about 0.36 and 0.23 respectively (the anti-correlations between the winter SST or
T2 and the maximum extent of sea ice both reach −0.55).10

In addition to this non seasonal variability, the BS has experienced remarkable cli-
mate changes for the last decades. For example, the maximum sea ice extent (Fig. 8b)
has decreased by about 200 000 km2 between 1980 and 2011, the T2 (Fig. 8c) has
increased by about 2 ◦C and the heat losses of the ocean have been reduced by about
−50 Wm−2 (Fig. 9c).15

To detect the links between the interannual variability of the atmosphere and that of
the water masses in the BS, a yearly index has been defined for each water mass,
equal to the relative volume that a water mass occupies. This relative volume is ob-
tained by adding the volumes of each grid cell where a water mass is present and
dividing the result by the volume of all the grid cells. The computation based on the20

database of Sect. 2 has been done between 0 and 200 m depth. The corresponding
series for the Atlantic Waters and Arctic Waters indexes are shown in Fig. 9a. The cor-
relation between the AO index and the Atlantic Waters or the Arctic Waters index is not
significant, however the correlation between the Atlantic Waters (resp. Arctic Waters)
and the winter ice cover reaches −0.30 (resp. 0.42) and is significant. Indeed, when the25

winter ice cover is low, the Atlantic Waters index is generally high and the Arctic Wa-
ters index low (for example in 1983–1984, 1990–1991, 2000, and 2007). The Atlantic
Waters and Arctic Waters are strongly anti-correlated (correlation of about −0.75). The
reverse occurs when the ice cover is high.
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The climate change observed in the atmosphere in the BS area is also clear in the
ocean data. The Atlantic Waters index (resp. Arctic Waters index) shown in Fig. 9a
presents a trend over the last 30 years, with perhaps an amplification during the last
decade. The volume occupied by the Atlantic Waters (Arctic Waters) is about twice
as large (as small) at the end of the series than at the beginning. This is compatible5

with the recent sea ice loss caused by an “Atlantification” of the BS due not only to
an increase of Atlantic Waters temperature and salinity characteristics as described
by Årthun et al. (2012) but to the increase of the Atlantic Waters volume present in
the BS. According to Årthun et al. (2012), “Atlantification” meant the strengthening and
warming of the Atlantic inflow that was observed both in observations and model sim-10

ulations. This effect induced an increase of the heat transport, then a decrease of the
sea ice extent. Here, we characterized the “Atlantification” by the large volume increase
of the Atlantic Waters in the BS, which was not investigated in Årthun et al. (2012). This
Atlantic Waters volume increase in the BS represents a major result of our study.

The processes leading to the “Atlantification” of the BS can be guessed from the15

analysis of the Gimsoy, BSO and Vardø sections. The ideal Atlantic Water (see the def-
inition is Sect. 3) at Gimsoy section (Fig. 10a) experiences an increase of about +1 ◦C
in temperature and +0.05 in salinity during the last thirty years. An increase is also
observed at BSO and Vardø sections with +0.2 ◦C/+0.05 (Fig. 10b) and +1 ◦C/+0.02
(Fig. 10c) respectively. These changes are represented by the red lines in Fig. 10. The20

changes at BSO are perhaps made more visible in Fig. 11, which shows the series of
the mean temperature and salinity between 1980 and 2011. The mean has been com-
puted from the database between 50 and 200 m. A trend of about +1 ◦C and +0.2 is
found on these series. These values are compatible with those found at Gimsoy section
for the ideal Atlantic Water. At the Vardø section, the temperature and salinity of the25

ideal Barents Sea Water remain nearly constant and no changes have been detected
on the Arctic waters.

These figures suggest that the hydrographical changes in the BS are driven by the
inflow of Atlantic Waters which has become warmer in recent years. These warmer
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waters, coming from the Norwegian Sea, invade the BS and could prevent or slow down
the formation of Barents Sea Waters. This increase of Atlantic Waters temperature is
accompanied by an increase of Atlantic Waters volume transport according to Årthun
et al. (2012).

The results based on the observations are mainly obtained from summer data, and5

thus ignore the hydrological conditions during the largest part of the year. This may
be problematic since the Barents Sea Waters being formed in winter, their volume
depends on winter conditions. Hence using numerical models, even though they show
biases, may help completing the information given by the observations and possibly
reveal when and where observations are missing.10

The SINMOD model, as any model, (with a 20 km resolution, see Sect. 2) presents
some biases: as an example, it overestimates the temperature by about 1 ◦C for the first
12 years between 1980 and 1992 and underestimates salinity by about −0.1 (especially
during recent years) along the BSO (Fig. 11). Similar biases are found along the other
sections. More globally, the mixed layer is slightly too deep, the deep waters are too15

homogeneous and the Barents Sea Waters is slightly too fresh and cold in compari-
son with the observations (fresher and colder). However, the winter mechanism of the
Barents Sea Waters production is correctly represented (not shown) and the density
is close to the observed density of the Barents Sea Waters. But, the model is unable
to reproduce the trend that we found in the observations. Such biases are not unusual20

for models and the causes of these flaws are numerous (see for example Sundfjord
et al., 2007, or Ellingsen et al., 2009). Despite these imperfections, the model correctly
reproduces the observed BS seasonal cycle (not shown) and succeeds in capturing
the interannual variability.

To characterize the interannual variability, water mass indexes have been computed25

for the SINMOD model, as it has been done for the observations (Fig. 9a). The cor-
relation between the AO (Fig. 8a) and the Atlantic Waters (Arctic Waters) index of the
model (Fig. 9b) is equal to 0.42 (−0.23). The correlation between the ice cover and
the Atlantic Waters (Arctic Waters) index of the model is also significant and equal to
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−0.42 (0.74). As for the observations, the Atlantic Waters and Arctic Waters index se-
ries are strongly anti-correlated (the correlation is about −0.50). These changes can be
associated with the variations of the winter net heat flux over the BS (see Fig. 9c; the
correlation with the Atlantic Waters index series reaches −0.46). This suggest that local
mechanisms are important: the interannual changes observed on the Atlantic Waters5

are not only due to remote changes which could occur upstream, for example in the
Norwegian Sea.

The model results, which take into account the temperature and salinity values in
winter, partly agree with the results obtained from the summer observations, as the
water mass variations in the BS are significantly correlated with the sea ice extent.10

However they differ concerning the AO. Significant correlations between the AO and
the Atlantic Waters or the Arctic Waters indexes are found in the model but not in the
observations (though the ice extent is related to the principal mode of variability of the
atmosphere over the Arctic). This discrepancy could be due to the fact that we only
consider summer data in the study based on the observations.15

At last, the model permits to analyze how well the Barents Sea Waters (Fig. 12) are
produced. The largest heat losses of the ocean occur when the differences between
the winter air and sea surface temperature are maximum (> 15 ◦C) and the ice cover
is minimum (500 000 km2). They can reach up to −200 or −300 Wm−2 (see Fig. 8c).
At that time the freshwater amount is generally maximum since the ice has melted20

and consequently the Barents Sea Waters volume is small. Indeed, the water column
is more stratified and the convection reduced and the Barents Sea Waters formation
inhibited. These conditions favors the formation of sea ice as illustrated in Fig. 8b (and
can be viewed as a negative feedback). This induces the reject of a large amount of
salt, which in turn favors the formation of denser waters and consequently the Barents25

Sea Waters formation. This mechanism is supported by the well-marked periodicity of
the Barents Sea Waters index time series (with a dominant period of about 5–6 years)
and the large anti-correlation coefficients between the Barents Sea Waters index time-
series and the heat loss (−0.65) or the freshwater amount (−0.82).
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5 Variability of the fronts: a model study

The observations are too sparse – in particular in the eastern part of the BS – to study
the variability of the fronts. Consequently, we used the high resolution SINMOD model
(see Sect. 2) to determine how a change in the climate conditions over the BS could
affect the position of the SPF and NPF (see Sect. 3). To do this, the model has been5

integrated from 1998 to 2000 and its results analysed.
In winter 1998, the AO index was negative and the ice covered more than

750 000 km2 of the BS. The mean air temperature was lower than −6 ◦C. From 1998
to 2000, this situation has dramatically changed: the AO index became positive, the
extent of the sea ice decreased of about 300 000 km2, the air temperature increased10

of about 6 ◦C, the mean SST of 0.5 ◦C, and the mean temperature across BSO of 1 ◦C
(Fig. 8). Meanwhile, the volume occupied by the Atlantic Waters increased (the Atlantic
Waters index increased from 25 to 30 %). The contrast between 1998 and 2000 there-
fore allows us to investigate how the “South Polar Front” and “North Polar Front” could
shift if the climate keeps on warming and the “Atlantification” of the BS continues.15

The high resolution numerical model (4 km resolution) presents biases quite similar
to the low resolution one. The temperature (salinity) is about 1.5 ◦C (0.15) too high in
comparison with the observations, the differences reaching 2.0 ◦C (0.25) in the eastern
part of the basin. The model underestimates the mean volume of Atlantic Waters but
is able to represent its variability, as the Atlantic Waters index increases of about 3 %20

(from 17 to 20 %), which seems acceptable, considering the short period of time (three
years) which is analysed. The model also predicts a decrease of the Arctic Waters
index from 23 to 20 %, which seems compatible with the increase of Atlantic Waters.

The technique used to compute the position of the fronts from the observations has
been applied for the model results. The PDFs have been computed in summer and25

winter 1998 and 2000 for temperature (Fig. 13) and salinity (Fig. 14). The correspond-
ing position of the fronts is shown in Fig. 15. The “North Polar Front” is associated with
the isohalines 34.7 in 1998 and 34.84 in 2000; the “South Polar Front” is associated

467

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/12/449/2015/osd-12-449-2015-print.pdf
http://www.ocean-sci-discuss.net/12/449/2015/osd-12-449-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
12, 449–492, 2015

The Barents Sea
polar front and water

masses variability
(1980–2011)

L. Oziel et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

with the isotherms 1.4 ◦C in winter 1998, 3.4 ◦C in summer 1998, 1.9 ◦C in winter 2000,
and 4.1 ◦C in summer 2000. The seasonal variability of the fronts (represented by the
red and blue lines in Fig. 15) remains weak, even though the salinity gradients are
more pronounced during winter: the former, associated with the “North Polar Front”,
increases from 0.04 to 0.055 km−1, The temperature gradients are stronger in summer5

and the latter, associated with the southern part of the “South Polar Front”, increase
from 0.3 to 0.4 ◦C km−1 (not shown).

The interannual variability of the “North Polar Front” is also negligible, though the cli-
mate conditions have changed. On the contrary, the position of the “South Polar Front”
is considerably modified, shifting eastwards and northwards, turning around the Cen-10

tral Basin, and following the 200 and 300 m isobaths. The temperature gradient then
exceeds 0.06 ◦C km−1 around the Novaya Zemlya Bank. This shift obviously accompa-
nies the increase of the Atlantic Waters volume in 2000.

This high resolution numerical experiment therefore suggests that the “Atlantifica-
tion” of the BS observed during the last decade could induce a northward shift of the15

“South Polar Front”. In the model, the geographical area where the Barents Sea Waters
are found should then be located further north. As the volume of the Barents Sea Wa-
ters remains unchanged, a northward shift of the modelled “North Polar Front” should
be expected. This expected shift is not found in the numerical experiment. The un-
perfected representation of the Barents Sea Waters, whose temperature and salinity20

characteristics show some defaults in the model, and the idealized character of the
experiment can explain this discrepancy between observations and model.

6 Discussion and conclusion

The results presented in this study have been obtained from a new extensive hydro-
graphic database which is one of the most complete ones at the present time for this25

region. We built this database by merging the existing data sets with recent Russian
data documenting the eastern BS.
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Årthun et al. (2011) defined the “Atlantification” process as an increase of the Atlantic
inflow towards the Barents Sea and analyzed its consequences on the sea ice extent.
The new database revealed the “Atlantification” had also significant consequences in
the whole BS during the last 30 years related to a doubling of the Atlantic Waters vol-
ume. A saltier and warmer inflowing Atlantic Water was observed from the Gimsoy5

section in the Norwegian Sea, up to the Vardø section in the central BS. Consequently,
the domain occupied by the Atlantic Waters extended further East and North. This
especially affected the Eastern BS at the expense of the Arctic Waters that drasti-
cally decreased during the last decade as already observed by Lind et al. (2012). This
trend was accompanied by a spectacular increase of the air temperature (Levitus et al.,10

2009). The last decade was the warmest of the last century (Boitsov et al., 2012) and
is also characterized by the largest decrease of the sea ice extent in the BS ever ob-
served (Cavalieri and Parkinson, 2012).

In the western part of the BS, the position of the polar front is constrained by the
topography, following the Spitzbergen bank and the Great bank slopes. East of the15

Vardø section, the polar front splits into two branches, the so-called “South Polar Front”
and “North Polar Front”. The “South Polar Front” is dominated by the temperature gra-
dients and is collocated with the 0.8 ◦C (±1.2 ◦C) isotherm; the “North Polar Front” is
dominated by the salinity gradients and is collocated with the 34.6 (±0.15) isohaline.
The Barents Sea Waters is formed between these two fronts by mixing of the Atlantic20

Waters with the Arctic Waters and cooling. Its properties are close to those of the In-
termediate Waters found in the Nansen Basin as shown by Rudels et al. (1994). The
eastern part of the BS is thus of first importance because it is the “mixing zone” where
the dense Barents Sea Waters formation takes place.

The interannual variability is also visible in the oceanic data. Cold (1981–1982,25

1987–1988, 1994, 1998, 2003–2004, and 2010) and warm (1984, 1990–1992, 1995,
2000–2001, and 2007–2008) periods have been documented by Furevik et al. (2001)
and Adlandsvik and Loeng (1991). Cold and warm events appeared clearly by looking
at the variability of the sea ice extent which is a good indicator of climate changes (Ser-

469

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/12/449/2015/osd-12-449-2015-print.pdf
http://www.ocean-sci-discuss.net/12/449/2015/osd-12-449-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
12, 449–492, 2015

The Barents Sea
polar front and water

masses variability
(1980–2011)

L. Oziel et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

reze et al., 2007). The sea ice extent variability was characterized by a period of about
5–7 years. We found that the variability of the Atlantic Waters volume is significantly
correlated with that of the sea ice extent: a maximum of the Atlantic Waters volume
generally corresponds to a minimum of the sea ice cover. The reverse is found for the
Arctic Waters. The causes of these variations are difficult to determine because of the5

complexity of the ocean–ice–atmosphere system in the BS; this complexity has been
discussed (Karcher et al., 2003; Ingvaldsen et al., 2003; Dickson et al., 2000; Sando
et al., 2010 and Årthun et al., 2012). The variations of the Atlantic Waters inflow into
the BS, which show cycles with a period of about 7–10 years (Bengtsson et al., 2004),
could explain the variations of the Atlantic Waters volume in the BS. The direct forcing10

by the atmosphere has probably also an impact on the Atlantic Waters volume occu-
pation in the BS but it is difficult to determine its role since it could also explain the
variability of the Atlantic Waters inflow (Ingvaldsen et al., 2002). Lastly, Arctic Waters
are clearly related to the ice cover.

The number of observed data is satisfactory enough to extract pertinent scientific15

information only during summer. In consequence, the analysis of in-situ observations
have been done for August–September only. The use of the SINMOD model has al-
lowed to examine what occurs in winter. As the model represents reasonably well the
interannual variability, this study was relevant. However, we found that the Atlantic Wa-
ters and Arctic Waters variability is significantly correlated with the AO index in the20

model, which contrasts with the observations. This might suggest that our data analy-
sis based on observations should be extended to winter data, even though the latter are
scarce, to verify whether this contrasts would decrease. This would mean that global
atmospheric changes over the Arctic could have a local impact in the BS.

The variability of the fronts is difficult to describe from the sole observations because25

they remain too scarce in the eastern part of the BS, where the topographic constraint
becomes small, allowing large displacement of the fronts. A study, with the high res-
olution version of the SINMOD model, has thus been made to compare the situation
between the year 1998 for which the winter ice cover was important and 2000 for which
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it was small. We found that the Atlantic Waters” volume slightly increased (by about
3 %) and the “South Polar Front” significantly shifted northward, while the “North Po-
lar Front” remained stationary. This suggests that the process of “Atlantification” could
lead to a substantial northward displacement of the “South Polar Front”. The Barents
Sea Waters would then move further north.5

The north-eastern part of the BS is one of the regions of the Arctic that is the most
affected by the sea ice extent decline. As the sea ice is on the path of the Atlantic
Waters, it is suggested that the “Atlantification” of the BS could slow down the formation
of sea ice in winter by bringing warmer water in larger quantities (higher Atlantic Waters
volume), and thus participate in the shrinking of the sea ice cover. This particularly10

endangers the sea ice of Novaya Zemlya Bank, which is crucial for the dense water
formation in this area (Ivanov et al., 2005; note that a quite similar phenomenon has
been observed North of Svalbard by Lind and Ingvaldsen, 2012). The formation of
dense Barents Sea Waters could then not occur.

The BS can be considered as a robust “ocean cooler” and acts like a buffer zone15

between the World Ocean and the Arctic Ocean (Smedsrud et al., 2013). But at a time
of drastic climate change, the ocean–atmosphere–ice system of the BS experiences
important modifications. Our study suggests that the eastern part of the BS is the most
affected region: Atlantic Waters used to invade this area and displaced the “South
Polar Front” northward. The long term response to these changes on the dense water20

formation in the BS, and therefore on the Arctic ventilation, remains unknown. Lastly,
the BS accounting for 40 % of the primary productivity of the Arctic (Sakshaug, 2004),
physical changes such as those we described and analyzed could also have significant
impacts on the BS marine ecosystems (phytoplankton, carbon cycle and acidification).
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data were provided by the ICES Data Centre (www.ices.dk) and the Arctic and Antarctic Re-
search Institute, Russia. The SINMOD model is provided by Dag Slagstad from SINTEF fish-
eries in Trondheim, Norway. The ERA-Interim data were obtained from the European Centre for
Medium-Range Weather Forecasts data server. Arctic Oscillation data were down-loaded from
JISAO, Seattle, USA. Ice concentration were obtained from SSMI satellite, NSIDC, USA.5
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Table 1. Water masses definitions for the Barents Sea.

Atlantic Waters (AW): S > 34.8, T > 3 ◦C.
Arctic Waters (ArW): S < 34.7, T < 0 ◦C.
Barents Sea Waters (BSW): S > 34.8, T ≤ 2 ◦C (ρ > 1027.8 kg m−3).
Norwegian Coastal Current Waters (NCCW): S < 34.4, T > 3 ◦C.
Fresh Waters (FW): S < 34.4, 0 < T < 3 ◦C.
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Table A1. Glossary of acronyms.

AO: Arctic Oscillation index
AW: Atlantic Waters
ArW: Arctic Waters
BS: Barents Sea
BSO: Barents Sea Opening (BS AW entrance section)
BSW: Barents Sea Waters
FW: Freshwaters
NCCF: Norwegian Coastal Current Front
NCCW: Norwegian Coastal Current Waters
NPF: North Polar Front
SPF: South Polar Front
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Figure 1. (a) Barents Sea map with bathymetry. The red line delimits the studied area. Re-
peated sections are represented in dashed black line: GIMSOY, BSO (Barents Sea Opening)
and Vardø. (b) Schematic surface circulation of the main water masses (Atlantic water: red
arrows; Arctic water: blue arrows: Norwegian Coastal Current: green arrows) (adapted from
Harris et al., 1998).
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Figure 2. Available in-situ data: percentage of data for the 1980–2011 period.
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Figure 3. Potential temperature–salinity diagrams in August–September for the 1980–1985
period. (a) Gimsoy section (b) Nansen Bassin. Red dot: ideal Atlantic Water, blue dot: ideal
Arctic Water. Intermediate Arctic Waters: IW.
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Figure 4. Potential temperature–salinity diagrams in August–September for the 1980–1985
period. (a) BSO section (b) Vardø section. Red dots: ideal Atlantic Water, black dots: ideal
Barents Sea Water, and blue dots: ideal Arctic Water.
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Figure 5. Water Mass Occurrences (%) over the 1980–2011 period in August–September for
the 50–100 m layer. (a) Atlantic Water, (b) Arctic Water (c), Barents Sea Water, (d) Norwegian
Current Coastal Waters. The “South Polar Front” and “North Polar Front” (bold black lines), the
Vardø section (dashed line), and the 200 m isobath (thin black line) are indicated.
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Figure 6. Temperature (◦C) (a) and salinity (d) climatology for the 1980–2011 period (50–
100 m layer, August–September). Probability Density functions (PDF) of the temperature and
salinity fields are respectively shown in (b) and (e). Horizontal gradients of temperature (c)
and salinity (f). The “Sotuh Polar Front” (SPF) (between the dashed red lines, +2 and −0.3 ◦C
isotherms) and the “North Polar Front” (NPF) (between the dashed blue lines, 34.45 and 34.75
isohaline) are shown. Vardø section: black dashed line.
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Figure 7. August–September climatology at Vardø section for the 1980–2011 period: temper-
ature (◦C) (a), salinity (b). White lines: isopycnes. Black lines: isotherms and isohalines (in-
tervals: 1 ◦C and 0.1). Norms of horizontal temperature gradient (c) and salinity gradient (d).
Bathymetry (e). The red and blue vertical patches respectively show which front is dominated
by the temperature (Dx > 1) or salinity (Dx < 1) gradients.
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Figure 8. Inter-annual variations from 1980 to 2011 of: (a) winter Arctic Oscillation (November–
March) from NOAA. (b) Maximum sea Ice extent (March). Black line: ERAi Re-analysis, red
line: from SSMI. (c) Low-passed (14 months) air temperature at 2 m and SST from ERAi Re-
analysis.
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Figure 9. Inter-annual variations from 1980 to 2011 of (a) Atlantic Waters (AW) and Arctic
Waters (ArW) index from in-situ observations and (b) from the SINMOD model (a low-passed
filter (14 months) has been applied). (c) Winter (March) net heat fluxes from the SINMOD
model.
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Figure 10. Potential temperature–salinity diagrams during the summer 2006–2011 period and
shifts in the characteristics of the “ideal water masses” from the 1980–1985 period for: (a) Gim-
soy section (b) BSO section and (c) Vardø section. Red: ideal Atlantic Water, black: ideal Bar-
ents Sea Water and blue: ideal Arctic Water. Intermediate Arctic Waters: IW.
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Figure 11. Time series from 1980 to 2011 of: (a) the temperature and (b) salinity (50–200 m)
at BSO section from observations (black), SINMOD model (blue).
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Figure 12. Inter-annual variations from 1980 to 2011 of Barents Sea Waters (BSW) and Fresh
Waters (FW) index from the SINMOD model. A low-passed filter (14 months) has been applied.
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Figure 13. Probability Density Functions (PDF) of the temperature fields (the period is indicated
above each panel).
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Figure 14. Probability Density Functions (PDF) of the salinity fields (the period is indicated
above each panel).
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Figure 15. Seasonal and inter-annual variability of the “South Polar Front” (SPF) and “North
Polar Front” (NPF). (a) 1998 and (b) 2000; (red line: summer; blue line: winter). The bathymetry
and Vardø Section are shown.
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