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ABSTRACT
Progressing warming in the Arctic and increased extreme weather events can significantly
influence the hydrography of Svalbard fjords, leading to changes towards more Atlantic-type
waters in the fjords. In this paper, we look into the hydrographic conditions in Hornsund, the
southernmost fjord on the west coast of Svalbard, by analysing high-resolution CTD measure-
ments collected in July during cruises with the RV Oceania between 2001 and 2015. These
observations revealed high interannual variability in temperature, salinity and distribution of
water masses, mainly due to differences in timing of the transition between winter and
summer conditions but also as a result of changing environmental factors such as air
temperature and sea-ice cover. Hornsund shows weak Atlantic Water occupation, probably
due to strong influence of the Sørkapp Current along the southern coast of Spitsbergen. The
main basin of the fjord was much more influenced by waters entering the fjord from outside
than the inner basin, Brepollen, which was mainly characterized by the presence of locally
formed Winter Cooled Water (WCW). The amount and properties of WCW in Brepollen
revealed high variability after 2006, and no WCW in July 2012. The results of our study
show that Hornsund is highly variable and susceptible to recently observed atmospheric and
oceanic extreme events in the Svalbard region.
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Introduction

The Arctic region has undergone significant changes
during the last decades and these changes concern all
components of the climate system. For instance, the
Arctic has warmed up at twice the global rate during
the last 50 years (Walsh 2014) – this phenomenon is
called the Arctic Amplification and it manifests itself in
a number of positive feedbacks (Serreze & Barry 2011),
among which the most pronounced is the ice-albedo
feedback. A significant warming in the atmosphere and
huge heat gain by the oceans has been observed during
the last 30 years (IPCC 2014). The ice cover in the Arctic
Ocean has diminished and extremely low values were
observed in August 2012 (Xia et al. 2014), which was
correlated with a very strong storm observed in the
central Arctic at this time (Simmonds & Rudeva 2012;
Parkinson &Comiso 2013). Reduced sea ice in the Arctic
and larger areas of openwaterwill increase the heat fluxes
from the ocean to the atmosphere andmay be one reason
for increased extreme weather conditions in the region.
Significant decrease in the mass of Greenland and
Antarctic ice sheets has also been noted (Velicogna
2009) and the same negative trend has been observed
for glaciers around the world (Błaszczyk et al. 2013; IPCC
2014). The warm (positive) trend of Arctic Amplification
has become a subject of many recent studies (Miller et al.

2010; Serreze & Barry 2011), among which many are
dedicated to linking the Arctic Amplification to mid-
latitudes climate (Francis & Vavrus 2012; Cohen et al.
2014; Walsh 2014; Francis & Skific 2015).

Arctic fjords play a crucial role in climate warming
as a medium linking land and ocean. Arctic fjords are
usually dominated by glaciers and a substantial seaso-
nal freshwater input in the inshore part and a warmer
oceanic component at the offshore boundary. Lately
there has been an increasing interest and activity in
investigating the role of oceanic heat on the stability of
tidewater glaciers, since propagation of warm oceanic
waters into the fjords may have the potential to
increase the melt rates of glaciers and lead to increase
in calving rates and the acceleration in the retreat of
glaciers (Holland et al. 2008; Nick et al. 2009; Rignot
et al. 2010; Błaszczyk et al. 2013; Inall et al. 2014;
Luckman et al. 2015; Pętlicki et al. 2015).

Fjords in Svalbard are extremely vulnerable to cli-
mate change as many of them are located on the path-
way of warm AW towards the Arctic Ocean, a region of
large heat fluxes to the atmosphere. In Svalbard the
most studied fjords regarding the physical oceano-
graphic conditions are Storfjorden (Haarpaintner et al.
2001; Skogseth et al. 2004; Skogseth et al. 2005; Fer &
Ådlandsvik 2008; Skogseth et al. 2008) and
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Kongsfjorden (Svendsen et al. 2002; Cottier et al. 2005;
Cottier et al. 2007; Inall et al. 2015; Tverberg et al. in
press). In addition, some work has also been done in
Van Mijenfjorden (Skarðhamar & Svendsen 2010) and
Isfjorden (Nilsen et al. 2008; Pavlov et al. 2013; Nilsen
et al. 2016). In contrast, Hornsund, the southernmost
fjord on the west coast of Svalbard (Fig. 1a), is still very
poorly presented with regard to hydrography (Urbański
et al. 1980; Swerpel 1985).

The hydrographic patterns in Hornsund, as in other
Arctic fjords, are dependent on conditions set by land
(glacier)–fjord and fjord–ocean boundaries. The hydro-
graphic conditions outside the fjords along the west coast
of Spitsbergen are defined by the SC and WSC (Fig. 1a).
The SC is a prolongation of the East Spitsbergen Current
carrying cold ArW from the Barents Sea while the WSC
carries the warmer and more saline AW from the
Norwegian Sea. The two water masses are separated
from each other by the Polar Front (Swerpel 1985; refer-
ences therein; Walczowski 2013), also referred to as the
Arctic Front (Saloranta & Svendsen 2001).

During summer the upperwater layer in these fjords is
a mixture of inflowing shelf waters from the SC and
freshwater coming from land sources (mainly from

glacier ablation and calving, snowmelt and river runoff)
and is modified by tides and local winds (Svendsen et al.
2002). The thickness of this surface layer is generally
largest in the inner parts of the fjords and then decreases
towards the fjord mouth. The water in this layer is called
SW and exhibits a very wide range of salinities and
temperatures. Deeper parts of the fjords may stay under
the influence of Atlantic origin waters. This is typically a
mixture of AW and ArW, termed TAW. When TAW
enters the fjords, it undergoes further transformation due
to entrainments and mixing with SW giving rise to IW
(Cottier et al. 2010). The topographically steered WSC
(Hopkins 1991; Osiński et al. 2003) may, because of
enhanced instabilities in the Polar Front and favourable
weather conditions, flood the shelf areas and lead to
inflow of unmodified AW far into the fjords, as has
been observed in both Kongsfjorden and Isfjorden
(Cottier et al. 2005; Cottier et al. 2007; Nilsen et al.
2008; Nilsen et al. 2016). Propagation of AW towards
Hornsund is facilitated by the Hornsund Deep (ca.
250 m; Görlich 1986) located between Hornsund
Banken and Sørkapp Banken (Fig. 1c).

During autumn and winter the lower air tempera-
tures and stronger winds will decrease the

Figure 1. The study area: (a) the location of Hornsund (black square) and the main current system west of Svalbard and CTD
stations along Section N (yellow dots); (b) the area used to calculate SIC; (c) the fjord’s Outer Part, Main Basin and Brepollen. The
blue line separating the Outer Part and Main Basin represents the mouth of the fjord. The red line between the Main Basin and
the Brepollen indicates the location of the sill. The positions of the CTD stations in Hornsund are marked with yellow dots. Filled
black squares show mooring location and red dot shows the location of the Polish Polar Station (PPS), which has a
meteorological station.
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temperature and deepen the surface mixed layer.
This mixing and cooling gives rise to what has
been termed LW in the Svalbard fjords (Svendsen
et al. 2002; Nilsen et al. 2008). Once the LW has
reached the freezing point, which is typically in
November or December (Nilsen et al. 2008), contin-
ued surface cooling will lead to the formation of sea
ice and the associated brine release. This more saline
winter water is termed WCW (Svendsen et al. 2002;
Nilsen et al. 2008). When the newly formed SW
mixes, the next spring, with LW (or WCW) present
in the fjord, the resulting water mass will also be
classified as IW. An overview of the general oceano-
graphic environment and dominant physical pro-
cesses in Arctic fjords has been given by Cottier
et al. (2010).

So far, literature on Hornsund has been dominated
by marine biology and sedimentary studies and very
little has been written about the physical oceano-
graphic environment of this fjord. The aim of this
paper is therefore to fill some of this gap by providing
a detailed description of the hydrography in
Hornsund during summer. The data used have been
collected in Hornsund during summer cruises nearly
every year since 2001. The water masses observed in
the fjord each summer are described and special
emphasis is given to interannual variability and dif-
ferences between distinct areas of Hornsund. The
interannual variability is also discussed in relation
to environmental conditions set by oceanic, atmo-
spheric, and local sea ice factors. An important ques-
tion during this work has also been to which extent
the AW penetrates into Hornsund. Is it comparable
to what has been observed in Kongsfjorden and
Isfjorden or is Hornsund different from these other
fjords along the west coast of Svalbard? Since there
are no winter data from Hornsund we will also pre-
sent data obtained from moorings deployed between
2010 and 2013 on the shelf just outside the mouth of
Hornsund.

Study area

Hornsund is the southernmost fjord on the west coast
of Spitsbergen (Fig. 1a), the largest island of the
Svalbard Archipelago. The fjord is about 35 km long
and between 2 and 12 km wide. The total area of
Hornsund is about 320 km2 (Muckenhuber et al.
2016), but the area is increasing every year as the
surrounding glaciers retreat. The average retreat rate
of glaciers in Hornsund is about 70 m yr−1, which is
higher than anywhere else in Svalbard (Błaszczyk
et al. 2013). Today Hornsund consists of several
secondary bays that were covered by glaciers at the
beginning of the 20th century (see figure 2 in
Błaszczyk et al. 2013): Vestre and Austre
Burgerbukta in the north, Brepollen in the inner

part and, in the south, just outside Brepollen,
Samarinvågen (Fig. 1c).

The bathymetry of Hornsund is shown in Fig. 1c.
Depth surveys with echo sounder were done in 2007
and 2008 in Brepollen (Moskalik et al. 2013) and
between 2009 and 2011 in the western and central
parts (Błaszczyk et al. 2013). The maximum depth of
230 m is found in the central part of the fjord, while
the depth in Vestre Burgerbukta exceeds 170 m and
Austre Burgerbukta is about 100 m deep. Brepollen
and Samarinvågen are separated from the main basin
by a sill (Fig. 1c) with a depth of about 50 m. In
Samarinvågen the maximum depth is 150 m, in
Brepollen the depth is increasing gradually with a
maximum value exceeding 140 m in the central part
(Moskalik et al. 2013). The mouth of Hornsund has
no sill and is generally defined by a line linking
Worcesterpynten on the northern shore with
Palffyodden on the southern side (Marsz &
Styszyńska 2013; Fig. 1c).

Most of the area around Hornsund is covered by
glaciers, many of them being tidewater glaciers.
Hence, the main source of freshwater in Hornsund
comes from glacier ablation (Węsławski et al. 1995).
Węsławski et al. (1995) have compiled data from
different sources (see their table 1) and gives that
for Brepollen 86% of the freshwater comes from
glacier ablation and 8% from rivers, while rain on
the sea surface (0.6%), melted snow (1.4%), and fast
ice melt (3.9%) are of secondary importance. July and
August are the months with highest discharge of
freshwater from land. Jania & Pulina (unpublished
report written in 1994; see Węsławski et al. 1995)
estimated an annual freshwater discharge of 1.8 km3

to Hornsund, of which 0.5 km3 of this volume comes
from icebergs. Beszczynska-Möller et al. (1997) esti-
mated the freshwater content in Hornsund to be
about 0.7 km3 from hydrographic measurements.
But this latter value only gives the amount of fresh-
water that was present in the fjord at the time of
measurements. The increased atmospheric warming
in this area (Isaksen et al. 2016) means that the
annual freshwater input to Hornsund is probably
higher today.

During summer the fjord is usually free of ice. The
fast ice starts to form in late autumn (usually in
November), first in Brepollen and then in the other
innermost basins of Burgerbukta and Samarinvågen.
In the central part of Hornsund the ice cover in winter
and spring varies from year to year and consists
mainly of pack ice. The ice season in the fjord lasts
until May or beginning of June when the drifting ice is
transported out of the fjord by the dominant easterly
winds. Detailed observations of each ice season in
Hornsund between 2005 and 2012 has been described
by the following researchers: Styszyńska & Kowalczyk
(2007), Styszyńska & Rozwadowska (2008), Styszyńska
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(2009) and Kruszewski (2010, 2011, 2012, 2013). These
papers are written in Polish, but have summaries in
English. A recent investigation of sea ice in Hornsund,
based on analysis of satellite images and ice charts for
the time period 2000–2014, was carried out by
Muckenhuber et al. (2016). They found that the high-
est fast-ice coverage in the fjord was seen in April.
They also introduced the concept of DFI, a new index
for quantifying fast ice coverage in a fjord, and showed
a decrease in mean DFI for Hornsund from 56 for the
time period 2000–05 to 34 after 2006. Sea-ice thickness

has been measured by Gerland & Hall (2006) in April
2004 for two sites in Hornsund: in Burgerbukta and at
the entrance to Brepollen. The thickness varied
between 0.99 and 1.43 m.

The climate conditions in the area of Hornsund
are mainly influenced by meteorological conditions
driven by atmospheric circulation (Marsz &
Styszyńska 2013) and the West Spitsbergen current
system (Walczowski & Piechura 2011; Walczowski
et al. 2012). Meteorological observations at the
Polish Polar Station (Fig. 1c)) show that more

Figure 2. Distribution of temperature and salinity along the CTD section in Hornsund in July each year (2001–2015). There are
no data for 2004 and 2005. The left side of each panel corresponds to the Outer Part of the fjord; the right side is Brepollen, the
innermost part of the fjord.

4 A. PROMIŃSKA ET AL.



than 80% the winds originate from the north-east,
east and south-east directions. The prevailing east-
erly winds are strengthened by the east–west orien-
tation of the fjord. Tides in Hornsund are
semidiurnal, with amplitudes ranging from 0.8
to 1.8 m.

Data

The hydrographic data of temperature and salinity
from Hornsund have been collected by the Institute
of Oceanology Polish Academy of Sciences from the
RV Oceania between 20 and 31 July since 2001,

with the exception of 2004, when severe ice condi-
tions prevented it. During these cruises a towed
CTD profiling system was used (calibrated each
year prior to the cruises). The tracks followed and
the amount of data collected varied slightly for the
different years, but followed more or less the line
shown in Fig. 1c. Until 2006 the data were collected
by an Idronaut 316, profiling at 8 Hz, with an
accuracy for conductivity, temperature and pressure
of, respectively, 0.003 mS cm−1, 0.003°C and 0.05%
of the full-scale range. In 2007 and onwards a SBE
49 probe was used, profiling at 16 Hz, with an
improved accuracy of 0.0003 S m−1, 0.002°C and

Figure 2. Continued.
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1% of the full-scale range, respectively, for conduc-
tivity, temperature and pressure. The data were
filtered and vertically averaged every 1 dbar using
standard routines in the SBE Data Processing
Software, Version 7.22.2. The CTD data from 2005
were considered to be erroneous and are therefore
not used in this study.

The along-fjord CTD section (Fig. 1c) was divided
for purposes of the analysis into the Outer Part
(<15.42°E, the line linking the Worcesterpynten and
Palffyodden), the Main Basin (15.42°E–16.14°E) and
Brepollen (>16.14°E, the position of the entrance sill)
to assess differences between the shelf and different
areas of the fjord. To calculate the mean potential
temperature (hereafter temperature) and practical
salinity (hereafter salinity) the along-fjord section
was limited to 15.28°E and 16.48°E so that the length
was the same for each year.

To look at conditions outside the fjord, tempera-
ture and salinity data from a SeaBird SBE 37 for the
period July 2010 to July 2013 have been used. The
SBE 37 was mounted on a mooring located on the
shelf just outside Hornsund (Fig. 1c). For the period
July 2010 to July 2011 the mooring was located on the
northern side (76°59.651ʹN and 15°10.474ʹE), just
outside the fjord, but was moved in July 2011 to the
southern position (76°52.898ʹN and 15°09.288ʹE). For
2010–11 the SBE 37 was recording data at a depth of
24 m, while for 2011–12 and 2012–13 the SBE 37 was
collecting data at 46 m and 85 m depth, respectively
(Table 1). Dates of deployment and recovery are
presented in Table 1.

To test environmental factors that might influence
the hydrographic variability in Hornsund, CTD mea-
surements taken each year along Section N (Fig. 1a)
have been used together with meteorological and sea-
ice concentration data. Section N covers the entire
Atlantic domain in the WSC and crosses the SC when
it enters the shelf area. This section was taken during
the same cruises as the measurements in Hornsund.
Meteorological data (air temperature, recorded every
3h) were obtained from the Polish Polar Station in
Hornsund (Fig. 1c), which is operated by the Institute
of Geophysics, Polish Academy of Sciences. The per-
manent weather station at the Polish Polar Station is
part of the Norwegian observational network and has
World Meteorological Organization registration num-
ber 01003. Daily sea-ice concentrations for the time
period 2001–2015 were obtained from the Integrated
Climate Date Center, in Hamburg, where a 5-day med-
ian-filter has been applied (Kern et al. 2010). The data

were originally computed and provided by the French
Research Institute for Exploitation of the Sea, where the
ARTIST Sea Ice (ASI) algorithm to brightness tempera-
tures measured with the 85 GHz Special Sensor
Microwave/Imager and/or Special Sensor Microwave/
Imager Sounder channels have been applied (Kaleschke
et al. 2001; Spreen et al. 2008). The data cover the region
of the shelf where the SC flows around Sørkapp Land
(Fig. 1b).

The definition of water masses used is shown in
Table 2 and they have been defined according to the
classification that was used for Isfjorden by Nilsen
et al. (2008). Ocean Data View package (version 4.6.2;
Schlitzer 2014) and MatLab Software have been used
to visualize the results.

Results

Hydrographic observations from towed CTD

The vertical distribution of temperature and salinity
along the fjord (the section shown by yellow dots
in Fig. 1c) in July for each year during the period
2001–2015 (with the exception of 2004 and 2005) are
shown in Fig. 2. The length of the section varied
slightly from year to year. The warmest water was
generally found in the surface layer, although in the
Outer Part warm water was also present close to the
bottom. The temperature in the surface layer varied
between years, mainly between 3 and 5°C, with the
exception of 2013 and 2014, when the surface tem-
perature was close to 6°C. The warm surface layer
over the mouth and Main Basin can be traced into
Brepollen as a subsurface layer in most years, when
this warm tongue was observed below a thin layer of
colder and less saline waters. The coldest water each
year was seen in the deeper parts of Brepollen, behind
the sill that separates Brepollen from the Main Basin.
Here temperatures were below 0°C, with decreasing
temperatures towards the bottom. In the years

Table 1. Detailed information on mooring location and duration.
Year Start time End time Position Instr. depth (m) Sample interval (s) Station depth (m)

2010/11 2010/07/03 20:00 UTC 2011/07/08 11:01 UTC 76 59.651 N 15 10.474 E 24 900 74
2011/12 2011/07/28 00:00 UTC 2012/07/04 07:00 UTC 76 52.898 N 15 09.288 E 46 900 101
2012/13 2012/08/04 18:00 UTC 2013/07/11 76 52.898 N 15 09.288 E 85 900 ca. 100

Table 2. Water mass classification for Hornsund (adopted
from Nilsen et al. 2008). Values for ArW are taken from the
observations at the shelf outside Hornsund.
Water mass Potential temperature (°C) Salinity

AW >3 >34.9
ArW −1.5 to 2 34–34.5
TAW >1 34.7–34.9
SW >1 <34
IW >1 34–34.7
LW <1
WCW <−0.5 >34.4
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2001–03 and 2015 the bottom waters in Brepollen
showed the lowest temperatures (below −1.5°C).

The distribution of salinity for the different years
(Fig. 2) shows a quite thin surface layer (10–20 m) of
low salinity (<33) that is thickest in the inner part of
the fjord. The salinity is increasing with depth and
below 50 m the salinity was generally above 34 for all
years. Salinities between 34.7 and 34.9 (i.e., TAW)
were found in the Outer Part, outside of the fjord
mouth, each year, and also in the Main Basin in most
years. The only year when salinities above 34.7 were
observed in Brepollen was 2014. Except for 2014,
salinities above 34.9 (i.e., AW) was only observed in
the Outer Part (and only in the years 2002, 2006 and
2013). In 2014 this high salinity water had also
entered into the Main Basin for the first time during
the studied period, and a tongue of this high salinity
water can be followed into Brepollen; at sill level
there was a layer of water with salinities above 34.8.
In the deeper parts of Brepollen the salinity was
higher in 2014 than in all the other years. The year
2011 was also unusual: the whole fjord was then
covered by a 50 m thick surface layer in July, with
salinities below 33 and temperatures from 0°C at
50 m to 2°C at the surface.

Temperature versus salinity (θS) diagrams for each
year are shown in Fig. 3. In the θS diagrams the
different water masses are indicated by boxes accord-
ing to their definitions (Table 2). The most scattered
and variable data are those found in the upper layer,
i.e., the SW, which has been modified by the atmo-
sphere and freshwater input. In Fig. 3 the lower
salinity range for SW is set to 32 to make the θS
diagrams easier to read. Only in 2002, 2003 and 2011
were some salinity values below 29. A drop in tem-
perature of the SW is observed in 2010 and is parti-
cularly notable in 2011, when most of the data points
from the upper layer fall into the definition of LW
instead of SW.

A clear difference can be seen for the deepest water
masses in Fig. 3, where two characteristic ‘tails’
clearly define two distinct areas. The blue, for
Brepollen, drops to lower temperatures and higher
salinities with increasing density and the end of the
tail enters the box of WCW for all years except 2012,
while the green, Main Basin, mainly increase in tem-
perature and salinity towards the definitions of TAW
and AW. The only year that AW was found inside the
Main Basin was in 2014. The data from the Outer
Part of the section (red) show the same feature as the
data from the Main Basin, although generally having
slightly higher temperatures. In some years (2002,
2006, 2013 and 2014) data points also fall into the
AW box, showing that AW was present close to the
mouth of Hornsund in these years.

Figure 4 shows the schematic distribution of water
masses (as described earlier and defined in Table 2)

along the section in Hornsund around the end of July
each year from 2001 to 2015. Starting from outside of
the fjord mouth (Fig. 4) the water masses present in
the Outer Part were typically SW, IW and TAW at
the bottom. AW can be seen only in 2002, 2006, 2013
and 2014. In 2010 a layer of LW was also found,
between IW and TAW, at depths between 100 and
150 m. In 2011 the SW was replaced by a 100 m thick
layer of LW.

The water masses present in the Main Basin varied
considerably from year-to-year. In 2001, 2009 and
2015 only IW was found below the SW, filling the
whole basin down to the bottom. In most years TAW
occupied the deepest part of the fjord, below the IW.
In the years when AW was observed outside the fjord
the TAW filled the Main Basin to a greater extent
(2002, 2006, 2013 and 2014). LW was also present in
the Main Basin in 2003, 2010 and 2011. Brepollen
showed a quite different picture than the Main Basin.
Here the dominant water masses below SW and IW
were the locally produced winter waters, LW and
WCW. Some exceptions from this can be seen in
2010 and 2011, when LW was found also at the sur-
face, and in 2012, when it filled the area from ca.
50 m to the bottom. WCW was observed in Brepollen
with varying amounts in all years except for 2012.
TAW was found in Brepollen only in 2014.

The SW that forms during summer as a result of
heating and input of freshwater was distributed along
the entire fjord in almost every year, but was absent
from Brepollen in 2010 and was more or less absent
in the whole fjord in 2011. The thickness of the SW
layer varied, from a few metres (2014) to about 70 m
(2015). The summer hydrographic measurements
revealed high variability in temperature and salinity
in Hornsund. Calculated mean temperature and sali-
nity from all the data in the whole section showed
that 2011 had the lowest mean temperature (0.3°C)
and salinity (33.3) while 2014 was the warmest (3.2°
C) and most saline (34.6).

Mooring observations

To see how the hydrographic conditions were on the
shelf outside Hornsund between 2010 and 2013, mea-
surements from the mooring deployed outside of the
fjord are shown in Fig. 5. The data recorded between
2010 and 2011 are from a depth of 24 m at the
northern location (total depth of water column was
74 m) and clearly shows periods of summer and
winter conditions (Fig. 5). During July 2010 the tem-
perature increased rapidly from below 0°C to around
2°C and stayed around that temperature until mid-
October with relatively low salinity. After this period
a gradual decrease in temperature is observed with
corresponding increase in salinity and density. This
was the time of shift between summer and winter

POLAR RESEARCH 7



Figure 3. Potential temperature versus salinity diagrams for data collected in July (2001–2015). There are no data for 2004 and
2005. Data from the Outer Part are shown in red, the Main Basin in green, and Brepollen in blue.
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Figure 4. Distribution of water masses along the CTD section for July 2001 to July 2015. There are no data for 2004 and 2005.
The red line around the border of the SW is an artefact and should not be mistaken for the AW. The black lines in the upper left
panel show where the three areas have been divided for analytical purposes: from left to right, the Outer Part, Main Basin and
Brepollen (innermost part of the fjord).
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conditions, which was fully achieved after 19
December, when the temperature stayed near the
freezing point. The steady winter conditions
remained until the beginning of May 2011, when
the first impulse of warm water, with temperatures
above 0°C, occurred. The salinity decreased during
late winter/spring and the water at 24 m got less
saline with time, until the mooring was removed.
During the whole period (July 2010–July 2011) only
waters of Arctic origin were present at this location
(at 24 m).

The time series of temperature, salinity, and den-
sity in 2011–12 (Fig. 5), now in the southern location
and at 46 m (water depth 100 m), also showed
increasing temperatures and low salinities until
October. Summer conditions are coming to an end
in the second part of October and the temperature is
gradually decreasing, but with values still above 0°C
until 6 December. However, instead of reaching
freezing temperatures, a sudden increase in tempera-
ture started in January 2012. Between 5 and 25
February and between 6 and 11 March 2012 the
water temperature was above 2°C and salinity ranged
between 34.60 and 34.84. The highest temperature
(3.54°C) was observed on 9 February, with a corre-
sponding salinity of 34.76. So the winter of 2012 was
characterized by high variability in water properties
changing from ArW to TAW and back again. There
was practically no time during which steady winter
conditions prevailed. At the beginning of May the
shift between winter and summer can be seen. The
first occurrence of warm water (above 0°C), indicat-
ing the transition towards summer conditions, was

on 13 May 2012. After 12 of June the temperature
was above 0°C and increasing.

The time series of temperature, salinity, and density
recorded in 2012–13 (Fig. 5), also in the south location
but now at 85 m (water depth 100 m) showed summer
conditions with increasing temperatures until 24 of
October when a temperature of 4.08°C was reached.
During this time salinity and density revealed high
variability, but mostly the salinity was above 34.7,
indicating the presence of TAW most of the time.
After 24 October the temperature started to decrease
with concomitant freshening. Compared to the pre-
vious year, also this year some pulses of warmer and
more saline water entered the area during winter, one
in December 2012 and one in January 2013. On 16
December the temperature and salinity were 3.54°C
and 34.94, respectively, the pulse in January had
slightly lower temperature. Both of these pulses had
the characteristics of AW. A rapid decrease in tem-
perature at the end of January gave winter conditions
which remained until the beginning of May, when an
increase in temperature gave rise to summer condi-
tions. First impulse of warm (above 0°C) water was
seen on 4 May. After 6 June the water temperature
remained above 0°C, but with salinities high enough to
classify this water as TAW.

Discussion

The long-term analysis of CTD measurements taken
in Hornsund each year show high variability in the
distribution of temperature and salinity and, hence,

Figure 5. (a) Daily mean temperature, (b) salinity and (c) density from moored Microcat for July 2010- July 2011 at 24 m (dashed
line), July 2011–July 2012 at 46 m (solid line), and August 2012–July 2013 at 85 m (bold line). The most pronounced water
masses during different periods are indicated at the top (see Table 2 for explanation of the abbreviations).
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water masses, even though the measurements were
taken more or less at the same time each year (late
July). It has been suggested that within an annual
cycle, the waters on the West Spitsbergen Shelf and
in the adjacent fjords normally switch from a state of
Arctic dominance (cold and less saline in winter) to
one of Atlantic dominance (warm and saline in sum-
mer) and back (Svendsen et al. 2002). If this also
applies to Hornsund, then the high variability seen
in July for the period 2001–2015 can indicate that the
timing of this seasonal change/shift must vary
between years.

Unfortunately, there are not enough data from all
year round inside Hornsund that can verify this.
However, the data from the mooring when it was
located in the northern position (2010/11; Fig. 5) give
indications of the seasonal evolution inside the fjord.
This position likely captures the outflowing waters from
Hornsund and can therefore provide information on
conditions inside the fjord, at least for the upper layer
(instrument at 24 m) from July 2010 to July 2011. The
mooring observations from the northern location
showed that the change from winter to summer condi-
tions on the shelf took place between May and June in
2011. Moreover, measurements from a section taken
across Hornsund in May 2013, not far from the
mouth, showed that winter conditions still prevailed
here (not shown), with only LW and WCW present at
this time of the year. This suggests that the fjord gen-
erally contains only winter waters until May (or later)
and that the transition from winter to summer condi-
tions (when there is no more LW and/or WCW) takes
place sometime during June or July, or even later.
Patches of cold water, with the characteristics of LW,
were still found in the Main Basin of the fjord in late
July (Fig. 4) in some years (especially 2003, 2010 and
2011), indicating that during these years Hornsund was
probably in a late transition phase.

An indication of different oceanic conditions shap-
ing the summer hydrography in the Main Basin of
the fjord is given by the mooring observations (Fig. 5)
from the southern location (2011–13), since these
waters may have entered Hornsund after passing the
mooring. In the summer of 2011 and the spring 2012
the data reveal the presence of ArW from the SC on
the shelf, at 46 m. In summer 2012 and 2013 the data
showed mainly TAW, but these data are from 85 m
(close to the bottom). This fits well with what is
observed in most years in the Outer Part of
Hornsund, with more Arctic type water present in
the upper ca. 50 m and TAW normally at depths
below 50–100 m.

A clear difference from the conditions described
above for the Main Basin was seen in the hydrographic
conditions in Brepollen, where the LW and WCW
remained behind the sill in the summer (Fig. 4). This
difference between the two basins has been mentioned

earlier by Urbański et al. (1980) and Swerpel (1985).
The narrow entrance (ca. 2 km; Fig. 1) to Brepollen and
the shallow sill (at ca. 50 m) that separates Brepollen
from the Main Basin significantly restrict the exchange
of water between the two basins. From the ‘tails’ in the
temperature versus salinity diagrams (Fig. 3) it is clear
that during summer the densest water in the Main
Basin is of more Atlantic origin (mainly TAW), while
Brepollen contains local waters (mainly WCW). Since
Hornsund does not have a sill at the mouth, the Main
Basin is more open towards the Outer Part and the
conditions in the Main Basin are therefore more influ-
enced by water masses exchanged with the SC on the
shelf; the deeper parts of theMain Basin are also open to
possible inflow of waters of Atlantic origin. The waters
from the Main Basin that can enter Brepollen above the
sill that separates the two basins are clearly not dense
enough during summer to sink down and replace the
deeper waters produced during the last winter in
Brepollen. Moreover, the circulation of waters inside
Brepollen is assumed to be circular (anticyclonic/cyclo-
nic) with changes due to tides and wind pattern
(Swerpel 1985). All these factors facilitate the mainte-
nance and deposition of cold and dense water in
Brepollen, making it the largest reservoir of WCW in
Hornsund (Fig. 4) during summer.

Two summers stand out as more extreme than the
others – 2011 and 2014 – and indicate contrasting
regimes. In July 2011 the upper water column along
the fjord was filled with very cold water with tempera-
ture around 0°C and with quite low salinities. The
difference between 2011 and other cold years (e.g.,
2003 and 2010) was that in 2011 the decrease in tem-
perature was accompanied by large input of less saline
water (at ca. 10–50 m). This freshening in the upper
layer was caused by the inflow of drifting ice carried by
the SC from the Barents Sea (Kruszewski 2012); highly
concentrated pack ice entered the fjord twice in July
2011. The first inflow was at the beginning of July and
then a second, even stronger, inflow, started on the 13 of
July. Sea ice, with a concentration of 7–10/10, occupied
the fjord to a large extent (Kruszewski 2012). At the
time of measurements this anomalous concentration of
drifting sea ice was also observed by two of the authors
over the whole south-western Svalbard shelf during the
summer cruise of the RV Oceania in 2011. From the
sea-ice concentration data obtained from the Integrated
Climate Date Center, the mean sea-ice concentration
on the shelf south of Hornsund (Fig. 1b) was calculated
for each July (Fig. 6d). This shows that such inflow
events were possible in July 2001, 2004, 2005, 2008
and 2011. The year with highest mean sea ice concen-
tration in the SC in July was 2004, which was the year
that no measurements were taken inside Hornsund due
to severe ice conditions in the fjord, while the second
highest was 2011. The other three years showed much
lower ice concentrations.
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The summer of 2014, in contrast, turned out to be
the warmest and most saline during the study period
(Fig. 2). The main reason for this was the amount of
warm and saline AW observed far into the Main Basin
this year, in contrast to earlier years, when it had only
been observed a few times in the Outer Part, close to
the mouth area. Intrusions of AW and possible path-
ways and mechanisms for AW from the WSC to enter
Spitsbergen fjords will be discussed later.

Despite the high variability in mean summer tem-
peratures and salinities between years, a general warm-
ing and increase in salinity may have taken place in
Hornsund over this period. Temperature and salinity
anomalies were calculated by subtracting long-term
(2001–2015) summer mean (1.79°C and 34.00) from
mean values of particular years. A positive linear trend
of 0.03°C yr−1 and 0.005 yr−1 for temperature and
salinity, respectively, was found for the period
2001–2015. For the period 2006–2015 it was slightly
higher, with positive linear trend in temperature of
0.04°C yr−1 and 0.009 yr−1 for salinity, but the trends
were not statistically significant (p > 0.05). A thorough
analysis of a much longer time series was presented by
Pavlov et al. (2013) for Isfjorden and Grønfjorden (the
latter is a side fjord of Isfjorden) further north. They
used historical temperature data and found an overall
warming trend of 1.9°C/decade and 2.1°C/decade,
respectively, for these two fjords for the period
1912–2009. They also found that the early 21st century
warming was substantially stronger in comparison with
historical data before the year 2000. Amuch longer time

series is needed to verify if there is a similar warming
trend in Hornsund. However, the above calculated
values could indicate a possible lower warming trend
per decade in Hornsund compared to Isfjorden.

Comparison with external factors: ocean,
atmosphere and sea ice

Our measurements showed that the Main Basin is the
part of Hornsund that is influenced by the exchange of
waters from outside. Figure 6 gives an impression of the
relevance of the two currents (the SC and the WSC) on
the hydrographic conditions in Hornsund by showing
weighted mean temperature and salinity in the Main
Basin for each year, together with the calculated yearly
mean sea-ice concentration in the SC (Fig. 1b) and the
mean temperature and salinity of the AW in the WSC
in July at Section N (Fig. 1a). SC, in addition to the
ArW, typically carries large amounts of sea-ice pack in
winter and occasionally in summer months. A pro-
nounced negative correlation was found between
mean temperature in the Main Basin and calculated
yearly mean sea-ice concentration (R = −0.68) for the
period 2001–2015 (Table 3). Correlation between mean
salinity in the Main Basin and yearly mean sea-ice
concentration was also high (R = −0.50) but it slightly
exceeded the level of being statistical significant
(p = 0.081). Comparing the mean temperature and
salinity in the Main Basin with that of AW in the
WSC (Fig. 6a, c) reveals that in some years they

Figure 6. Mean temperature and salinity in (a) the Main Basin and (b) below 100 m in Hornsund and (f) WCW area and
temperature in July compared to potential influencing factors: (c) AW temperature and salinity; (d) yearly mean SIC (solid line)
and (d) SIC in July (dots); and (e) winter (December–February) air temperature and DFI.
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correspond well while in other years they are in counter
phase. Hence, these data showed a weak or statistically
insignificant correlation (Table 3). This implies that the
ArW from the SC probably has a stronger influence on
the mean hydrographic conditions in the Main Basin
than the waters carried in the WSC. On the other hand,
if only water below 100 m is taken into consideration
(Fig. 6b), where typically waters of Atlantic origin are
found, there is a significant correlation (Table 3)
between the mean temperature below 100 m in the
Main Basin and the mean AW temperature in Section
N (Fig. 6c).

Our measurements also revealed that WCW was
present only in Brepollen and not in the Main Basin
during summer (Fig. 4) and a significant variability in
the amount of WCW in Brepollen could also be seen
between the different years. The area of the along-fjord
section occupied by WCW has been calculated,
together with the weighted mean temperature of the
WCW for each year (Fig. 6f) to better see this varia-
bility. Since the production of WCW is shaped by
climatological conditions (e.g., air temperature and
ice production) during winter (Svendsen et al. 2002),
the mean December–February air temperature for
each year has also been calculated and is shown in
Fig. 6e, together with the DFI. The air temperatures
used for these calculations were obtained from the
Polish Polar Station in Hornsund. This station is situ-
ated on the northern side of the Main Basin (Fig. 1c)
so these air temperatures are from the closest weather
station and not actually from Brepollen. The DFI
values are taken from Table 2 in Muckenhuber et al.
(2016). This DFI index describes the fast-ice condi-
tions in Hornsund over a considered time period in a
single value with unit days and both temporal and
spatial extent of the fast ice is included
(Muckenhuber et al. 2016).

Muckenhuber et al. (2016) showed a significant
reduction in monthly averaged fast ice coverage when
comparing the time periods 2000–05 and 2006–2014.
For Hornsund the seasonal maximum in ice cover
decreased from 52.6 to 35.2%, respectively, for the two
periods. Hence, larger areas of Hornsund were covered
by fast ice during the winters 2001–03, which is con-
sistent with generally larger areas ofWCW for the same
period (Fig. 6f). The WCW temperature was also close
to the freezing point (Fig. 2) in the deepest parts during

these years and the mean temperature of the WCW
ranged between −1.26°C and −1.54°C. After 2006 a
significant thinning and warming of the WCW in
Brepollen took place (Fig. 6f). Only in 2010, 2013 and
2015 was the mean temperature in this layer below −1°
C, in the other years the values were slightly below −0.5°
C. No WCW was observed in summer 2012 and very
little in 2014. The extremely high air temperature dur-
ing winters 2011/12 (Hansen et al. 2014; Nordli et al.
2014) and 2013/14 (Łaszyca et al. 2015), which resulted
in very low ice cover (Muckenhuber et al. 2016) in
Hornsund during these winters, could have caused
these two minima in 2012 and 2014. Nordli et al.
(2014), who have produced a time series of air tempera-
ture around Svalbard for the period 1898–2012, showed
that an extreme warming took place between 2005 and
2012 when compared to earlier years, with higher tem-
perature variability during winter than summer.

Linear regressions performed between the amount
of WCW and winter (December–February) air tem-
perature and DFI confirms the assumption that the
atmosphere and sea-ice conditions in the fjord has a
strong influence on the WCW production. A strong
negative (R = −0.76) and positive (R = 0.78) correla-
tion, respectively (Table 3), were found. The mean
temperature of the WCW in July each year also
showed a good correlation with the winter air tem-
perature (R = 0.69; Table 3), giving further evidence
that the atmospheric conditions during winter is
important for the properties of the WCW the next
summer. An unexpected correlation was found
between the mean WCW temperature in Brepollen
and the mean AW temperature in Section N
(R = 0.66, Table 3). This high correlation probably
reflects the influence of AW on the air temperatures
in the region as a result of large heat fluxes.
Walczowski & Piechura (2011) emphasized the
importance of the WSC in shaping the local climate.

The increased winter air temperature is an impor-
tant factor leading to decreased sea ice cover in
Hornsund in recent years (Muckenhuber et al. 2016).
This is probably the main but not the only factor
influencing the amount and properties of the WCW.
Polynya activity caused by winds in the area, which
would further help to increase ice production, has not
been considered. Brepollen used to be covered by fast
ice throughout the winter, but this is now changing.

Table 3. Summary of linear regression. Only statistically significant (p < 0.05) results are shown.
Linear regression R p

Mean temp. in the Main Basin vs. yearly mean SIC −0.68 0.011
Mean temp. below 100 m in the Main Basin vs. AW temp. 0.58 0.037
WCW area vs. winter air temp. (Dec.–Feb.) −0.76 0.003
WCW area vs. DFI 0.78 0.003
WCW temp. vs. winter air temp. (Dec.–Feb.) 0.69 0.014
WCW temp. vs. AW temp. 0.66 0.019
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Influence of Atlantic water

From our summer data we can only see the presence of
AW inside Hornsund in 2014 and that it is present on
the shelf outside the mouth only in July 2002, 2006,
2013 and 2014. In January–February 2012 the mooring
showed the presence of TAW at 46m (Fig. 5). Although
AWmost probably was present below the TAW on the
shelf outside Hornsund at this time, we do not know if
TAW/AW entered into Hornsund during this period. It
was, however, not observed in the Outer Part in July
2012. The winter 2012/13 data (Fig. 5) showed pulses of
AW on the shelf. But having a closer look at Fig. 5 it is
clear that in April-May in both 2012 and 2013 the warm
water (TAW/AW) had been replaced by water close to
the freezing point (ArW). In July 2013 themooring data
again showed temperature and salinity values (at 85 m)
consistent with AWproperties (the CTDmeasurements
showed a thick layer of AW in the Outer Part (Fig. 4) at
the same time). The mooring data clearly show that
TAW/AW can be present on the shelf outside
Hornsund, also during winter, and that the water cir-
culating around Hornsund Banken changes from typi-
cal ArW to AW during certain periods, in the form of
pulses. From our limited sets of data it is not possible to
say how often this shift takes place.

From the literature it is known that the year-round
present warm and saline AW in the WSC sometimes
propagates onto the shelf and further into some of the
west Spitsbergen fjords (Saloranta & Svendsen 2001;
Svendsen et al. 2002; Cottier et al. 2005; Nilsen et al.
2008; Tverberg & Nøst 2009; Tverberg et al. 2014; Inall
et al. 2015; Nilsen et al. 2016). These intrusions depend
on the combination and strength of external (wind
pattern, sea ice) and local (sea-ice and brine produc-
tion) environmental factors (Svendsen et al. 2002;
Cottier et al. 2005; Nilsen et al. 2008). The timing and
extent to which AW occupies particular fjords differ
from year to year. Previous studies in Kongsfjorden
(Cottier et al. 2005) and Isfjorden (Nilsen et al. 2008)
have shown that AW penetration is normally inhibited
by a density front at the fjord mouth during winter. But
slow modification of the fjord water during spring time
reduces the effectiveness of this geostrophic control, so
that during summer AWmay intrude into these fjords,
switching them from being Arctic-dominant to
Atlantic-dominant. Throughout the summer AW con-
tinues to intrude and by September reaches a quasi-
steady-state condition. These fjords then adopt a ‘cold’
or ‘warm’mode according to the degree of AW occupa-
tion (Cottier et al. 2005).

According to this classification, one could say that
Hornsund adopted the ‘warm’ mode in the years 2002,
2006, 2013 and 2014. However, summer 2014 was the
only year when pure AWwas observed inside the Main
Basin and TAW reached the inner part of the fjord,
Brepollen, resulting in the warmest year during the

study period (Fig. 4). For the other ‘warm’ years AW
was restricted only to the Outer Part of Hornsund, close
to the fjord mouth, and TAW occupied the Main Basin
to a lesser extent and did not enter into Brepollen.
Evidence of strong Atlantic conditions in summers
2002 and 2006 have been reported for both
Kongsfjorden (Cottier et al. 2005; Harms et al. 2007)
and Isfjorden (Nilsen et al. 2008). These AW inflows
were related to an extensive occupation of AW on the
West Spitsbergen Shelf (Cottier et al. 2005; Nilsen et al.
2008). Of the three fjords – Kongsfjorden in the north,
Isfjorden in the middle and Hornsund in the south –
Kongsfjorden is the most influenced when it comes to
inflow of AW (both in number of years and highest
salinity), while Hornsund is the less influenced, with
inflow of AW only in summer 2014. In a recent review
paper for Kongsfjorden, Tverberg et al. (in press) show
that AW was present in Kongsfjorden in varying
degrees more or less every summer, but to a lesser
degree before 2002 than afterwards. Nilsen et al.
(2008); show transects along Isfjorden taken in
August/September for the years 1999 to 2005. During
these years AW was only observed inside Isfjorden in
2002, and in 2000 and 2004 only at the mouth of the
fjord. For the years after 2005, reports by University
Centre in Svalbard students each autumn semester,
reporting the results of the student cruises along the
same transect in Isfjorden in late August/beginning of
September each year, show that AW was present inside
Isfjorden in 2008, 2009, 2012, 2013 and 2014, and only
at the mouth in 2007 and 2011. The salinity of the AW
inside Kongsfjorden (Tverberg et al. in press) is gener-
ally higher when compared to observations further
south (Nilsen et al. 2008; Adamek 2013; Nygren 2013;
Hellmuth 2014; Tollinger 2014; this paper).

Although similar mechanisms governing ice pro-
duction, with brine release and salinity increase of the
water column, are present in the three fjords, local
variability in freezing conditions, including wind
stress, can lead to different salinity and density gra-
dients between the fjords and the shelf water masses,
with the implications that exchange of water masses
during and after the freezing season differs for the
three fjords. One important aspect is that the SC
passes Hornsund first on its path northwards along
the coast. The ArW in this coastal current must be
colder as it passes Hornsund since it has been shown
that the shelf water gains significant amount of heat
from the WSC (Saloranta & Haugan 2004) along the
west coast of Spitsbergen, which leads to melting of
the drifting sea ice in the SC (Tverberg et al. 2014),
thereby reducing the influence of cold and fresher
ArW towards the north. Hence, the density gradient
between AW and ArW probably changes northward,
making it easier for AW to penetrate into the fjords
further north than into Hornsund. Compared with
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Kongsfjorden, Hornsund has been regarded as a fjord
with a more Arctic character (Węsławski et al. 2006).

The mooring observations (Fig. 5) also confirm pre-
vious studies revealing that AWcan also propagate onto
the shelf during winter. Tverberg & Nøst (2009) find
that the density gradient across the front between AW
and ArW is of vital importance for the cross-front
exchange of water masses and Tverberg et al. (2014)
suggest that eddy overturning across the front is the
dominant process for supplying AW to the shelf during
winter. A recent study by Nilsen et al. (2016) showed
that changes in the sea-surface elevation on the West
Spitsbergen Shelf due to large-scale wind systems can
force AW from the WSC onto the shelf and over iso-
baths that directly guides the warm water into troughs
and towards the fjords along West Spitsbergen.
Passages of strong cyclones in the Fram Strait, which
pile up water along the west Spitsbergen coastline, will
set up topographically guided currents into the troughs
indenting the West Spitsbergen Shelf. Some of the AW
in the barotropicWSC branch is then forced to circulate
in these troughs, as demonstrated by their shelf circula-
tion model. According to this, the Hornsund Deep
(between Sørkapp Banken and Hornsund Banken)
may guide AW all the way from the WSC to the
mouth area of Hornsund given the right conditions.
However, the Hornsund Deep is rather narrow and
shallow in comparison to the broader and deeper
troughs leading to Kongsfjorden or Isfjorden, and this
may be another factor that restricts the amount of AW
reaching the mouth of Hornsund.

Conclusion

This detailed description of hydrographic conditions in
Hornsund over the period 2001–2015 helps fill a gap in
our knowledge of the physical oceanography of the
fjords along west coast of Svalbard. Our study shows
that variability in water temperature, salinity and water
mass distribution in Hornsund results from differences
in timing of the transition between winter and summer
conditions and a complex effect of oceanic, atmospheric
and local factors (e.g., sea ice). We have shown that
Hornsund shares many common hydrographic features
with other Svalbard fjords, e.g., a warming trend caused
by the increasing presence of Atlantic origin waters over
locally formed waters. This reflects the sensitivity of the
fjord to recent atmospheric and oceanic changes
observed in the Svalbard region. However, the most
important outcome of this work is in documenting the
strong influence of the SC. The summer of 2014 was the
only time when AW was observed in Hornsund. In
other years AW was present in the form of TAW. Our
data draw attention to the study of ArW carried by the
SC as an equally important factor as AW, widely studied
as the main contributor influencing the variability of
hydrographic conditions of the fjords along the west

coast of Svalbard. We provided evidence of increased
influence of the SC based on sea-ice concentration data.
However, further investigation needs to be done to
parametrize the ArW in the SC. This might be quite a
challenge, as unlike AW in the WSC, ArW is highly
variable on account of mixing with sea-ice meltwater
and terrestrial runoff. Still, this could be useful for a
detailed study of the interactions between the WSC and
the SC and for qualitative and quantitative estimations
of the northward transformation of both currents and,
finally, to improve our understanding of the influence
on hydrographic conditions of the fjords along
Svalbard’s western coast.
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