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The inflow of warm and saline Atlantic water from the North Atlantic to the Western Arctic 
is provided by two branches, namely, the Fram Strait branch water and the Barents 
Sea branch water. The pathways of these branches merge at the St. Anna Trough, and 
then both branches propagate eastward along the continental slope, albeit at different 
depths. As a result, the local interaction between these branches in the trough affects 
the properties of the large-scale Atlantic water flow to the Eastern Arctic and the deep 
Arctic basins. In this study, we report extensively in situ measurements with high spatial 
coverage (56 hydrological stations organized into 7 transects) in the St. Anna Trough, 
obtained in August and October 2021. Based on these data, we reconstructed the 
thermohaline structure and circulation in this area and obtained new insights, which are 
crucial for the assessment of the interaction and heat balance of water masses in the 
trough. First, we state that the majority of the Fram Strait branch water is recirculated in 
the trough within the stable cyclonic gyre, while a smaller fraction returns to the continental 
slope. The formation of this gyre increases the residence time of the Fram Strait branch 
water in the trough and decreases the intensity of water and heat exchange between the 
trough and the continental slope. Second, we describe the dynamic interaction between 
the northward flow of the Barents Sea branch water and the surface layer. It causes 
intense transport of warm surface water from the Kara and Barents seas adjacent to the 
Novaya Zemlya toward the continental slope and its mixing with the Barents Sea branch 
water along the eastern part of the trough. These processes result in increased surface 
temperature at the eastern part of the trough, which enhances ice melting at the study 
area and increases the duration of the ice-free period.

Keywords: water masses, circulation, Fram Strait branch water, Barents Sea branch water, Atlantic water, St. 
Anna Trough, Kara Sea, Arctic Ocean

INTRODUCTION

The large-scale transport of Atlantic water from the North Atlantic to the Arctic Ocean is among 
the most important drivers of the Arctic thermohaline structure and circulation (Aagaard, 
1981; Rudels et al., 1996; Rudels et al., 1999; Rudels and Friedrich, 2000; Dmitrenko et al., 2008; 
Dmitrenko et al., 2010; Rudels et al., 2015). The Atlantic water enters the Arctic Ocean along two 
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pathways, namely, through the Fram Strait (~3–4 Sv) and the 
Barents Sea (~1–3 Sv) (Rudels et al., 2000; Fahrbach et al., 2001; 
Schauer et  al., 2002; Schauer et  al., 2002b; Beszczynska-Möller 
et  al., 2011) (Figure  1A). The southern branch of the Atlantic 
water experienced significant transformation in the Barents Sea 
(Schauer et  al., 2002; Rudels et  al., 2004; Årthun et  al., 2011). 
The resulting cold (<0°C) and dense Barents Sea branch water 
(BSBW) flows northward to the continental slope adjacent to 
the Nansen basin mainly through the St. Anna Trough (Schauer 
et al., 1997; Rudels and Friedrich, 2000; Årthun et al., 2011). The 
northern branch of the Atlantic waterway propagates eastward 
from the Fram Strait along the continental slope (Rudels et al., 
1994; Ivanov et al., 2012; Onarheim et al., 2014). A comprehensive 
review of the spread and transformation of Atlantic water in 
the Barents Sea and along the continental slope is given in 
(Dmitrenko et al., 2015).

Once the northern flow of the Atlantic water reaches the St. 
Anna Trough, a part of it enters the trough along its western flank, 
reverses in the trough, and then exits along the eastern flank 
(Hanzlick and Aagaard, 1980; Schauer et al., 2002; Kirillov et al., 
2012; Lien and Trofimov, 2013; Rudels et  al., 2013; Dmitrenko 
et al., 2015) (Figure 1A). This flow, hereafter, referred to as the 
Fram Strait branch water (FSBW), is significantly warmer (>2°C 
in the core) and less dense than BSBW. FSBW circulates in the 
western and central parts of the trough, while BSBW forms an 
intense northward flow along the eastern flank of the trough. 
BSBW flow is in geostrophic balance and its velocity depends on 
baroclinic and barotropic pressure gradients across the eastern 
flank of the trough (Schauer et  al., 2002; Kirillov et  al., 2012; 
Lien et al., 2013; Smedsrud et al., 2013; Dmitrenko et al., 2015). 
Further northward at the continental slope, BSWB significantly 
deepens and becomes vertically aligned with the warm Atlantic 
water originating from the Fram Strait (Rudels et  al., 1994; 

Schauer et al., 1997; Schauer et al., 2002b; Pnyushkov et al., 2015; 
Zhurbas and Kuzmina, 2020).

The Atlantic water that exits from the trough to the continental 
slope plays an important role in the formation of the halocline 
and deep layers over a wide area in the Arctic Ocean (Aksenov 
et  al., 2011; Rudels et  al., 2015). The local interaction between 
FSBW and BSBW within the trough, i.e., the momentum and heat 
exchange, can strongly affect the properties of the Atlantic water, 
which flows further eastward along the continental slope. In 
particular, Dmitrenko et al. (2014; 2015) reported the enhanced 
heat loss from the Atlantic water along the eastern flank of the St. 
Anna Trough. Therefore, understanding of the interaction and 
transformation of FSBW and BSBW in the trough is crucial for 
Arctic studies, especially in relation to the ongoing atlantification 
of the Western Arctic (Polyakov et al., 2017; Polyakov et al., 2020; 
Pnyushkov et al., 2022).

Previous studies provided baseline information about the 
structure and circulation of water masses in the St. Anna Trough 
(Schauer et al., 2002; Lien and Trofimov, 2013; Dmitrenko et al., 
2014; Dmitrenko et al., 2015). However, the in situ measurements 
analyzed in these studies were limited to 1–3 zonal transects 
across the trough during certain years (in (Dmitrenko et  al., 
2015) also a mooring station at the eastern part of the trough). In 
this study, we analyze the new set of thermohaline measurements 
obtained at 56 stations in the St. Anna Trough in August and 
October 2021. These measurements covered the central and 
northern parts of the trough with high spatial resolution and 
provided new insights into (1) the circulation of FSBW in the 
northern part of the trough and (2) interaction between BSBW 
and the mixed surface layer along the eastern part of the trough. 
The obtained results are important for the assessment of the 
interaction and heat balance of FSBW, BSBW, halocline, and 
mixed surface layer in the study area.

FIGURE 1 |   (A) A map of the St. Anna Trough and the adjacent areas of the Barents and Kara seas illustrating general circulation scheme of the Atlantic Water 
including flows of FSBW (red arrows), BSBW (blue arrows) and their joint flow along the continental slope eastward from the trough (black arrow).FJL, UI, and VI 
represent Franz Josef Land, Vize Island, and Ushakov Island respectively. (B) Location of hydrologic stations in the St. Anna Trough on 22–26 August 2021 (red 
circles and squares) and on 18–21 October 2021 (green circles and squares). Red and green circles mark stations in the central and western parts of the trough; 
red and green squares mark stations in the eastern part of the trough.
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This paper is organized as follows: in Section 2, we provide 
general information about the study region as well as the in situ 
and satellite data analyzed in this work. The detailed analysis 
of in situ measurements and the description of the structure 
and circulation of water masses in the St. Anna Trough are 
provided in Section 3. Section 4 addresses the transformation of 
temperature, salinity, and heat content of the Atlantic water in 
the trough, which is followed by the conclusions in Section 5.

DATA AND METHODS

The St. Anna Trough is located in the northwestern part of the 
Kara Sea between the Franz Josef Land to the west, the Novaya 
Zemlya to the south, and Vize Island and the Ushakov Island to 
the east (Figure 1A). The trough is oriented from south to north 
(~500 km long) with a relatively stable width (~150 km). It has 
relatively plain relief, 500–600 m deep in the southern part and 
500–700 m in the northern part, bounded by steep eastern and 
western slopes (Figure 1B). Sea depths westward and eastward 
from the trough are <200 m. In the south, the trough is connected 
with the shallow central part of the Kara Sea (mainly <50 m) and 
the northeastern part of the Barents Sea (150–350 m). In the 
north, the trough crosses the continental slope and connects with 
the deep Nansen basin (3,000–4,000 m).

In this work, we analyzed the in situ measurements obtained 
in the St. Anna Trough during the 58th cruise of the R/V 
“Akademik Ioffe” on 22–26 August 2021 and the 86th cruise of 
the R/V “Akademik Mstislav Keldysh” on 18–21 October 2021 
(Figure 1B). In the first field survey in August, the measurements 
were obtained at 36 hydrological stations (red circles and squares 
in Figure 1B), organized into five transects across the northern 
and central parts of the trough (hereafter, referred to as transects 
A2–A6). In the second survey in October, the measurements were 
obtained at 20 hydrological stations (green circles and squares in 
Figure 1B), organized into two transects across (transect B1) and 
along (transect B2) in the northern part of the trough.

During both cruises, the vertical thermohaline structure was 
investigated using a conductivity-temperature–depth (CTD) 
instrument (Sea Bird Electronics (SBE) 911plus) at a 24  Hz 
sampling rate. This CTD profiler was equipped with two parallel 
temperature and conductivity sensors; the mean temperature 
differences between them did not exceed 0.01°C, while that of 
salinity was not greater than 0.005 PSU. The CTD data were 
processed based on a standard programming package (SBE Data 
Processing, version 7.26.7) using recommended settings. The heat 
content in different water masses in the study area was calculated 

using the formula H c dzp
z

z

fr= −∫ρ θ θ0

1

2

( ) , , where is θ the potential 

temperature, θfr is the freezing temperature, ρ0≈ 1,027 kg·m−3 is 
the seawater density, cp≈  3,991.9  J·kg−1·K−1 is the specific heat 
capacity of seawater (Polyakov et al., 2017).

Satellite maps of sea surface distributions of corrected reflectance 
and brightness temperature in the study area were retrieved 
from MODIS satellite data. These data were used to address 
certain aspects of the surface circulation in the St. Anna Trough. 

Additionally, satellite altimetry data from the Data Unification and 
Altimeter Combination System (DUACS) near real-time altimeter 
gridded product of 0.25° (Pujol et  al., 2016) available from 
Copernicus Marine Environment Monitoring Service (CMEMS, 
http://marine.copernicus.eu/) was used for the analysis of the 
geostrophic circulation in the St. Anna Trough in 1994–2021. 
The product includes the data from all available altimeters on a 
Mercator regular grid, which has good effective spatial resolution 
(<100 km) in the study area because of the convergence of satellite 
ground tracks at high latitudes (Ballarotta et  al., 2019). In this 
study, we analyze satellite altimetry maps with a time step of 10 
days, which is also consistent with the effective temporal resolution 
of the DUACS product in high latitudes (Ballarotta et al., 2019). 
The wind forcing conditions in the study area were examined using 
the ERA5 atmospheric reanalysis with a 0.25° spatial and hourly 
temporal resolution (Hersbach et al., 2020).

RESULTS

FSBW in the St. Anna Trough
The vertical temperature and salinity structures observed along 
the transect in the St. Anna Trough in August 2021 is shown 
in Figures 2, 3. It demonstrates the presence of the main local 
water masses, namely, mixed surface layer, halocline, FSBW, and 
BSBW (Figure 4A). A mixed surface layer (MSL) (S <34.1) and 
a more saline and dense halocline (34.1< S <34.7) occupy the 
depths from surface till 50–70 m. Another water mass is referred 
to as MSL mixed with BSBW, which is significantly warmer than 

FIGURE 2 | The vertical temperature structure along transects A2–A6 in the 
St. Anna Trough on 22–26 August 2021. The red station numbers indicate 
locations of the FSBW cores.
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halocline (T 0–2.5°C in August and T −0.5–1°C in October), 
but more saline than MSL and less saline than the lower part 
of halocline (S 34–34.5). MSL mixed with BSBW occupies the 
surface layer along the eastern part of the trough and is described 
and discussed in BSBW in the St. Anna Trough.

The most saline (S >34.7) and dense Atlantic water is located 
below the halocline with a distinct difference between warm 

FSBW (>2°C in the core) and cold BSBW (<−1°C in the core). 
In this paper, we distinguish these water masses by the isotherm 
of 0°C, i.e., BSBW is colder than 0°C and centered at σ0 ~28 kg/
m3, while FSBW is warmer than 0°C and centered at σ0 ~27.85 
kg/m3, following a previous comprehensive study by Dmitrenko 
et al. (2015). This exact partition is somewhat arbitrary; however, 
it does not affect the analysis presented in this study.

Thermohaline structure in the St. Anna Trough observed 
in August 2021 is consistent with previously reported in situ 
measurements in this area (Schauer et  al., 2002; Lien and 
Trofimov, 2013; Dmitrenko et al., 2014; Dmitrenko et al., 2015). 
FSBW is manifested by 1–3 cores of warm water located at the 
intermediate depths. In August 2021, we detected three warm 
cores at the northernmost transect A2 (at 81.5–82°N), two warm 
cores at transects A3 and A4 (at 80.5–81.5°N) and one warm core 
at transects A5 and A6 (at 79.5–80.5°N). The configuration of 
cores indicates the inflow of FSBW from the continental slope 
along the western flank of the trough, its reversal between 
transects A4 and A5, i.e., at the latitude of ~80.5°N, and the 
outflow of FSBW along the central part of the trough. A portion 
of the FSBW water did not reverse in the southern part of the 
trough and propagated further southward to the northeastern 
part of the Barents Sea (Skagseth et al., 2008; Lien and Trofimov, 
2013).

However, the only questionable issue in this scheme is the 
origin of the three cores at transect A2. Three cores at the northern 
part of the trough were previously observed in September 2009 
(Figure 3A in Dmitrenko et al., 2015). Dmitrenko et al. (2015) 
proposed that the third core is the meander of the alongslope 
boundary current, which does not propagate far southward to 
the trough (yellow arrows in Figure  1B in Dmitrenko et  al., 
2015). However, the measurements analyzed in that paper were 
limited to two zonal transects across the trough at the latitudes 
of 81 and 82°N, so this hypothesis was not supported by tracing 
all three cores northward to the slope or southward to the central 

FIGURE 3 | The vertical salinity structure along transects A2–A6 in the St. 
Anna Trough on 22–26 August 2021. The red station numbers indicate 
locations of the FSBW cores.

A B

FIGURE 4 |  Temperature–salinity diagrams including the freezing point temperature (magenta line) and sigma-contours (gray lines) at the hydrographic stations in 
the St. Anna Trough at (A) transects A2–A6 on 22–26 August 2021 and (B) transects B1 and B2 on 18–21 October 2021. Circles mark measurements at stations in 
the central and western parts of the trough; squares mark measurements at stations in the eastern part of the trough.
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part of the trough. Note that all field surveys in the central part 
of the trough (in 1994, 1996, 2008, 2009, 2010, 2013, and 2015, 
most of them in the framework of the NABOS program) revealed 
two cores in the central part of the trough, i.e., the absence of the 
third core (Ivanov et al., 1999; Schauer et al., 2002; Schauer et al., 
2002b; Lien and Trofimov, 2013; Dmitrenko et al., 2015).

Good spatial coverage of in situ measurements in the study 
area in August 2021 provided an opportunity to trace the inflow 
and outflow streams of FSBW and to examine the hypothesis 
about the meandering of the boundary current. If the central 
warm core at transect A2 is the meander (which does not 
propagate further southward to the trough), then it should be 
isolated, i.e., not connected with any core at transect A3. At the 
same time, the eastern warm cores at transects A2 and A3 should 
be connected, manifesting the outflow of FSBW from the trough.

However, in situ measurements show a completely different 
configuration of the warm cores at transects A2 and A3. The 
core of the FSBW outflow at transect A3 (station 3994) is located 
exactly southward of the central warm core at transect A2 (station 
3984). The eastern warm core at transect A2 (station 3981) is 
located ~50 km eastward from the core of the FSBW outflow. 
In addition, both the inflow and outflow streams of FSBW are 
well developed at transects A3 and A4, and the vertical size of 
their cores (>2°C) is 50–100 m. The same is observed for the 
western and central cores at transect A2, while the eastern core is 
significantly smaller, with a vertical size of ~10 m. Based on this 
data, we presume that the northward outflow stream of FSBW 
splits into two flows at the area between transects A3 and A2. 
The majority of FSBW water flows northward at the central part 
of the trough, while smaller fraction flows northeastward along 
the isobaths of 400–500 m. Note that a similar configuration 
with large western and central warm cores and small eastern 
warm cores was also observed in September 2009 (Figure 3A in 
Dmitrenko et al., 2015).

The observed configuration of warm cores at transects A2 
and A3 contradicts the circulation scheme with meandering of 
the alongslope boundary current described by Dmitrenko et al. 
(2015) but proposes two new possible circulation schemes at the 
northern part of the trough. The first scheme is that the central 
warm core at transect A2 is the outflow of FSBW from the trough 
that flows further northward to the continental slope, while the 
eastern core is the meander of the alongslope current. The second 
scheme is that the eastern warm core is the outflow of FSBW from 
the trough to the continental slope, while the central warm core 
is the meander of FSBW from the south, which further merges 
with the inflow of FSBW. Note that the second scheme proposes 
that FSBW forms a recirculating cyclonic gyre within the trough; 
i.e., most of the northward flow of FSBW along the eastern flank 
of the trough reverses at the northern part of the trough and 
returns to the trough along its western flank. As a result, only a 
small fraction of FSBW water is transported off the trough to the 
continental slope, while the majority remains in the cyclonic gyre 
within the trough.

The location of the cores of the inflow and outflow streams 
of FSBW at transects A2–A5 supports the second proposed 
circulation scheme, which is illustrated by the horizontal 
temperature distribution in the trough at the depths of 100 and 

150 m (Figures 5C, D). The distance from the outflow core of 
FSBW to the eastern slope of the trough decreases from 60 km 
(transect A4) to 40 km (transect A3) and then abruptly changes 
to 60/10 km (central/eastern warm core at transect A2), which 
indicates the presence of the gyre circulation.

The second circulation scheme consists of, first, the western 
inflow and the eastern outflow FSBW streams that connect the St. 
Anna Trough with the continental slope and, second, the cyclonic 
FSBW gyre within the trough. Therefore, the zonal transect at the 
northern part of the trough can cross these FSBW streams four 
times from west to east: (1) the FSBW inflow, (2) from outside 
to inside the FSBW gyre, (3) from inside to outside the FSBW 
gyre, and (4) the FSBW outflow. To check this assumption, we 
performed a second field survey in the northern part of the 
trough in October 2021, i.e., two months after the first field 
survey. Vertical thermohaline measurements were organized 
at the northern part of the proposed FSBW gyre and crossed it 
by zonal (transect B1) and meridional (transect B2) transects 
(Figure 1B).

The vertical temperature and salinity structure along the 
transects B1 and B2 supported the second circulation scheme 
(Figures  6, 7). The zonal transect indeed crossed the FSBW 
streams four times, which is indicated by the four warm cores 
in Figure  6A. The western and eastern warm cores, which 
correspond to the inflow and outflow FSBW streams, were 
significantly smaller than both central warm cores at the FSBW 
gyre. The meridional transect B2 crossed the northern part of 
the FSBW gyre, indicated by the warm core (Figure 6). Note that 
both the southern and northern ends of transect B2 (stations 
7224 and 7243) were outside the warm core, which indicates that 
this flow is not the outflow of FSBW but is a part of the FSBW 
gyre.

FIGURE 5 |  Horizontal temperature structure in the St. Anna Trough on 
22–26 August 2021 at the depths of (A) 0 m, (B) 50 m, (C) 100 m, and  
(D) 150 m.

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Osadchiev et al. Atlantic Water Masses in the St. Anna Trough

6Frontiers in Marine Science | www.frontiersin.org July 2022 | Volume 9 | Article 915674

To verify the presence of the FSBW gyre and to visualize the 
general circulation scheme in the St. Anna Trough, we calculated 
the geostrophic currents in the trough based on the thermohaline 
measurement data (for the baroclinic component) and the 
synchronous satellite-derived absolute dynamic topography 
(ADT) (for the barotropic component) (Figures 8, 9). The zero 
velocity level for the baroclinic component was prescribed at 
a depth of 30 m, i.e., below the mixed surface layer and above 
the Atlantic water flow (Ivanov et  al., 1999). The geostrophic 
currents were calculated only for the transects of the field survey 
on 22–26 August 2021 because in October 2021 the marginal 
ice zone occupied the study area during the field work, which 
resulted in the inappropriate quality of the satellite ADT maps. 
The baroclinic currents (and, therefore, the total geostrophic 
currents) were calculated, first, perpendicular to the transect 
lines (Figure 9A) and, second, interpolated to the whole study 
area (Figure 9B).

Figure 8 demonstrates the resulting geostrophic currents across 
the transect on 22–26 August 2021, with an indication of the 
locations of the FSBW and BSBW cores. The general flow direction 
is southward in the western part of the trough and northward in 
the central and eastern parts. The maximal velocities are observed 
in the bottom layer in the eastern part and are associated with the 
BSBW flow. Velocities of FSBW are lower, albeit they show the 
distinct southward flow of the western warm core at transects 
A2–A4 and further residual southward outflow of FSBW from 
the trough toward the northeastern part of the Barents Sea at 
transects A5–A6. Figure  8 also demonstrates the northward 
flow of the eastern warm core at transects A3–A4 and, what is 
more important, the distinct northward flow of both the central 
and eastern warm cores at transect A2. Figure 9 illustrates the 
resulting FSBW flow at a depth of 100 m in the trough on 22–26 
August 2021. The obtained results confirm the origin of the three 
warm cores at transect A2 and verify the proposed recirculation 

FIGURE 6 | The vertical temperature structure along transects B1and B2 in the St. Anna Trough on 18–21 October 2021. The black arrows indicate the intersection 
of transects B1 and B2. The red station numbers indicate locations of the FSBW cores.

FIGURE 7 | The vertical salinity structure along transects B1 and B2 in the St. Anna Trough on 18–21 October 2021. The black arrows indicate the intersection of 
transects B1 and B2. The red station numbers indicate locations of the FSBW cores.
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of FSBW in the St. Anna Trough. The geostrophic currents also 
show that the flow in the central warm core at transect A2, i.e., 
the FSBW gyre, is somewhat more intense than the flow in the 
eastern warm, i.e., FSBW outflow from the trough.

Finally, we applied the satellite ADT date with spatial 
resolution of 0.25° to detect the presence of the cyclonic FSBW 

gyre in the St. Anna Trough. The flow of Atlantic Water is not 
a surface current, however, it could have surface manifestations 
which are visible in satellite altimetry data. The ADT distribution 
averaged during the period of field work on 22–26 August 2021 
is presented in Figure 10A. It clearly demonstrates the cyclonic 
FSBW gyre in the northern and central parts of the trough (65–
70° E, 81–82° N) manifested by the decreased sea level.

To check whether this cyclonic eddy is a stationary and 
persistent feature in the northern part of the trough, we 
analyzed the ADT data during the ice-free periods in 1994–
2021. We revealed that the decreased sea level associated with 
the FSBW gyre is regularly observed on ADT maps, albeit this 
manifestation is unstable and is often blurred or not present. We 
presume that this instability in the manifestation of the gyre in 
ADT maps is caused by the relatively low velocity of the FSBW 
gyre and the resulting small difference in sea level between the 
center and periphery of the eddy (3–5 cm). As a result, this small 
sea-level gradient in the trough could be distorted by the wind 
forcing, which causes a shift of the sea-level minimum from the 
eddy center (Frey and Osadchiev, 2021). The relatively narrow 
St. Anna Trough is sandwiched by land and/or shallow areas 
including the Franz Josef Land in the west and the Central Kara 
Plateau (<100 m deep) with Vize Island and the Ushakov Island 
(Figure  1B). As a result, even moderate zonal wind (which 
dominates meridional wind in the study area) modifies the sea 
surface height distribution and masks the manifestations of 
the gyre in the trough. The average wind speed during the field 
survey on 22–26 August 2021 was equal to 5.5  m/s, therefore 
the manifestation of the gyre was visible on the ADT map 
(Figure 10A).

Locations of stations are shown by black dots.
Indeed, the average ADT distribution averaged during all 

ice-free and low wind forcing (<6  m/s) periods in 1994–2021 
clearly demonstrates the cyclonic FSBW gyre in the trough 
(Figure 10B). Stable sea-level gradients are also observed along 
the eastern slope of the St. Anna Trough and further southward 

FIGURE 9 | Geostrophic currents at the depth of 100 m: (A) cross-transect components and (B) interpolated to the whole study area illustrating FSBW flow in the 
St. Anna Trough on 22–26 August 2021.

FIGURE 8 | The sum of baroclinic and barotropic components of 
geostrophic current along transects A2–A6 in the St. Anna Trough on 22–26 
August 2021. Note that the current velocity is shown perpendicular to the 
transect lines. The white dashed lines indicate isotherms of −1, −0.5, 1.5, 
and 2°C to show the locations of FSBW and BSBW cores. The red station 
numbers indicate locations of the FSBW cores.
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to the Novaya Zemlya, indicating the BSBW flow. This result 
confirms that the cyclonic gyre is a stationary and persistent 
feature in the northern part of the trough.

BSBW in the St. Anna Trough
Cold and dense BSBW occupied the intermediate and bottom 
layers along the eastern flank of the St. Anna Trough (Figures 2, 
6). The lowest temperature of BSBW was equal to −1.1 to −1.2°C 
and was registered at the narrow bottom layer. The largest salinity 
of BSWB was equal to 39.83–39.85 and was also registered at the 
bottom layer (Figure 3). The intense northward flow of BSBW 
in the eastern part of the trough is in a geostrophic balance 
(Kirillov et al., 2012). Based on the thermohaline measurements 
in August 2021, we assessed the geostrophic velocity of BSBW as 
5–10 cm/s (Figure 8). This result is in agreement with previous 
measurements of the velocity of the BSBW flow in the trough 
equal to 10–30 &scy;m/s (Dmitrenko et al., 2014).

The thermohaline structure and circulation of BSBW in the 
St. Anna Trough observed in August and October 2021 agree 
with previous related studies (Schauer et  al., 2002; Schauer 
et  al., 2002b; Lien and Trofimov, 2013; Dmitrenko et  al., 2014; 
Dmitrenko et  al., 2015). The main new finding of this study 
related to BSBW addresses the mixed surface layer above BSBW 
in the eastern part of the trough. In situ measurements in 
August and October 2021 showed that the surface layer along 
the northeastern part of the trough (indicated by squares in 

Figure  4) was significantly warmer (1.6–2.4°C in August and 
0.3–0.5°C in October) and more saline (34.0–34.2) than that at 
the central and western parts of the trough (33.0–33.6; 0.4–1.6°C 
in August and −1.8 to −1.0°C in October) (Figures 2, 3, 6, 7). 
Moreover, the cold (<0°C) halocline layer was thin (10–15 m) 
(stations 3981 and 3982 at transect A2) or absent (stations 3995 
and 3996 at transect A3, station 3997 at transect A4, and station 
4012 at transect A5) in August 2021 below this warm and saline 
surface layer (Figure 2). The isotherm of −0.5°C raised from the 
depths of 450–550 m in the middle of the trough to 120–150 m at 
the eastern flank of the trough.

The observed feature, i.e., the increased surface temperature at 
the eastern part of the trough, was reported in previous studies. 
Schauer et  al. (2002b) demonstrated that this warm and high-
saline anomaly is local, i.e., it is not observed in the surface 
layer further westward or eastward. Dmitrenko et al. (2014) also 
reported that the surface temperature at the eastern part of the 
trough is anomalously high, much higher than it should be at 
this latitude. Dmitrenko et al. (2014) presumed that its formation 
is caused by an upward heat flux from the FSBW outflow, which 
interacts and mixes with BSBW along the eastern flank of the 
trough. However, our measurements in August contradict this 
assumption for the following reasons: first, maximal temperatures 
in the core of the warm surface layer in the eastern part of the 
trough (2.2–2.4°C) were the same as those in the core of the 
FSBW outflow (2.2–2.4°C). The temperature of the surface layer 
warmed as a result of vertical heat flux should be distinctly lower 

A B

FIGURE 10 | Absolute dynamic topography maps in the northern part of the Kara Sea from near real-time gridded altimetry data (A) averaged during the period of 
field survey 22–26 August 2021 and (B) averaged during ice-free and low wind forcing (wind speed <6 m/s) in 1994–2021. .
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than the temperature of FSBW due to heat losses between these 
water masses. Second, the warm and saline surface layer was 
located exactly above BSBW and ~20–30 km eastward from the 
FSBW outflow.

We propose an alternative explanation for the formation of 
the warm and saline surface layer along the eastern flank of the 
St. Anna Trough. The surface temperature and salinity structure 
at the study area in August 2021 (Figures  5A, B) show that 
the source of this water is located in the southeastern part of 
the trough above BSBW. In the eastern part of the trough, i.e., 
above BSBW, the temperature at a depth of 25 m decreases from 
2–3°C in the south to 1.5–1.8°C in the north (Figure 5B). In the 
central and western parts of the trough, i.e., above FSBW, the 
temperature at a depth of 25  m decreases from 0 to −0.5°C in 
the south to −1 to −1.2°C in the north. Thus, the temperatures 
of the surface layer above both FSBW and BSBW significantly 
decrease from south to north, while the temperature difference 
across the trough, i.e., between eastern and central/western parts 
at the same latitude, remains relatively stable (2–3.5°C in the 
south, 2.5–3°C in the north).

We presume that the intense northward flow of BSBW along 
the eastern flank of the trough interacts with the surface layer. 
This interaction induces, first, the northward transport of the 
warm surface layer above BSBW and, second, mixing of the 
warm surface layer with BSBW. As a result, the salinity of the 
surface layer along the eastern flank of the trough increases and 
becomes higher than that at the same longitude westward in the 
trough. The temperature of this surface layer decreases due to 
mixing but remains higher than at the same longitude westward 
in the trough due to the decrease in air temperatures with the 
increase in latitude. Indeed, in August 2021, the difference in 
salinity and temperature of the surface layer between the central 
and eastern parts of the trough increased significantly from the 
southern transect A6 (0.4; 0.4°C) to the northern transect A2 
(1.0; 1.3°C).

The proposed scheme of the northward flow and mixing of 
BSBW and the surface layer along the eastern part of the trough 
is supported by thermal satellite imagery of the study area. This 
region has almost constant cloud coverage during the short ice-
free season. Moreover, during certain years, this area is completely 
covered by ice in summer and autumn. Therefore, analysis of 
daily MODIS Terra and Aqua images taken from July to October 
2000–2021 revealed only five different days (4 September 2008; 
30 July, 31 July, and 1 August 2015; and 12 September 2016) 
with cloud-free and ice-free conditions in the St. Anna Trough 
and the adjacent areas of the Kara and Barents seas. The pairs of 
corrected reflectance and brightness temperature satellite images 
during these days are presented in Figure  11. All five thermal 
satellite images in Figure 11 demonstrate the distinct northward 
flow of the warm surface water from the northern part of Novaya 
Zemlya along the eastern flank of the St. Anna Trough. The most 
illustrative are the cases of three consecutive days from 30 July 
to 1 August 2015 with almost cloud-free conditions, albeit the 
northeastern and northern parts of the trough are partly covered 
by ice. The available SST images do not show the exact source 
region of warm water, which could be advected to the trough 
from either the Kara Sea, the Barents Sea, or both sources. Note 

that the corrected reflectance satellite images are shown only 
to demonstrate the state of cloud and ice coverage. It is crucial 
to distinguish the areas where the brightness temperature is 
referred to as ice and clouds and does not correspond to the real 
sea surface temperature.

Both in situ measurements and cloud-free and ice-free 
satellite observations in the St. Anna Trough are scarce. These 
data cannot be used to understand if the advection of warm 
surface water to the trough is an episodic or persistent circulation 
scheme. However, based on satellite ice data, Dmitrenko et  al. 
(2014) reported that reduced sea ice thickness and concentration 
is a common feature along the eastern flank of the St. Anna 
Trough (see Figures 11 and 14 in Dmitrenko et al. (2014)). Sea ice 
conditions in this area regularly show a delayed freeze-up onset 
during the fall and a reduction in the sea ice thickness during the 
winter. This result is a convincing argument that the northward 
flow of surface water from the Novaya Zemlya along the eastern 
flank of the trough toward the continental slope is a stationary 
circulation feature.

DISCUSSION

The in situ measurements obtained in the St. Anna Trough 
in August and October 2021 provided new insights into the 

FIGURE 11 | Corrected reflectance (left) and brightness temperature (right) 
from MODIS Terra/Aqua satellite images of the St. Anna Trough and the 
adjacent areas of the Kara and Barents seas acquired on 4 September 2008; 
30 July, 31 July, and 1 August 2015; and 12 September 2016. The dashed 
white arrow in the thermal image on 31 July 2015 illustrates the northward 
flow of the warm surface layer along the eastern flank of the St. Anna Trough.
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circulation of the local water masses: (1) the recirculation of most 
of FSBW within the cyclonic gyre and (2) the intense northward 
transport of the warm surface layer along the eastern flank of the 
trough and its mixing with BSBW (Figure 12). Considering this 
scheme, the obtained in situ measurements provide an opportunity 
to assess the transformation of the Atlantic water during its flow 
in the trough, including changes in temperature, salinity, and heat 
content. The latter was calculated using the vertical integration 
range for FSBW selected between the isotherms of 2°C and while 
for BSBW between the seafloor and the isotherm of −0.5°C. This 
analysis is based on the measurements at hydrological stations; 
therefore, it has some bias due to potential underestimation of the 
maximal/minimal temperature and salinity values as well as the 
heat content in the FSBW and BSBW cores. Another important 
limitation is the temporal coverage of the measurements, because 
we consider only one “snapshot” of the thermohaline structure 
in the trough in August 2021 and one “snapshot” in the northern 
part of the trough in October 2021. Nevertheless, we believe that 
the obtained results are representative of the circulation and 
transformation of the Atlantic water in the trough, so it can be 
used as a first-order approximation of these processes.

The temperatures and salinities of the warm cores at the 
intermediate depths, which correspond to FSBW, showed 

good agreement with the main circulation features, including 
the FSBW gyre (hereafter FSBWg), the FSBW inflow from the 
continental slope to the trough (FSBWi), the FSBW southward 
outflow from the trough toward the Barents Sea (FSBWos), 
and the FSBW northward outflow toward the continental slope 
(FSBWon). FSBWg recirculated in the trough with stable maximal 
temperature of 2.44–2.45°C except the northern part of the gyre, 
where the maximal registered temperature was lower (2.38°C 
in August, 2.34°C in October). The depths of the temperature 
maximums increase significantly increase from 105 to 115 m at 
the western and southern parts of FSBWg to 135–140 m at its 
eastern and northern parts. The vertical location of the FSBWg 
core (defined by temperature >2°C) is relatively stable. Its upper 
and lower boundaries vary between 65–80 m and 150–190 m, 
respectively, at different parts of the gyre. Salinity in the FSBWg 
core is equal to 34.77–34.89 and is relatively stable along the gyre. 
Note that the maximal salinity in the trough (>34.9) is registered 
below the cores of FSBWg. The heat content of FSBWg was also 
stable and was equal to 1.6·109 J·m−2 at the western part of the 
trough (average value at stations 3987, 3988, 3989, 3990, and 
3991) and 1.5·109 J·m−2 at the eastern part of the trough (average 
value at stations 3984, 3993, 3994, and 3999).

Maximal temperatures in the inflowing FSBWi registered in 
October (2.26°C) were significantly lower, than those in FSBWg 
including measurements in its coldest northern part in October 
(2.34°C). The depth of the temperature maximum (105  m) of 
FSBWi is similar to the related depths in the western part of 
FSBWg (105–115 m). However, the depths of the merging shallow 
FSBWi core (75–120 m) and the deep northern part of FSBWg 
(80–160 m) are also consistent with those in the western part of 
FSBWg (75–170 m). Salinity in the merging FSBWi core (34.76–
34.82) and the northern part of FSBWg (34.81–34.88) includes 
those observed in the western part of FSBWg (34.77–34.87).

The fact that the FSBWi flow has lower temperatures than 
the FSBWi flow is questionable because FSBWi is the source of 
heat at intermediate depths in the St. Anna Trough. We propose 
the following reasons why we observed this feature: The inflow 
of the Atlantic water to the trough is non-stationary in terms 
of temperature and intensity (at least due to its strong seasonal 
variability), which can result in the observed temperature 
difference between FSBWi and FSBWg at the only transect B1 
across them in October 2021. Moreover, the only measurements 
in FSBWi (stations 7237 and 7238 in October 2021) were obtained 
very close to FSBWg (<20  km) and possibly did not show the 
core characteristics of FSBWi.

The southward outflow FSBWos is also colder than FSBWg. 
The maximal temperatures in FSBWos are only 2.2–2.28°C. 
The depths of the FSBWos core significantly decreased during 
its southward propagation from 70–130 m to 55–70 m. The 
heat content of FSBWos was also significantly smaller than 
that of FSBWg and decreased from 0.9·109 J·m−2 (average value 
at stations 4003 and 4005) to 0.7·109 J·m−2 (station 4020). The 
northward outflow of FSBWon is also colder than FSBWg, 
with maximal temperatures of 2.06–2.2°C. This outflow is also 
shallower, with depths of 85–100 m compared to the eastern 
part of FSBWg (65–190 m). The heat content of FSBWon was the 
smallest and equal to 0.2·109 J·m−2 (station 3981). Salinity in the 

FIGURE 12 | The general circulation scheme in the St. Anna Trough. Red 
and blue arrows show the FSBW and BSBW pathways, white arrow shows 
the surface layer pathway, black swirls indicates mixing between the surface 
layer and BSBW. Dashed arrows indicate flows of water masses revealed 
and described in this study.
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FSBWos core (34.81–34.85) and especially in the FSBWon core 
(34.85–34.86) corresponds to the highest salinity in the FSBWg 
core. As a result, both outflows are relatively cold, shallow, and 
saline compared to FSBWg.

The transformation of BSWB in the St. Anna Trough was 
considered using the in situ measurements at the eastern and 
central parts of the trough, where this water mass is present. The 
minimal temperatures and maximal salinities of BSWB were 
registered in the bottom layer. In August 2021, the minimal 
temperatures did not show any stable trend from south to 
north; they slightly increased from −1.25 to −1.27°C at transect 
A2 to −1.19 to −1.24°C at transects A3–A4 and then abruptly 
decreased to −1.33°C at transects A5–A6. Analogously, the heat 
content of BSBW in August 2021 changed from 3.5·109 J·m−2 at 
the southeastern part of the trough (average value at stations 
4010, 4011, 4012, 4013, and 4014) to 3.9·109 J·m−2 (average value 
at stations 3994, 3995, 3996, 3997, and 3998) and then to 3.0·109 
J·m−2 at the northeastern part of the trough (average value at 
stations 3981, 3982, and 3983). In October 2021, the minimal 
temperatures at the northeastern part of the trough were 
much higher and varied from −1.00 to −1.17°C. Additionally, 
anomalously warm bottom water (−0.24°C) was registered in 
October 2021 at station 7229 (617 m deep), indicating the deep 
penetration of FSBW and absence of the BSBW core at this 
station. The maximal salinity, on the other hand, was stable and 
equal to 34.85 at all transects in August 2021 and to 34.82–34.83 
in October 2021.

Salinity at the isotherm of −0.5°C (which can be regarded as 
the boundary of the BSBW core) was also stable and equal to 
34.8–34.81 at almost all stations in the eastern part of the trough 
in August and October 2021. Lower salinities were registered 
only at stations 3996 (34.69), 3997 (34.78), and 4012 (34.77) in 
August and at stations 7231 (34.78), 7232 (34.76), 7233 (34.79), 
and 72343 (34.77) in October, which is caused by mixing with a 
less saline surface layer. In the central part of the trough, salinity 
at the isotherm of −0.5 was >34.8 at all stations, which is caused by 
mixing with more saline FSBW. These salinities were the highest 
below the southward flow of FSBW (34.85–34.87 at stations 3986, 
3987, and 3992) and only slightly higher below the northward 
flow of FSBW (34.81–34.83 at stations 3983, 3984, 3993, 3999, 
4001, 4006, 4007, 4009, 7228, and 7230).

The thermohaline measurements described in this study, 
continue the sequence of field surveys performed in the St. Anna 
Trough since the 1960s (Hanzlick and Aagaard, 1980; Ivanov 
et  al., 1999; Schauer et  al., 2002a; Lien and Trofimov, 2013; 
Dmitrenko et al., 2015). Therefore, we compared the results of in 
situ measurements in 2021 with the previously reported studies to 
make a contribution to understanding the long-term variability 
of the thermohaline structure in the trough, which is important 
in the context of the ongoing climate change in the Arctic Ocean.

In August 2021, the temperature and salinity of the BSBW 
core in the bottom layer in were −1.1 to −1.2°C and 34.8–34.9, 
respectively (Figures 2–4), which is similar to those registered 
in 1965 (Hanzlick and Aagaard, 1980) and 1996 (Schauer et al., 
2002). However, bottom temperature and salinity in BSBW in 
1994 (Ivanov et al., 1999) and in 2008–2010 (Lien and Trofimov, 
2013; Dmitrenko et al., 2015) were significantly greater (−0.5–0°C 

and 34.93–34.97), which was associated with the formation of 
the saltier and warmer brine water (referred to as “true BSBW” 
in Dmitrenko et  al. (2015)). The observed differences in the 
presence and absence of the bottom brine water could be caused 
by the widely studied inter-annual variability of cooling and 
density modification of the Atlantic water in the Barents Sea 
(Skagseth et al., 2021; Shu et al., 2021).

The temperature and salinity of FSBW in the St. Anna Trough 
also significantly changed on the inter-annual time scale. The 
maximal temperatures of FSBW in the eastern part of the trough 
steadily increased from 1.5°C in 1965 (Hanzlick and Aagaard, 
1980) to 1.75°C in 1994 (Ivanov et al., 1999) and 1996 (Schauer 
et  al., 2002) and to 2–2.5°C in 2008–2010 (Lien and Trofimov, 
2013; Dmitrenko et al., 2015). In 2021, the maximal temperatures 
were similar to those registered in 2008–2010, which indicates 
the secession of the FSBW warming. The maximal salinities 
of FSBW were equal to 34.93 in 1965 (Hanzlick and Aagaard, 
1980) and in 1994 (Ivanov et al., 1999), 34.95 in 1996 (Schauer 
et al., 2002), and 34.94 in 2009 (Dmitrenko et al., 2015). In 2021 
we registered a significant reduction in salinity with a maximal 
value of 34.89. This result is also associated with the inter-annual 
variability of the Atlantic water along the continental slope 
in the Barents Sea (Polyakov et al., 2017; Polyakov et al., 2020; 
Pnyushkov et al., 2022).

CONCLUSIONS

This study describes the extensive in situ measurements obtained 
in the St. Anna Trough in August and October 2021, with special 
emphasis on the northern part of the trough. Good spatial 
resolution of vertical thermohaline profiling provided novel 
information about the circulation of the Atlantic water in the 
trough. First, we revealed that the majority of the FSBW flow 
recirculates within the trough as a cyclonic gyre. The FSBW 
outflows southward to the Barents Sea and northward to the 
continental slope are less pronounced than the northern part of 
the FSBW gyre. Second, we revealed the intense northward flow 
of the mixed surface layer at the eastern part of the trough caused 
by its dynamic interaction with the BSBW flow. It causes mixing 
of the surface layer and halocline with BSBW and results in the 
transport of a warm and saline surface layer to the northeastern 
part of the trough.

Based on the obtained in situ data, we assessed the 
transformation of FSBW and BSBW in the trough. The cyclonic 
FSBW gyre has a stable temperature, salinity, and vertical 
location of the core. All local inflows and outflows are colder, 
thinner, and shallower in the core than the FSBW gyre. The 
inflow of FSBW from the continental slope is less saline than 
the FSBW gyre, while both outflows of FSBW to the Barents Sea 
and the continental slope are more saline than the FSBW gyre. 
We presume that stability of temperature and salinity in the 
eastern and western parts of the FSBW gyre is provided by its 
recirculation and the resulting heat and saline balance with the 
BSBW flow. The BSBW core adjacent to the sea bottom layer has 
stable salinity but variable temperature within the trough. While 
propagating northward, temperature at the upper BSBW layer 
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steadily increases and salinity steadily decreases as a result of 
mixing of BSBW and warm and low-saline surface layer, however 
this mixing does not affect the bottom layer.

The results obtained in this study are an important 
modification of the circulation scheme in the St. Anna Trough 
described in previous studies (Schauer et  al., 2002; Lien and 
Trofimov, 2013; Dmitrenko et  al., 2014; Dmitrenko et  al., 
2015). They are important for understanding the interaction 
of the local water masses, which determines their density 
and heat content. In particular, the presence of the FSBW 
gyre significantly increases the residence time of FSBW water 
in the trough. This results in decreased heat inflow from the 
continental slope and modifies the heat balance between FSBW 
and BSBW in the trough. In particular, we did not register any 
evidence of the intense mixing and heat exchange between 
FSBW and BSBW within the trough. On the other hand, BSBW 
experiences intense heat exchange with the halocline and 
surface layer during its flow through the St. Anna Trough. The 
transport of warm water from the south to the eastern part of 
the trough affects ice formation and ice melting. This process 
significantly increases the duration of the ice-free season, which 
was reported by Dmitrenko et al. (2014).

The intense northward transport of the surface layer from the 
northern part of Novaya Zemlya toward the continental slope 
could be important in the context of the freshwater balance of 
the Kara Sea. The Ob-Yenisei plume, which occupies a wide area 
between Novaya Zemlya and the continent in the central part of 
the Kara Sea, is among the largest freshwater reservoirs in the 
Arctic Ocean (Osadchiev et al., 2019; Osadchiev et al., 2020a; 
Osadchiev et al., 2020b; Osadchiev et al., 2021a; Osadchiev et al., 
2021b). This plume (with salinities of <25) is formed during the 
ice-free period in summer and autumn and disappears during 
the ice period, i.e., in early spring, salinities in the central part 
of the sea are >30 (Fedulov et al., 2018; Mosharov et al., 2018). 
The fate of the Ob-Yenisei plume under ice during the cold 
season remains unknown. In the case of northward advection 
of the Ob-Yenisei plume to the southern part of the St. Anna 
Trough, the interaction of the plume with the BSBW flow could 
result in its transport northward to the continental slope and 
provide the advection of the plume from the central part of the 
Kara Sea. However, determining whether or not this process 
occurs requires additional under-ice in situ measurements at 
the study area.

Despite certain progress in our understanding of processes in 
the St. Anna Trough, many important issues remain unknown. 
Among the others, we want to highlight the question of the 
formation of the FSBW gyre. In this study, we detected the exact 
area of reversal of FSBW in the St. Anna Trough. It occurs at the 
middle of the trough (81.5° N), near the topographic elevation 
of the seafloor on the western slope. However, this elevation is 
relatively small and local; it is manifested by a 30-km eastward 
shift of the 500-m isobath (Figure 12). Moreover, this elevation 
does not hinder the formation of the southward flow of FSBW 
into the Barents Sea. As a result, the physical mechanism 
that causes a reversal of FSBW in the trough and controls the 

meridional extent of the FSBW gyre remains unknown. Among 
the possible explanations are the dynamic interactions of FSBW 
with the northward flow of BSBW (which was not detected in 
this study) and conservation of the vorticity of the FSBW flow. 
However, these issues require specific in situ measurements and 
validated numerical modeling, which is also the case for many 
other related questions, including the temporal variability of the 
FSBW gyre, the residence time of FSBW in the gyre, the volumes 
of the FSBW inflow and outflow, and the influence of the FSBW 
gyre on mixing and heat balance in the trough.
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