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Abstract

The Polar Surface Water (PSW) and the Atlantic Water (AW) characteristics and their ver-
tical extent are investigated using data from three moorings deployed in the Nansen Basin,
north of Svalbard, under the Coordinated Arctic Acoustic Thermometry Experiment (CAA-
TEX) between September 2019 and July 2020. The data set from the CAATEX moorings
provide an updated picture of the hydrography and circulation in the Nansen Basin, north
of Svalbard. The main finding at the southernmost mooring, A-N2, was increased tem-
peratures (1.75 °C) and current speeds (> 10 cm s−1) at 50 m at the beginning of March
2020. Further north, at the C-N1 mooring, the temperature profiles between 50 m and
1000 m were quite stable throughout the year, especially between 50 m and 91 m. The
calculated mean temperature of the AWL along the CAATEX section in the Eurasian Basin
is well represented by the Ocean-Reanalysis Multi-Model-Mean and provides confidence
in using the reanalysis to evaluate climate models in the region. The effect of salinity on
sound speed was found to be small, but the vertical and horizontal distribution of salinity
between regions has to be accounted for if the salinity range is large.
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1 Introduction

The Arctic has experienced large changes in the atmosphere, sea ice, and ocean over the
past decades. The temperature in the Arctic has increased twice as much as the global
average over the past 50 years, a phenomenon called the Arctic Amplification (AMAP
2017). This amplification is driven by complex intertwined processes by remote forcings
and local positive feedbacks (Screen et al. 2012). Examples of remote forcings are increas-
ing concentrations of greenhouse gases, poleward oceanic and atmospheric heat transport
(Bintanja et al. 2011; Stroeve & Notz 2018). This additional heat entering the Arctic is driv-
ing widespread changes in this sensitive climate.

The observational record from satellite remote sensing has shown a substantial decline in
the sea ice extent since 1979 (Figure 1) and has become one of the most iconic indicators
of climate change (Polyakov et al. 2018; Stroeve et al. 2008). The three lowest records in
the sea ice extent occurred in the previous decade (2007, 2012, and 2020) showing that this
environment continues to rapidly change (Wang et al. 2022; Perovich et al. 2021). The sea
ice is very sensitive to the surface air temperature (Zhang et al. 2008). In addition to the
declining sea ice extent, the multiyear sea ice has rapidly been replaced by thinner first-
year ice in recent years (Wang et al. 2022). This has resulted in an ice cover more sensitive
to atmospheric and oceanic forcings, through a more mobile and weaker ice cover, and
a strong seasonal cycle in the sea ice extent (Figure 1). The seasonal cycle in the sea ice
extent shows a maximum extent in March and a minimum extent in September. When sea
ice melts, more of the solar radiation is absorbed by the darker ocean surface, resulting in
a positive feedback of further heating.

However, the extensive sea ice cover limits access to the Arctic Ocean throughout much
of the year. Oceanographic data in high latitudes are therefore sparse in both space and
time. To observe the ocean in ice-covered regions, in situ measurements using shipborne
instruments, ice-based observatories including various ice buoys carrying different sen-
sors, seafloor installations, or bottom anchored moorings are needed. There are still a very
limited number of ocean observations from the deep basins of the Arctic Ocean, particu-
larly in the Eurasian Basin. Drifting ice observatories are very important but changes in
the hydrographic profiles are influenced by time and geographical position. Moorings,
however, can provide more information about changes over time at fixed positions.

The role of oceanic heat transported from lower latitudes into the Arctic Ocean was already
found by Nansen in the 1890s (Polyakov et al. 2020). He observed warm (temperature >
0 °C) and salty water of Atlantic origin (Atlantic Water, AW) distributed at intermediate
depth (∼ 150-900 m) in the Eurasian Basin (Polyakov et al. 2020). Above this, the Halocline
Layer separates the Atlantic Water Layer from the Polar Mixed Layer and sea ice. Over
the last decades, several studies have shown that the climate change signal is also visi-
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Figure 1: Each year, Arctic sea ice follows the same general trajectory: growth from late September through
March or April, and melt from April through mid-September. Although the shape of the yearly trajectory has
not changed, recent years have experienced lower extents in all seasons, especially summer and early autumn.
The figure is taken from the National Snow and Ice Data Center.

ble in the ocean (e.g. Morison et al. 1998; Karcher et al. 2003; Polyakov et al. 2012, 2017;
Hordoir et al. 2022). The increased oceanic heat transported northward of the AW have
driven several changes in the Arctic Ocean, a transition called Atlantification. Associated
with Atlantification, is the weakening stratification and shoaling of the AW, leading to en-
hanced upward heat flux, which contributes to ice melt and will further enhance the Arctic
Amplification (Polyakov et al. 2010; Hordoir et al. 2022).

Under the Coordinated Arctic Acoustic Thermometry Experiment (CAATEX), six oceano-
graphic and acoustic moorings were operated between July 2019 and August 2020. Three
moorings were positioned in the Canadian Basin and three were positioned in the Nansen
Basin. The oceanographic point measurements from the moorings are complemented with
mean ocean temperature measurements through acoustic thermometry along the CAATEX
section (red dotted line in Figure 2). The concept of thermometry is to transmit low fre-
quency sound from a source on one mooring to another mooring equipped with a receiver
array several hundreds of kilometers away. The time it takes for the sound to travel is
measured with high accuracy and the distance between the source and the receiver array
is known. Then by the use of acoustic inversion methods the mean ocean temperature is
obtained. In 1994 and 1999 trans-arctic acoustic measurements of the mean ocean tem-
perature were made, and the CAATEX project were designed to repeat this experiment.
Due to the complex acoustic analysis, the acoustic thermometry is outside the scope of this
thesis. However, knowledge about the vertical structure of the water column affects the
propagation of the sound, and studying this is essential to understand and interpret the
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experimental observations of acoustic thermometry.

Figure 2: The positions of the moorings operated under the CAATEX project. The A-N2, B-N3, and C-N1
moorings are positioned in the Nansen Basin. Whereas the SIO1, SIO2, and SIO3 moorings are positioned in
the Canadian Basin. The red dotted line displays the section in the Eurasian Basin where the acoustic sound
signals are sent from the C-N1 mooring towards the SIO1 mooring (hereinafter referred to as the CAATEX
section in the Eurasian Basin).

The purpose of this study is to examine the vertical structure of the Polar Mixed Layer
(PML) and the Halocline Layer (HL), collectively called the Polar Surface Layer (PSL), and
the Atlantic Water Layer (AWL), and their variations at the three CAATEX moorings in
the Nansen Basin, north of Svalbard, between September 2019 and July 2020. The oceano-
graphic point measurements of temperature, salinity, and pressure, including current pro-
files and ice draft measurements from these moorings will be used (Figure 2).

In addition, observations of temperature and salinity from some selected cruises between
1995 and 2021 have been used to calculate the mean temperature of the AWL as near the
CAATEX section in the Nansen and Amundsen Basins as possible (red dotted line in Fig-
ure 2). These observations will be used to establish a timeline of the mean temperatures
of the Atlantic Water Layer (AWL). This timeline of observational mean temperatures of
the AWL is currently being used to evaluate the mean AWL temperatures from the Ocean
Reanalysis Multi-Model-Mean (Langehaug et al. in progress). The Ocean Reanalysis data
is a Multi-Model Mean of 6 different reanalyses, providing monthly gridded data for the
period 1993-2010, and provides five different depth layers. The individual Ocean Reanal-
yses are described in detail in Uotila et al. (2019) and will not be further discussed here.
However, a main conclusion from the former study is that the Ocean Reanalysis Multi-
Model-Mean is a useful product and the observations analyzed in this thesis could help
build further confidence in using the Ocean Reanalysis to evaluate climate models in the
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Eurasian Basin. The climate models are presently being used to understand, predict, and
project climate changes on a range of time scales. But, there are large biases in these mod-
els, particularly for the Arctic Ocean. Thus, assessing climate models against observations
and reanalyses is essential to improve the models and understand their predictive capacity.
The main focus in this thesis will be on the observational mean AWL temperatures, and
a comparison between the observed and the Ocean Reanalysis Multi-Model-Mean mean
temperatures of the AWL will briefly be presented.

Moreover, ocean stratification and variability influence how sound propagates in the ocean.
The speed of sound is a function of temperature, salinity, and pressure. Spatial and tempo-
ral variations of these parameters will change the speed of sound accordingly. Compared
to the effect of temperature, the temporal and spatial variations in salinity have a very
small effect on the sound speed and can most often be neglected (Dushaw et al. 2016). In
the absence of salinity measurements, a commonly used salinity constant of 35 is used to
compute the sound speed. However, since the vertical and horizontal distribution of salin-
ity varies between regions, the effect of using the constant salinity of 35 versus observed
salinity profiles from the Eurasian Basin will be addressed in this thesis.
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2 Background

The oceanic areas north of the Greenland-Scotland Ridge on the Atlantic side and the
Bering Strait on the Pacific side are referred to as the Arctic Mediterranean (Figure 3).
The Arctic Mediterranean consists of the Nordic Sea (Norwegian, Iceland, and Greenland
Seas) and the Arctic Ocean. The Arctic Ocean is a semi-enclosed ocean with an approx-
imately area of 9.4 x 106 km2 (Rudels et al. 2015). About half of this area is occupied by
the broad shallow continental shelf seas: the Barents, Kara, Laptev, East Siberian, Chukchi,
and Beaufort Seas (Figure 3). The deep central Arctic Ocean can be separated into two ma-
jor deep basins. The Eurasian Basin on the Atlantic side of the Lomonosov Ridge, which
again can be subdivided into the Amundsen Basin and the Nansen Basin by the less promi-
nent Nansen-Gakkel Ridge, and the Canadian Basin on the Pacific side of the Lomonosov
Ridge, which can be subdivided by the Alpha-Mendeleev Ridge into the Canada Basin and
the Makarov Basin (Figure 3).

The Arctic Ocean Circulation

The surface circulation is strongly impacted by winds. The predominant atmospheric cir-
culation causes the average sea level pressure to be high over the Canadian Basin and low
over the Eurasian Basin, the Barents Sea, and the Nordic Seas. The resulting winds draw
relatively fresh water over the Canadian Basin and set up the anticyclonic (clockwise)
Beaufort Gyre (Figure 3) and a weaker cyclonic (counterclockwise) gyre in the Eurasian
Basin. The anticyclonic Beaufort Gyre in the Canadian Basin causes the surface waters and
sea ice to converge in the center, resulting in the largest freshwater reservoir (45 000 km3)
in the Arctic Ocean (Aagaard & Carmack 1989). The two circulation cells converge north of
Siberia to form the Transpolar Drift (Figure 3). The Transpolar Drift transports sea ice and
river-influenced surface waters across the Central Arctic Ocean from the Siberian region
towards the Fram Strait. The position of the Transpolar Drift determines the distribution
of the Pacific Water between the Canadian and Eurasian Basin, and the amount of Pacific
Water exiting through the Canadian Arctic Archipelago and the Fram Strait (Falck et al.
2005).

On the Atlantic side, the main passages are through the Fram Strait and the Barents Sea
Opening. The AW originates from the North Atlantic Current, enters the Nordic Seas over
the Greenland-Scotland Ridge (Figure 3). The AW is then transported northward in the
Norwegian Sea by the Norwegian Atlantic Current. Upon approaching the Barents Sea
Opening (depth ∼ 200 m), north of Norway, the Norwegian Atlantic Current bifurcates
(Figure 3). About one third of the Norwegian Atlantic Current continues east into the Bar-
ents Sea as the Barents Sea Branch (BSB) (Polyakov et al. 2005). While the larger portion
continues northward towards the Fram Strait as the West Spitsbergen Current. The fate
of the ocean heat transported by West Spitsbergen Current and the BSB are substantially
different (Smedsrud et al. 2013). The AW entering the Barents Sea Opening has a tem-

5



Figure 3: Map of the Arctic Mediterranean and the deep basins of the Arctic Ocean. Blue arrows show the
main surface circulation with the Beaufort Gyre (BG), Transpolar Drift (TPD), the fresher inflow through the
Bering Strait and the outflow through the Canadian Arctic Archipelago and the Fram Strait in the East Green-
land Current (EGC). The red and orange arrows show the main circulation of AW in the Norwegian Atlantic
Current, the West Spitsbergen Current, the Barents Sea Branch (BSB), the Svalbard Branch (SB), the Yermak
Pass Branch (YPB), the Yermak Branch (YB) and the Return Atlantic Current (RAC). The Yermak Plateau and
the Barents Sea Opening are abbreviated as YP and BSO, respectively. The black lines indicate the four gate-
ways to the Arctic Ocean. The map is made in Ocean Data View following Nilsen et al. 2021 and Wang et al.
2018.

perature between 4 − 6 °C with a mean salinity above 35.06 (Rudels et al. 2015; Skagseth
2008). As the BSB travels through the shallow Barents Sea (mean depth of 230 m), the wa-
ter masses are heavily modified through mixing, atmospheric cooling, net precipitation,
and ice freezing and melting. Smedsrud et al. (2010) showed, using the updated volume
and heat budgets, that most of the heat carried by the BSB is already lost to the atmosphere
in the southern Barents Sea. Hence the Barents Sea is a heat sink rather than a heat source,
with the AW in the BSB entering the Eurasian Basin with temperatures close to 0 °C (Smed-
srud et al. 2010).

In contrast, the West Spitsbergen Current plays a significant role in the process of Arctic
warming (Piechura & Walczowski 2009. The West Spitsbergen Current is the northernmost
extension of the Norwegian Atlantic Current. It flows northwestward towards Spitsber-
gen, where several branches are deflected westward along the way (Figure 3). Upon enter-
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ing the Arctic Ocean through the deep (2600 m) Fram Strait, some of the AW recirculates
and are transported southward by the East Greenland Current. In the deep Fram Strait,
the upper part of the AW becomes transformed into a less saline surface layer by melting
sea ice and mixing with fresher surface water of Arctic origin (Rudels et al. 2004). The
fresher surface layer prevents further heat loss of the AW core at depth to the atmosphere.
Beszczynska-Möller et al. (2012) found the mean temperature of the AW inflow through
the Fram Strait to be 3.1 ± 0.1 °C.

The complicated topography of the Fram Strait results in a complex circulation of the AW.
Several branches (adding to the Return Atlantic Current) recirculate westward between 78
°N and 81 °N following the topographic fracture zones across the Fram Strait (Piechura &
Walczowski 2009). In addition, the shallow Yermak Plateau, an extension of the Spitsber-
gen continental shelf toward Greenland, guides the branches to either flow over or around
the plateau. The West Spitsbergen Current splits here into three main branches, the Sval-
bard Branch, the Yermack Pass Branch, and the Yermak Branch (Nilsen et al. 2021). The
Svalbard Branch is the easternmost branch and flows over the Svalbard slope. The Yermak
Pass Branch flows over the Yermak Plateau, and the Yermak Branch continues northwards
around the western slope of the Yermak Plateau. The three branches recombine east of the
Yermak Plateau and will hereafter be called the Fram Strait Branch (FSB; Polyakov et al.
2012). The FSB continues eastward at intermediate depth along the Eurasian continental
slope. Around the St. Anna Through in the northern Kara Sea, the FSB and the BSB meet
again. The two branches continue cyclonically along the continental margins and ridges
of the Arctic Ocean as the Arctic Circumpolar Boundary Current (Polyakov et al. 2012).

On the Pacific side, fresher waters from the Pacific enter through the shallow (50 m) Bering
Strait into the Beaufort Sea (Figure 3). The Pacific Water is found at and near the surface,
and its distribution is therefore influenced by changes in atmospheric forcing (Falck et al.
2005). In earlier studies, colder Pacific waters (Pacific Winter Water) have traditionally
renewed the Upper Halocline during winter (Aagaard et al. 1981). However, (Woodgate
& Peralta-Ferriz 2021) found that the Pacific Winter Water had become fresher in 2017
compared to in 1990. This implied a shoaling of the Pacific Winter Water and limited the
renewal of the Upper Halocline. In summer and autumn, the Pacific inflow (Pacific Sum-
mer Water) is fresher and warmer, thus the inflows through the Bering Strait provide an
important source of fresh water and heat to the Arctic Ocean.

The main passages of outflow from the Arctic Ocean are in the western part of the Fram
Strait and the Canadian Arctic Archipelago (Figure 3). The cold and low-salinity Polar
Surface Water is transported southwards in the western part of the Fram Strait by the East
Greenland Current (Rudels et al. 2004). The East Greenland Current constitutes of several
water masses from the Arctic Ocean. In addition to the the Polar Surface Water, the East
Greenland Current transports the Return Atlantic Water, the Modified Atlantic Water, the
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Upper Polar Deep Water, the Canadian Basin Deep Water, and the Eurasian Basin Deep
Water southwards out of the Arctic Ocean (Langehaug & Falck 2012). The western part
of the Fram Strait is also the main exit route for sea ice (Wang et al. 2020). Through the
shallow (150 to 230 m) and narrow channels in the Canadian Arctic Archipelago, the Polar
Surface Water and Pacific origin waters are transported out of the Arctic Ocean (Rudels
2019; Hu & Myers 2014).

The Arctic Ocean Layers

The Arctic Ocean can be divided into three main layers (Figure 4) based on the temper-
ature and salinity characteristics of the water (Rudels et al. 2015; Talley 2011; Coachman
& Barnes 1962). The Arctic Ocean is a β-ocean, meaning salinity is more dominant for
the density and stratification compared to temperature (Rudels & Carmack 2022). Thus,
the general structure is cold, low-salinity surface water above warmer and higher-salinity
waters (Coachman & Barnes 1962). The three main layers are as follows; 1) The Polar Sur-
face Layer which is divided into the Polar Mixed Layer (PML) and the Halocline Layer
(HL). 2) The intermediate Atlantic Water Layer (AWL) with water temperatures above 0
°C (Polyakov et al. 2020; Rudels et al. 2013). The AWL’s upper and lower boundaries are
therefore defined by the zero-degree isotherms. 3) The deep and bottom waters in the
Canadian and Eurasian Basins (Figure 4). In the following paragraphs only, the PML, the
HL, and the AWL in the Eurasian Basin will be presented since this is the area of interest.
The focus will be on their characteristics, importance, and how they interact and effect
each other.

Figure 4: A schematic representation of the three-layer structure of the Arctic Ocean. The arrow on the left
shows the Pacific derived water entering through the Bering Strait. The two arrows on the right show the
water mass exchange through the Fram Strait. The Polar Mixed Layer (PML) and the Atlantic, and Pacific
Halocline Layers (HL), collectively the Polar Surface Layer (PSL). The Atlantic Water and the Deep Water in
the different basins. The figure is taken from AMAP (1998).
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The Polar Mixed Layer

The PML in the Eurasian Basin is a 20-50 m thick homogeneous layer. The PML lies
closest to the surface, thus making it the layer most subject to the ocean-ice-atmosphere
interaction. Mixing by wind, density-driven convection, tides, and ice-keels homoge-
nize the PML. The PML experiences some seasonal changes, where its temperature, salin-
ity, and depth vary throughout a year (Peralta-Ferriz & Woodgate 2015; Baumann et al.
2018).

Seasonal cycle

The annual cycle of the PML is strongly connected to the seasonal cycle of the sea ice
(Peralta-Ferriz & Woodgate 2015). Following the illustrations in Figure 5, the upper panel
shows the evolution of the PML if it was only driven by the thermodynamics of sea ice
growth and melt. In this case the PML thins suddenly to ∼ zero at the onset of ice melt
in spring. In the absence of mixing the PML depth remains equal to the layer of the melt
water through summer. In late fall/winter, the PML deepens through density-driven con-
vection due to brine rejection when sea ice forms.

However, in reality mixing through wind stirring acts to deepen the PML. In the two pan-
els in the middle of Figure 5, the effect of wind stirring is illustrated. Starting at the onset
melting in late spring, the PML is as thin as the melted ice. As the sea ice melts resulting in
more open waters, the wind will mix and deepen the PML during ice free periods (i.e. sum-
mer/early autumn). Peralta-Ferriz & Woodgate (2015) emphasized the importance of the
underlying stratification regarding the evolving depth of the PML. The underlying strat-
ification determines how effective the wind-induced mixing will be (Brown et al. 2020).
Here the evolution during strong and weak underlying stratification are displayed in Fig-
ure 5 b.1 and 5 b.2, respectively. The PML depth will be shallower with strong underlying
stratification compared to when the stratification is weak, since more energy is needed to
break up strong stratification. This will indeed depend on the strength and duration of
the wind, as well as ice-free/open water areas since the ice cover prohibits air-ocean in-
teraction. Peralta-Ferriz & Woodgate (2015) found only a significant correlation between
the wind and the PML depth under ice-free (ice concentration < 15%) conditions and a less
frequent correlation with higher amounts of sea ice.

The underlying stratification will also be important for the evolution of the PML during
winter. As stated earlier, the PML deepens during winter due to density-driven convec-
tion by brine rejection when sea ice forms. The density of the PML will increase as brine
is released and the thickness of the PML will gradually increase through convection. The
convection will reach at least down to the depth where the surrounding density is equal
to the density of the convective layer, called equilibrium depth. However, one can often
find that the convection layer penetrating deeper than the equilibrium depth, thus mixing
heavier water upwards and eroding the underlying halocline (Darelius et al. 2021. The
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Figure 5: Idealized schematic of the seasonal cycle of the PML in response to (a) thermodynamic forcing (i.e.
ice melt and growth) only, (b) combined thermodynamics and wind-driven forcings with relatively strong
(b.1) and relatively weak (b.2) underlying stratification; and (c) combined wind-driven and restratification
processes.ρ0, ρ1, and ρ2 denote different densities of sea water; Dh denotes change in MLD; Hice is ice thick-
ness; and z is depth. Vertical dashed gray lines separate the seasonal cycle of Arctic sea ice conditions (thick
ice in winter, melting ice in spring, ice-free in summer, growing ice in fall). Thick blue arrows represent wind
storms. Figure taken from Peralta-Ferriz & Woodgate (2015).

alternation between shoaling of the PML depth due to horizontal density gradients and
the deepening effect of wind stress are depicted in Figure 5c.
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Recent Changes

In recent decades, a general warming of the upper Arctic Ocean has been widely docu-
mented from observations (Carmack et al. 2015; Polyakov et al. 2020; Timmermans & Mar-
shall 2020). The seasonal cycle in the PML makes this layer subject to changes from the
atmosphere, sea ice, and the underlying ocean. Polyakov et al. (2020) found, in the eastern
(> 70 °E) Eurasian Basin, a warming trend in the PML during the 2010s compared to the
2000s by comparing observations of potential temperature, salinity, and the depth of the
PML. This trend was related to the increased summertime solar radiation into the surface
ocean that is associated with sea ice loss and decreased albedo (Polyakov et al. 2020; Tim-
mermans & Marshall 2020). Apart from heating found during summertime, there has also
been found heating of the PML during winter when there is no solar radiation as well as
a higher extent of the protective sea ice cover. In wintertime, Polyakov et al. (2013) found
that the PML experienced heating by upward heat transport through winter convection
from the underlying layer. These processes of heating the PML are already occurring in
the western (< 70 °E) Nansen Basin.

The Halocline Layer

The Arctic Ocean HL is defined as the strong vertical salinity gradient acting as an insu-
lating barrier, separating the sea ice and the cold and fresh PML from the warm and saline
AW at depth (Bertosio et al. 2020; Bourgain & Gascard 2011). The HL in the Arctic Ocean
can be divided into the Pacific and Atlantic HLs (Figure 4). The Pacific HL is made of
fresher Pacific-derived water overlying the denser Atlantic-origin Halocline Waters (here-
inafter referred to as Lower Halocline Water, LHW). The Pacific HL is mainly restricted to
the Canadian Basin and will not be discussed further.

In the Eurasian Basin, the temperature and salinity of the Lower Halocline Layer (T < 0
°C and S < 34.70) increase with depth until the upper limit of the warm (T > 0 °C) and
saline AW (Aksenov et al. 2011). In a TS-diagram, a bend in the LHW can be seen near the
salinity of 34.2 and temperatures between − 1.2 °C to − 1.8 °C (Rudels et al. 2004). The
bend is known in the literature as the "knee" and is called "knee water". The knee in the
TS-diagram indicates that the HL does not form through direct mixing between the PML
and the underlying AW (Rudels et al. 2004).

The properties and characteristics of the HL varies between different regions in the Eurasian
Basin. The Lower Halocline Layer is formed either by or combined by the advection of cold
shelf waters and local winter convection due to ice formation and brine rejection. North
of Svalbard in the Nansen Basin, the temperature and salinity are constant with depth
(i.e. PML), before the temperature and salinity increase fast down to the AWL. This cause
winter convection to reach down to the AWL in most of the western Nansen Basin (Rudels
et al. 2004). In summer when a fresher PML is formed through ice melt, the old winter PML
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forms a seasonal HL in this area. The "advective mechanism" comes from salinization of
shelf waters along the continental shelf sea through brine rejection and is then transported
(i.e. advected) from the shelf into the deep basins (Alkire et al. 2017).

Recent changes

There have been several studies on changes of the HL over the past decades (e.g. (Polyakov
et al. 2017; 2020; Steele & Boyd 1998). The ocean heat transport have earlier been assumed
to play a secondary role for the Arctic surface warming due to the presence of the stable
halocline. However, Polyakov et al. (2020) have found a continued weakening of the cold
halocline layer (upper part of the halocline with temperatures near the freezing-point) in
the eastern Eurasian Basin in the time period between 2015 and 2018. Furthermore, they
found a resultant increase in the upward heat flux during winter, showing that the oceanic
heat plays a larger role in this area. A weaker or absent halocline layer can result in an
increased upward heat flux from the underlying warmer waters (i.e. the AW). Thus mak-
ing the eastern Eurasian Basin more similar to the upper ocean conditions in the western
Nansen Basin (Polyakov et al. 2017).

The Atlantic Layer

The AWL is defined as the layer where the water has a temperature above 0 °C, i.e. be-
tween the upper and lower 0 °C isotherms. It is distributed at intermediate depth (∼ 150
- 900 m) in the Eurasian Basin (Polyakov et al. 2020). The vertical temperature profile in
the AWL increases down to the core and then decreases down to the deep waters. The AW
core is the maximum temperature in the AWL. The corresponding depth of the AW core
temperature is called the Atlantic Water core depth. The temperature and depth of the AW
core have spatial and temporal variability within the Eurasian Basin. In the Nansen Basin,
the AW core temperature is higher (∼ 2 − 3 °C) and the AW core depth is found at about
200 m to 300 m. Towards the Nansen-Gakkel Ridge and in the Amundsen Basin, the AW
core temperature (∼ 1 − 2 °C) decrease and the AW core depth lies deeper between about
300 m and 400 m (Polyakov et al. 2005).

A common feature in the AWL is the presence of inversions in temperature and salinity
profiles called interleaving (Rudels et al. 2009). These can be seen as alternating layers of
inversions in the temperature and salinity profiles. These structures can be found all over
the Arctic Ocean, but are most prominent at frontal zones between different water masses.
Since the Arctic Ocean is a low energy environment, such structures can persist over a long
time period (Bebieva & Timmermans 2016; Rudels et al. 2015). The weak turbulent activ-
ity makes other mixing mechanisms more important (Rudels et al. 2009; Carmack et al.
2015). The difference in molecular diffusion rates of heat and salt drives two processes of
double-diffusion, diffusive convection and salt fingers. The coefficient of heat conduction
is 100 times larger than the diffusion coefficient of salt which alters the water masses at
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the interface between them (Carmack et al. 2015). Rudels et al. (2009) explains the forma-
tion area in the Nansen Basin, north of the Kara Sea, where the FSB and the BSB meet and
flow parallel in the Arctic Circumpolar Boundary Current. As earlier mentioned, the two
branches of AW exhibit different temperature and salinity properties. Thus a strong front
between the branches occurs. The interaction between the two branches results in strong
inversions, especially in the AW core (Rudels et al. 2009). These structures are then ad-
vected with the boundary current and the structures become gradually more organized as
they are distributed to the interior basins.

Recent changes

Several papers have shown that the temperature of AWL has increased in recent decades
(e.g. Carmack et al. 1995; Polyakov et al. 2004; 2010; 2020; Asbjørnsen et al. 2020). The AW
inflow has shown a variable temperature over time, with cooling and warming episodes
which complicate the investigation of the long-term variability in the AW (Polyakov et al.
2004). The warming episodes are linked to anomalously warm pulses of AW entering
the Nansen Basin in the beginning and end of the 1990s, 2004 and between 2005 and
2007 (Polyakov et al. 2005; 2013; Dmitrenko et al. 2008; Beszczynska-Möller et al. 2012).
However, Beszczynska-Möller et al. (2012) reported a warming trend in the inflowing AW
through the Fram Strait over the period from 1997 to 2010.

The heat transported with the AW through the Fram Strait keeps the ocean in the western
Nansen Basin, north of Svalbard, mainly ice free throughout the year. The halocline here
is weaker allowing a vertical ventilation of the AW up to the surface (Athanase et al. 2019;
Polyakov et al. 2017; Carmack et al. 2015). The heat entering through the Fram Strait is car-
ried by the Arctic Circumpolar Boundary Current further into the Arctic Ocean (Polyakov
et al. 2004) and is driving local changes along its pathway around the Arctic Ocean. For
example, the conditions in the eastern Eurasian Basin are in a transition to conditions sim-
ilar to the western Nansen Basin (Polyakov et al. 2017), where the surface conditions are
more influenced by the oceanic heat from the AW, weakening stratification, and declining
ice cover. Observations from moorings and Ice Tethered Profilers (ITPs) have shown in-
creased heat and shoaling of the AWL in the eastern Eurasian Basin (Polyakov et al. 2017).
This has been shown to play a significant role in the upward heat flux, especially dur-
ing winter. Making the area more sensitive to winter convection bringing heat upwards.
Furthermore, they found the upper boundary of the AWL to be at 85 m during the win-
ter of 2013-2014. This was shallower than the depth of 140 m found during the winter
of 2003-2004. This shows that the increased heat entering and extending further into the
Arctic Ocean can drive significant changes along its pathway and is termed Atlantification.

The concept of Atlantification is the transition of Arctic waters to a state more similar to the
Atlantic waters (Ingvaldsen et al. 2021). Atlantification is driven by a northward transport
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Figure 6: A conceptual schematic of the past, present, and future conditions in the Barents Sea. The related
processes to Atlantification with increased oceanic heat transport, increased upward heat flux along the AW
pathway, and declining sea ice cover. WC and MLD stand for winter convection and mixed layer depth,
respectively. Figure taken from Shu et al. 2021.

of anomalous high temperature and/or transport of AW. The increased heat transported
northwards drives several changes in local processes in the Barents Sea (Figure 6) and the
Eurasian Basin. The conceptual schematic is an example from the Barents Sea where the
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past, present, and future conditions are illustrated. In the southern Barents Sea the atmo-
spheric temperature has increased and less heat is lost from the ocean to the atmosphere.
The increased transport of oceanic heat has increased the upward heat flux further north
in the northern Barents Sea and the Kara Sea, especially through convection during winter.
The latter induces stronger sea ice decline, more intensive ocean surface heat loss, and a
deeper mixed layer depth during winter convection.

Acoustic Thermometry

Sound can be used to observe the ocean’s temperature structure and its changes, through
a technique called acoustic thermometry (Munk et al. 1995). The concept of acoustic ther-
mometry is to transmit low frequency sound from one mooring equipped with a source
to another mooring equipped with a receiver array located several hundreds of kilometers
away. The distance is large enough so that the sound traveling at different speeds due to
the different water masses arrives at different times. The distance between the moorings
is known and the travel time of the sound is accurately measured. The mean ocean tem-
perature is obtained by the use of acoustic inversion methods. Mikhalevsky et al. (2001)
calculated a sound speed profile based on a temperature and a salinity profile from an ice
camp in the eastern Arctic Ocean in 1994 (Figure 7). This is a typical sound speed profile
in the Arctic Ocean, with a pronounced acoustic waveguide, also called a channel.

Figure 7: Profiles of measured temperature and salinity, from an ice camp in the eastern Arctic Ocean in April
1994, from which the sound speed profile was calculated. This ray trace is based on the sound speed profile
and shows how the sound waves will travel in the different water layers, here divided into the Polar Water,
Atlantic Intermediate Water, and the Deep Arctic Water. The mode functions give the main signal of the
transmitted sound through different layers. The figure is taken from Gavrilov & Mikhalevsky 2017

They used this sound speed profile to see how the sound would propagate (ray trace)
through this vertically stratified ocean. The sound rays are bent toward regions of lower
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sound speed, thus will the minimum in the sound speed profile act as a channel. As seen
from the sound speed profile in Figure 7, the sound rays will travel in two different chan-
nels. One channel is close to the surface underneath the sea ice where the sound speed is
about 1440 m s−1 near freezing point temperatures. This causes some of the sound energy
to be trapped in the channel near the surface, traveling mainly in the Polar Surface Layer,
continuously interacting with the sea ice. The rays trapped in the surface channel corre-
spond to mode 1 in Figure 7. A second channel is found at the sound speed minimum
at a depth of around 700 m. This is roughly where the pressure becomes dominating pa-
rameter for the speed of sound. While the trapped sound near the surface travels at about
1440 m s−1, the sound travels at about 1460 m s−1 in the deeper channel, dominated by the
AWL. These deeper going rays correspond to mode 2 and mode 3 in the figure. Therefore,
will mode 1 arrive later than mode 2 and mode 3, and sound speeds for the two different
layers can be calculated.

The ongoing climate change is expected to change the ocean stratification and the mean
ocean temperature (heat content). This will influence how sound propagates through the
ocean. The CAATEX project is designed to measure these changes by comparing them to
measurements made in 1994 and 1997 (Worcester et al. 2020).
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3 Data and Method

3.1 Mooring data

Measurements of temperature, salinity, and pressure from different instruments mounted
on three moorings in the Eurasian Basin from September 2019 to July 2020 are used. The
three moorings NERSC 1, NERSC 2, and NERSC 3 were deployed under the Coordinated
Arctic Acoustic Thermometry Experiment (CAATEX). The positions of the moorings are
shown in Figure 8 with the exact coordinates given in Table 1. The two columns to the
right in Table 1 are the start and end date of the record, respectively. The moorings will
hereafter be called A-N2 (NERSC 2), B-N3 (NERSC 3), and C-N1 (NERSC 1), ordered by
latitude from south to north (Figure 8).

Figure 8: Map of the A-N2, B-N3, and C-N1 mooring positions in the Nansen Basin.

Table 1: The positions of the moorings and the respective start and end date.

Mooring Latitude [N] Longitude [E] Start Date End Date

A-N2 82.5035 23.9251 03.09.2019 26.07.2020

B-N3 83.4431 25.6639 29.08.2019 30.07.2020

C-N1 84.0025 28.3667 31.08.2019 02.08.2020
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Temperature and salinity were measured by Sea-Bird Scientific SBE37-SMP/SM at six
depths between 50 m and about 150 m to 171 m. The accuracies of the temperature and
salinity measurements from the SBE37-SMP/SM are ± 0.0002 °C and ± 0.0003 S m−1, re-
spectively. Temperature was measured every 20 m to 40 m down to about 1000 m by Sea-
Bird Scientific SBE56 and SBE39 between about 175 m and 1000 m, with the accuracies of
± 0.002 °C. Twenty-five hydrophone modules measured temperature every 40 m between
about 60 m and 1000 m. The hydrophone modules are designed and made by Scripps In-
stitution of Oceanography. They consist of a hydrophone, battery, memory, clock, and a
temperature sensor with the accuracy of ± 0.005 °C. An overview of the instrumentation
on mooring A-N2, B-N3, C-N1 are given in Table 2.

Additionally, there was one Acoustic Doppler current profiler (ADCP) mounted on each
mooring at 47 m. The ADCP provided a current speed and magnitude profile above each
mooring between about 10 m to 45 m. The current data were processed and made available
by Daniel Torres at the Woods Hole Oceanographic Institution. An Upward Looking Sonar
(ULS) was mounted on each mooring at 46 m measuring the ice draft. The daily mean ice
draft data sets were processed and made available by the Woods Hole Oceanographic Insti-
tution. Details on the data processing procedure can be found at https://www2.whoi.
edu/site/beaufortgyre/wp-content/uploads/sites/108/2020/04/BGOS_ULS_

Data_Processing_Procedure_85684.pdf.

Spikes in the time series associated with deployment and recovery were excluded. Data
from August 2019 and August 2020 were excluded due to few measurements (less than 2
days with data) when considering monthly mean values. After this, daily, monthly, and 1-
month running means of temperature, salinity, and pressure were calculated. The 1-month
running means were calculated following Ivanov et al. (2009) with a sliding window of
length 31 days. The maps presented here were made in Ocean Data View (Schlitzer, R.,
Ocean Data View, https://odv.awi.de, 2018).

Calculation of sound speed

The sound speed profiles were calculated using the temperature, salinity, and pressure
measured by the Sea-Bird Scientific models SBE 37-SMP and SBE 37-SM located on the
three moorings between 50 m to about 170 m. Below this depth there were no salinity
measurements on the moorings (apart from at 1000 m on the B-N3 mooring). In the ab-
sence of salinity measurements at depth, it has commonly been used a constant salinity
value of 35. To evaluate this assumed salinity constant, one observational salinity pro-
file, and corresponding temperature profile, from the Ice-Tethered Profile 95 (hereinafter
ITP95, downloaded from https://www2.whoi.edu/site/itp/) have been used. The
position of the profile from ITP95 was at 84.40 °N, 28.49 °E, near the C-N1 mooring. Addi-
tionally, to compare the use of a salinity profile versus a constant salinity value, the mean
salinity of the ITP95 salinity profile was calculated between 200 m and 750 m. The depth
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Table 2: Instrumentation on the A-N2, B-N3, and C-N1 moorings

A-N2 B-N3 C-N1
Instrument Depth Parameters Instrument Depth Parameters Instrument Depth Parameters
ULS 46 Ice draft ULS 46 Ice draft ULS 46 Ice draft
ADCP 47 U,V ADCP 47 U,V ADCP 47 U,V
SBE37-SMP 50 T,S,P SBE37-SMP 50 T,S,P SBE37-SMP 50 T,S,P
Hydrophone 59 T Hydrophone 62 T Hydrophone 83 T
SBE37-SMP 67 T,S,P SBE37-SMP 70 T,S,P SBE37-SMP 91 T,S,P
SBE37-SMP 87 T,S,P SBE37-SMP 90 T,S,P SBE37-SMP 111 T,S,P
Hydrophone 99 T Hydrophone 102 T Hydrophone 122 T
SBE37-SMP 107 T,S,P SBE37-SMP 110 T,S,P SBE37-SMP 131 T,S,P
SBE37-SMP 127 T,S,P SBE37-SMP 130 T,S,P SBE37-SMP 151 T,S,P
Hydrophone 139 T Hydrophone 142 T Hydrophone 163 T
SBE37-SMP 147 T,S,P SBE37-SM 150 T,S,P SBE37-SM 171 T,S,P
SBE39-Plus 172 T,P SBE39-T/P 175 T,P SBE39-Plus 196 T,P
Hydrophone 179 T Hydrophone 182 T Hydrophone 203 T
SBE39-Plus 197 T,P SBE39-T/P 200 T,P SBE39-Plus 221 T,P
Hydrophone 219 T Hydrophone∗ 222 T Hydrophone 243 T
SBE39 T/P 222 T,P SBE39-T/P 225 T,P SBE39-T/P 246 T,P
SBE39 T/P 247 T,P SBE39 250 T SBE39-T/P 271 T,P
Hydrophone 259 T Hydrophone 262 T Hydrophone 283 T
SBE39 272 T,P SBE39 275 T SBE39-T/P 296 T
SBE39 297 T SBE39 300 T SBE39 321 T
Hydrophone 299 T Hydrophone 302 T Hydrophone 323 T
Hydrophone 339 T Hydrophone 342 T Hydrophone 363 T
SBE39 347 T SBE39 350 T SBE39 371 T
Hydrophone 379 T Hydrophone 382 T Hydrophone 403 T
SBE39 397 T SBE39 400 T SBE39 421 T
Hydrophone 419 T Hydrophone 422 T Hydrophone 443 T
SBE39 447 T SBE56 450 T SBE56 471 T
Hydrophone 459 T Hydrophone 462 T Hydrophone 483 T
SBE56 497 T SBE56 500 T SBE56 521 T
Hydrophone 499 T Hydrophone 502 T Hydrophone 523 T
Hydrophone 539 T Hydrophone 542 T Hydrophone 563 T
Hydrophone 579 T Hydrophone 582 T Hydrophone 603 T
SBE56 597 T SBE56 600 T SBE56 621 T
Hydrophone 619 T Hydrophone 622 T Hydrophone 643 T
Hydrophone 659 T Hydrophone 662 T Hydrophone 683 T
SBE56 697 T SBE56 700 T SBE56 721 T
Hydrophone 699 T Hydrophone 702 T Hydrophone 723 T
Hydrophone 739 T Hydrophone 742 T Hydrophone 763 T
Hydrophone 779 T Hydrophone 782 T Hydrophone 803 T
SBE56 797 T SBE56 800 T SBE56 821 T
Hydrophone 819 T Hydrophone 822 T Hydrophone 843 T
Hydrophone 859 T Hydrophone∗ 862 T Hydrophone 883 T
SBE56 897 T SBE56 900 T SBE39 921 T,P
Hydrophone 899 T Hydrophone 902 T Hydrophone 923 T
Hydrophone 939 T Hydrophone 942 T Hydrophone 963 T
Hydrophone 979 T Hydrophone 982 T Hydrophone 1003 T
SBE39 997 T,P SBE37-SM 1000 T,S,P SBE56 1021 T
Hydrophone 1019 T Hydrophone 1022 T Hydrophone 1043 T

An overview of all the instruments mounted on the moorings A-N2, B-N3 and C-N1 with depth and measured
parameters. The hydrophone modules are listed as hydrophone. Asterisk indicate instruments that were
excluded due to a malfunction.

interval starts at about the depth of the lacking salinity measurements, and the depth of
the ITPs reach down to about 750 m.
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The sound speed in a liquid is given by the following expression

C =

√
1

ρK
(1)

where ρ is the density and K is the adiabatic compressibility of the medium (e.g. seawa-
ter). For seawater, both these quantities have a complicated dependence on temperature,
pressure, and salinity. Ideally would theoretical expressions based on fundamental physi-
cal mechanisms be used to compute ρ and K, and hence the sound speed from Eq. 1, but
since no such expressions exist, an alternative approach has been developed. Several em-
pirical formulas with a polynomial in the temperature, the salinity, and the pressure have
been formulated. The two most accepted empirical formulas are the Del Grosso equation
(1974), also known as the NRL II equation, and the Chen and Millero equation. The Del
Grosso equation is found to be more accurate with the long-range acoustic measurements,
at low temperatures (0 °C to 15 °C), and high pressures (> 200 dbar) than the Chen and
Millero equation (Dushaw et al., 1993b). The Del Grosso equation will therefore be used to
calculate the sound speed, and it can be written as follows:

C = c0 + a1T + a2T
2 + a3T

3 + a4T
4 + a5(S − 35) + a6P

2

+ a7P
3 + a8T (S − 35) + a9T (S − 35)3 + a10(S − 35)

+ a11TP + a12TP
2 + a13TP

3 + a14T
2P 2 + a15T

3P

+ a16(S − 35)P + a17(S − 35)P 2 + a18(S − 35)P 3+

+ a19(S − 35)2P + a20(S − 35)2P 2 + a21(S − 35)3

+ a22T (S − 35)P + a23T
2(S − 35)P,

(2)

where C is the sound speed (m s−1), the T is temperature (°C), the S is salinity, and the P
is pressure converted to kg cm−2 using the acceleration of gravity, g = 9.80665 m s−2. The
coefficients in Eq. 2 are:
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c0 = 0.140194964197× 104 a12 = −0.131201344149× 10−5

a1 = 0.500642920686× 101 a13 = 0.402773046625× 10−9

a2 = −0.583540720391× 104 a14 = 0.144431845812× 10−7

a3 = 0.349631461597× 10−3 a15 = 0.1012322803918× 10−5

a4 = −0.164875703289× 10−5 a16 = 0.157450572397× 10−1

a5 = 0.134606695473× 10−1 a17 = 0.533284097890× 10−5

a6 = −0.593403057954× 10−4 a18 = 0.353545616177× 10−9

a7 = −0.209170685764× 10−7 a19 = −0.522655412446× 10−3

a8 = −0.112689485296× 10−1 a20 = −0.858535445194× 10−7

a9 = −0.583732276240× 10−6 a21 = 0.572274443678× 10−5

a10 = 0.103658662691× 10−3 a22 = −0.117388164634× 10−4

a11 = 0.595900933419× 10−5 a23 = 0.597262459578× 10−6

3.2 Supplementary hydrographic data

Supplementary hydrographic data have been used to calculate the mean temperature of
the AWL along the CAATEX section in the Eurasian Basin. The expendable conductivity-
temperature-depth (XCTD), the conductivity-temperature-depth (CTD), and the expend-
able bathythermograph (XBT) stations have been selected based on their closeness to the
CAATEX section. The cruise data between 1995 and 2015 have been downloaded from
the Unified Database for Arctic and Subarctic Hydrography (UDASH). Data made pub-
licly available after 2015 have not been included in UDASH yet. The UDASH offers a
high-quality data collection of temperature and salinity in the period from 1980 to 2015
from the Arctic Mediterranean. The XBT data was collected during the Le Commandant
Charcot cruise in 2021 (courtesy of the Nansen Environmental and Remote Sensing Centre,
Bergen, Norway).
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Table 3: The supplementary cruises

Cruise (year) Date Latitude [N] Longitude [E] Instrument type
SCICEX (1995) 27.04 - 04.05 85.33 - 88.29 51.36 - 119.07 XCTD
SCICEX (1997) 04.09 - 05.09 84.25 - 89.52 - 29.92 - 26.30 XCTD
SCICEX (1998) 10.08 - 12.08 85.04 - 88.59 47.10 - 139.68 XCTD
SCICEX (2000) 17.10 - 18.10 85.00 - 88.55 46.00 - 137.35 XCTD
SCICEX (2001) 03.06 - 04.06 85.00 - 88.55 45.98 - 139.76 XCTD
ODEN (2001) 17.07 - 23.07 83.78 - 88.43 31.95 - 109.84 CTD
SCICEX (2003) 06.10 - 10.10 85.29 - 88.53 47.15 - 126.61 XCTD
ODEN (2005) 13.09 - 23.09 85.95 - 89.99 48.52 - 89.05 CTD
Polarstern (2011) 11.08 - 23.08 84.09 - 89.97 55.03 - 146.63 CTD
Polarstern (2012) 22.09 - 27.09 84.80 - 88.81 50.00 - 57.26 CTD
Polarstern (2015) 29.08 - 07.09 85.28 - 89.65 58.29 - 61.36 CTD
Le Commandant Charcot (2021) 08.09 - 11.09 82.75 - 88.36 30.29 - 58.10 XBT

Overview of the selected cruises to the Eurasian Basin between 1995 and 2021, and the ITP95 profile. It pro-
vides the cruise name and year, date range, longitude and latitude range, and instrument type.

The mean temperature of the AWL has been calculated in two ways. The first procedure
in calculating the mean temperature of the AWL was using the definition of the AWL with
temperatures above 0 °C. The second procedure calculated the mean temperature of the
AWL between 300 m and 700 m, since this layer is the AWL in the Ocean Reanalysis Multi-
Model-Mean (ORA MMM). The overview of the date, the latitude, and longitude range,
and the instrument type from the selected cruises are given in Table 3.
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4 Results

4.1 The hydrographic conditions at the CAATEX moorings in the Nansen Basin

Temperature and salinity diagrams

Temperature and salinity diagrams of daily mean values are presented in Figure 9. Salin-
ity was only measured at six discrete depths between 50 m and about 175 m on the three
moorings (see Table 2). The colors in the figure are coordinated to show the observations
from the instruments deployed at about the same depths at each mooring (see legend).

The temperature and salinity diagram from the A-N2 mooring location (Figure 9a) dis-
plays a relatively wide range in temperature and salinity characteristics measured between
50 m and 147 m. The PSW was mostly found between 50 m and 87 m, but some daily mean
temperatures lower than 0 °C were also found at 107 m. Temperatures close to the freezing
point were only found at 50 m, with salinities between 34.08 and 34.17. The salinity of the
PSW ranged between 33.95 and 34.53, and the bend was seen at about 34.25. The shape of
the bend was relatively smooth between the PSW and the AW. The AW was present at all
depths during the measurement period. Temperatures of AW higher than 3 °C were found
between 67 m and 147 m, with salinities greater than 34.84. The salinity of the AW ranged
between 34.41 and 35.00. The AW measured at 50 m and 67 m was generally less saline
than the AW measured at 127 m and 147 m.

At the B-N3 mooring location (Figure 9b), the PSW was found mainly between 50 m and 90
m, but also down to 130 m during the measurement period. The temperature of the PSW
at 50 m had near freezing-point temperatures with salinities down to 34.19. Near freezing-
point temperatures were also present at 70 m. However there were higher temperatures
present at 50 m and 70 m, up to - 1.62 °C and - 1.25 °C, respectively. The salinity range
of the PSW was between 34.19 and 34.58, and a relatively sharp bend was found near the
salinity of 34.35. Both PSW and AW were present at 110 m and 130 m during the year. The
highest AW temperature of 2.23 °C was found at 150 m. The salinity range of the AW was
between 34.56 and 34.89.

At the C-N1 mooring location (Figure 9c), the PSW was mainly found between 50 m and
131 m. The temperature at 50 m lied along the freezing-point line between the salinities
of 34.06 to 34.35. At 91 m, the temperature was near the freezing-point, but showed also
higher temperatures, up to - 1.44 °C. At 111 m, the temperature was near the freezing-
point, but had mostly temperatures higher than this, up to - 0.69 °C. The bend in the lower
halocline water was found around the salinity of 34.35, and the shape of the bend was
sharp. The PSW and AW were both present at 131 m during the measurement period.
Whereas only AW was found at 151 m and 171 m. The highest temperature of the AW was
2.01 °C at 171 m. The salinity range of the AW was between 34.56 and 34.88.
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Figure 9: Temperature and salinity diagrams of daily mean temperatures and salinities from mooring A-N2
(a), B-N3 (b), and C-N1 (c). Colors display the depths. The black line (T = 0 °C) indicates the boundary
between the Polar Surface Water (PSW) and the Atlantic Water (AW). The dotted line is the freezing point line.
The sound speed isolines are shown by the dashed and dotted lines and the density isolines are the thin solid
lines.
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When comparing the temperature and salinity diagrams from the three moorings, the main
differences to take note of are: (1) The depth of the boundary between the PSW and AW
varied between the depths of 50 m and 107 m at the A-N2 mooring. Whereas the boundary
varied between 110 m and 130 m at the B-N3 mooring, and was found around 131 m at
the C-N1 mooring. (2) The range in temperature measured at 50 m at the A-N2 mooring
was large, whereas it was especially stable at the C-N1 mooring. (3) The bend in the lower
halocline water was more smooth at the A-N2 mooring compared to at the B-N3 and C-N1
moorings. (3) The AW at the A-N2 mooring had a maximum temperature of 3.77 °C (at
127 m) and this decreased northward to 2.23 °C (at 150 m) at the B-N3 mooring and to 2.01
°C (at 171 m) at the C-N1 mooring.

Time series

The following section will present the time evolution of temperature and salinity between
September 2019 and July 2020 at selected depths from the three moorings. To investigate
possible causes of the variability seen in the temperature and salinity time series, daily
mean current data from each mooring are also presented. The time series from mooring
A-N2 shows only the temperature and salinity from 50 m and 87 m, to compare the mea-
surements from 50 m and the upper boundary of the AWL around 87 m (Figure 10). The
shaded thin lines in the figures are daily mean values and the solid thick lines are 1-month
running mean values.

The daily mean temperature time series (thin lines) shows that PSW was present at 50 m
most of the year at the A-N2 mooring location (Figure 10a.1). However, there were several
occasions where AW was present at this depth. The two most pronounced episodes of AW
at 50 m occurred at the end of November 2019 and at the beginning of March 2020 (upward
arrows). During these two episodes, the maximum daily mean temperatures were 1.4 °C
and 1.75 °C, respectively. The salinity time series at 50 m corresponded well with the tem-
perature time series, with increasing salinity during the episodes of AW. Note the salinity
drop (down to 33.95) in February 2020 (downward arrow). At 87 m, AW was present most
of the year. However, the daily mean temperature time series showed large variability in
frequency and amplitude. The minimum and maximum daily mean temperatures at 87
m are − 1.63 °C (31.05.2020) and 3.32 °C (24.06.2020), respectively. The maximum tem-
perature occurred in the end of June, but it was not a long lasting episode. The two most
pronounced episodes of higher AW temperatures seen at 50 m, were also visible at 87 m.
During these episodes, the maximum daily mean temperatures were 2.53 ° C and 3.05 ° C,
respectively. In between these episodes, PSW was mainly present at 87 m.
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Figure 10: Time series of a.1) temperature and a.2) salinity at selected depths near the surface and upper
boundary of the AWL at the A-N2 mooring. The colors represent time series measured at approximately the
same depth at each mooring. The black arrows show special episodes described in the text. The black line (T
= 0 °C) indicates the lower temperature limit of AW.

The daily mean current speed and current direction profiles cover the water column from
the instrument depth at about 50 m and up to about 10 m (Figure 11). The current profiles
showed a variable current speed and direction at different depths throughout the year.
The current direction was especially variable when the current speed was low. The current
speed was generally lower than 5 cm s−1 during the year, but there were frequent occa-
sions of higher current speed (> 10 cm s−1) between about 10 m and 20 m. Further down in
the water column, the current speed was generally low, except for the pronounced current
speed increases (> 10 cm s−1) at the end of November, the beginning of March, and at the
end of June. Additionally, pressure increases can be seen associated with the increasing
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current speed at the end of November and at the end of June (Figure 12).

Figure 11: Time series of a) daily mean current speed and b) current direction profiles from the ADCP deployed
at 47 m on the A-N2 mooring.

A closer look at temperature and pressure and the nearest current speed at the A-N2 moor-
ing are presented in Figure 12. The pressure data showed a generally steady mooring with
little vertical movement, apart from an increase in pressure to about 70 dbar at the end of
November and to about 62 dbar at the end of June. A correlation between temperature
and pressure gives a correlation coefficient of 0.35 which is weak, but the peaks at the end
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of November and at the end of June fit well. Whereas the current speed varied frequently
mainly between 0 cm s−1 and 7 cm s−1. The correlation coefficient between the current
speed and the temperature was 0.50 which is moderate, with current speeds of about 10
cm s−1 during the episodes at the end of November, the beginning of March, and at the
end of June.

Figure 12: Time series of daily mean temperature and pressure (upper panel) and daily mean temperature
measured by the SBE37-SMP deployed at 50 m and the nearest current speed (lower panel) from the ADCP
on the A-N2 mooring. The correlation coefficients are shown in the text boxes.

At mooring B-N3, the daily mean temperature at 50 m was relatively stable throughout
the time series (Figure 13b.1). Note the salinity drop at 50 m in January (Figure 13b.2),
occurring at the same time as a temperature and salinity decrease at depths between 90 m
and 130 m. The 1-month running mean temperatures at 50 m and 70 m were stable and
close to equal during the year. Greater variability occurred at 90 m, 110 m, and 130 m. In
January 2020, temperature and salinity decreased at these depths (downward arrow), and
the upper boundary of the AWL was found at 130 m. In April and May, the temperature
and salinity increased again (upward arrow), and the upper boundary of the AWL was
found at 110 m. From May to July the temperature decreased at 90 and 110 m.
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Figure 13: Time series of a) temperature and b) salinity at selected depths at the B-N3 mooring. These depths
are chosen to investigate the surface and the upper boundary of the AWL. The colors represent time series
measured at approximately the same depth at each mooring. The black arrows show special episodes de-
scribed in the text. The black line (T = 0 °C) indicates the lower temperature limit of AW.

The current speed profile measured at the B-N3 mooring (Figure 14a) showed generally
stronger current speeds during autumn and in late July. The strongest current speeds (>
10 cm s−1) were found during short time periods between 10 m and 20 m. Deeper down
between 40 m and 50 m, the current speeds were about 4 cm s−1 and 6 cm s−1 during
autumn and in late July. The current speed was generally lower than 3 cm s−1 during the
rest of the year, especially in winter and spring. The current direction was highly variable
throughout the year with no prevailing direction.
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Figure 14: Time series of daily a) mean current speed and b) current direction from the ADCP deployed at 47
m on the B-N3 mooring.

A closer look at temperature and pressure and the nearest current speed at the B-N3 moor-
ing are presented in Figure 15. The pressure data showed that the vertical movement was
low, less than about 2 m, throughout the year (Figure 15). A correlation between tempera-
ture and pressure gives a correlation coefficient of 0.36 which is weak, but the temperature
and pressure showed generally slightly more variability during autumn than in winter
and spring. During winter and spring, the temperature at 50 m was cold, and decreased
gradually from -1.8 °C to -1.88 °C from January to May. Whereas the current speed varied
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frequently between 0 cm s−1 and 6 cm s−1. A correlation between temperature and current
speed gives a correlation coefficient of 0.35 which is weak, but the higher temperature and
current speed variability occurred mainly during autumn.

Figure 15: Time series of daily mean temperature and pressure (upper panel) and daily mean temperature
measured by the SBE37-SMP deployed at 50 m and the nearest current speed (lower panel) from the ADCP
on the B-N3 mooring. The correlation coefficients are shown in the text boxes.

The temperature time series from the C-N1 mooring (Figure 16c.1) showed that the PSW
was mainly present in the upper 131 m of the water column throughout the year. The tem-
perature at 50 m was mainly below − 1.80 °C throughout the year. The salinity at 50 m
was stable between 34.3 and 34.35, except for the salinity drop of about 0.24 down to 34.06
in February (downward arrow, Figure 16c.2). Greater variability occurred at 111 m, 131 m,
and 151 m. At the end of November, temperature and salinity increased at these depths
(upward arrow), and the upper boundary of the AWL was found at around 130 m depth.
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Figure 16: Time series of a) temperature and b) salinity at selected depths at the C-N1 mooring. These depths
are chosen to investigate the surface and the upper boundary of the AWL. The colors represent time series
measured at approximately the same depth at each mooring. The black arrows show special episodes de-
scribed in the text. The black line (T = 0 °C) indicates the lower temperature limit of AW.

The current speed above the C-N1 mooring (Figure 17a) was generally lower than 4 cm s−1

between September 2019 and July 2020. The current direction was highly variable through-
out the year, with no prevailing direction (Figure 17b). There were some higher current
speeds (> 6 cm s−1) in short periods between 10 m and 30 m during autumn. Whereas the
current speed was mainly lower than 4 cm s−1 below 30 m throughout the year.
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Figure 17: Time series of daily mean current speed and direction from ADCP deployed at 47 m on the C-N1
mooring.

The temperature and pressure from the SBE37-SMP deployed at 50 m (Figure 18) showed
that the temperature varied little during the year. Looking at the small variations, the
temperature was slightly higher, at about - 1.82 °C during autumn, and dropped at the
end of January down to about − 1.87 ° C for a short period. From February till mid-April
it decreased gradually to - 1.88 ° C, before increasing slowly to − 1.84 ° C by the end of
summer. The pressure showed a very stable mooring throughout the year, only moving
gradually up about 1 m after December. The correlation coefficient between the pressure
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and temperature was 0.75 which is strong. The current speed measurement nearest the
temperature measurement varied frequently between small speeds (∼ 0 cm s−1 and ∼ 4
cm s−1) during the year (Figure 18) and there was no correlation between the current speed
and the temperature (R = -0.01).

Figure 18: Time series of daily mean temperature and pressure (upper panel) and daily mean temperature
measured by the SBE37-SMP deployed at 50 m and the nearest current speed (lower panel) from the ADCP
on the C-N1 mooring. The correlation coefficients are shown in the text boxes.

When comparing the time series from the moorings, larger and more high-frequency vari-
ability in temperature and salinity were seen at the A-N2 mooring, whereas it was more
stable throughout the whole year at the B-N3 and C-N1 moorings. Higher AW tempera-
tures were measured at the A-N2 mooring, compared to at the B-N3 and C-N1 moorings.
In addition, the upper boundary of the AW was shallower at A-N2 mooring compared to
at the B-N3 and C-N1 moorings. A salinity drop at the end of January and beginning of
February occured at all three mooring locations, where the most pronounced drops were
at the A-N2 and C-N1 moorings.

Ice draft

The presence of sea ice above the A-N2, B-N3, and C-N1 moorings are presented by the
daily mean ice draft measured by the upward looking sonars mounted at about 46 m on
each mooring (Figure 19). The white bands in the ice draft time series from the A-N2 and
B-N3 moorings are missing data.
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Figure 19: Time series of daily mean ice draft above the (a) A-N2 mooring, (b) N-N3 mooring, and (c) C-N1
mooring between September 2019 and July 2020.
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The ice draft above the A-N2 mooring was thinnest during October, where the thickness
was close to zero for a short period. Generally during autumn, the thickness was about 1
m or less. From January it gradually increased to about 2 m in April, but some "jumps"
of thinner ice were seen in January and February. During summer the thickness was rela-
tively stable above 2 m before it started to decrease in July.

The ice draft above the B-N3 mooring was generally about 0.5 m to 1 m during autumn.
From January it gradually increased to about 2 m to 2.5 m in April. During summer the
thickness was relatively stable above 2 m before it started to decrease in July.

The ice draft above the C-N1 mooring was at the thinnest during autumn, generally with
a thickness of around 1 m. The ice draft thickness increased gradually from December to
about 2 m to 2.5 m in April. During summer the thickness was relatively stable above 2 m
before it started to decrease in July.

Temperature profiles from the moorings

The monthly mean temperature profiles at the three moorings A-N2, B-N3, and C-N1 be-
tween September 2019 and July 2020 are shown in Figure 20. Each mooring were equipped
with 46 temperature loggers between 50 m and about 1000 m.

The monthly mean temperature profiles from the southernmost mooring, A-N2, showed
large variation between the months, especially in the upper 50 to 300 m. There were no
temperature measurements above 50 m. The PSW is left of the black vertical zero-degree
isotherm, indicating the boundary between the PSL and the AWL. The PSW was present
down to 59 m throughout the whole year, except March which had a mean temperature
of 1.11 ° C at 59 m. The maximum and minimum monthly mean temperatures at 67 m
were 1.60 °C and − 1.56 ° C in March and July, respectively, this was the depth of the
most pronounced mean temperature variation (3.16 ° C). At the next depth level (87 m)
AW (right of the black vertical zero-degree isotherm) was mainly present throughout the
year, except in July when the monthly mean temperature was − 0.65 ° C (i.e PSW). The
maximum monthly mean temperature at 87 m was 2.39 ° C in March and the minimum
was − 0.65 ° C in July, a difference of 3.04 ° C. Further down, the temperature in the AW
core varied between the months and also the depth of the AW core. March was the month
with the highest mean temperature (2.90 ° C) and the shallowest depth (147 m), while July
was the month with the lowest mean temperature of 2.34 ° C, and the deepest depth of
219 m. Below the AW core, the mean temperatures and the monthly variations decreased
gradually. The depth of the upper boundary of the AWL varied between less than 50
m (shallower than the uppermost instrument) in March and about 100 m in July. The
depth of the lower boundary of the AWL varied between 850 m in April and 920 m in
November.
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Figure 20: Vertical profiles of monthly mean temperatures measured by all instruments mounted on mooring
a) A-N2, b) B-N3 and c) C-N1 between September 2019 and July 2020. The colors display the seasons of
the year. The markers show the instrument depth and separate the different months within one season (see
legend). Shaded area shows the depth interval of instruments measuring salinity. The black line is the zero-
degree isotherm, the lower temperature limit of the AW.
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The monthly mean temperature profiles from the B-N3 mooring showed less variation be-
tween the months in the upper 50 m to 70 m compared to further down between 90 m and
225 m. At 50 m, the monthly mean temperature was relatively low throughout the year,
with the maximum and minimum mean temperatures of − 1.74 °C in November and −
1.87 in April and May, respectively. The monthly mean temperature decreased slightly be-
tween 50 m and 62 m for all months except March. The monthly mean temperature of the
PSW between 50 m and 70 m were low, where the monthly mean temperature maximum of
− 1.68 °C at 70 m was in March. Below this at 90 m, the monthly mean temperature of the
PSW increased and the variation between the months were larger. March was the month
with the highest monthly mean temperature of − 0.92 °C compared to the minimum of −
1.84 °C in July. Further down, at 110 m, the PSW was present throughout most of the year,
except in March where the mean temperature was 0.06 °C. The 110 m depth level was the
depth of the most pronounced variation between the months, where the maximum and
minimum monthly mean temperatures were 0.06 °C and − 1.23 °C in March and July, re-
spectively. Below this, at 130 m, AW was mainly present throughout the year, except in
January with the mean temperature of − 0.07 °C (i.e. PSW). Further down the monthly
mean temperatures increased with depth down to 182 m, however, the AW core was not
so distinct due to temperature inversions between 142 m and 400 m. By definition, the
maximum monthly mean AW core temperature was 2.04 °C in May with a depth of 200 m.
While the minimum monthly mean AW core temperature was 1.76 °C at the mean depth
of 275 m in January. Below 400 m, the monthly mean temperatures gradually decreased.
However, note the presence of temperature inversions between 700 m and 1000 m. The
mean depth of the upper boundary of the AWL varied between 110 m in March and about
130 m in January. The mean depth of the lower boundary of the AWL varied between 805
m in May and 815 m in November.

The monthly mean temperature profiles from the C-N1 mooring showed less variation in
the upper 50 m to 91 m compared to the depths between 111 m and 171 m. From 50 m
down to 83 m, the monthly mean temperatures decreased with depth in all months. The
PSW was present down to 131 m throughout most of the year, except in November with
the mean temperature of 0.04 °C. At the next depth level (151 m) AW was present through-
out the whole year, with the maximum and minimum monthly mean temperatures of 1.16
°C and 0.33 °C in November and April, respectively. Further down the monthly mean tem-
peratures increased down to 196 m. Below this there were temperature inversions present
between 196 m and 523 m, showing no distinct AW core. The maximum AW temperature
of 1.81 °C was in November at the mean depth of 196 m. Below the temperature inversions
reaching down to 523 m, the mean temperatures decreased gradually with depth down to
1043 m. The mean depth of the upper boundary of the AWL varied between 130 m in
November and 145 m in April. The mean depth of the lower boundary of the AWL varied
between 850 m in May and 870 m in July.

Comparison of the monthly mean temperature profiles measured at the three moorings
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show similarities and differences. The largest variations in monthly mean temperatures
were found at depths around the upper boundary of the AWL. The AW core was most
pronounced at mooring A-N2, and exhibited the highest mean AW core temperature (2.90
°C) and the shallowest AW core depth (147 m), whereas the structure in the monthly mean
temperature profiles at B-N3 and C-N1 did not display a distinct AW core. However, the
maximum AW temperature decreased northwards and the corresponding depth increased.
The variability in the monthly mean temperature measured at the uppermost instrument
(50 m) was smaller at B-N3 (0.13 °C) and C-N1 (0.09 °C) moorings than at the A-N2 (1.81
°C) mooring. Note that the shallower upper boundaries of the AWL were associated with
the higher AW temperatures at the depths around the core. Additionally, the monthly
mean temperature profiles from the moorings display different shapes. The monthly pro-
files from mooring C-N1, the northernmost mooring, displayed a clear "zigzag" structure
between 163 m to 402 m. This "zigzag" structure was also present in the profiles from
mooring B-N3. However, at the B-N3 mooring location it was present in two different lay-
ers, between 142 m to 400 m, and between 700 m to 1000 m.

The main findings of the temperature variability at the three moorings in the Nansen Basin
are presented in Figure 21. The mean temperature profile from September 2019 to July 2020
at each mooring are displayed by the black solid line. The blue shaded area shows the vari-
ability with the minimum and maximum daily mean temperatures as the edges.

Figure 21: Temperature profile showing the mean profile (black line) throughout the measuring period from
the A-N2 mooring (left), the B-N2 mooring (middle), and the C-N1 mooring (right). The blue shaded area
shows the variability with the minimum and maximum daily mean temperatures as the edges.

The mean temperature of the AWL defined by temperatures above 0 °C and the mean tem-
perature of the AWL between 300 and 700 m from the three moorings are given in Table 4.
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The mean temperature of the AWL defined by temperatures above 0 °C was highest (1.54
°C) at the A-N2 mooring and lowest (1.13 °C) at the C-N1 mooring. Whereas the mean
temperature of the AWL between 300 m and 700 m differed from the mean temperatures
calculated from the AWL defined by temperatures above 0 °C. For the mean temperatures
of the AWL between 300 m and 700 m, the mean temperature was also highest (1.46 °C) at
the A-N2 mooring. Whereas the mean temperature was lowest (1.26 °C) at the B-N3 moor-
ing, but very similar to the mean temperature at the C-N1 mooring (1.27 °C). The mean
temperature of the AWL defined as temperatures above zero was at the A-N2 higher (by
0.08 °C) than of the AWL between 300 m and 700 m. At both the B-N3 and C-N1 moorings
the mean temperatures of the AWL were higher between 300 m and 700 m, 1.26 °C and 1.27
°C compared to the AWL with temperatures above zero, 1.23 °C and 1.13 °C, respectively.

Table 4: Mean temperature of the AW defined by temperature above 0 °C, and the AW between 300 and 700
m at each mooring.

Mean temperature of AW (T > 0 °C) Mean temperature of AW (300 - 700 m)

A-N2 1.54 1.46

B-N3 1.23 1.26

C-N1 1.13 1.27

4.2 Observations from the Amundsen and Nansen Basins

Six profiles of temperature, salinity, and calculated sound speed near the CAATEX section
(Figure 22) from the SCICEX 1995 and Polarstern 2015 cruises are presented in Figure 23.
These six profiles are two profiles from each of the Amundsen Basin, the Nansen-Gakkel
Ridge, and the Nansen Basin, and are among the observations that have been used to cal-
culate the mean temperatures of the AWL presented in Table 5.

The temperature and salinity profiles from the SCICEX 1995 are presented in the upper
panel of Figure 23. The temperatures were constant below − 1.80 ° C between 30 m and
about 100 m in the profiles from both the Amundsen and Nansen Basins, whereas the tem-
perature was constant down to 120 m around the Nansen-Gakkel Ridge. The upper bound-
ary of the AWL was shallowest at about 150 m in the Amundsen Basin and the deepest of
about 185 m near the Nansen-Gakkel Ridge. The AW core temperature was highest in the
Nansen Basin with the maximum temperature of 2.10 ° C at 250 m. At the Nansen-Gakkel
Ridge, the AW core temperature was slightly less at about 1.85 ° C. The AW core temper-
ature was lowest in the Amundsen Basin at 1.40 ° C. All the profiles showed temperature
inversions around the AW core, with the most distinguished inversions in the Amundsen
Basin. The vertical extensions of the two inversions in the Amundsen Basin were about
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Figure 22: Position of the observations from the Amundsen Basin (blue), the Nansen-Gakkel Ridge (cyan), and
the Nansen Basin (red) from the SCICEX 1995 (left) and the Polarstern 2015 (right) cruises. The labels show
the corresponding profiles presented in Figure 23.

15 m and 60 m lying between 200 and 300 m. The temperature decreased about 0.20 °
C between 195 m and 210 m, and about 0.40 ° C between 220 m and 280 m. The lower
boundary of the AWL was around 670 m in the Amundsen Basin, whereas the profiles did
not cover the lower AWL boundary in the Nansen Basin and around the Nansen-Gakkel
Ridge, indicating a lower AWL boundary deeper than 780 m.

The salinity profiles from the SCICEX 1995 cruise (Figure 23b) start also at about 30 m. The
salinities between the areas at 30 m showed a relatively small range, 33.97 to 34.36. The
profiles from the Amundsen Basin and the NB-st95 station in the Nansen Basin showed
lower salinities in the upper 70 m of the profiles than the profiles from the Nansen-Gakkel
Ridge. The salinity increased with depth from about 90 m in the Amundsen and Nansen
Basins, but to about 140 m at the Nansen-Gakkel Ridge.

The sound speed between 30 m and 100 m were very similar between the areas (Figure
23c). The sound speed was about 1439.9 m s−1 at 30 m and 1440.8 m s−1 at 100 m. Be-
low this, the sound speed increased down to about 200 m, whereas the sound speed in
the Amundsen Basin was relatively stable at about 1559.5 m s−1 and in the Nansen Basin
it was 1662.5 m s−1. Two jumps in the sound speed of about 1 m s−1 can be seen at the
corresponding depths of the temperature inversions seen in the profiles from Amundsen
Basin.

The profiles from Polarstern 2015 covered the water column from the surface down to 800
m (lower panel Figure 23). Close to the surface, the temperature was variable between the
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Figure 23: Temperature, salinity, and sound speed profiles from the Nansen Basin (red), the Nansen-Gakkel
Ridge (cyan), and the Amundsen Basin (blue) from the SCICEX 1995 cruise in the upper panel and the Po-
larstern 2015 cruise in the lower panel.
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locations, but they exhibit all near-surface temperature maximums (Figure 23d). At the
stations from the Nansen Basin, the temperature was about − 1.5 °C close to the surface
and decreased to − 1.82 °C at 65 m. The lowest temperature (− 1.78 °C) at the surface
was around the Nansen-Gakkel Ridge. The upper boundary of the AWL differed clearly
between the areas, where the boundary was between 90 m and 100 m in the Nansen Basin
and between 160 m and 170 m in the Amundsen Basin. The temperature profiles from the
Nansen Basin exhibit two thick (∼ 100 m) layers with constant temperature of 1.53 °around
110 m to 200 m and 1.80 °C about 210 m to 290 m. Around the Nansen-Gakkel Ridge, lay-
ers of temperature inversions are more present and were in the same depth order of the
layers as seen in the Nansen Basin. The most pronounced inversions were between 190
m to 220 m, where the temperature decreased by 0.26 °C, and between 240 m and 320 m
with a decrease of 0.36 °C. In the Amundsen Basin, no strong temperature inversions were
present. Two layers with a relatively constant temperature of 1.00 °C and 1.20 °C were
present from 220 m to 275 m and from 280 m to 330 m, respectively.

The salinity between the surface and about 300 m showed a wide range between the basins
(Figure 23e). The salinity profiles from the Amundsen Basin were freshest, especially close
to the surface with salinities around 31.30 at the AB-at80 station and 32.05 at the AB-st78
station. At around 20 m depth, the salinity increased fast to 33.00 and continued to increase
more steadily to about 34.80 at about 250 m.

A shallow layer (upper 20 m) of a sound speed minimum was seen near the surface in all
regions, especially in the Amundsen Basin (Figure 23f). Below this, was a relatively sta-
ble layer of nearly constant sound speed of about 1441.0 m s−1 in the Nansen Basin and
slightly lower of about 1440.0 m s−1 in the Amundsen Basin. The sound speed increased
more rapidly in the Nansen Basin at about 80 m and 90 m. The sound speed near the
Nansen-Gakkel Ridge increased more gradually between about 90 m and 200 m, and even
more gradually in the Amundsen Basin.

Temperature inversions were also present in the profiles from the Le Commandant Char-
cot 2021 cruise. The transect covered by this cruise extended from the positions of where
the CATEEX moorings were during the previous year (2019-2020) to the middle of the
Amundsen Basin (Figure 24). The temperature profiles exhibited a spatial difference in the
inversions seen in the depths around the AW core. The southernmost temperature profiles
showed small inversions in both temperature (smaller than 0.1 °C) and vertical extent (less
than 10 m). Moving northwards in the Nansen Basin the inversions and layers of con-
stant temperature between the inversions increased in vertical extent. At the C-st5 station
near the Nansen-Gakkel Ridge, the temperature was the highest among the profiles from
this cruise. The profile exhibited a layer of higher temperature between 180 m and 350
m of about 2.4 °C, 0.35 °C higher than what was seen in the other profiles. Apart from
the C-st5, the temperature around the depths of the AW core decreased gradually from
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the Nansen Basin towards the Nansen-Gakkel Ridge into the Amundsen Basin. Where the
temperatures around the AW core were about 2.05 °C, 1.70 °C, 1.35 °C in the Nansen Basin,
the Nansen-Gakkel Ridge, and the Amundsen Basin, respectively. At the C-st3 and C-st4
stations at the Nansen-Gakkel Ridge, the temperature inversions had a vertical extent of
about 50 m to 70 m, with a temperature difference of about 0.3 °C. The vertical extent of
the inversions in the Amundsen Basin were comparable to the extent seen at the Nansen-
Gakkel Ridge, but with a slightly smaller temperature difference of about 0.2 °C.

Figure 24: Left: temperature profiles from XBT casts conducted during the Le Commandant Charcot cruise in
2021, one year after the operating CAATEX moorings in the Nansen Basin. Right: map of the positions of the
XBT profiles with labels, and positions of the CAATEX moorings.

4.3 Mean temperatures of the AWL near the CAATEX section in the Eurasian
Basin

The mean temperatures of the AWL have been calculated from the supplementary cruise
observations, including the presented profiles from the SCICEX 1995, Polarstern 2015, and
Le Commandant Charcot 2021 cruises (Table 5). The cruise name and year are given in the
left column, the mean temperatures of the AWL defined by temperatures above 0 °C are
given in the middle column, and the mean temperatures of the AWL between 300 m and
700 m are given in the right column.

The mean temperatures of the AWL defined by temperatures above zero °C ranged be-
tween 0.77 °C and 1.00 °C. The mean temperature was 0.79 °C in 1995 and 1997. After this,
the mean temperatures were slightly higher in 1998, 2000, and 2001. The mean tempera-
tures from the SCICEX 2001 and ODEN 2001 cruises were 0.94 °C and 0.92 °C, respectively.
In 2003 and 2005 the mean temperatures were somewhat lower compared to in the late 90s
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Table 5: Mean temperature of the AW defined by temperature above 0 °C and the mean temperature of AW
between 300 and 700 m from each cruise.

AWL (T > 0 °C) AWL (300 - 700 m)

SCICEX (1995) 0.79 0.87

SCICEX (1997) 0.79 0.76

SCICEX (1998) 0.90 0.88

SCICEX (2000) 0.93 1.00

SCICEX (2001) 0.94 1.00

ODEN (2001) 0.92 0.92

SCICEX (2003) 0.84 0.92

ODEN (2005) 0.77 0.75

Polarstern (2011) 0.96 0.97

Polarstern (2012) 0.94 0.97

Polarstern (2015) 0.79 0.84

Le Commandant Charcot (2021) 1.00 1.19

and early 00s. In 2011 the mean temperature increased to 0.96 °C, before decreasing to 0.79
°C in 2015. The highest mean temperature of 1.00 °C was in 2021.

The mean temperature of the AWL between 300 and 700 m ranged between 0.75 °C and
1.19 °C. The mean temperature was 0.87 °C in 1995 and decreased to 0.76 °C in 1997. After
this, it increased to 1.00 °C in 2000. The SCICEX 2001 and ODEN 2001 had the mean tem-
peratures of 1.00 °C and 0.92 °C, respectively. The mean temperature decreased to 0.75 °C
in 2005. In 2011 and 2012, the mean temperatures were 0.97 °C, and decreased to 0.84 °C
in 2015. The highest mean temperature of the AWL between 300 m and 700 m was 1.19 °C
in 2021.

The two ways of calculating the mean temperature of the AWL from the selected cruises re-
sulted in slightly different estimates. The difference between the two methods was mainly
lower than 0.1 °C for most cruises. Moreover, the two methods do not consistently over-
or underestimate the mean temperatures compared to each other. But the tendencies of
increasing and decreasing mean temperatures throughout the timeline are quite consistent
in both methods. The largest difference between the two methods was 0.19 °C from the Le
Commandant Charcot 2021 observations. And the mean temperature of 0.92 °C from the
two methods was equal in 2001.
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4.4 Sound speed

Sound speed profiles in the upper 200 m

This section will give a brief and novel analysis of the depth of the sound speed channel
near the surface at the three moorings. The sound speed has been calculated using the Del
Grosso equation (Eq. 2) with the temperature and salinity measurements from six depths
between 50 m and about 175 m at the A-N2, B-N3, and C-N1 mooring. The monthly mean
sound speed profiles at these depths and the corresponding monthly mean temperature
and salinity profiles are presented in Figure 25. The associated temperature and salinity
profiles will only be briefly commented on as these observations have been presented ear-
lier.

The vertical structure of the monthly mean sound speed profiles varied between the months
at the A-N2 mooring (Figure 25a.1). All profiles showed an increasing sound speed be-
tween 50 m and the next depth level at 67 m, indicating a sound speed gradient between
50 m to 60 m, thus a shallow channel. The deepest channel was in July where the monthly
mean sound speed at 50 m was 1440.5 m s−1 and only increased to 1442 m s−1 at 67 m.
The monthly mean profiles from September, October, April, May, and June showed also a
sound speed near 1440 m s−1 at 50 m, but the sound speed increased more down to the
next depth level of 67 m compared to in July. The remaining months, November, Decem-
ber, January, February, and March had sound speeds ranging between 1443 m s−1 to 1449
m s−1 at 50 m. Below this, all sound speed profiles increase with depth. The greatest dif-
ference was between the profiles from July and March, especially at 67 m and 87 m where
the difference was about 15 m s−1 between these two months.

The monthly mean temperature profiles between September 2019 and July 2020 showed
increasing temperature with depth (Figure 25a.2). There is a clear maximum and mini-
mum monthly mean temperature profiles at the A-N2 mooring occurring in March and
July, respectively. The maximum monthly mean temperature profile in March lies within
the AWL between 50 m and 147 m (right of the black zero-degree isotherm line). Whereas
the minimum monthly mean temperature profile in July lies in the PSL from − 1.78 °C at
50 m and crosses the zero-degree isotherm at about 95 m into the AWL. The temperature
continues to increase to 1.93 °C at 147 m. All other monthly mean temperature profiles lies
between the profiles in March and July. The monthly mean salinity profiles showed in-
creasing salinities with depth (Figure 25a.3). The maximum monthly mean salinity profile
was also in March at all depths, except at 147 m where the monthly mean salinity in March
was slightly less (by 0.01) than in November. The minimum monthly mean salinity profile
was also in July at all depths, except at 50 m where the monthly mean salinity was slightly
higher (by 0.03) than in April.
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Figure 25: Profiles of calculated sound speed (left panels), temperature (middle panels), and salinity (right
panels) at mooring A-N2 (a), B-N3 (b), and C-N1 (c).
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At the B-N3 mooring, the monthly mean sound speed profiles from all months showed
a very even channel between 50 m and 70 m (Figure 25b.1). Below 70 m, the monthly
mean sound speed profiles varied more between the months. In January, June, and July,
the sound speed profiles showed the least increase with depth, and the surface channel
extends down to 90 m. For the other months, the sound speed increased faster. Especially
during spring when the sound speed increased by about 5 m s−1 between 70 m and 90 m.
Between 110 m and 130 m, the sound speed increased about 5 m s−1 for all months, but the
sound speed was generally lower in winter and summer compared to autumn and spring.
Between 130 m and 150 m, the sound speed increased about 4 m s−1 for all months, except
in January where it increased by 5 m s−1(data missing between April and July at 130 m).

The monthly mean temperature profiles showed small temperature variations between the
depths of 50 m and 70 m through the months (Figure 25b.2). The only monthly mean pro-
file showing increasing temperature from 50 m down to 70 m was in March, where the
monthly mean temperature increased from − 1.84 °C at 50 m to − 1.68 °C at 70 m. The
monthly mean temperature profile from July showed especially little variation with depth
down to 90 m, whereas the other monthly mean temperature profiles showed increasing
temperatures with depth from 70 m down to 150 m. There were no clear monthly mean
profiles showing maximum and minimum temperatures, but the monthly mean temper-
ature in autumn (orange lines) and spring (green lines) showed a greater increase with
depth compared to the profiles in winter (blue lines) and summer (red lines). The monthly
mean salinity at 50 m ranged between 34.26 and 34.34 in March and September, respec-
tively (Figure 25b.3). The salinity stayed constant down to 70 m in April till July, whereas
the salinity increased slightly for the other months, especially in January, February, and
March (by 0.06). At the next depth level, 90 m, the salinity continued to increase for all
months, with the greatest increase between 70 m and 90 m during spring (green lines).
Below 90 m, the salinity increased gradually with depth and the monthly mean profiles
showed a similar shape. However, the sharpest gradient in the monthly mean salinity
profiles was seen in autumn (orange lines) and spring (green lines). Whereas the salinity
profiles in winter (blue lines) and summer (red lines) were not as sharp.

The vertical structure of the monthly mean sound speed profiles from the C-N1 mooring
was relatively stable throughout the year (Figure 25c.1), especially at 50 m and 91 m. The
monthly mean sound speed at 50 m had a minimum of 1440.1 m s−1 in February and
a maximum of 1440.7 m s−1 in December. The monthly mean sound speeds increased
slightly down to 91 m. At 91 m the minimum and maximum monthly sound speeds were
1440.9 m s−1 and 1441.8 m s−1 in April and December, respectively, showing a small vari-
ation between the months. Below this, at 111 m the monthly mean sound speed differed
somewhat more between the months. The minimum monthly mean sound speed at 111
m of 1442.0 m s−1 was in June, showing a relatively small increase between 50 m to 111
m. Whereas the maximum monthly mean sound speed of 1445.1 m s−1 at 111 m was in
November. Below this, the monthly mean sound speed increased by about 6 m s−1 be-
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tween each depth level.

The monthly mean temperature profile showed a stable temperature between 50 m and 91
m, especially in September, April, May, June, and July (Figure 25c.2). In December there is
a slight increase of 0.1 ° C from 50 m to 91 m. At 111 m, the monthly mean temperature
in June was − 1.72 °C, showing a relatively deep layer of low temperatures. Whereas the
maximum monthly mean temperature of − 1.08 °C at 111 m was in November. Below
this, the monthly mean temperature increased by about 1 °C between each depth level.
The monthly mean salinity at 50 m showed a decrease in salinity in January, February, and
March, while the salinity was above 34.32 and very similar for all other months (Figure
25c.3). At 87 m, the monthly mean salinity showed a small difference between the months.
Whereas the monthly mean salinities differed between the months by about 0.1 at 111 m
and below.

A comparison between the three moorings showed a large difference in the monthly mean
sound speeds. The monthly mean sound speed profiles from the A-N2 mooring showed a
generally higher speed than at the B-N3 and C-N1 moorings. The difference was especially
large at 50 m. Additionally, the variation seen throughout the months was larger at the A-
N2 mooring where the sound speed gradient was smaller in July and larger in March.
Whereas the sound speed profiles from the C-N1 mooring were more stable throughout
the year, especially in the layer between 50 m and 91 m.

49



The maximum and minimum daily mean temperature, salinity, and sound speed with the
corresponding date of occurrence measured at each are displayed in Table 6. The table
summarizes the main findings of the temperature, salinity, and sound speed variability in
the upper 50 m to about 175 m.

Table 6: Maximum and minimum daily mean temperature (T), salinity (S), and calculated sound speed (C),
with corresponding date of occurrence.

A-N2

Maximum daily mean Minimum

Depth T [°C] Date S Date C [ms−1] Date T [°C] Date S Date C [ms−1] Date

50 m 1.75 04.03.20 34.69 22.11.19 1457.3 04.03.20 −1.85 09.05.20 33.95 01.02.20 1440.2 24.05.20

67 m 3.12 24.06.20 34.89 24.06.20 1464.0 24.06.20 −1.80 26.05.20 34.14 29.05.20 1440.7 29.05.20

87 m 3.32 24.06.20 34.92 24.06.20 1465.2 24.06.20 −1.63 31.05.20 34.26 30.05.20 1442.0 30.05.20

107 m 3.63 24.06.20 34.97 24.06.20 1466.9 24.06.20 −0.28 31.05.20 34.45 03.06.20 1448.9 03.06.20

127 m 3.77 24.06.20 35.00 24.06.20 1467.9 24.06.20 0.39 30.05.20 34.59 30.05.20 1452.5 30.05.20

147 m 3.63 24.06.20 34.97 24.06.20 1467.6 24.06.20 0.92 08.07.20 34.57 29.05.20 1455.3 08.07.20

B-N3

50 m −1.62 14.10.19 34.35 15.09.19 1441.6 14.10.19 −1.88 30.03.20 34.19 23.01.20 1440.3 14.04.20

70 m −1.25 18.03.20 34.38 18.03.20 1443.7 18.03.20 −1.87 29.05.20 34.26 09.04.20 1440.6 10.04.20

90 m −0.17 21.03.20 34.52 21.03.20 1449.2 21.03.20 −1.86 21.07.20 34.32 27.05.20 1441.1 21.07.20

110 m 0.76 20.03.20 34.66 20.03.20 1454.0 20.03.20 −1.64 21.07.20 34.37 22.07.20 1442.5 21.07.20

130 m 1.75 18.03.20 34.82 18.03.20 1458.9 18.03.20 −0.44 18.01.20 34.53 17.01.20 1448.7 18.01.20

150 m 2.23 20.03.20 34.89 20.03.20 1461.4 20.03.20 0.53 17.01.20 34.66 18.01.20 1453.6 17.01.20

C-N1

50 m −1.77 11.12.19 34.35 05.05.20 1440.7 11.12.19 −1.88 05.04.20 34.06 23.01.20 1439.9 24.01.20

91 m −1.44 11.12.19 34.41 11.12.19 1443.1 11.12.19 −1.88 09.04.20 34.30 05.04.20 1440.9 06.04.20

111 m −0.69 12.09.19 34.49 12.09.19 1447.0 12.09.19 −1.86 02.06.20 34.34 02.06.20 1441.3 02.06.20

131 m 0.50 24.11.19 34.63 24.11.19 1453.0 24.11.19 −0.80 28.03.20 34.46 29.03.20 1446.8 28.03.20

151 m 1.70 24.11.19 34.82 24.11.19 1459.0 24.11.19 0.08 29.03.20 34.59 29.03.20 1451.3 29.03.20

171 m 2.01 24.11.19 34.88 24.11.19 1460.7 24.11.19 0.77 29.03.20 34.71 29.03.20 1455.0 29.03.20
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Effect of salinity below 200 m

The effect of salinity on calculated sound speed has been investigated by computing three
sound speed profiles from one temperature profile and using three different salinity pro-
files (Figure 26). The temperature and one of the salinity profiles are from an observation
taken by ITP95 (shown as black lines in the figure) and one profile is based on the com-
monly used and assumed salinity value of 35 (red line) and is constant with depth. The
profiles from ITP95 were chosen based on the close location to the northernmost mooring
C-N1.

Figure 26: Left panel displays three sound speed profiles using the temperature profile in the middle panel
and the three different salinity profiles in the right panel. One salinity profile taken by ITP95 (black line), one
constant profile is the mean salinity of the salinity profile from ITP95 (blue), and one constant profile of 35 (red
line). Right panel shows the corresponding sound speed profiles following the colors of the salinity profiles.

The difference between the sound speed profiles calculated from the mean salinity of the
ITP95 salinity profile and the assumed value of 35 was about 0.12 m s−1 throughout the
profile with the corresponding salinity difference of 0.09. The ITP95 salinity profile and the
mean salinity of the ITP95 salinity profile (S=34.91) are equal at 312 m and 605 m, thus was
the sound speed equal at these depths too. Whereas the largest overestimate and under-
estimate of 0.08 m s−1 and 0.03 m s−1 were found at about 208 m and 350 m, respectively,
between the ITP95 profile and the mean salinity of the ITP95 profile.

The largest difference between the sound speed profile from ITP95 and the sound speed
profile with the assumed salinity of 35 was in the upper 10 meters of the profile. The sound
speed difference was 0.2 m s−1, with the corresponding salinity difference of 0.15. In the
upper 10 meters of the profiles, the difference between the two constant profiles (one be-
ing the mean salinity of the salinity profile from ITP95 (S = 34.91, blue line), and the other
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being the assumed value of S = 35, red line). The minimum salinity difference between the
measured salinity profile and the assumed profile (35) was 0.07 at 343 m, with the corre-
sponding difference in sound speed of 0.09 m s−1.
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5 Discussion

This section will revisit the objectives stated in Section 1. How were the vertical structure
and variability of the PSL and AWL at the three CAATEX moorings in the Nansen Basin
between September 2019 and July 2020? What are the observed mean temperatures of the
AWL from selected cruises between 1995 and 2021? What is the effect of salinity on sound
speed in the central Eurasian Basin?

5.1 The hydrographic conditions at the CAATEX moorings in the Nansen Basin

Starting with the main findings at the upper part of the water column between 50 m and
175 m at the moorings in the Nansen Basin. Here, it was clear that the temperature and
salinity, as well as the current data, displayed larger variability at the A-N2 mooring com-
pared to the B-N3 and C-N1 moorings. The episodes occurring at the three mooring sites
will first be addressed.

At the A-N2 mooring, the episodes showed AW was present high up in the water col-
umn (50 m) at the end of November, the beginning of March, and at the end of June at
the A-N2 mooring (Figure 10). The increased pressure revealed that the A-N2 mooring
was affected by downward movements during the episodes at the end of November and
June (Figure 12). The downward movements seemed to be associated with increased cur-
rent speed. But comparing the temperature further down (e.g. 87 m) before and after the
pull-down, showed that there was still a temperature increase during these two episodes
at the A-N2 mooring (Figure 10a). The correlation coefficient of 0.35 between the pressure
and temperature was low, but the peaks at the end of November and at the end of June
fitted well. Thus, the larger temperature variability at the A-N2 mooring measured by
the SBE37-SMP deployed at 50 m was caused by increased current speed together with
a downward movement of the mooring at the end of November and June. The episode
occurring around the beginning of March was not caused by a vertical movement of the
mooring, but the episode corresponded also well with the increasing current speed (Fig-
ure 12). The correlation coefficient (R = 0.50) between the temperature and current speed is
somewhat higher than between the temperature and the pressure but is considered moder-
ate. The correlation does not necessarily explain the reason for the change but may give an
indication of the relationship between the variables. However, the maximum daily mean
temperature of 1.75 °C was found at 50 m at the beginning of March.

The daily mean ice draft was looked into to see if any change could be seen in the ice cover
above the A-N2 mooring (black arrows in Figure 19a). A limitation here is that the daily
mean ice draft measurements are probably not resolved fine enough to display this. More-
over, the upper most temperature measurement at 50 m is quite far down in the water
column and the lack of measurements above this makes it hard to draw any conclusion to
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whether the sea ice could be affected. However, it displayed the presence of the ice cover
above the moorings and its general trend over the year. The ice draft did not differ much
from the typical seasonal cycle of the sea ice. The rapidly changing thickness of the ice
draft was probably due to the moving sea ice over the mooring with variable thickness.
The missing ice draft data was likely caused by the movement of the mooring at these
times. Whereas the increased current speeds during autumn may indicate a stronger cou-
pling between the atmosphere-ice-ocean when the ice draft was thinnest.

At the B-N3 mooring (Figure 13), a more stable temperature was found at 50 m com-
pared to the temperature variability seen at 90 m and below. The pressure data (Figure
15) showed that the instrument deployed at 50 m lied closer to 60 m. This instrument
depth will for consistency be referred to as 50 m. Apart from that, the mooring was steady
with little vertical movement during the year (Figure 15). The correlation coefficient of
0.36 between the pressure and the temperature was low as excepted, as the small verti-
cal movement was in a layer of small vertical temperature gradients. Additionally, the
temperature over the year was relatively stable. The current data near the temperature
measurement at 50 m showed generally weak currents throughout the year. The current
speed and temperature at 50 m and above were lower and more stable during winter and
spring. The correlation coefficient of 0.36 was low and the variabilities were independent.
The higher current speeds (> 10 cm s−1) between 10 m and 20 m, during autumn, were
likely due to a thinner and more mobile ice cover (Figure 14). Whereas, the current speed
was generally around 6 cm s−1 between 35 m and 50 m during autumn and at the end of
June. This may be the cause of the slightly higher temperatures at 50 m during autumn
with wind-induced mixing of heat down from the solar heating at the surface or by advec-
tion as the temperature below varied at the same time (Figure 13).

The episodes occurring at the B-N3 and C-N1 moorings (black arrows in Figure 13 and 16)
showed larger variability further down in the water column. The current measurements
were located higher up in the water column than the depths of the temperature variability,
thus limiting the investigation of a possible dominant current direction or change during
these episodes. However, the correlation between the temperature and pressure at 50 m
at the C-N1 was 0.75 which is considered strong. The pressure data showed only a move-
ment of about 1 m throughout the year, and it seems that the strong correlation coefficient
was more due to the fitting trend (Figure 18).

The upper and lower boundary of the AWL varied throughout the year, but the discrete
depths of the instruments mounted on the mooring give only an approximate depth of
these boundaries and also the AW core. The depth of the upper boundary of the AWL
was mainly found at 87 m and above, but the discrete depths of the instruments mounted
on the mooring make this only an approximate depth. However, it shows that the upper
boundary of the AWL was shallow between September 2019 and July 2020 at the south-
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ernmost mooring, A-N2. Thus, the PSL was relatively thin, but the lack of measurements
above 50 m limits the investigation of possible effects of the high temperatures near the
surface, especially during the episodes. It is possible that the position of the A-N2 moor-
ing is more influenced by the AW inflow through the Fram Strait. The position of the
A-N2 mooring was located east/north-east of the Yermack Plateau. The knowledge about
the complex AW circulation north of Svalbard are still limited and the location of where
the Yermack Branch and the Svalbard Branch merge is still unknown (Renner et al., 2018;
Athanase et al., 2021). A model study of the AW circulation north of Svalbard by Athanase
et al. (2021) suggested an outer pathway of the Yermack Branch following the deeper
topography around the Yermack Plateau. The current direction during the episodes at
the A-N2 mooring when the temperature increased at 50 m. This is consistent with the
southward current speeds at the northern end of the Yermack Plateau showing that the
Yermack Branch curls around the plateau (Meyer et al. (2017)). Since the current direc-
tion at the A-N2 mooring was highly variable throughout the time series it indicates no
prevailing current direction and that the increasing current speed and temperature are not
due to variability of a specific current present at this location during the time series. How-
ever, the episodes could have been caused by a meandering/displacement of the Yermack
Branch with increased current speed transporting higher AW temperatures or to advection
of mesoscale features from the branch.

At the B-N3 mooring, the upper boundary of the AWL was between about 110 m and 130
m throughout the year (Figure 13). Hence, the PSL was thicker and relatively stable at the
B-N3.

At the C-N1 mooring, the upper boundary of the AWL was at about 130 m throughout the
year (Figure 16). This shows that the thickness of the PSL increased further north, and was
most stable at the northernmost mooring, C-N1.

Moving down in the water column with the focus on the interleaving structures seen at the
B-N3 and C-N1 moorings (Figure 20). The AWL exhibited different characteristics where
the interleaving structures indicate AW with different mixing histories present at the B-N3
and C-N1 moorings. The lack of salinity measurements below 175 m as well as no current
measurements limits further information about the source of the "warmer" and "colder"
AW masses. However, the locations of the moorings are relatively near the inflow region
from the Fram Strait. The alternation between higher and lower temperatures could be
caused by "new" AW flowing north of Svalbard and "older" AW that have been circulating
longer in the Nansen Basin. Previous studies have found similar structures around the
Eurasian Basin (e.g. Carmack et al. 1997, 1995; Rudels et al. 2015; Anderson et al. 1994)
where the formation area have been set to the northern part of the Kara Sea where the BSB
and FSB meet and is advected with the current into the interior Nansen Basin, especially
along the Nansen-Gakkel Ridge. The return flow along the Nansen-Gakkel Ridge was
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proposed by Rudels et al. (1996), but due to the lack of an AW core this has been under
discussion. From the Le Commandant Charcot 2021 cruise, a warmer AW core was seen at
the Nansen-Gakkel Ridge on the Nansen Basin side and could indicate a return flow along
the ridge. However, this was only one profile and should be supported by more observa-
tions.

Interleaving structures were not present at the A-N2 mooring location (Figure 20a). How-
ever, during the Le Commandant Charcot cruise one year later, interleavings with a ver-
tical extent smaller than 10 m was found near the A-N2 location (Figure 24). The smaller
vertical extent of the interleavings might be a reason why the inversions were not captured
in the profiles from the A-N2 mooring. Also, it is possible that the location of the A-N2
mooring, is mostly dominated by possibly the Yermack Branch and not by AW with differ-
ent mixing histories. The AW core temperatures at the A-N2 were higher than at the B-N3
and C-N1 moorings which are likely due to the closeness to the inflow through the Fram
Strait.

Carmack et al. (1997) and Rudels et al. (2015) found the interleaving structures to be very
similar in shape over time (similar over decades), indicating these to be persistent. The
question is now will these layers of interleaving structures extending over 300 m affect the
sound signal and how? From an oceanographer’s point of view, the interleaving structures
are more of an interest since it gives a clue about interior mixing processes. Whereas for
acoustics, these are small-scale features and their effect on the sound speed signal depends
on the frequencies of the sound signals. Higher frequencies are more sensitive to small
gradients but travel over shorter distances. Whereas the lower frequencies are not as af-
fected by the small gradients and can travel over longer distances. Whether the vertical
extent of the interleaving layers has an effect on the sound signal and whether it will result
in larger levels of travel time noise will have to be further investigated.

A more in-depth study of the AW core would benefit from salinity and current measure-
ments at several depths. This could also give a better understanding of interleaving struc-
tures. Moreover, a CTD cast during deployment and recovery is important to be able to
check for possible instrument drifts and also to evaluate the moorings’ ability to resolve
the structure of the water column. A further approach to investigate the sea ice can be
through better time resolution of the ice draft and satellite images, as well as looking into
atmospheric data (e.g. wind)

5.2 Comparison of the mean AWL temperature from observations and the Ocean
Reanalysis Multi-Model-Mean

The mean temperatures of the AWL from selected cruises between 1995 and 2021 near the
CAATEX section have been calculated in order to compare to Ocean Reanalyses Multi-
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Model-Mean which is an ongoing work related to the CAATEX project (Langehaug et al.
in progress). The two mean temperatures will be compared, and a short presentation of
the timeline of these values will be compared to the Ocean Reanalyses Multi-Model-Mean.

The two most recent mean temperature measurements of the AWL were provided by the
moorings in the Nansen Basin and from the transect conducted during the Le Comman-
dant Charcot 2021 cruise (Table 4 and Table 5). The mean temperatures from the north-
ernmost mooring, C-N1, in the Nansen Basin were higher compared to the mean temper-
atures from the Le Commandant Charcot 2021. Here, the difference between the point
measurement provided by the mooring and the spatial "snapshot" provided by the cruise
has to be taken into account. The spatial difference of higher temperatures in the Nansen
Basin compared to in the Amundsen Basin was shown in Figure 23. This is consistent
with knowledge about the temperature distribution between these two basins. The pro-
files from Polarstern 2015 cruise showed an increased difference in the vertical temperature
structure between the Nansen Basin and Amundsen. A thicker layer of higher AW tem-
peratures was present in the Nansen Basin compared to in Amundsen Basin in 2015 and it
was found between 80 m and 90 m compared to about 150 m in 1995. This finding is only
deduced from a few profiles, but it is consistent with observations of a shallower AWL in
the Nansen Basin (Athanase et al. 2019). The question is then; can the changing temper-
ature structure affect the comparison between the observed AWL defined by temperature
above zero degrees and the AWL defined in the vertical layer between 300 m and 700 m?

The mean temperatures of the AWL defined by temperatures above 0 °C deviate from the
mean temperatures of the AWL between 300 m and 700 m in all years except from the
ODEN 2001 cruise. The mean temperatures calculated between 300 m and 700 m were
generally slightly higher than the mean temperatures of the AWL defined by tempera-
tures above 0 °C. The discrepancy between the two is likely to be caused by the cut-off of
the lower temperatures near the upper and lower boundary of the AWL. The discrepancy
between the two estimated mean AWL temperatures is also likely to be affected by the
various depths of the AW core, as well as the depth of the upper and lower boundary of
the AWL. This can be seen by the mean temperatures estimated from the moorings in the
Nansen Basin. At the mooring locations, the greatest difference in the AWL temperature
between the mooring measurements occurred above 300 m. The AW core was found above
300 m and the AW core temperature varied between the mooring locations. Moreover, the
vertical extent of the AW core, that is how thick the layer of high temperatures around the
AW core is, would affect the mean temperature value.

The selected cruise observations are mainly conducted during late summer and early au-
tumn. Will this affect the yearly calculated mean temperature and are these mean tem-
peratures be more representative as a seasonal mean temperature? A model and mooring
observational study by Lique & Steele 2012 found that the amplitude of the AW temper-
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ature seasonal cycle is only significant along the continental slope of the Nansen Basin,
where the AW is primarily advected. This was also the main result of what was observed
at the CAATEX moorings. The seasonal variability at the C-N1 mooring displayed a rel-
atively small yearly variation (Figure 21c). Thus, the mean temperatures calculated from
the selected cruises along CAATEX section starting from the C-N1 mooring in the central
Eurasian Basin is a good representation of a yearly mean temperature.

Collecting observations of mean temperatures of the Arctic Ocean Layers along the CAA-
TEX section from the Nansen Basin to the Beaufort Sea is an ongoing work. The goal is
to establish a timeline of the mean temperatures of the PML, HL, and AWL. However,
the timeline can be improved by collecting more data and utilizing different observational
platforms. The seasonal cycle is likely to be more prominent in the PML and HL, and this
would have to be accounted for when gathering data to calculate the mean temperature
of these layers. Collecting data from various seasons from platforms like e.g. ITPs and ice
camps and comparing seasonal mean temperatures can be a way of doing this.

The mean AWL temperatures from the cruise observations between 1995 and 2021 and the
mean AWL (300 m - 700 m) from the Ocean Reanalysis Multi-Model-Mean are presented
in Figure 27. It is found that Ocean Reanalysis Multi-Model-Mean represents well the
observed mean temperature of the AWL along the CAATEX secton in the Eurasian Basin.
The discrepancy between the two methods for the mean temperatures was relatively small
and the temperature tendency seems to be captured by both methods. However, whether
future changes in the AWL temperature will occur at specific depths (e.g. above 300 m or
thicker layers of high temperatures) can alter the discrepancy between the two methods
(e.g. as seen in 2021). Figure 27 and a further discussion will be a part of the publication in
progress by Langehaug et al.

Figure 27: The ocean reanalyses (black curve) is compared with observations (red and blue circles) in the
Eurasian part of the CAATEX section. Climate models (13 different models) are included (grey curves).
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5.3 Sound speed

The monthly mean sound speed profiles from the three moorings A-N2, B-N3, and C-N1
in the Nansen Basin were presented in Figure 25. The vertical structure of the sound speed
profiles gave an indication of the variability of the sound speed channel near the surface
at the mooring locations. The monthly mean sound speed at the A-N2 mooring increased
between the two uppermost instruments at 50 m and 67 m throughout the year. Thus,
the sound speed gradient was located relatively high up in the water column and would
cause a relatively shallow sound speed channel. However, since the uppermost measure-
ment was at 50 m, it is not possible to determine the depth of the sound speed minimum
since the temperature minimum would be located higher than 50 m. In July however, the
monthly mean temperature at 50 m was − 1.78 ° C with the corresponding sound speed of
1440.8 m s−1 and was near a sound speed minimum. The monthly mean temperature of
0.06 degrees C in March at 50 m at the A-N2 mooring with a corresponding monthly mean
sound speed of 1449 m s−1. Thus, the monthly mean sound speed in the AW ranged from
1449 m s−1 to 1464.5 m s−1 between 50 m and 147 m.

The larger sound channels at the B-N3 were during winter and summer (Figure 25b.1).
However, the salinity near the surface is expected to decrease with summer ice melt. And
despite the low temperatures during winter and summer, a sound speed minimum is
therefore likely to be located under the ice during summer, causing a changing sound
channel between winter and summer.

At the C-N1 mooring, the sound speed channel was very stable throughout the year be-
tween 50 m and 91 m, with a sound speed of about 1440 m s−1 and 1441 m s−1, respectively.
The slight increase between the depth levels are also affected by the pressure increase. The
sound channel was especially deep in July, but again a possible salinity decrease near the
surface could decrease the sound speed here. This seems to depend on the magnitude
of the salinity decrease since the salinity decrease at 50 m seen in January, February, and
March did not seem to affect the sound speed. The sound speed profiles followed the tem-
perature profiles closely.

This novel approach gives an indication of the depth of the sound speed channel and
presents mainly the spatial and temporal differences between the moorings, as well as
insight into how temperature and salinity determine the sound speed. A more sophisti-
cated analysis of how the hydrographic conditions altered the sound speed channel and
the sound propagation should be conducted using an acoustic propagation model. The
possibility of pressure variability (i.e. mooring movement), as seen at the A-N2 mooring
(Figure 12), should be taken into account since this alters the depth of the acoustic sound
source and receiver.
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The effect of salinity on sound speed
The effect of salinity showed a small effect in the profiles ranging between 200 and about
800 m (Figure 26). The differences between the salinity profile and the profiles of constant
salinity were small, as the sound speed profiles followed the temperature profile closely.
To give the effect of salinity in numbers more intuitive, a salinity difference of 1 psu would
imply a sound speed difference of 1.3 m s−1. Based on observations of salinity in the depth
range between 200 and 1000 m, in the deep basins away from the Arctic Circumpolar
Boundary Current, it is generally shown a salinity range between 34.85 and 34.95 (Rudels
et al. 2015). Thus, a salinity difference of 0.1 implies a small sound speed difference of
0.13 m s−1. However, using the assumed value of 35 would cause an overestimation of the
sound speed in the AWL in this area since the salinity of the presented data show lower
values. This would lead to an accumulation of the sound signal (e.g. in an acoustic propa-
gation model).

The acoustic propagation models are used to interpret the experimental observations of the
sound transmitted between the source and receiver. Hence good input data are essential
in the acoustic propagation models to be able to interpret the observations of the transmit-
ted sound. Moreover, the different salinity ranges differ between regions, and choosing
one value could again cause under- and overestimation over certain areas. Whereas the
salinity range in the AWL is narrow, the effect of salinity would play a greater role where
the salinity range would be larger (e.g. closer to the surface). It is therefore especially
important to measure salinity higher up in the water column (i.e. PSW). The issue here is
that the moorings did not cover much of the PML closer to the surface, hence data from
other observational platforms are essential. Most cruises presented here were conducted
in late summer and early autumn, missing the seasonal variability of the salinity in the
PML. Data from e.g. Ice-Tethered Profilers or ice camps would be a better choice to study
the water column closer to the surface and the sea ice over all seasons and over different
regions, especially during winter and spring. Collecting available data during these sea-
sons should therefore be the next step.

Moreover, a comment on the sound speed calculation of the Del Grosso equation range is
better at low temperatures than the Chen and Millero. Since the Del Grosso is the best of
the two for temperatures between 0 °C to 15 °C, it is however not known how good the Del
Grosso equation is at negative temperatures. Another possible equation for sound speed
would have been the Mackenzie equation which can be used for temperatures down to −
2 °C (Mackenzie 1981). However, the Del Grosso and the Mackenzie equations have been
found to agree well, and the simplified Mackenzie equation was used in the Fram Strait
for simplicity (Dushaw et al. 2016). Thus, the application of both of these equations should
be a suitable choice in the central Eurasian Basin.

Following the outcome of the salinity effect, the sound speed using a lower salinity con-
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stant of 34.9 have been used to compute the sound speed profiles from the source mooring,
C-N1 (Figure 28). It summarizes the sound speed profiles throughout the measurement pe-
riod between September 2019 and July 2020, and will further be used in the acoustic propa-
gation model. This will additionally provide a more detailed evaluation of the sound speed
channel and its depth near the surface than the visual analysis presented above.

Figure 28: Vertical profiles of temperature (left panels), salinity (middle panels), and sound speed (right pan-
els) at mooring A-N2 (a), B-N3 (b), and C-N1 (c).
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6 Conclusion

• The temperature and salinity measured at the northernmost mooring, C-N1, were
very stable between September 2019 and July 2020. Especially between 50 m and 91
m showed close to no variation during the year.

• The mean temperatures of the AWL from observations are well represented in the
Ocean-Reanalysis Multi-Model-Mean along the CAATEX section in the Eurasian Basin.

• The effect of salinity on the sound speed was found to be small. The difference be-
tween a salinity profile and a salinity constant was very small. But in the layer be-
tween 200 m and 800 m, salinity profiles from cruise and ITP observations, are mainly
below 35 in the central Eurasian Basin. Thus, should the assumed salinity value for
sound speed calculation be lowered by 0.1, to 34.9. However, this does not apply
near the surface where the salinity range is larger.

7 Further work

• Improve the mean temperature timeline of the AWL by collecting more data from
cruises and other platforms along the CAATEX section. Follow the same procedure
for the PML and HL with special attention to the seasonality of the observations.

• Extend the mean temperature timeline of CAATEX section covering the transect from
the Nansen Basin to the SIO moorings in the Canadian Basin.

• Use the calculated sound speed profiles from the C-N1 mooring in an acoustic prop-
agation model.

• Conduct a time series analysis on the mooring data.
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