
1. Introduction
Warm and saline waters from the North Atlantic enter the Arctic Ocean through Fram Strait and the western 
Barents Sea (Aagard et al., 1987; Schauer et al., 2004) (Figure 1a) and propagate cyclonically along the Arctic 
continental slope with the Arctic Boundary Current (ABC). These water masses are significantly cooled during 
the along-slope passage (Bluhm et al., 2020) due to a variety of processes such as vertical heat transfer (Ivanov 
et al., 2009; Polyakov et al., 2010), heat exchange with the atmosphere and sea ice (Duarte et al., 2020; Ivanov 
et  al.,  2016; Rudels et  al.,  1996,  2005) or heat loss within the bottom boundary layer (Schulz et  al.,  2021). 
In the Barents Sea, waters from the North Atlantic are transformed into Barents Sea Branch Water (BSBW) 
(Gammelsrød et al., 2009; Schauer et al., 2002). The waters cool and freshen due to vertical mixing with cold and 
less saline shelf waters (Lind et al., 2016, 2018) and air-sea heat loss (Schauer et al., 2002). BSBW then enters the 
Arctic Ocean via St. Anna Trough as a density current (Årthun et al., 2011; Schauer et al., 1997, 2002; Shapiro 

Abstract We assessed the spatial and temporal variability of the Arctic Boundary Current (ABC) using 
seven oceanographic moorings, deployed across the continental slope north of Severnaya Zemlya in 2015–2018. 
Transports and individual water masses were quantified based on temperature and salinity recorders and current 
profilers. Our results were compared with observations from the northeast Svalbard and the central Laptev Sea 
continental slopes to evaluate the hydrographic transformation along the ABC pathway. The highest velocities 
(>0.30 m s −1) of the ABC occurred at the upper continental slope and decreased offshore to below 0.03 m s −1 
in the deep basin. The ABC showed seasonal variability with velocities two times higher in winter than in 
summer. Compared to upstream conditions in Svalbard, water mass distribution changed significantly within 
20 km of the shelf edge due to mixing with- and intrusion of shelf waters. The ABC transported 4.15 ± 0.3 Sv 
in the depth range 50–1,000 m, where 0.88 ± 0.1, 1.5 ± 0.2, 0.61 ± 0.1 and 1.0 ± 0.15 Sv corresponded to 
Atlantic Water (AW), Dense Atlantic Water (DAW), Barents Sea Branch Water (BSBW) and Transformed 
Atlantic Water (TAW). 62–70% of transport was constrained to within 30–40 km of the shelf edge, and beyond 
84 km, transport increases were estimated to be 0.54 Sv. Seasonality of TAW derived from local shelf-processes 
and advection of seasonal-variable Fram Strait waters, while BSBW transport variability was dominated by 
temperature changes with maximum transport coinciding with minimum temperatures. Further Barents Sea 
warming will likely reduce TAW and BSBW transport leading to warmer conditions along the ABC pathway.

Plain Language Summary We assessed the structure and seasonal variability of the flow and 
water masses of the Arctic Boundary Current (ABC) in the region north of Severnaya Zemlya. This current 
is important in the Arctic Ocean as it transports relatively warm and saline waters along the Eurasian Arctic 
continental slope. We quantified the flow, transport and hydrographic variability of the ABC. Compared to 
observations from upstream, our results indicate that the water masses away from the shelf break maintained 
the hydrographic characteristics from upstream. In contrast, the water masses near the shelf break were 
significantly cooled and freshened due to intrusion of- and mixing with shelf waters. The water masses near 
the shelf break showed a seasonal signal in volume transport and temperature which derives from local shelf 
processes, advection of seasonal-variable waters along the ABC pathway and the seasonal cooling of the 
Barents Sea. If the warming trend in the Barents Sea continues, warmer waters are expected to be advected 
eastward along the Eurasian continental slope by the ABC.
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et al., 2003), and then joins the ABC along with waters from Fram Strait. 
Confluence of these waters sets up a cross-slope density gradient which 
leads to geostrophic adjustment (Pnyushkov et al., 2015). Consequently, both 
BSBW and waters from Fram Strait flow eastward along the ABC pathway.

The ABC further cools between St. Anna Trough and the Laptev Sea 
(Pnyushkov et  al.,  2015; Rudels et  al.,  2000; Schulz et  al.,  2021). This 
region generally features Arctic conditions with near-freezing surface waters 
separated from the warm Atlantic layer by a strong halocline (Fer,  2009; 
Rudels, 2009; Rudels et al., 1996). However, within the last decade, obser-
vations highlight a transition toward ocean characteristics that are commonly 
found closer to the Atlantic inflow. These include increases in sub-surface 
temperatures along with a decrease in sub-surface stratification (Polyakov 
et al., 2013, 2017). This process is referred to as Atlantification and described 
to contribute to decreasing the sea-ice thickness and concentration in 
the Nansen Basin (Asbjørnsen et  al.,  2020; Carmack et  al.,  2015; Ivanov 
et al., 2012). Upward heat loss from the ABC plays a major role in Atlanti-
fication (Ivanov et al., 2018; Polyakov et al., 2013, 2017, 2020), particularly 
in winter when vertical heat fluxes are greater (Ivanov et al., 2018; Polyakov 
et al., 2013). In summer vertical heat fluxes were estimated to represent less 
than 20% of the observed ABC cooling (Schulz et al., 2021). Nonetheless, 
cooling of the ABC has been suggested to mainly result from mixing with 
cold shelf waters (Janout et al., 2017; Lenn et al., 2009; Rudels et al., 2000; 
Schulz et al., 2021; Woodgate et al., 2001), which are supplied continuously 
into the Arctic Ocean (Årthun et al., 2011; Shapiro et al., 2003). However, 

the temporal and spatial effects of the shelf waters exports on the hydrography of the ABC remain unclear. It is 
crucial to understand the relevant cooling processes along the ABC pathway. For instance, reductions in the rate of 
wintertime cooling of shelf water in the Barents Sea may lead to advection of warmer waters into the Arctic Ocean 
and the eastern Arctic continental slopes. Most of our understanding is based on model studies and few synop-
tic observations that are constrained mainly to small areas and ice-free periods. These studies, however, cannot 
provide temporal assessments of the transformation of water masses or intrusion of shelf waters along the ABC 
pathway. In contrast, long-term (1–2 years) mooring-based analyses of water mass variability and transport along 
the Eurasian Arctic continental slope have been carried out in few selected regions such as northeast of Svalbard 
(Pérez-Hernández et al., 2019) and the Laptev Sea (Baumann et al., 2018). However, the >2,000 km distance 
between these sites hinders a detailed analysis of the processes cooling the water masses along the ABC pathway.

Our study focuses on the along-slope transport north of Severnaya Zemlya (Figure 1b). This dynamic region is 
characterized by the convergence of waters from Fram Strait and the Barents Sea, with the latter entering the 
Arctic Ocean through St. Anna Trough only 400–600 km upstream of our focus region. Based on an array of 
seven moorings deployed from the shelf break across the continental slope into the basin between 2015 and 2018, 
we analyze the ABC's structure and seasonality and assess the hydrographic properties and water mass transports 
entering the eastern Arctic continental slope region. We contrast our results with long-term records from Fram 
Strait and the central Laptev Sea to discuss the water mass transformation along the ABC pathway.

2. Methods
2.1. Current and Hydrographic Time Series

A high-resolution mooring array was used to analyze the water masses, transports and structure of the ABC north 
of Severnaya Zemlya (Figure 1b). The array consisted of 7 moorings (AK1–AK7) arranged over an 84 km-wide 
stretch across the continental slope from August 2015 to September 2018 in water depths between 300 m (AK1) 
and 3,000  m (AK7) (Figure  2). Overall, the array was under sea ice between November and June-July while 
in the period June-November more ice-free conditions were found. In the upper continental slope (AK1–AK3) 
the Rossby radius of deformation was estimated to be ∼5  km in accordance with previous studies (Nurser & 
Bacon, 2014). The distance between moorings was on average 6.5 km, which is greater, but comparable to the 
local Rossby radius. Between moorings AK3 and AK7 the distance between moorings increases to an average 
of ∼18 km with standard deviation of 𝐴𝐴 ± 4.6 km, a length scale that is also greater but comparable to the Rossby 

Figure 1. Maps of (a) the Arctic Ocean and (b) the study area. In (a) the 
black circle and asterisk indicate the location of the time series in the West 
Spitsbergen current region and previous observations in northeast Svalbard 
and in the central Laptev Sea. In (a) a schematic of the circulation is shown 
where waters from the Atlantic Ocean (Dense Atlantic Water and Atlantic 
Water), Barents Sea Branch Water and Transformed Atlantic Water are 
represented by red, light blue and dark blue arrows, respectively. BS, KS, LS, 
VT, and SAT stand for Barents Sea, Kara Sea, Laptev Sea, Vilkitsky Trough 
and St. Anna Trough, respectively. Gray contours represent the 265, 400, and 
2,500 m isobaths. In (b) red diamonds indicate the location of the moorings.
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radius of deformation which in this region has been estimated to be of order 
10 km (Nurser & Bacon, 2014). The mooring array was equipped with Acous-
tic Current Doppler Profilers (ADCP's, Teledyne RDI), rotor current meters 
(RCM) and CTD (Conductivity, Temperature, and Depth) sensors (SeaBird 
Microcats). The sampling intervals were different depending on the sensor 
from 30 to 60  min for temperature and salinity recorder, up to 90  min for 
ADCP's and 120 min for single point Aanderaa current meters. The vertical 
bin size of the ADCP's ranged from 2 m for 300 KHz Workhorse to 8 m bins 
for 75 KHz Longranger ADCP's. Different parameters were investigated for 
quality control, and data points that did not pass specified thresholds (beam 
correlations >64%, error velocity <10 cm s −1, percent-of-good>50%, pitch/
roll<20°) were discarded. Velocities from ADCP and RCM were corrected 
for magnetic field (∼50°) and error compasses. Time series of temperature 
and salinity were processed using automated seabird routines and calibrated 
with hydrographic data from CTD casts obtained during the mooring's recov-
ery. More details on instrument depths and sampling period are provided in 
Table 1. The analysis was complemented with hydrographic time series from 
September 2016 to July 2018 from Fram Strait in the West Spitsbergen Current 
region (Figure 1a) (Von Appen et al., 2019). To remove fluctuations such as 
tides, high frequencies were removed from all time series with a running aver-
age window of 14 days. With this 14-day filter, most eddies would have been 
eliminated as well. The data sets were subsequently subsampled at a temporal 
resolution of 1  day. Gaps in the salinity records were removed by using a 
distance-weighted average interpolation. Near the bottom at AK1 and AK2, 
events of density inversion, produced by the sensor accuracies, were observed. 
These events accounted for 45% and 33% of the observations, respectively. In 
these periods the absolute average density difference was 0.0063 kg m −3 with 
a maximum of 0.02 kg m −3 for AK1, while for AK2 maximum differences 
were below 0.008 kg m −3. Nonetheless differences in temperature indicated 
the water column was not mixed at these depths. During these events density 

was assumed to be homogeneous between the two bottom time series and bottom salinity was recalculated from 
temperature and density. Conservative Temperature, Absolute Salinity and potential density were calculated using 
the Thermodynamic equation of state (McDougall & Barker, 2011). Similar to the hydrographic measurements, 
gaps in the current meter records (Table 1) were vertically interpolated based on velocity data from adjacent depths 
using a distance-weighted average interpolation. For gaps in the deepest time series, the existing velocities were 
scaled with adjacent depths and missing velocities were assumed to be represented by the scaled velocities of the 
adjacent depths. In this study we focused on the velocity component perpendicular to the mooring section, thus the 
horizontal velocities were rotated (36°) accordingly into along-slope (𝐴𝐴 𝐴𝐴 ) and cross-slope directions (𝐴𝐴 𝐴𝐴 ). Velocities 
in the water column were used to assess the main modes of variability of the flow in the along-slope direction 
through an Empirical Orthogonal Function analysis. To identify the regions where most of the variability of the 
ABC flow occurred, we computed the Eddy Kinetic energy (EKE). To remove tidal fluctuations a running average 
with a 2-day window was performed on the original velocities from ADCP's and RCM's. The corresponding veloc-
ities (𝐴𝐴 𝐴𝐴𝑎𝑎 and 𝐴𝐴 𝐴𝐴𝑎𝑎 ) were used to calculate EKE in the form:

𝐸𝐸𝐸𝐸𝐸𝐸 =
1

2
< 𝑢𝑢

′

𝑎𝑎

2

+ 𝑣𝑣
′

𝑎𝑎

2

> (1)

where 𝐴𝐴 (𝑢𝑢
′

𝑎𝑎, 𝑣𝑣
′

𝑎𝑎) = (𝑢𝑢𝑎𝑎 − < 𝑢𝑢𝑎𝑎 >, 𝑣𝑣𝑎𝑎 − < 𝑣𝑣𝑎𝑎 >) with 𝐴𝐴 𝐴𝐴 and ′ representing the temporal mean and deviations from 
the temporal mean, respectively. To rule out seasonal contributions, EKE was calculated over periods of 30 days.

2.2. Water Mass Classification

The water mass classification (Table 2) utilized here was based on the transformation of waters from the Atlantic 
Ocean in the Barents Sea and along the ABC pathway from the West Spitsbergen Current region to Severnaya 
Zemlya (Figure 1a). The water column was divided into surface, intermediate and deep density layers following 
Rudels et al. (2005) and Rudels (2009). The surface and deep density layers were characterized by densities lower 

Figure 2. The color shading shows the cross-slope section of temperature 
obtained from Conductivity, Temperature, and Depth casts (red dots) during 
recovery of moorings in August 2018. The distributions of salinity and density 
are denoted by the black and brown contours, respectively. Superimposed 
is the diagram of the mooring array deployed for 3 years between 2015 and 
2018. The black asterisks indicate the location of temperature and salinity time 
sensors (SBE microcats), triangles represent the Acoustic Current Doppler 
Profilers (ADCP's) (RDI workhorse and longranger) and black circles the 
location of rotor current meters (RCM). Gray points show the depth range of 
the velocities obtained from ADCP's. The small figure shows the location of 
the instruments below 1,800 m.
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Table 1 
Positions, Water Depth Range and Time Periods of the Hydrographic and Velocity Instruments of the Moorings at Severnaya Zemlya (AK) and Fram Strait (F4)

Id Position
Depths of temperature and salinity time 

series (m) Period
Depth-range of velocity measurements 

(m) Period

AK1 94.3422 E 63, 135, 210, 299 29 August 2015–25 
August 2018

ADCP: 22-222 28 August 2015–25 
August 2018

81.8448 N RCM: 300 28 August 2015–13 
February 2018

AK2 94.482 E 103, 135, 263, 353, 653,895 29 August 2015–25 
August 2018

ADCP: 28-280 25 August 2015–29 
August 2018

81.9028 N ADCP: 279-831 25 August 2015–29 
August 2018

AK3 94.5433 E 50, 131, 196, 293, 593, 1,448 29 August 2015–23 
August 2018

ADCP: 24-232 23 August 2015–29 
August 2018

81.9622 N ADCP: 233-753 23 August 2015–29 
August 2018

RCM:1449 23 August 2015–18 
July 2017

AK4 94.7723 E 60, 135, 210, 300, 600, 1,330, 1,980 31 August 2015–22 
August 2018

ADCP: 41–465 30 August 2015–22 
August 2018

82.1047 N ADCP: 6-48 30 August 2015–22 
August 2018

RCM: 733 30 August 2015–28 
January 2016

RCM:1,329 30 August 2015–22 
August 2018

AK5 94.8462 E 87,108, 183, 273, 575, 1,274, 2394 24 September 2015–24 
August 2018

ADCP: 35-307 23 September 2015–24 
August 2018

82.2243 N ADCP: 9-83 23 September 2015–26 
June 2018

RCM: 425 23 September 2015–18 
August 2017

RCM: 677 23 September 2015–9 
May 2017

RCM:1,273 23 September 2015–23 
December 2017

AK6 95.2177 E 98, 121, 135, 210, 300, 1,295, 2646 30 September 2015–20 
August 2018

ADCP: 14-96 24 September 201–22 
August 2018

82.3672 N RCM: 288 24 September 2015–7 
August 2018

RCM: 442 24 September 2015–23 
December 2017

RCM: 693 24 September 2015–23 
December 2017

AK7 95.5 E 99, 135, 210, 300, 618, 1,298, 3,015 30 September 2015–20 
August 2018

RCM: 98 24 September 2015–21 
December 2017

82.5858 N RCM: 199 24 September 2015–10 
February 2017

RCM: 311 24 September 2015–10 
December 2017

RCM: 467 24 September 2015–15 
January 2016

RCM: 718 24 September 2015–22 
August 2018
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and greater than 27.70 and 27.97 kg m −3, respectively, thus the intermediate density layer was bounded by the 
27.97 and 27.7 kg m −3 isopycnals. Waters from the North Atlantic (AW and DAW) in the West Spitsbergen Current 
in Fram Strait are characterized by salinities above 35.06 g kg −1 (Figure 3a). Based on their density range, in the 
intermediate and deep density layers the waters from the North Atlantic were divided into Atlantic Water (AW) and 
Dense Atlantic Water (DAW) (Rudels, 2009). These waters with unmodified characteristics from Fram Strait were 
observed in the eastern Arctic north of the Severnaya Zemlya continental slope (Figures 3b and 3c). The Arctic 
Water (ArW) chiefly occupies the surface density layer (Baumann et al., 2018; Rudels et al., 2000). However, the 
3-year hydrographic record utilized in this study enabled us to identify events of Arctic surface water within the 
intermediate density layer at 50 and 60 m depth (not shown). Low temperatures (T  <  −1.5°C) indicate a surface 
origin and increases in salinity suggest brine rejection associated with sea-ice formation (Baumann et al., 2018; 
Ivanov et al., 2016; Polyakov et al., 2013; Rudels et al., 2005). Therefore, water occurring in the surface density layer 
and within the intermediate layer below −1.5°C was termed Arctic Water (ArW). Throughout the record different 
hydrographic characteristics between the shallowest and the following time series (∼130 m) were observed. Thus, 
in this time-period between 2015 and 2018 the mixed layer seemed to be constrained above 130 m depth. The 
water with hydrographic properties found at the transition between Arctic Water and unmodified Atlantic Water 
(compared to properties upstream in Fram Strait) are referred to as Transformed Atlantic Water (TAW) (Table 2). 
The North Atlantic Water entering the Arctic Ocean through Barents Sea and St. Anna Trough, termed Barents Sea 
Branch Water (BSBW), was denser than water in the intermediate density layer and less saline than DAW from 
Fram Strait. Finally, in the temperature-salinity diagram (Figures 3b and 3c) BSBW is located within the deep 
density layer and characterized by salinities below 35.06 g kg -1 (Årthun et al., 2011; Dmitrenko et al., 2009; Rudels 
et al., 2004; Schauer et al., 2002).

2.3. Estimation of Water Mass Transport, Mean Velocity, Conservative Temperature and Absolute 
Salinity

The moorings were primarily designed to observe the Atlantic Water circulation. Most of the sensors were 
installed between 50 and 700  m depth where most of the hydrographic changes occur (Figure  2). Below 
700 m hydrographic changes were relatively small (Figure 2). At each mooring site, vertical profiles were 
interpolated every 20 m down to ∼1,500 m by use of distance-weighted average interpolation. Consequently, 
every 40 m depth, velocity and hydrographic measurements were horizontally interpolated every 8 and 5 km, 
respectively. To quantify transports for each water mass, we produced gridded cross-slope sections of Abso-
lute Salinity (𝐴𝐴 𝐴𝐴𝑖𝑖 ), Conservative Temperature (𝐴𝐴 𝐴𝐴𝑖𝑖 ) and along-slope velocity (𝐴𝐴 𝐴𝐴𝑖𝑖 ) using optimal interpolation 
(Jerónimo & Gómez-Valdés,  2007; Le Traon,  1990). Sections were constrained by the local topography. 
However, available bathymetry data mismatched with the depths of the moorings near the shelf edge (AK1 
and AK2). Furthermore, during instrument deployment, bottom depth recordings were not possible due to 

Table 1 
Continued

Id Position
Depths of temperature and salinity time 

series (m) Period
Depth-range of velocity measurements 

(m) Period

F4 7.0005 E 68, 171, 263, 394, 507, 735, 1,172 29 July 2016–15 July 
2018

---

79.0002 N

Table 2 
Water Masses Definition and Mean and Standard Error of Salinity, Mean Velocity-Weighted Temperature, Velocity and Transport for Each Water Mass

Water mass Ranges
Mean salinity 

(g kg −1)
Mean velocity-weighted 

temperature (°C)
Mean velocity 

(m s −1)
Mean 

transport (Sv)

Transformed Atlantic Water (TAW) 27.7 < 𝐴𝐴 𝐴𝐴0  < 27.97 CT > −1.5°C S < 35.06 g kg −1 34.97 ± 0.006 0.8 ± 0.2 0.09 ± 0.009 1.0 ± 0.15

Atlantic Water (AW) 27.7 < 𝐴𝐴 𝐴𝐴0  < 27.97 S > 35.06 g kg −1 35.1 ± 0.002 1.9 ± 0.03 0.04 ± 0.004 0.88 ± 0.11

Dense Atlantic Water (DAW) 27.97 < 𝐴𝐴 𝐴𝐴0 S > 35.06 g kg −1 35.1 ± 0.003 0.64 ± 0.03 0.04 ± 0.004 1.5 ± 0.19

Barents Sea Branch Water (BSBW) 27.97 < 𝐴𝐴 𝐴𝐴0 S < 35.06 g kg −1 35.04 ± 0.003 0.26 ± 0.09 0.14 ± 0.017 0.61 ± 0.10

Arctic Water (ArW) 27.7 > 𝐴𝐴 𝐴𝐴0 ; 27.7 < 𝐴𝐴 𝐴𝐴0  < 27.97 CT < −1.5°C na na na na
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difficult sea-ice conditions. Therefore, in the upper continental slope region we created a bathymetric chart 
along the mooring array from the CTD casts carried out during the mooring recovery between August and 
September 2018. For the deep basin region, we merged our bathymetric chart with bathymetric data sets from 
IBCAO (Jakobsson et al., 2020). At each time step hydrographic and velocity data points were interpolated 
onto a regular grid with horizontal and vertical resolution of 1 km and 1 m so that each grid point represents 
1,000  m 2. Horizontal and vertical correlation scales were 15  km and 115  m, respectively. For the whole 
record the interpolation error for hydrographic parameters was estimated to be lower than 6% for the whole 
section, while for velocity the error was below 10% in the upper 700 m. Below this depth, the interpolated 
along-slope velocities (𝐴𝐴 𝐴𝐴𝑖𝑖 ) at 695 m were used to represent the area down to 1,000 m where the flow was 
considered depth-independent, which is consistent with the velocity records. The density was computed from 
the gridded mooring-based Conservative Temperature (𝐴𝐴 𝐴𝐴𝑖𝑖 ) and Absolute Salinity (𝐴𝐴 𝐴𝐴𝑖𝑖 ) sections. The grids with 
the hydrographic characteristics defined in Table 2 were localized. For each water mass we estimated the 
daily area covered (A) and mean velocity (𝐴𝐴 𝑢𝑢𝑖𝑖 ), along with the transport-weighted temperature (Tw) which was 
calculated according to:

𝑇𝑇𝑇𝑇 =

𝑛𝑛𝑛𝑛

∫
𝑠𝑠𝑛𝑛

𝑢𝑢𝑛𝑛

∫
𝑛𝑛𝑛𝑛

𝑢𝑢𝑖𝑖𝑇𝑇𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∕

𝑛𝑛𝑛𝑛

∫
𝑠𝑠𝑛𝑛

𝑢𝑢𝑢𝑢

∫
𝑛𝑛𝑛𝑛

𝑢𝑢𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (2)

where 𝐴𝐴 𝐴𝐴𝐴𝐴 , 𝐴𝐴 𝐴𝐴𝐴𝐴 , 𝐴𝐴 𝐴𝐴𝐴𝐴 , and 𝐴𝐴 𝐴𝐴𝐴𝐴 stand for the southern, northern, lower and upper limits of each water mass. Transports (U) 
were computed individually from area (A) and mean velocity (𝐴𝐴 𝑢𝑢𝑖𝑖 ) in the form:

 (3)

We assessed the uncertainty of the interpolation method and the uncertainty related to the measurements by 
adding random noise, in the range 𝐴𝐴 ± 2 cm s −1, to the velocity records in three iterations. Consequently, we 

𝑈𝑈 (𝑡𝑡) = 𝐴𝐴(𝑡𝑡)𝑢𝑢𝑖𝑖(𝑡𝑡)

Figure 3. T-S diagrams from (a) Fram Strait for the period September 2016-July 2018 between 50 and 1,170 m depth at 79°N and 7°E and, (b) and (c) Severnaya 
Zemlya for January and June. In (b) and (c) solid brown contours represent the 27.7 and 27.97 kg m −3 isopycnals. Gray dashed line indicate the freezing point and 
the solid and dashed black lines represent the 35.06 g kg −1 salinity and −1.5°C temperature, respectively. ArW, TAW, AW, BSBW, and DAW stand for Arctic Water, 
Transformed Atlantic Water, Atlantic Water, Barents Sea Branch Water and Dense Atlantic Water, respectively.
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estimated the daily mean velocity and transport for each water mass and 
together with the noise-free time series calculated the time-varying stand-
ard error. In the 3-year record, the maximum standard error of velocity 
for each water mass was below 0.5 cm s −1 while the maximum standard 
error of transport was 0.03, 0.05, 0.13, and 0.03 Sv for BSBW, AW, DAW, 
and TAW, respectively. To assess the relative influence of velocity (𝐴𝐴 𝑢𝑢𝑖𝑖 ) 
and area (𝐴𝐴 𝐴𝐴 ) on transport, a transport decomposition was performed as 
follows:

� (�) = < �(�) >< ��(�) > + < �(�) > ��(�)′

+ < ��(�) > �(�)′ + ��(�)′�(�)′ (4)

where the second and third terms on the right-hand side of Equation 4 are the 
contribution of the variations of velocity and area, respectively. The fourth 
term represents the contribution of the product of the deviations of velocity 
and area. A seasonal analysis of velocity, area, transport and temperature for 
each water mass was carried out. From the 3-year record the properties that 
fell within bimonthly periods (15 days) of a Julian year were averaged and the 
standard error was calculated. Throughout the study the different time-series 
were compared through a Pearson Correlation analysis with correlation 
coefficients (𝐴𝐴 𝐴𝐴  ) significant at a p-value below 0.05, unless otherwise stated. 
Finally, Arctic Waters occurred in the upper part of the water column where 
sampling was incomplete and were thus excluded from further analyses as no 
robust transport assessment could be performed.

3. Results
3.1. The ABC Velocity Structure: Mean State and Variability

The flow in the continental slope region north of Severnaya Zemlya is dominated by the ABC, with a major 
along-shelf flow direction (Figure 4). Away from the slope in the Nansen Basin, the currents are also directed 
eastward though comparatively sluggish. The velocities decreased 64% within 8 km from 0.36 m s −1 at AK1 to 
0.13 m s −1 at AK2 and further weakened to 0.07 m s −1 at AK3 (Figure 4). The observations indicate a baroclinic 
flow structure on the upper continental slope (Figure 5a). The velocities were highest (>0.3 m s −1) between 100 
and 250 m depth at the 300 m isobath. Within 15 km of the shelf break, velocities remained above 0.1 m s −1, while 
the velocities further off-shelf gradually decreased to below 0.025 m s −1 at AK6 and AK7 (Figures 4 and 5a). 
North of AK2 the velocities were nearly homogenous throughout the water column and indicate a barotropic 
flow structure. The regions with the highest velocities showed the greatest EKE with values above 21 cm 2 s −2 
(Figure 5b). Averaged velocities and EKE were highly correlated (𝐴𝐴 𝐴𝐴  = 0.82). In the deep basin, EKE reduced 
to values below 7 cm 2 s −2. Consistently with the average velocities, the first spatial mode of variability, which 
accounts for 55% of the along-shelf flow variability (Figure 6a), indicates flow fluctuations to decay rapidly away 
from the coast with amplitudes at AK4 reaching less than 10% of those at AK1. Since the mode does not cross zero 
anywhere, it can be interpreted to represent a coherent, pulse-like motions of the ABC. The corresponding prin-
cipal component (PC1) shows both seasonal and intra-seasonal variability at comparable amplitudes (Figures 6b 
and 6c). By applying a low- and pass-band Lanczos filter on the PC1, a comparison between the standard devi-
ations indicate that the seasonal part of PC1 is 1.4-times greater than the intra-seasonal part. The second EOF 
mode represents 25% of the total variability and again shows a reduction in amplitude with increasing distance 
from the shelf-edge (Figure 6a). However, the flow reverses between AK1 and the offshore sites. This pattern 
represents a compensation between near-shore and offshore flows and is associated with strong horizontal shear 
between Ak1 and AK2, significantly stronger than the one diagnosed by mode 1. Interestingly, PC2 contains 
almost entirely seasonal variability (as opposed to intra-seasonal) with maximum positive values between July 
and January (Figures 6b and 6c).

The winter period from October to February was characterized by the highest ABC velocities. In January, the 
strongest velocities were observed above the upper continental slope (AK1-3) with values of 0.42, 0.19, and 

Figure 4. The map shows the 190–200 m velocity averaged over the whole 
record (black), January (blue) and June (red). Gray contours represent the 150, 
800, 2,100, and 3,100 m depth. At each mooring site the major and minor axes 
of the standard error ellipses are represented by the green lines.
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0.11 m  s −1 (Figure 4). In the deep basin, the velocities gradually decreased to 0.04 m  s −1 at AK6 and AK7 
(Figure 4) and were nearly homogenous throughout the water column up to 60 km (Figure 7a). In contrast, on the 
upper continental slope, the intensity of the velocities varied throughout the water column. At the 300 m-isobath, 
maximum velocities (>0.40 m s −1) occurred at mid-depths between 100 and 220 m, while along the continental 
slope velocities greater than 0.2 m s −1 occupied the region between 50 and 500 m. Throughout the record, the 
weakest velocities occurred in April-June (Figure  7b). In June average velocities (0.08  m  s −1) accounted for 
∼61% of the intensity observed in January (0.13 m s −1). Mean velocities at AK1, AK2, and AK3 were 0.29, 0.09, 
and 0.06 m s −1 and between AK6 and AK7 were below 0.025 m s −1 (Figure 4). The strongest velocities above 
0.1 m s −1 occurred above 300 m in the vicinity of the 300 m isobath with maximum flow above 0.25 m s −1 at 
mid-depths (Figure 7b).

3.2. Mean Hydrography and Water Mass Variability in the ABC

The average spatial distribution of the water masses north of Severnaya Zemlya is shown in Figure 5c. Within 
the intermediate density layer, AW occupied the area 20 km away from the shelf break between ∼180 and 500 m 
with maximum temperatures occurring above 350 m. TAW was found further from the shelf break above the 
AW as well as between the AW and the shelf break at 100–450 m. In the deep density layer (𝐴𝐴 𝐴𝐴0 >27.97 kg m −3), 
the bottom part of the continental shelf and the region above the continental slope up to 18  km distance 
was occupied by BSBW. Off-shelf, DAW governed the region below AW. For the waters from the North 
Atlantic (DAW and AW) the maximum salinity (>35.11 g kg −1) was observed between 200 and 700 m depth 
(Figure 5c). BSBW and TAW were in the region where the EKE was the highest. The temporal occurrence of 
each water mass is shown in Figure 5d. DAW and AW were always located further from 20 km and showed 
small vertical fluctuations in the area covered by these water masses. TAW occurred mainly in the region above 
AW and down to 300 m and at a 10 km distance from the 300 m isobath. Below 300 m depth, the temporal 
occurrence dropped to 50%–60% which resulted from lateral intrusions of AW. The temporal occurrence of 

Figure 5. Cross-slope sections of mean (a) velocity, (b) Eddy Kinetic energy, (c) Conservative Temperature, and (d) 
temporal occurrence of each water mass. Thick brown and black contours represent the 27.7 and 27.97 kg m −3 isopycnals and 
the 35.06 g kg −1 isohaline, respectively. Brown and black dashed lines represent isopycnals and isohalines, respectively. Thick 
contours separate the different water masses. In (a) and (b) red asterisks indicate the location of the moorings. In (c) and (d) 
red dots represent the location of the hydrographic time series.
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Figure 6. First (black) and second (blue) (a) depth-averaged spatial modes and (b) principal components of an empirical 
orthogonal function analysis. (c) Normalized spectral density of the principal components. The first and second modes 
account for 55% and 25% of the variability.

Figure 7. Cross-slope sections of mean velocity for (a) January and (b) June and mean Conservative Temperature for (c) 
January and (d) June. In (a) and (b) red asterisks indicate the location of the moorings and in (c) and (d) red dots represent the 
location of the hydrographic time series. Thick density and salinity contours separate the different water masses.
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BSBW indicates the area this water mass covered fluctuated along the shelf break between 200 and 1,000 m 
depth. At 18 km, the relatively low temporal occurrence between BSBW and DAW indicates lateral displace-
ment of these water masses.

Compared to the other water masses, BSBW showed the largest average velocity of 0.14 ± 0.017 m s −1 followed 
by TAW (0.09 ± 0.009 m s −1) (Figure 8a, Table 2). These water masses were distributed near the shelf edge 
where the ABC is strongest (Figures  4–6). In the period October 2015 to May 2017, the velocity of BSBW 
showed maximums and minimums occurring in October-April and May-September, respectively. For TAW, the 
most intense velocities were observed in December-April. Velocities of DAW (0.04 ± 0.004 m s −1) and AW 
(0.04 ± 0.004 m s −1) were considerably weaker than BSBW and TAW (Figure 8a and Table 2) as these water 
masses occupied the off-shelf region where the boundary current was slowest (<0.05  m  s −1) (Figures  4–6). 
Fluctuations in the area covered by BSBW were observed (Figure 8b), with maxima >9 km 2 in April-October, 
which suggests a greater influence from this water mass of shelf origin into the Arctic Ocean during summer 
months. DAW covered an average area of 37 km 2. The BSBW area evolution varied inversely to the area of DAW 
(𝐴𝐴 𝐴𝐴  = -0.68) and suggests that within the deep density layer basin-ward intrusions of BSBW led to retreats of 
DAW and vice-versa. Within the intermediate density layer, the average area covered by AW and TAW was 21 
and 11 km 2, respectively.

Transport of BSBW was on average 0.61  ±  0.10  Sv and varied with maximums between April and 
October-November (>0.6  Sv) and minimums (<0.5  Sv) between November-December and February-April 

Figure 8. Time series of (a) velocity, (b) area, (c) transport and (d) velocity-weighted temperature for each water mass. In 
(a)-(d) the right axis corresponds to Barents Sea Branch Water (BSBW). Error bars indicate the standard error.
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(Table 2, Figure 8c). Transport variability was better correlated with variations in the area cover (𝐴𝐴 𝐴𝐴  =0.76) than 
with velocity oscillations which were insignificantly correlated (𝐴𝐴 𝐴𝐴  <−0.03), as maximum velocity anomalies 
were canceled out by minimum transport anomaly (Figure 9a). Transport of TAW was on average 1.0 ± 0.15 Sv 
(Table 2) and was maximum (>1.5 Sv) in October 2016 to May 2017 and January–March 2018 (Figure 8c). Area 
fluctuations and velocity had a comparable influence on transport variability (Figure 9b) which is consistent with 
similar correlation coefficients (𝐴𝐴 𝐴𝐴  = 0.71–0.72). Interestingly, between October 2015 and April 2016, transport 
of TAW was relatively low. Similarly to BSBW transport strong velocities were canceled out by minimums in 
the area cover (Figure 9b). DAW transport was 1.5 ± 0.19 Sv. Between October 2015 and April 2017 maximum 
and minimum transports occurred in September–March and April–July (Figure 8c). After April 2017 transports 
remained constant around (1.1 Sv). AW had an average transport of 0.88 ± 0.11 Sv with the strongest transport 
(>1.5 Sv) occurring between January and March 2017. For DAW and AW transports velocities had a greater 
effect than area as indicated by correlation coefficients of 0.95–0.96 and 0.64–0.68, respectively (Figures 9c 
and 9d). Total transport across the section in the depth range 50–1,000 m accounted for 4.15 ± 0.3 Sv.

The BSBW temperature time series was inversely correlated with transport variability (𝐴𝐴 𝐴𝐴   = −0.6) (Figures 8c 
and 8d). Temperature maximums (0.5°C) and minimums (<0.2°C) were observed in November–May and June–
October, respectively (Figure 8d), with an average temperature of 0.26 ± 0.09°C (Table 2). TAW had a mean 
temperature of 0.8 ± 0.2°C and showed the greatest variability with temperatures ranging between −0.1 and 
∼1.6°C with peaks in temperature between September-October and February and minimums in April–July. In 
contrast, throughout the record temperature of DAW and AW remained relatively constant at 0.64 ± 0.03 and 
1.9 ± 0.03°C. These water masses located further off the shelf edge showed the smallest variability.

3.3. Seasonality of the Water Masses in the ABC

The most striking summer-to-winter difference in the hydrography across the mooring array are the on-shelf 
and off-shelf intrusions and retreats of TAW and BSBW. In January, within the intermediate density layer TAW 
remained closer to the 300 m-isobath within 20 km between 150 and 300 m depth and distances around 10 km 
below 300 m (Figure 7c). Above the 300 m-isobath, temperatures reached values above 1°C. In contrast to winter 
conditions, TAW was observed up to 25–30 km between 150 and 450 m and maximum temperatures above the 
300 m-isobath were below 0.5°C (Figure 7d). Further off the shelf slope, AW was located below ∼180 m as 
determined by the location of the 35.06 g kg −1 isohaline in both January (Figure 7c) and June (Figure 7d). The 
maximum temperatures (>2°C) of AW were found at depths shallower than 350 m in both months. Interestingly, 
the location of the salinity maximum was variable. In January, salinities above 35.11  g  kg −1 were observed 
between 40 and 70 km and spanned from 200 to 800 m, while in June maximum salinities occurred further than 

Figure 9. Transport decomposition for (a) Barents Sea Branch Water (BSBW), (b) Transformed Atlantic Water (TAW), (c) 
Dense Atlantic Water (DAW), and (d) AW. Black, blue, and red lines represent the velocity anomalies, area anomalies and the 
combinations of velocity and area anomalies.
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50 km and were contained in the 200–400 m depth range. We speculate that these variations in the salinity maxi-
mum may arise from changes of the AW pathways between Fram Strait and Svalbard (Koenig et al., 2017). In 
the deep density layer, the off-shelf excursions, and retreats of BSBW were more notable. In January BSBW was 
constrained to a distance of 12 km, where temperatures ranged between 0 and 1°C. In contrast, in June BSBW 
showed temperatures below 0°C and the extension of this water mass reached distances beyond 20  km and 
seemed to force DAW to move poleward.

BSBW showed seasonal patterns in velocity, area coverage and transport that clearly differ from the other water 
masses (Figure 10). Interestingly, maximum transport (>0.7 Sv) in May-mid-October was first dominated by 
increases in area between May and August (Figure 10a). Afterward, the area coverage decreased while velocity 
increased and maintained transport above 0.7 Sv until mid-October. Nonetheless, transport fluctuations were 
only significantly correlated with area (𝐴𝐴 𝐴𝐴   = 0.79). For the remaining water masses, transport varied accordingly 
to changes in area and velocity (Figures 10b–10d). For transport of TAW, velocity (𝐴𝐴 𝐴𝐴  =0.79) had a greater influ-
ence than area coverage (𝐴𝐴 𝐴𝐴   = 0.54) (Figure 10b). In contrast, transport of AW was better associated to velocity 
(𝐴𝐴 𝐴𝐴   = 0.97) than area variability (𝐴𝐴 𝐴𝐴   = 0.68) (Figure 10d). For DAW, variations in transport resembled fluctuations 
in velocity and area as indicated by correlation coefficients between 0.93 and 0.99 (Figure 10c). For AW, minima 
velocity (<0.023 m s −1), area (<20 km 2) and transport (<0.5 Sv) occurred between April and August (Figure 10d). 
However, the error bars on each of the parameters show seasonal variations in AW were minimum.

Fluctuations in temperature for BSBW and TAW were different from DAW and AW. Variability of BSBW 
temperature was mirrored by transport (𝐴𝐴 𝐴𝐴   = −0.81) (Figure 10a). Minimum temperature (<0.25°C) occurred 
between June and November and was the highest (0.5°C) between January and May when transport dropped 
to a minimum. Temperature variability was inversely linked to area cover (𝐴𝐴 𝐴𝐴    =  −0.74). The temperature of 
TAW ranged between 0.4 and 1.3°C with minimums and maximums in March–August and September–January 
(Figure 10b) and was only significantly correlated with area (𝐴𝐴 𝐴𝐴   = −0.75). Contrary to the water masses located 
near the shelf break, oscillations in the temperature of DAW were positively correlated with transport, velocity 
and area (𝐴𝐴 𝐴𝐴   = 0.89,𝐴𝐴 𝐴𝐴   = 0.85 and 𝐴𝐴 𝐴𝐴   = 0.95, respectively) (Figure 10c). Minimum temperatures (<0.6°C) coincided 
with minima in transport, velocity and area. For AW, error bars indicate that temperature remained relatively 
constant (Figure 10d).

Figure 10. Seasonal variability of velocity (blue), area (red), temperature (green) and transport (black) for (a) Barents Sea Branch Water (BSBW), (b) Transformed 
Atlantic Water (TAW), (c) Dense Atlantic Water (DAW), and (d) AW. Error bars indicate the standard error.

 21699291, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

018677 by A
lfred W

egener Institut F. Polar- U
. M

eeresforschung A
w

i, W
iley O

nline L
ibrary on [08/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Oceans

RUIZ-CASTILLO ET AL.

10.1029/2022JC018677

13 of 19

4. Discussion
4.1. Structure and Transport of the ABC

The three-year-velocity record was used to describe the spatial and seasonal 
variability of the ABC north of Severnaya Zemlya. Most of the variabil-
ity of the ABC was constrained to 1-cpy fluctuations (Figures 6b and 6c). 
Current velocities of the ABC were greatest on the upper continental slope 
and gradually decreased northward into the deep basin (Figures 4–6). The 
vertical structure of the flow is largely baroclinic above the 300 m-isobath 
with maxima velocities between 100 and 220 m. There, the steeply upward 
sloping 27.97  kg  m −3 isopycnal underlines the strong cross-slope density 
gradient between the waters of shelf origin and those advected from Fram 
Strait (Figures 5a,7a and 7b). Farther away from the shelf break the average 
ABC flow was mainly barotropic. The highest EKE observed corresponded 
to the upper continental slope at the AK1-AK3 moorings (0–15 km of the 
transect) (Figure 5b). This agrees with previous Arctic Ocean studies, which 
reported an order of magnitude higher EKE along the continental slopes 
(depths>1,000 m) than elsewhere (von Appen et al., 2022). North of AK3, 
the EKE in the ABC flow was weaker and indicates a relatively constant flow 
throughout the 3-year record (Figure 5b). The strongest and weakest veloc-

ities were observed in January and June, respectively (Figure 4, Figures 7a and 7b), with the ABC being almost 
twice as strong in January. The spatial flow patterns and their seasonality are similar to those previously observed 
within the ABC pathway at the continental slope northeast of Svalbard (30°E) (Pérez-Hernández et al., 2019) as 
well as in the northern Laptev Sea (125°E) (Baumann et al., 2018; Pnyushkov et al., 2018, 2021).

On average a total of 4.15 ± 0.3 Sv flowed across the region north of Severnaya Zemlya in the depth range 
50–1,000 m where a total of 4 Sv accounted for AW, DAW, TAW, and BSBW. At Severnaya Zemlya most of the 
transport took place near the shelf break. The cumulative transport (Figure 11) indicates that 2.55 out of 4.15 Sv 
(62%) occurred within a distance of 30 km. At a 37 km-distance cumulative transport increased up to 2.9 Sv 
and accounted for 70%. Beyond 37 km increases in transport remained relatively low. In January and June, the 
cumulative transport was 5.1 and 3.2 Sv, respectively, where 73% and 63% of the total was found within a 37 
km-distance. This underlines that the core of the ABC was constrained to within 30–40 km and is consistent with 
observations from northeast of Svalbard where the greatest velocities, that is, the core of the ABC, seemed to 
occur within ∼40 km of the shelf slope (Pérez-Hernández et al., 2019). Interestingly, BSBW occupied the region 
where the core of the ABC was observed (Figures 5 and 7). Using the total transport at Severnaya Zemlya we can 
estimate the relative contribution of BSBW to the ABC. Throughout the record average transport of BSBW was 
0.61 Sv (Figure 10 and Table 2) accounting for 24% of the ABC flow within 30 km of the shelf edge. Intrusion 
of BSBW has further implications on the volume transport of the ABC at Severnaya Zemlya. Observations from 
a 60 km-long across-slope transect northeast of Svalbard (30°E) indicate a transport of 3.97 ± 0.32 Sv between 
100 and 1,200 m (Pérez-Hernández et al., 2019). Our estimates for an equally wide stretch north of Severnaya 
Zemlya found a cumulative transport of 3.7 Sv between 50 and 1,000 m. If we assume that the average veloc-
ity (∼0.04 m s −1) between 700 and 1,000 m represents the missing 9 km 2 (150 m 𝐴𝐴 ×  60 km) near the bottom, 
we get a volume transport of 0.36 Sv increasing the total transport to 4.06 Sv. Considering that this estimate 
contains 0.61 Sv of BSBW, which is not present in the boundary current northeast of Svalbard, our estimate of 
the non-BSBW related transport (4.06–0.61 𝐴𝐴 ≈  3.45 Sv) agrees reasonably well with the transport estimates of 
Pérez-Hernández et al. (2019). Downstream in the Laptev Sea, the ABC advects on average 4.8 ± 0.1 Sv in the 
top 800 m (Pnyushkov et al., 2021). However, a direct comparison between Severnaya Zemlya and Laptev Sea is 
difficult due to the broader distance that the measurements cover in the Laptev Sea.

We are aware that some along-slope transport may occur shoreward of the southernmost mooring (AK1). 
However, we expect the contribution in this region to be minimal as the water depth reduces to less than 150 m 
within 7 km south of mooring AK1, that is, integrated transport in the water column would remain relatively 
small despite of higher velocities. If we assume that the average velocity at AK1 is representative up to the 
150 m-isobath, total cumulative transport between 50 and 150 m would account for 0.35 Sv. Yet, we expect 
the unobserved inshore transport to be significantly lower than this value, as observations from upstream off 

Figure 11. Measured cumulative transport along the mooring section for 
January (blue), June (red), and mean (black) and estimated cumulative 
transport (green). The gray dashed lines indicate the location of the moorings.
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the  northeast Svalbard coast showed a sharp decrease in the velocities on the shelf away from the shelf break jet 
(Pérez-Hernández et al., 2019). We expect this to occur north of Severnaya Zemlya as well. Figure 11 also shows 
that the cumulative transport increases in the off-shelf direction (yet at a decreasing rate) all the way to AK7. 
This indicates that a certain fraction of the eastward flow of AW and DAW passed the array north of AK7 and 
could therefore not be observed. By fitting an exponential function, the estimate of the cumulative transport was 
extended into the interior Nansen Basin up to 170 km. From 160 km northward increases accounted for less than 
0.003 Sv. Following this approximation, the unobserved transport north of AK7 amounts to 0.54 Sv and yields a 
total transport of 4.7 Sv.

A huge step in understanding the strength of the ABC was obtained by Spall  (2013), using an ocean general 
circulation model with highly idealized geometry featuring only one (Fram Strait-like) Arctic-Subarctic gateway 
and simplistic boundary conditions. The author demonstrated that fresh water of shelf origin at the shelf break 
and saline Atlantic water deeper down found along the boundaries of the Arctic Ocean, result in opposing lateral 
salt fluxes between the boundary current and the Arctic Ocean interior. In the Arctic Ocean interior, a relatively 
weak vertical turbulent diffusion is then sufficient to maintain the halocline (and salt balance) and thereby the 
lateral density gradient that drives the boundary current. Our observations were taken in a particularly complex 
area of the ABC just downstream of the confluence of Fram Strait and Barents Sea-derived water masses. Given 
the presence of elevated levels of EKE on the inner part of the boundary current at the TAW–BSBW interface 
(Figure 5b), we expect the TAW to lose salt via diffusion to the BSBW branch inshore. Prominent interleaving 
structures between the two branches were previously shown to exist (e.g., Rudels et al., 2012). It would be intrigu-
ing to add to the Spall (2013) model setup a Barents Sea branch inflow to investigate its impact on the subtle 
balance of lateral and vertical salt fluxes required to sustain the boundary current.

4.2. Hydrographic Changes Along the ABC Pathway

The mean thermohaline characteristics varied significantly along the ABC pathway. Northeast of Svalbard the 
hydrographic properties are exclusively shaped by Atlantic Water. Temperatures and salinities between 100 and 
700 m range from 1 to 4°C and 35–35.2 (or ∼35.16–35.36 g kg −1) (Pérez-Hernández et al., 2017) with yearlong 
averages of 1.5–2.4°C and 34.95–35.02 (or ∼35.11–35.18 g kg −1) (Pérez-Hernández et al., 2019), respectively. 
Interestingly, at Severnaya Zemlya, within 20 km of the 300-m isobath, temperature and salinity characteristics 
corresponded to TAW and BSBW (Figure  5c), which clearly indicates a change in the thermohaline proper-
ties along the ABC pathway. Averaged over the 2015–2018 period, temperature and salinity were below 1.5°C 
and 35.06  g  kg −1 with mean values of 0.8  ±  0.2°C and 34.97  ±  0.006  g  kg −1 for TAW and 0.26  ±  0.09°C 
and 35.04 ± 0.003 g kg −1 for BSBW. Within the intermediate density layer the cooling and freshening of the 
ABC results from mixing with waters of shelf origin along the continental slope of the Barents Sea (Aksenov 
et al., 2011; Ivanov & Aksenov, 2013) and transforms AW into TAW. Furthermore, downstream, a fraction of the 
ABC's Fram Strait branch generally meanders into St. Anna Trough (Schauer et al., 2002). There, TAW mixes 
further with colder and fresher sub-surface water from the Barents Sea (Dmitrenko et al., 2014, 2015; Lien & 
Trofimov, 2013). TAW then exits on the eastern flank of St. Anna Trough and propagates eastward along the Eura-
sian Arctic continental slope to the Laptev Sea where hydrographic ABC characteristics similar to those observed 
in our mooring array had been reported previously (Baumann et al., 2018). In the deep density layer, most of the 
BSBW (>60%) joins the ABC through St. Anna Trough (Årthun et al., 2011). A smaller BSBW portion enters the 
ABC region across the shelf break west of Franz Josef Land (Schauer et al., 1997) as well as across the northern 
Kara Sea (Rudels et al., 2013). As the BSBW is denser than the DAW at the same depth (Figure 5c), an inflow 
of BSBW can effectively push the warmer DAW northward (Rudels et al., 2000) and cool and freshen the ABC 
by supplying colder and fresher waters (∼0–0.5°C and <35.06 g kg −1) to the continental slope. In 2015–2018 the 
BSBW was on average 1.0–1.5°C colder than temperatures found in the DAW residing in the same density range.

Contrary to the continental slope region, the AW located in the off-shelf part of the mooring transect (∼40 km) 
appears to have only slightly cooled between the northern Barents Sea and Severnaya Zemlya. Average upstream 
temperatures were 2.0–2.5°C (Pérez-Hernándezet al., 2017, 2019) and decreased to 1.9 ± 0.03°C north of Sever-
naya Zemlya, while salinities remained between ∼ 35.1 and 35.16 g kg −1 (or 34.94 and 35.0) between both sites 
(Figure 5c and Table 2). These rather subtle hydrographic changes can be explained by the circulation patterns. 
Due to the distance between the outer ABC branch to the continental shelf, off-shelf waters cannot mix with 
colder and fresher waters from the Barents or Kara Seas and are further not affected by BSBW intrusions into 
the Arctic Ocean.
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In the deep basin transformation of AW occurs chiefly eastward of Severnaya Zemlya. Figure  12 shows a 
quasi-synoptic (August–September 2007) hydrographic section highlighting the location of the AW core along 
the eastern Arctic continental slope. The section was assembled from CTD data collected during different ocean-
ographic cruises on board the research vessels Akademik Fedorov, Polarstern, and Victor Buinitsky. Consistent 
with our analysis, in the intermediate density layer, temperature and salinity remained relatively constant between 
northeast of Svalbard (34°E) and Severnaya Zemlya (97°E). In contrast, above 250 m between Severnaya Zemlya 
and the central Laptev Sea (∼125–135 E), there was a simultaneous decrease in temperature and salinity from 
2.8–3.2°C to −1.6–1.2°C and from 35.11 g kg −1 to below 35.06 g kg −1, respectively. To assess the degree of 
transformation we can estimate the relative contribution of the thickness of TAW to the intermediate density 
layer. At 34°E and 97°E the thickness of the density layer was ∼460 m of which TAW accounted for 12%, while 
in the central Laptev Sea, TAW represented 34%, or a 3-fold increase in the transformation of AW. Nonetheless, 
if we assume that velocities of ∼0.04 m s −1 (Figure 4) represent the mean velocity along the hydrographic tran-
sect, waters from Svalbard may take more than 2 years to reach the central Laptev Sea. It can be argued that the 
decrease in temperature east of Severnaya Zemlya may result from inter-annual variability in the temperature 
of AW entering through Fram Strait. However, it is less likely that the decrease in salinity between Severnaya 
Zemlya and the Laptev Sea was simultaneously influenced by inter-annual variability through Fram Strait, as for 
2007, changes in salinity were not necessarily associated with changes in temperature (Richards et al., 2022). 
We attribute the decrease in temperature and salinity east of Severnaya Zemlya to transformation of AW. Inter-
estingly, northeast of Svalbard and Severnaya Zemlya the warmest AW were observed between 100 and 250 m 
depth. East of Severnaya Zemlya the AW core deepened to 300 m depth at the central Laptev Sea.

4.3. Seasonality in Transformed Atlantic Water

The three year-long record north of Severnaya Zemlya enabled an assessment of the seasonality in ABC water 
mass transport. In the intermediate density layer, TAW showed a seasonality with maximum transports occur-
ring between January and April (Figure 10b). Transports were similarly correlated with fluctuations in area and 
velocity (Figure 9b). AW showed no clear seasonal fluctuations in either transport, or area, or in velocity or 

Figure 12. Along-slope section of Conservative Temperature (map in color), Absolute Salinity (black contours) and potential 
density (brown contours) from a “quasi-synoptic” Conductivity, Temperature, and Depth survey in summer 2007 (August–
September). The thick and dashed contours indicate the 35.06 and 35.11 g kg −1 isohalines. In the small map red circles 
indicate the location of the casts. Each cast was obtained where temperature was maximum, that is, in the AW core. The gray 
and black contours represent the 3,500, 400, and 2,000 m isobaths, respectively.
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temperature (Figures 8 and 10d). At Severnaya Zemlya, the TAW temperature varied seasonally with highest and 
lowest temperatures occurring in October–February and April–July, respectively (Figure 10b). This seasonality 
cannot be attributed to encroachment of AW upon the continental shelf as temperature increases were not accom-
panied by on-shelf salinity intrusions (Figures 7c and 7d).

A simple estimation indicates that the seasonal variability in temperature is advected along the ABC pathway. 
Available mooring records on the eastern flank of St. Anna Trough between 2009 and 2010 indicate that maximum 
temperatures occur in July-December in the upper 140–200 m within the intermediate density layer (Dmitrenko 
et al., 2015). Between that mooring and our mooring array there is a ∼400 km distance (from 81°N/73°E to 
82°N/94°E). The mean TAW velocity observed at Severnaya Zemlya (Table 2) suggests that waters from the 
trough would reach Severnaya Zemlya within ∼51 days. Therefore, the temperature maximum first observed 
in St. Anna Trough would be expected to occur at Severnaya Zemlya between September and March, which 
agrees with the seasonality found at the mooring site (Figure 10b). The seasonal variability in TAW results from 
the seasonal signal advected from Fram Strait (Beszczynska-Moller et  al.,  2012; Ivanov et  al.,  2009; Ivanov 
& Repina,  2018; Schauer et  al.,  1997) combined with local seasonal cooling in the Barents Sea (Ingvaldsen 
& Loeng, 2009; Smedsrud et al., 2010) and along the ABC pathway (Duarte et al., 2020; Ivanov et al., 2016; 
Polyakov et al., 2011). A decrease in the rate of cooling in the Barents Sea and St. Anna Trough would result in 
advection of warmer waters along the continental slope within the intermediate density layer.

4.4. Seasonality in Barents Sea Branch Water

In the deep density layer, the three-year-record demonstrates that transport variability of BSBW was more closely 
linked to variations in area than in velocities (Figure 10a). For DAW transport, variability was mainly explained by 
velocity (𝐴𝐴 𝐴𝐴  = 0.96–0.99), compared to BSBW, which was mainly explained by variations in area (𝐴𝐴 𝐴𝐴  = 0.76–0.79). 
Nonetheless, the seasonal analysis revealed that despite a decrease in the area covered by BSBW, enhanced 
velocity maintained maximum transports between September and November (Figure 10a). The area of BSBW 
and DAW illustrate a signal that varied inversely (Figures 5d, 8b, 10a–10c) and showed relatively high correlation 
coefficients calculated from the long-term record (𝐴𝐴 𝐴𝐴   = −0.68) and seasonal analysis (𝐴𝐴 𝐴𝐴   = −0.72). This indicates 
that northward retreats of DAW were associated with BSBW export into the ABC (Rudels et al., 2013). During 
periods of relatively low transport, BSBW was constrained to within a 13-km distance (Figures 7c and 10a). 
Seasonal temperature fluctuations coincided with BSBW transport variability (Figure  10a). Both variables 
showed a significant negative correlation throughout the record (𝐴𝐴 𝐴𝐴   = −0.59) as well as in the seasonal analysis 
(𝐴𝐴 𝐴𝐴   = −0.81) which indicates that greater transport was associated with lower temperatures (Figure 10a). This 
agrees with modeling studies from the Barents Sea (Årthun et al., 2011) and with observations from St. Anna 
Trough (Dmitrenko et al., 2015), where enhanced BSBW outflow into the Arctic Ocean was attributed to denser 
water formation following increased heat loss. At Severnaya Zemlya, seasonality in BSBW transport derived 
from seasonal cooling in the Barents Sea where greater outflow was produced by enhanced cooling and BSBW 
formation.

Downstream of Severnaya Zemlya, hydrographic mooring records in 2013–2015 obtained along 125°E provided 
further evidence of the seasonal horizontal fluctuations of waters with BSBW and DAW characteristics (M13 in 
Figure 8 in Baumann et al., 2018). In July–September 2013 and 2015, temperature and salinity ranges corresponded 
to DAW properties along the 28.0 kg m −3 contour, that is, within the deep density layer, while the hydrography 
was similar to BSBW properties in December–February 2013–2014 and 2014–2015. This seasonality is oppo-
site to Severnaya Zemlya where maximum BSBW transport and area were observed between June and Novem-
ber (Figure 10a) and might be explained by the translation time-period between both sites over  an  along-slope 
distance of ∼1,000 km. If we assume that the BSBW characteristics observed in the Laptev Sea in December 
occurred in Severnaya Zemlya between June and November (1–6 months earlier) and consider a translation time 
of 3–4 months, we get an average velocity of 8.3–11.1 km day −1. This velocity is only slightly lower than the 
mean velocity (12 km day −1) observed in June-November north of Severnaya Zemlya (Figure 10a). This implies a 
slight reduction in the ABC's speed, which might be explained by the divergence of the isobaths along the conti-
nental slope. However, it is unclear whether the temperature and salinity signals associated with BSBW in the 
Laptev Sea were advected from Severnaya Zemlya or originated from the Kara and Laptev seas to join the ABC 
through Vilkitsky Trough (e.g., Aksenov et al., 2011; Bauch et al., 2016; Janout et al., 2017). Analogously to St. 
Anna Trough, the outflow of shelf waters through Vilkitsky Trough may likely disrupt the flow at the confluence 
of the swift and fresh Vilkitsky Strait outflow current (Janout et al., 2015) with the ABC.
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5. Conclusions
The structure of the ABC and the seasonal variability in the region north of Severnaya Zemlya were assessed 
using a 2015–2018 mooring record of velocity and hydrography. The highest velocities occurred near the shelf 
edge where the flow showed a baroclinic structure. The velocities gradually decreased in the offshore direction, 
and farther from the shelf edge the flow was barotropic. Across the mooring section, velocities were two times 
higher in January than in June. Most of the ABC volume transport (62%–70%) took place within 30–40 km of 
the shelf edge. North of the observations, the increase in volume transport was relatively small and accounted 
for 13% (0.54 Sv) of the total volume transport estimated within the mooring array (0–84 km). The observed 
spatial and seasonal variability were coherent with previous studies along the ABC pathway on the continental 
slopes' northeast of Svalbard and in the Laptev Sea. Although the structure of the ABC was similar, at Severnaya 
Zemlya the hydrographic characteristics changed significantly within 20 km of the shelf edge. Along the Barents 
Sea shelf edge and in St. Anna Trough, AW from Fram Strait were transformed (i.e., cooled and freshened) into 
TAW. A seasonality was pronounced in the TAW, which is likely due to a combination of local shelf processes 
with seasonal signals advected from Fram Strait. Further off the shelf slope, in the deep basin Atlantic Water 
remained largely unmodified between Svalbard and Severnaya Zemlya, while east of Severnaya Zemlya, most of 
the transformation of Atlantic Water occurred. For BSBW, the seasonality originated from the Barents Sea with 
higher transport associated with lower temperatures and enhanced cooling in the shelf sea. In addition, BSBW 
joined the ABC mainly through St. Anna Trough and supplied cold and fresh waters into the ABC. Our anal-
yses underline that the Barents Sea plays an important role in shaping water masses such as TAW and BSBW, 
which clearly affect the properties of the ABC in the Arctic Ocean. Observations made within the last decade 
indicate a transition toward warmer waters in the Barents Sea (Asbjornsen et al., 2020; Levitus et al., 2009; Lind 
et al., 2018; Skagseth et al., 2008), which evidently leads to reductions in the Barents Sea's cooling effect on 
the ABC (Skagseth et al., 2020). If this trend continues, the ABC is likely to carry warmer waters into the east-
ern Arctic continental slope regions, which would further intensify the transition toward more Atlantic-typical 
conditions.

Data Availability Statement
The data of the Hydrographic and current data for the AK1-7 moorings can be found here: https://doi. 
pangaea.de/10.1594/PANGAEA.951363; https://doi.pangaea.de/10.1594/PANGAEA.951394; https://doi.pangaea.de/ 
10.1594/PANGAEA.954237; https://doi.pangaea.de/10.1594/PANGAEA.954244; https://doi.pangaea.de/10.1594/ 
PANGAEA.954249; https://doi.pangaea.de/10.1594/PANGAEA.954299; https://doi.pangaea.de/10.1594/PANGAEA. 
954352.
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