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Long-term variability of sound speed conditions in
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Abstract

The glacierised Arctic fjords are particularly sensitive to oceanic and atmospheric warming caused by climate shifts;
the melting of glaciers and icebergs is one of the major indicators of this sensitivity. The meltwater delivery to the
ocean changes the thermohaline structure of the water column, which not only affects water mixing but also controls
the sound speed conditions; the latter is crucial for the variability of underwater sound propagation. Finally, changes
in sound propagation conditions affect marine animals that rely on sound for their key biological functions, such as
communication, navigation, and mating. Here, we investigate the long-term variability of sound speed conditions in
the Hornsund fjord, Svalbard, together with its governing factors. We calculated the vertical sound speed profiles using
temperature and salinity data collected along the fjord centerline from 2001 to 2019. Spatial and temporal variability
in sound speed conditions are observed. We identify two major types of sound channels: (i) near-surface sound channel
and (ii) deep sound channel. Potential physical mechanisms that govern the presence and position of these sound
channels are discussed, including glacier melting, shelf-fjord water exchange, and atmospheric heat flux. In recent
years, the climate-driven transformation of Hornsund has led to the disappearance of deep sound channels due to the
intensified inflow of Atlantic Water, and an increased presence and extent of near-surface sound channels resulting
from elevated freshwater input from melting glaciers. We suggest that climate warming-induced changes in sound
speed conditions in Hornsund are likely to have far-reaching consequences for underwater sound pollution, potentially

impacting the well-being of marine animals.
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1. Introduction

Arctic fjords are one of the major hotspots of climate
shifts (Dahlke et al., 2020; Gjelten et al., 2016; IPCC, 2021;
Wawrzyniak and Osuch, 2020). Warming atmosphere and
oceans are causing rapid melting of glaciers, sea-ice, and
icebergs (e.g., Blaszczyk et al., 2023; Cook et al,, 2019;
Holmes et al., 2019; Luckman et al., 2015; Slater and Stra-
neo, 2022). The delivery of freshwater from melting glacier
ice and sea-ice disappearance impacts the underwater
soundscape of glacierised fjords in two ways. First, the
generation of underwater noise due to the activity of noise
sources of glacier origin, such as ice melting and glacier
calving events (e.g., Deane et al., 2014; Glowacki, 2020;
Glowacki et al., 2015; Matsumoto et al., 2014; Pettit et al.,
2015; Podolskiy etal., 2022). Moreover, the shipping traffic
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in the Arctic increases due to the accelerating sea-ice loss
(e.g., PAME 2019; PAME 2025; Rodriguez et al., 2024). The
analysis of the data presented in the Coastal Data House of
Norwegian Coastal Administration confirms the increase
in the number of vessels in the fjords of Spitsbergen (Kyst-
datahuset, 2025). Second, the melting of glacier ice affects
the sound speed conditions in the water column (Glowacki
etal, 2013, 2016; Vishnu etal.,, 2020). The latter has impor-
tant implications for how far different sounds will travel,
and therefore influences the sound pollution in fjords, as it
was demonstrated for the Arctic region (e.g., Affatati et al,,
2022; Duda, 2017; Possenti et al., 2023). Changes in un-
derwater soundscapes can cause behavioral disturbance,
hearing damage, and masking of important sounds gener-
ated and received by marine animals that influence their
well-being by impacting key biological functions: commu-
nication, navigation, feeding, and mating behavior (e.g.,
Duarte et al,, 2021; Erbe and Farmer, 2000; Erbe et al.,
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2016; Halliday et al., 2017, 2019, 2020; Lyamin et al.,, 2011;
Martin et al., 2022; PAME, 2019). Moreover, the knowl-
edge about the sound propagation conditions and their
variability is critical whenever the sound is used for study-
ing environmental phenomena and utilizing underwater
acoustic communication systems (e.g., Chitre et al., 2008;
Deane, 2019). Therefore, there is a growing importance of
understanding the changes in sound speed conditions in
glacierised Arctic fjords.

The sound speed in seawater is determined by tem-
perature, salinity and pressure (Urick, 1979). Changes in
water temperature contribute the most in terms of sound
speed variability. However, the impact of salinity becomes
important in regions that are characterised by substantial
salinity changes (e.g., Glowacki et al.,, 2013; Jensen et al.,
2011). One notable example is the fjords of West Spitsber-
gen, where remarkable spatial and temporal variability in
the thermohaline structure has been observed during re-
cent decades due to both temperature and salinity changes
(e.g., Prominiska et al., 2017, 2018; Skogseth et al., 2020;
Tverberg et al,, 2019). Different climate-driven environ-
mental factors control the variability of the thermohaline
structure in the West Spitsbergen fjords. Some of them
are: the freshwater delivery from melting glaciers, warm
water advection to the fjord, and variations of air temper-
ature and precipitation (Arntsen et al., 2019; Blaszczyk
etal, 2019; Prominska et al., 2018; Skogseth et al., 2020;
Strzelewicz et al., 2022; Tverberg et al., 2019).

Local minima in the temperature- and salinity-con-
trolled sound speed profiles indicate positions of under-
water sound channels, which play an important role in
changing sound propagation conditions (Medwin and Clay,
1998; Urick, 1979). Sound energy is focused in the channel,
because acoustic waves are refracted towards the region
of lower sound speed. Sound waves trapped inside the
channel can propagate for long distances with minimal
energy loss due to the limited interactions with the sea sur-
face and bottom. The sound channel axis is at the depth of
the local sound speed minimum. Underwater sound chan-
nels are common features in the global ocean; they can be
formed near the surface or deeper in the water column and
near the seabed, depending on the vertical distribution of
water temperature and salinity. For example, the sound
speed minimum at the larger depths (about 800-1000 m)
at mid-latitudes creates a deep ocean sound channel called
Sound Fixing and Ranging (SOFAR) (Munk et al., 1995).
In deep oceans, the temperature decreases with increas-
ing depth and tends to decrease the sound speed. From
a certain depth onward, temperature becomes constant
(about depths below 800-1000 m). Then, the sound speed
increases with depth due to the hydrostatic pressure in-
crease. These phenomena cause the sound waves directed
upwards from the channel axis to refract downward. On
the other hand, it causes sound waves directed downwards
from the channel’s axis to refract upward.
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In the eastern Arctic Ocean, the sound speed minimum
is usually observed near the sea surface (Jensenetal., 2011;
Kutschale, 1969; Worcester et al., 2020). In such a case,
the sea surface is typically covered with ice, and a layer of
cold and less saline water is just under it. This thermoha-
line structure creates the near-surface sound channel. In
the western Arctic, the sound channels are different from
those in the eastern Arctic because of the presence of the
Pacific-origin waters (Baggeroer and Collis, 2022; Ballard
etal.,, 2020; Duda, 2017; Duda et al., 2021; Kucukosman-
oglu et al,, 2023; Worcester et al., 2020, 2022). The sound
channel, known as the Beaufort duct, forms at the water
layers occupied by the cold Pacific Winter Water (PWW).
The Atlantic and Pacific Summer Waters (AW and PSW),
located respectively below and above the PWW layer, keep
the Beaufort duct away from the sea surface and bottom.

In Hornsund, one of the West Spitsbergen fjords, mea-
surements of water temperature and salinity made in glacial
bays during the summer months demonstrated that the
minimum sound speed near the surface was accompa-
nied by the cold, fresh meltwater discharged from marine-
terminating glaciers (Glowacki et al., 2013, 2016; Vishnu
et al,, 2020). Accordingly, Glowacki et al. (2013, 2016)
described the near-surface sound channel created at the
close vicinity of one of the marine-terminating glaciers by
the presence of glacially modified water in the surface layer.
Vishnu et al. (2020) studied the sound speed profiles and
the corresponding sound propagation conditions in a few
glacial bays of Hornsund fjord. Overall, previous studies
have demonstrated that glacial bays are characterised by
the common feature of the near-surface sound channel.

The long-term climate-driven variability of underwa-
ter sound channels in the Arctic Ocean and its potential
future development has been reported in numerous stud-
ies (e.g., Affatati etal., 2022; Duda, 2017; Lynch etal., 2018;
Possenti et al., 2023; Worcester et al., 2020). Changes in
the extent of sea-ice cover and modification of the ther-
mohaline structure of the water column are considered
as key mechanisms that influence sound speed conditions
and the formation of sound channels (Lynch et al.,, 2018;
Storheim et al.,, 2022; Worcester et al., 2020). In the case of
near-surface sound channels, the sound waves can interact
with sea ice and glacier ice through scattering and reflec-
tion, as well as the energy conversion from the incident
sound wave in water into compressional and shear waves
within the ice (McCammon and McDaniel, 1985; Meyer
et al, 2019; Worcester et al., 2020). As a consequence,
changes in the distribution, morphology and extent of ice
on the sea surface can dramatically change sound propa-
gation conditions in polar regions (e.g., Alexander et al.,
2016; Ballard, 2019; Diachok, 1976; Lynch et al., 2018; Zeh
etal., 2022).

In the case of changes in thermohaline structure, the
PSW and AW - located respectively above and below the
cold and saline PWW - have warmed and thickened in re-



Long-term variability of sound speed conditions in Hornsund ...

centyears. It caused the Beaufort duct to become “stronger”,
i.e. the difference between the maximum sound speed
within PSW and AW and the minimum sound speed within
PWW has increased (Ballard et al., 2020; Duda et al., 2021;
Lynch et al,, 2018; Worcester et al., 2020, 2022).

To the best of our knowledge, the long-term variabil-
ity of sound speed conditions in Hornsund has not been
studied. Moreover, the previous studies of sound speed
conditions in the Hornsund fjord mostly concerned individ-
ual glacial bays and not the entire fjord system (Glowacki
etal,, 2013, 2016); Vishnu et al., 2020). The impact of fjord-
shelf water exchange and other environmental factors on
the sound speed profiles in Hornsund was not analysed.
This paper sets out to address these research gaps by cov-
ering the year-to-year variability of sound speed profiles in
the Hornsund fjord during the last two decades. Particular
emphasis is placed on the location of sound channels in the
water column and the corresponding physical mechanisms
that affect the thermohaline structure of the fjord.

The paper is organised as follows. The description of
the study area is in Section 2. The next section presents the
dataset and methods applied in this study (Section 3). This
is followed by the results and discussion of the vertical
and horizontal variability of sound speed conditions along
the fjord axis: from its mouth (fjord’s Outer Part: adopted
from Prominska et al., 2018) through its main part to the
most eastern part - Brepollen (Section 4). The main types
and locations of sound channels, as well as physical mech-
anisms that control their formation, are also considered
in this part. Major outcomes and future perspectives are
discussed in Section 5. Concluding remarks are provided
in the last section.

2. Study area

Hornsund is located between 76°56’-76°94’N and 15°45’
-15°78’E in the southernmost part of the West Spitsbergen
and is oriented from East to West (Figure 1a). The fjord is
approximately 35 km long and 2-12 km wide (Moskalik et
al,, 2013; Prominska et al.,, 2017).

For data analysis, Hornsund was divided into three
parts: Outer Part, Main Basin and Brepollen (Figure 1b).
The borders separating these parts were adopted from
Prominska et al. (2018). The Outer Part extends outside
from the Hornsund’s mouth, which is marked by the line
connecting the capes of Worcesterpynten on the northern
coast and Palffyodden on the southern coast (see yellow
dashed line in Figure 1b). The Hornsund’s mouth is flat and
relatively shallow, with a depth of about 150 m (Marsz and
Styszynska, 2013; Prominska et al., 2017). The fjord mouth
topography may influence the shelf-fjord water exchange
(Prominiska et al., 2018; Strzelewicz et al.,, 2022).

The Main Basin is the middle part of the Hornsund fjord.
The maximum depth of around 240 m is found in this part
of the fjord (Moskalik et al., 2013). Brepollen is the inner-
most part of the fjord, which is separated from the Main
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Basin by a sill with a depth of about 50 m (see blue dashed
line in Figure 1b). The maximum depth of Brepollen is
around 140 m (Moskalik et al.,, 2013). Brepollen is a highly
glaciated region (Figure 1b). The water exchange between
the Main Basin and Brepollen is limited only to the upper
layers (Jakacki et al., 2017; Prominska et al., 2018).

The West Spitsbergen Shelf is supplied with different
water masses delivered by two currents: the West Spits-
bergen Current (WSC) and the Spitsbergen Polar Current
(SPC) (see Figure 1a; Nilsen et al., 2016). The WSC brings
warm (> 3°C) and saline (>34.9) Atlantic Water into the
Arctic Ocean along the western coast of Svalbard (Hopkins,
1991; Nilsen et al., 2008). In contrast to the WSC, the SPC
is typically limited to the Svalbard continental shelf and
often carries a mixture of drift ice from the Barents Sea
and relatively less saline (34-34.5) and cold (—1.5-2°C)
Arctic Water (Nilsen et al., 2016; Prominska et al., 2018).
However, these two water masses - of Arctic origin and
of Atlantic origin - can mix at the West Spitsbergen Shelf
area. The Transformed Atlantic Water is defined as a water
mass mixture with a temperature above 1°C and salinity
between 34.7 and 34.9 (Nilsen et al., 2008). The higher
degree of Arctic Water occupation in the shelf close to the
Hornsund fjord can potentially cool the fjord’s local water
masses and limit the warm water inflow (Strzelewicz et al.,
2022). In contrast, more Atlantic Water on the shelf con-
nected to the fjord facilitates the warm water input to the
fjord (Strzelewicz et al., 2022). As a result, the interplay
between the WSC and SPC impacts the thermohaline struc-
ture of the Hornsund fjord (e.g., Prominska et al., 2018;
Strzelewicz et al., 2022).

The WSC is one of the most important factors shaping
weather conditions in the Arctic region, including Horn-
sund (e.g., Walczowski and Piechura, 2011). The air tem-
perature has been increasing over recent decades in Horn-
sund and across the entire Svalbard (Dahlke et al., 2020;
Wawrzyniak and Osuch, 2020). In the period 1979-2018,
the positive linear trend of 1.14°C per decade in the mean
annual air temperature has been observed in Hornsund
(Wawrzyniak and Osuch, 2020). The average warmest
month of the same period was July with a mean air temper-
ature of 4.6°C; the highest recorded mean air temperature
was 6.3°C in 2016 (Figure S1 in Supplementary materials)
(Wawrzyniak and Osuch, 2020).

About 67% of the Hornsund drainage basin area is cov-
ered by glaciers, from which fourteen tidewater glaciers
constitute most of the glacierised area (Btaszczyk et al,,
2013). The average retreat rate of tidewater glaciers in
Hornsund was 70 m yr~! between 2001 and 2010
(Btaszczyketal.,, 2013). However, due to the recent climate-
driven increase of glacial retreat, the average retreat rate
reached 100 m yr~! during 1992-2018 (Btaszczyk et al,,
2023). Tidewater glaciers are major sources of freshwater;
about 64% of freshwater input to Hornsund is due to the
runoff of meltwater and frontal ablation (i.e., submarine
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Figure 1. The study area. (a) Svalbard archipelago, the location of Hornsund fjord (red box), and a scheme of the main
current systems adopted after Nilsen et al. (2016) (West Spitsbergen Current (WSC-red line) and Spitsbergen Polar
Current (SPC-blue line)). (b) the fjord’s Outer Part, Main Basin and Brepollen adopted after Prominska et al. (2018). The
yellow dashed line separates the Outer Part and the Main Basin. The blue dashed line separates the Main Basin and
Brepollen. The positions of the CTD stations in Hornsund are marked with red crosses. (c¢) Bathymetry along the CTD
transect. The black dashed vertical lines indicate boundaries between the Outer Part, Main Basin, and Brepollen.

melting and iceberg calving combined) (Btaszczyk et al.,
2019). The freshwater influx has a profound impact on the
thermohaline structure of the water column of Hornsund
(e.g., Prominska et al.,, 2018).

In glacierised fjords, the near-surface layer of the wa-
ter column constitutes glacially modified water, which is
a mixture of meltwater and ambient water, and can be as
thick as 200 m (Chauché et al., 2014; Straneo et al., 2011).
In Hornsund, a thin surface layer of glacially modified wa-
ter reaching down to 10-15 m below the sea surface and
creating a sound channel was revealed at the glacial bays
(Glowacki et al.,, 2016). The sound speed inside this layer

typically ranges from 1440 to 1450 m s~ 1.

3. Material and methods

3.1 CTD data

The analysis presented in this study is based on the tem-
perature, conductivity and pressure data collected by the
Institute of Oceanology of the Polish Academy of Sciences
during the summer cruises of the r/v Oceania in late July or
early August from 2001 to 2019. The data were collected
using a CTD towed profiling system equipped with the Idro-
naut 316 probe in the years 2001-2003 and 2006, while
the SBE49 probe has been used for other years (Prominska
etal., 2018). The locations of CTD stations and the number
of CTD vertical profiles varied slightly between the years,

though the CTD sections generally followed the same tran-
sect (Figure 1b). The instruments were calibrated prior to
each cruise (Prominska et al., 2018). The Idronaut 316 was
accurate to 0.003°C for temperature and 0.0003 S m™? for
conductivity. The SBE 49 probe was accurate to 0.002°C
and 0.0003 S m™?, respectively, for temperature and con-
ductivity. The collected data were processed with the SBE
Data Processing Software using standard steps and verti-
cally averaged every 1 bar (Prominska et al., 2018). Please
note that salinity was calculated from conductivity data
using standard procedures. There were no data for the
years 2004 and 2005 due to the severe ice conditions and
bad data quality, respectively.

3.2 Sound speed calculation and analysis

The sound speed was calculated using the standard Chen
and Millero (1977) formula adopted by UNESCO. The for-
mula is as follows:

c(S,T,P)=C,(T,P)+A(T,P)S+

+ B(T,P)S%/2+ D(T,P)S?, <
where c is sound speed (m s™1), T is temperature (°C), S is
salinity (psu) and P is hydrostatic pressure (Pa). Here, C,,,
A, B, and D are functions of the temperature and pressure.

The vertical sound speed profiles were averaged along
the transects, separately for each fjord’s part. Moreover,
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for each depth level, the standard deviation (SD) of the
spaced-averaged sound speed along each fjord’s part was
calculated to analyse the horizontal variability of sound
speed across each part separately. Additionally, the min-
max normalization was applied to the spaced-averaged
vertical sound speed profiles to identify the position of
the sound channel axis. It should also be noted that Horn-
sund’s bathymetry is irregular (see Figure 1c), and so there
were some stations at which data for depths between 100
and 240 m were not available. At these stations, the aver-
age sound speed was calculated only for the available data.
All the sound speed calculations, analyses and visualiza-
tions were done using the MATLAB software.

4. Results and discussion

4.1 Sound speed conditions in Hornsund fjord during
the last two decades: an overview

Figure 2a-c show the vertical profiles of sound speed, aver-
aged along the Hornsund transect separately for the Outer
Part, Main Basin and Brepollen, respectively, for the period
from 2001 to 2019. Figure 2d-f demonstrate the depth-
dependence of the associated SD describing the horizontal
variability of the sound speed at different depths. Accord-
ingly, the following sub-subsections give an overview of
(i) the inter-annual variability of the space-averaged sound
speed (4.1.1) and (ii) horizontal variability of sound speed
(4.1.2).

Depth [m]

5/18

4.1.1 Inter-annual variability of the space-averaged sound
speed profiles

Figure 2a shows that in the Outer Part, in most years the
space-averaged sound speed was higher than 1460 m s™*
in the entire water column (see, e.g., 2006, 2014, 2016 and
2017), while in the Main Basin the values were slightly
lower (< 1460 m s™1). In Brepollen, at about 60 m depth,
there is a clear transition between two water layers: (i) the
upper layer extending up to 10-50 m with sound speed
usually higher than about 1455 m s™* and (ii) the bottom
layer with sound speed lower than or equal to 1450 m s™1
(Figure 2c). Moreover, a narrow region with a sound speed
between about 1450 and 1457 m s™! is observed near
the sea surface. This sound speed structure in Brepollen
is more stable over the years compared to the observed
structures in Outer Part and Main Basin (Figure 2a-c).

Furthermore, an exceptional situation was observed in
the years 2010-2011 for all three parts of Hornsund. In
this period, the sound speed was less than 1455 m s™! in
most parts of the water column. The thermohaline struc-
tures responsible for this anomaly are discussed below in
sub-subsection 4.2.2. Additionally, there were generally
lower values of sound speed in 2001-2009 compared to
2012-20109.

We compared how strong the variation of the spaced-
averaged sound speed is over depth in different years. In
the Outer Part, sound speed exhibited minimal vertical
variation in most years. The difference between maximum
and minimum averaged values remained below 8 ms™* for
more than half (59% or 10 years) of the 17-year study pe-
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Figure 2. Inter-annual variability of space-averaged vertical sound speed profiles (top row) and the corresponding
standard deviations of sound speed (bottom row) computed separately for the Outer Part (a and d), Main Basin (b and e)
and Brepollen (c and f). There are no data for 2004 and 2005, as indicated by light grey columns.
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Figure 3. Inter-annual variability of the vertical profiles of normalised space-averaged sound speed for the entire water
column (first row) and zoomed view of the top 30 m of the water column (second row) in the Outer Part (a and d), Main
Basin (b and e) and Brepollen (c and f). Third row: vertical profiles of space-averaged sound speed in the Outer Part (g),
Main Basin (h) and Brepollen (i) in 2010 (dark blue), 2011 (green), 2014 (red) and 2016 (light blue) with corresponding
SD (shaded area). Pink double-headed arrows indicate the vertical distance between the sea surface and the shallowest
local sound speed maximum in the light blue curve corresponding to the year 2016. There are no data for 2004 and

2005, as indicated by light grey columns in plots a-f.

riod (Figure 2a). In comparison, in the Main Basin and Bre-
pollen, the same difference between maximum and mini-
mum averaged values was observed for shorter periods:
47% (8 years) (Figure 2b) and 12%, (2 years)
(Figure 2c) of the entire period, respectively.

4.1.2 Horizontal variability of sound speed profiles
This sub-subsection considers the horizontal variability
of the sound speed at each depth along each part of the

fjord, quantified as SD (Figure 2d-f). In the Main Basin
and Brepollen, the standard deviation was usually below
1 m s~ near the sea bottom (Figure 2e and f, respectively);
it demonstrates a uniform horizontal distribution of sound
speed. In the Main Basin, the highest SD (> 3 m s™1) was
observed in near-surface depths (see e.g., 2006, 2013 and
2015 in Figure 2e); in Brepollen, maximum standard devi-
ations were observed in the middle-upper layer (around
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10-60 m) in years 2007, 2015 and 2017, for example
(Figure 2f). The highest standard deviations in the Outer
Part were often observed for the middle-lower layer
(80-140 m depth) (see, e.g., 2002, 2013 and 2017 in
Figure 2d). In some years, the horizontal variability of
the sound speed in the Outer Part and Main Basin deviates
from the patterns presented above. For example, the stan-
dard deviation was less than 2 m s™* for the middle-lower
layer of the Outer Part in the year 2009 (see
Figure 2d). Furthermore, a similar deviation from the gen-
eral pattern is evident in the Main Basin in years 2001,
2009 and 2011 for near-surface depths (Figure 2e). Devi-
ations are also noticeable in Brepollen (Figure 2f). This
analysis demonstrates that the horizontal variability of the
sound speed varies between different parts of the Horn-
sund fjord.

4.2 Underwater sound channels in Hornsund
4.2.1 Positioning of sound channels in the water column
This subsection considers the positioning of sound chan-
nels, which depends on the presence and location of sound
speed minima in the water column. Figure 3a-f show the
vertical profiles of min-max normalised space-averaged
sound speed of each fjord’s part for: (i) the entire water
column (plots a-c) and (ii) a zoomed view of the top 30 m
of the water column (plots d-f). After this normalization,
the smallest and largest sound speeds are turned respec-
tively to 0 and 1. However, in the presence of two (or more)
sound channels at different depths simultaneously, the lo-
cal minima of normalised sound speed at the sound chan-
nel axis could be higher than zero. Accordingly, the dark
and light colors indicate lower sound speed and higher
sound speed, respectively, in Figure 3a-f. We can identify
the presence of sound channels when the dark-coloured
region is bounded by light color from the top and bottom or
only from the bottom (in some cases). As it was mentioned
in the Material and Methods section, the bathymetry of
Hornsund is irregular (see Figure 1c); therefore, for each
CTD station the number of measurements considered for
analysis was depth-dependent. For example, the CTD casts
reached 100 m along the entire Main Basin, whereas sam-
pling at 200 m was only possible in a few locations. For this
reason, the number of stations for the larger depths could
be less than the number of stations in shallower depths.
Due to the small number of stations, we did not consider
the local minima of normalised sound speed deeper than
about 100 m in the discussion. However, we calculated
the normalised sound speed for the entire water column.
The third row of Figure 3(g-i) shows the line plots of ver-
tical profiles of space-averaged sound speed with corre-
sponding SD (shaded area) for selected years in each fjord’s
part.

In the Outer Part, the local minima of normalised sound
speed were typically observed in the middle of the water
column (see, e.g., 2009-2010, 2012 and 2015 in Figure 3a).
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The position of local minima of normalised sound speed
far below the sea surface - as in this case (usually below
60 m) - indicates the presence of a deep sound channel.
The 2D spatial distribution of sound speed for individual
years in the entire fjord has been analysed. The results of
the entire analysis are not presented here. The 2D plots
across the regions confirmed that for each year and for
each part of the fjord, the presence of a minimum in the
normalised averaged sound speed corresponded to the
spatially continuous sound channel in this part. For exam-
ple, the presence of channels in Outer Part and Main Basin
in 2010, indicated in Figure 3a-b, is supported further by
the Figure 4c, which shows the sound speed distribution
along the Outer Part and Main Basin in 2010. The dark blue
line in Figure 3g confirms the presence of the deep chan-
nel in 2010. It should be borne in mind, however, that in
several years deep channels did not develop or their pres-
ence is not clear in plots (see, e.g., 2011, 2014 and 2016 in
Figure 3g). Figure 3d, in turn, clearly shows the pres-
ence of near-surface channels with minima of normalised
sound speed just at the surface in 2013, 2014, 2016 and
2017.

In some years in the Main Basin, the local minima of
normalised sound speed were observed simultaneously
in two regions: (i) in the top 15 m and (ii) in the middle
of the water column at around 60-80 m (see, e.g., 2001,
2010, 2012 and 2019 in Figure 3b and e). The locations
of local minima of normalised sound speed in the upper
layer and middle layer of the water column indicate the
presence of near-surface and deep sound channels, respec-
tively. In some years, only near-surface sound channels
were clearly observed; some examples are 2006, 2016 and
2017 (Figure 3b,e, and red and light blue curves in plot h).

In Brepollen, the local minima of normalised sound
speed in almost all years are located simultaneously in
two regions: (i) in the top 10 m of the water column and
(ii) between about 60 m and the sea bottom (Figure 3c
and f). These upper and bottom layers with the local
minima of normalised sound speed indicate the presence
of near-surface and near-bottom sound channels, respec-
tively (Figure 3c and f). These two types of channels are
also clearly visible in Figure 3i.

Notably, a unique pattern of local minima of normalised
sound speed in each part of the fjord occurred in 2011,
i.e. the depth of the sound channel axis was constantly be-
tween 10 and 30 m along the entire fjord transect
(Figure 3a-c). This demonstrates the existence of a long,
near-surface sound channel, which is clearly observed in
all parts of Hornsund (see also green curves in Figure 3g-i).
In other years, the near-surface sound channel was more
and more pronounced when moving from the Outer Part
towards the inner parts of the Hornsund fjord. It was in-
dicated by the vertical distance between the sea surface
and the shallowest local sound speed maximum, which
progressively increased toward Brepollen (see, e.g., pink
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double-headed arrows in the light blue curve for 2016 in
Figure 3g-i).

In Brepollen, the near-surface sound channel was ob-
served during the entire study period. Overall, the inter-
annual variability in the presence and position of sound
channels in the Outer Part and Main Basin was higher com-
pared to Brepollen over the period 2001-2019. The analy-
sis has not revealed any clear trends.

4.2.2 Different sound channels: governing factors

In the previous sub-subsection, we discussed the main
types of sound channels in Hornsund and their position-
ing in the water column. Here, we address the physical
mechanisms that create those sound channels. For this
purpose, it is necessary to discuss different scenarios of
thermohaline structure in the Hornsund fjord. Therefore,
we identified specific water masses present within and
outside sound channels according to the corresponding
temperature and salinity ranges criteria adopted by Nilsen
etal. (2008).

Deep sound channel

Figure 4 shows two different scenarios of the thermohaline
structure developed in the Outer Part and Main basin: one
with the presence (left) and one with the lack (right) of the
deep sound channel.

In 2010, the deep sound channel was developed in the
middle of the water column (see Figure 4c and line plots
in Figure 4g). The middle water layer with a temperature
range of 0-1°C and a salinity range of 34-34.5, as well as
warmer (> 1°C) water masses above and below this layer,
controlled the channel presence (Figure 4a-b). The middle
water layer contained the Local Water.

In 2014, the deep sound channel was not developed
(Figure 4f and h). The water temperature and salinity var-
ied respectively from 5°C and 34 near the surface to 3°C
and 35 at depths 100-120 m (Figure 4d-e). This ther-
mohaline structure has prevented the creation of the deep
sound channel due to the lack of clear sound speed minima.
The water column mostly contained warm water masses:
Atlantic Water and Transformed Atlantic Water.

The thermohaline structure of the Outer Part can be
directly influenced by two major currents: WSC and SPC
(Figure 1a); this is due to its direct connection with the
West Spitsbergen Shelf (Prominska et al., 2018; Strzelewicz
et al,, 2022). Moreover, the Main Basin can interact with
the shelf water via the Outer Part (Prominska et al., 2018).
Strzelewicz et al. (2022) observed a significant reduction
in Atlantic Water advection in some years, especially dur-
ing 2010, leading to the persistence of Local Water in those
parts, which in turn favoured the development of a deep
sound channel in that particular year (see Figure 4c and g).
Moreover, Prominiska et al. (2018) stated the absence of At-
lantic Water in the Outer Partin the years 2001, 2003, 2012
and 2015. Our analysis demonstrated that deep sound
channels are well-developed in such years (i.e., similar to
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2010) (see Figure 3a and b).

Strzelewicz et al. (2022) also mentioned that in some
years the WSC is shifted towards the shelf connected with
Hornsund, resulting in the dominant residence of Atlantic
Water on the shelf. Prominiska et al. (2018) have observed
an enhanced advection of Atlantic Water into the entire wa-
ter column of the Outer Part and Main Basin of Hornsund in
2014; as a result, both the Atlantic Water and Transformed
Atlantic Water were present in these parts of the fjord. Itis
in line with the absence of a deep sound channel in 2014,
reported here (Figure 4f and h). Furthermore, similar to
2014, Strzelewicz et al. (2022) mentioned the dominant
presence of Atlantic Water in the West Spitsbergen Shelf
connected with Hornsund in 2017. In certain years, such
as 2006 and 2013, Prominska et al. (2018) observed a high
content of Atlantic-origin waters in the deep layers of the
Outer Part and Main Basin. The above analysis has shown
that the dominance of the Atlantic origin water can halt the
development of deep sound channels. Summarising, the
intensity of shelf-fjord water exchange apparently controls
the formation of deep sound channels in the Hornsund
fjord.

Near-surface sound channels

Figure 5 illustrates different scenarios of the thermohaline
structure developed in Brepollen that led to the creation
of near-surface sound channels in 2010 and 2014.

In 2010, the near-surface sound channel was more
prominent in the western part of Brepollen compared to
its eastern part (pink rectangle in Figure 5c and line plots
in Figure 5g). The surface water layer with the temper-
ature lower than 1°C and salinity below 33.3, as well as
the warmer (>1°C) and more saline (>33.3) layer below,
were responsible for the channel presence (Figures 5a-b).
According to the classification described by Nilsen et al.
(2008), the Local Water filled the channel region.

In contrast to 2010, in 2014 the near-surface sound
channel was developed along the entire Brepollen, becom-
ing wider towards its inner end (see pink rectangle in
Figure 5f and line plots in Figure 5h). The surface layer
water with the temperature in the range of 2.5-3°C and
salinity below 34, as well as more saline (>34) and warmer
(> 4°C) water below this layer, controlled the formation of
the near-surface sound channel (Figure 5d-e). The surface
and sub-surface layers contained Surface Water and warm
Intermediate Water, respectively. In addition, there was
a very thin layer of warm (> 3°C) Surface Water at the top
of the surface layer (Figure 5d).

To understand the factors responsible for the devel-
opment of near-surface sound channels, it is important to
note that Brepollen is a highly glaciated bay (see
Figure 1b). During the summer, the thermohaline structure
of the glacial bays can be directly influenced by the inflow
of freshwater from glacier melting (runoff of meltwater
and frontal ablation of tidewater glaciers) (Btaszczyk et al.,
2019). The meltwater forms a low salinity and cold surface
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Figure 4. Distribution of water temperature (a and d), salinity (b and e) and sound speed (c and f) in the Outer Part
and Main Basin of Hornsund in 2010 (left panel) and 2014 (right panel). The white dashed line indicates the boundary
between the Outer Part (left) and the Main Basin (right). Pink rectangles in plots a and c indicate the middle water layer
and the location of the deep sound channel, respectively. Sound speed profiles at three selected locations (g and h),
marked by red (station in the Outer Part), dark blue (station near the middle of the Main Basin) and green (station near
Brepollen) stars in plots ¢ and f. The colors of profiles in plots g and h correspond to the colors used to indicate the
stations.
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Figure 5. Distribution of water temperature (a and d), salinity (b and e) and sound speed (c and f) in Brepollen in
2010 (left panel) and 2014 (right panel). Pink rectangles indicate the surface water layers in plots a and d, and the
corresponding near-surface sound channel’s location in plots c and f. Sound speed profiles at three selected locations (g
and h), marked by red (station near the Main Basin), dark blue (station near the middle of Brepollen) and green (station
in the inner part of Brepollen) stars in the plots c and f. The colors of profiles in plots g and h correspond to the colors

used to indicate the stations.
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c and f. The colors of profiles in plots g and h correspond to the colors used to indicate the stations.
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layer (glacially-modified water; e.g., Glowacki et al., 2016).
The low salinity surface layers in Figure 5b and e in both
years are likely due to the input of glacier melting water,
which played an important role in shaping the local ther-
mohaline structure and so in the formation of near-surface
sound channels. Interestingly, there were notable tempera-
ture differences in the surface layer between the two years,
possibly driven by variations in the local air temperature
(Figure S1 in Supplementary materials). The July mean air
temperature was about 2°C higher in 2014 than in 2010
(Wawrzyniak and Osuch, 2020). It should be noted that
the meteorological conditions in Brepollen can be different
compared to the study site, in which measurements were
taken (Polish Polar Station Hornsund, located near the
western part of the Main Basin). However, the warmer thin
surface water layer could be the result of the increase in air
temperature, which likely indicates the additional impact
of the atmospheric heat flux in shaping the thermohaline
structure.

Taking into account that the warmer and more saline
layer below the surface layer was also responsible for the
near-surface sound channel development, we considered
the nature of this layer in 2010 and 2014. The influence of
the Atlantic Water advection from the WSC to the fjord was
significantly different in these two years (Prominska et al.,
2018; Strzelewicz et al., 2022). The year 2014 was the only
year when the warm Transformed Atlantic Water entered
the middle layer of the entire Brepollen (Prominska et al.,
2018). It was the result of enhanced advection of Atlantic
Water to the fjord (Arntsen et al., 2019; Strzelewicz et al.,
2022). In contrast, in 2010, the transport of warm and
salty water from the Main Basin to Brepollen was limited,
likely due to the significant reduction of Atlantic Water
advection to the fjord (Arntsen et al., 2019; Prominska
et al, 2018). Moreover, cold Arctic Water from the SPC
was prominent on the shelf connected with the fjord this
year (Strzelewicz et al,, 2022). Stronger impact of the At-
lantic Water advection towards Brepollen could be the
reason for the more developed near-surface channel in
2014.

Summarising, the combined effect of melt-driven
glacier meltwater influx and variable intensity of shelf-
fjord water exchange (that controls the dominant water
mass type on the shelf) could be important in controlling
the near-surface sound channels in Brepollen.

In certainyears, e.g. 2011 and 2016, near-surface sound
channels extended along the entire Hornsund fjord (see
Figure 3g-i). Figure 6 illustrates these two different exam-
ples of near-surface sound channels covering the entire
fjord.

In 2011, anear-surface sound channel of approximately
50 m thick was developed along the entire fjord (see pink
rectangle in Figure 6¢ and line plots in Figure 6g). The sur-
face layer with a salinity of less than 33 and temperatures
ranging from about 1-2°C at the sea surface to 0°C at 50 m
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depth, was observed along the entire transect of Hornsund
(Figure 6a-b). Just below this layer, salinity (> 34) and
temperature (> 0°C) were higher. This thermohaline struc-
ture was responsible for the creation of the near-surface
sound channel. Both described layers contained Local Wa-
ter.

In 2016, the near-surface sound channel extended along
the fjord eastto 15.30°E, and it was wider in Brepollen com-
pared to the Outer Part (see pink rectangle in Figure 6f and
line plots in Figure 6h). The surface water layer with typi-
cal temperatures of 23°C and salinity below 33, as well as
warmer (> 3°C) and more saline (>34) sub-surface layer,
were responsible for the presence of the channel (Figures
6d-e). The surface and sub-surface layers contained Sur-
face Water and warm Intermediate Water, respectively.

Different mechanisms were responsible for the devel-
opment of near-surface sound channels in 2011 and 2016.
To support this statement, Strzelewicz et al. (2022) ob-
served the contrasting regime of the dominant water mass
type in the shelf connected to the Hornsund fjord in these
two years. In 2011, the shelf connected to the fjord was
occupied by Arctic Water carried by the SPC, which pro-
gressively reduced the intrusion of Atlantic Water into
the fjord (please see Figures 8 and 9 in Strzelewicz et al.
(2022)). Moreover, Prominska et al. (2018) also observed
an immense supply of pack ice transported by the SPC en-
tered the top layers (~ 50 m) of the fjord in the summer
of this year. The melting of sea ice can cause the cold and
less saline water to occupy the top layers of the water col-
umn. This was likely the main mechanism responsible for
the formation of the near-surface sound channel in this
year.

In 2016, a contrasting mechanism was dominant: a rel-
atively immense supply of glacier meltwater to the fjord.
As a result, the surface layer of glacially-modified water
extended up to the Outer Part of the fjord, being respon-
sible for the near-surface sound channel presence in this
year (Figure 6e). The larger channel thickness in Brepollen
confirmed the more pronounced influence of this mecha-
nism on the near-surface channel formation in this region
(Figure 6f and h). Furthermore, the July air temperature
(6.3°C; Figure S1 in Supplementary materials) was maxi-
mum in 2016 compared to the other studied years (Wawrzy-
niak and Osuch, 2020), which certainly caused enhanced
surface melting of glaciers located in the study site. In con-
firmation, Btaszczyk et al. (2023) have observed that dur-
ing the period 2016-2020, the frontal ablation of glaciers
was the highest in the summer of 2016.

Additionally, taking into account that the warmer and
more saline layer below the surface layer also impacted the
near-surface sound channel formation, it is interesting to
understand the reasons behind its formation. Strzelewicz
etal. (2022) observed the dominant influence of the At-
lantic Water on the shelf connected with Hornsund in 2016.
The fjord’s sub-surface layer containing warm Intermedi-
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ate Water was under the influence of the Atlantic Water
from the shelf.

In summary, besides the combined effect of glacier
melting and Atlantic-origin warm water input from WSC,
the sea-ice advection from SPC to the fjord was also respon-
sible for the near-surface sound channel in the Hornsund
fijord. Particularly, the intensive cryogenic meltwater in-
put can cause the formation of long near-surface sound
channels, which extend along the entire fjord.

5. Major outcomes and future perspectives

We are aware of some important limitations connected
with this study. Most importantly, the available CTD pro-
files should be considered as snapshots, because transects
were taken only one day during each summer. Conse-
quently, some of the reported changes in sound speed con-
ditions may be caused not only by inter-annual variability
but also result from seasonal fluctuations. Nevertheless,
the results reported here give the first insight into the long-
term evolution of sound speed conditions in Hornsund,
which allows us to speculate about the future impact of
climate shifts on the underwater sound transmission in
this fjord and other West Spitsbergen fjords. Moreover, we
acknowledged the importance of exploring the seasonality
effect; however, it is not possible due to data limitations, as
CTD measurements from the monitoring conducted by the
Polish Polar Station Hornsund are limited to glacierised
bays (Korhonen et al., 2024). Furthermore, global datasets
(e.g., Copernicus, ARGO) are not available for the majority
of the Hornsund area due to its small size, remote location,
and no long-term moored data available on the thermoha-
line structure in the region.

However, the results presented here provide insight
into the variability of underwater sound propagation con-
ditions in Hornsund due to climate change. First, the pres-
ence of Atlantic Water and Transformed Atlantic Water in
the Hornsund fjord prevented deep sound channel for-
mation (see Figure 4d-f); therefore, we speculate that
climate-driven warming of the fjord could eventually lead
to a lack of deep sound channels. To support this hypoth-
esis, recent studies demonstrated that the impact of At-
lantic Water on the hydrography of West Spitsbergen Shelf
and West Spitsbergen fjords has increased (Skogseth et
al,, 2020; Strzelewicz et al., 2022; Tverberg et al., 2019).
Kongsfjorden and Isfjorden, two West Spitsbergen fjords
located north of Hornsund, have transformed from Arctic-
dominance to Atlantic-dominance over the last decade (De
Rovere et al., 2022; Skogseth et al., 2020; Tverberg et al.,
2019). Moreover, the presence of more Atlantic-origin
water (e.g., Transformed Atlantic Water) in Hornsund has
also been observed during the last decade (Jain et al., 2024;
Prominska et al., 2018; Strzelewicz et al., 2022). Hornsund
has preserved its Arctic dominance due to the regulating
effect of cold Arctic Water from the Barents Sea, delivered
by the SPC (Strzelewicz et al., 2022). Nevertheless, sev-
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eral studies have shown the ongoing Atlantification of the
Nordic and Barents seas [Aorthun etal., 2019; Lind et al,,
2018; Polyakov et al., 2017; Shu et al,, 2022; Wang et al,,
2020); therefore, a warming trend analogous to those ob-
served in Kongsfjorden and Isfjorden should be expected
in Hornsund. The resulting lack of deep sound channels
will likely promote more frequent soundwave interactions
with the seabed and sea surface (higher energy loss). Con-
sequently, the propagation range of underwater sound gen-
erated in mid-water layers may be largely reduced. How-
ever, quantitative analysis of acoustic energy loss along the
Hornsund transect requires sound propagation modelling,
which is beyond the scope of this study.

Second, the results demonstrate that near-surface
sound channels in recent years have been more pronoun-
ced. The vertical distance between the sea surface and the
shallowestlocal sound speed maximum increased as it was,
for example, presented for Brepollen in Figure 3i (compare
dark blue curve for 2010 with red and light blue curves for
2014 and 2016, respectively). Moreover, our analysis for
the entire study period demonstrated that in recent years,
near-surface sound channels more frequently covered the
entire Hornsund fjord. These changes are almost certainly
due to the accelerated glaciers retreat (Blaszczyk et al,,
2013; Btaszczyk et al,, 2023; van Pelt et al,, 2019). The
increased presence of glacially-modified water masses is
favourable for the creation of near-surface sound channels
(Glowacki et al., 2016; Vishnu et al.,, 2020). Importantly,
modelling studies demonstrate that freshwater runoff in
Svalbard will double by the middle of the 21st century due
to the projected climate warming (Geyman et al., 2022;
van Pelt et al., 2021). Moreover, it is well-known that sub-
marine melting of glacier ice generates impulsive noise
due to the explosive release of gas bubbles (e.g., Deane et
al,, 2014; Glowacki et al., 2018; Pettit et al., 2015; Urick,
1971). The intensity of the melt noise is highest close to
the sea surface due to the largest difference between the
hydrostatic pressure and gas pressure in the ice (Vishnu
et al, 2023). It is important to mention that due to the
sea-ice loss, shipping traffic has become more intensive,
which tends to increase anthropogenic noise near the sur-
face in the fjord (e.g.,, Overland et al,, 2013). The combined
effect of more pronounced near-surface sound channels
and more intense noise - both driven by oceanic warming -
will likely result in increased noise levels (sound pollution)
in the top water layer. Similarly to the deep water channels,
modelling studies are needed to quantify this effect.

The impact of sound pollution on marine animals’ well-
being is a critical concern in marine ecosystems. Many
marine mammals rely on sound for their key biological
functions, such as communication, feeding, mating, naviga-
tion, and prey-predator interaction, which can be particu-
larly impacted by sound pollution (e.g., Duarte et al,, 2021;
Erbe et al,, 2018; Erbe et al,, 2019; Halliday et al., 2017;
Halliday et al., 2019; Halliday et al., 2020; PAME, 2019).
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Sound pollution can interfere with the ability to receive
and interpret sound by marine mammals. Some marine
mammals cease or interrupt communication as a result
of increased levels of ship noise (Erbe et al., 2019). For
example, the frequency range of underwater noise from
watercraft overlaps with the vocalisation frequency band
has the potential to disturb the communication of grey
seals (Bagocius, 2015). Increased sound pollution can im-
pact marine mammals by masking important sounds and
even resulting in hearing loss (e.g., Erbe and Farmer, 2000;
Popov et al,, 2013). It can cause behavioral changes, and
physiological stress (Erbe et al.,, 2018; Erbe et al,, 2019;
Erbe et al.,, 2016; Lyamin et al., 2011; Martin et al.,, 2022).
For example, beluga vocalisation has decreased due to the
vessel traffic (Halliday et al., 2019).

The expected ongoing warming in the Arctic may re-
sultin increased sound pollution for two reasons. The first
reason is the intense growth of anthropogenic (shipping:
e.g., Kystdatahuset, 2025; Rodriguez et al., 2024) and nat-
ural (glacier melting events: e.g., Blaszczyk et al,, 2023)
noise sources, particularly near the fjord surface, as it was
mentioned above. The second reason is the impact of cli-
mate change on sound speed conditions (e.g., Affatati et
al,, 2022; Duda, 2017; Possenti et al., 2023). The underwa-
ter sound channels, trapping the sound and favouring the
long-distance propagation of natural and anthropogenic
origin noise, could impact the sound pollution level. There-
fore, the changes in the underwater sound channels’ oc-
currence and positioning under climate shift, may have
far-reaching consequences on sound pollution level and
so marine mammals’ well-being (e.g., Duarte et al,, 2021;
Erbe et al,, 2018; Erbe et al.,, 2019; PAME, 2019). This is
particularly concerning in the Hornsund fjord, due to the
lack of deep sound channels and the prominence of near-
surface sound channels in recent years. This could lead to
an increase in sound propagation range near the surface,
whereas the noise fades in the mid-water layer. Therefore,
sound pollution tends to increase near the surface of the
fjord. Consequently, due to the dominance of near-surface
sound channels and more intense surface noise sources,
marine mammals that spend time near the surface (e.g. bel-
uga or minke whales, Bengtsson et al., 2022) are likely to be
more vulnerable to sound pollution. However, when those
mammals dive to the mid-water layers, they are likely to be
less vulnerable due to the lack of deep sound channels. The
increase of natural and anthropogenic noise, together with
the variability of sound channels, emphasises the impor-
tance of quantifying the effects of sound pollution on the
animals residing at different depth levels in the Hornsund
fjord; therefore, sound propagation modelling is crucial
here.

6. Conclusion

In this study, we analysed the long-term evolution of sound
speed conditions in the Hornsund fjord, Svalbard. The re-
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sults showed the spatial and temporal variability of the
sound speed conditions in the fjord caused by changes in
the thermohaline structure, and allowed identification of
major types of sound channels. Different factors governing
the creation of near-surface and deep sound channels were
also discussed: glacier melting, intense advection of warm
Atlantic Water, intense sea-ice advection and melting, and
atmospheric heat flux. Major outcomes of the study high-
light the prominence of near-surface sound channels and
the diminishing of deep sound channels in recent years. As
aresult, the sound propagation range could be larger near
the surface compared to the mid-water layers in the fjord.
This may have far-reaching consequences on the increased
sound pollution in the top water layers of the Hornsund
fjord and so on for marine mammals’ well-being. Future
studies should involve sound propagation modelling to
quantify the impact of oceanic warming on the underwater
sound transmission in
Hornsund.
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