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Abstract15

The Barents Sea is one of the main pathways for warm and saline Atlantic Water (AW)16

entering the Arctic Ocean. It is an important region for water mass transformation and17

dense-water production that contribute to the Atlantic meridional overturning circula-18

tion. Here, we present data from three cruises and nine glider missions conducted be-19

tween 2019 and 2022 in the western Barents Sea, and compare with historical data col-20

lected from 1950 to 2009. We present circulation pathways, hydrography, heat content21

and volume fluxes of Atlantic- and Arctic-origin waters. Our observations show that 0.9±22

0.1 Sv (1 Sv = 106 m3 s−1) of Atlantic-origin water reaches the Polar Front (PF) region23

before splitting into several branches and eventually subducting beneath Polar Water24

(PW). The observed increased heat content in the AW inflow over the past decades can25

be traced under the Polar front. The amount of heat stored in the basin north of the PF26

is determined by the density difference between AW and PW, and reached a maximum27

in the 90s when PW was particularly fresh. The inflow of Atlantic Water (AW) into the28

Barents Sea during the period from 2019 to 2022 exhibits a decrease in salinity of up to29

0.1 g kg−1 compared to previous decades. Consequently, this leads to a reduction in the30

production of dense water, an increased temperature gradient across the PF, and a re-31

duced poleward transport of warm water.32

Plain Language Summary33

Warm and salty water from the Atlantic Ocean flows through the Barents Sea on34

its path towards the Arctic Ocean. It undergoes cooling and freshening due to interac-35

tions with the surrounding water and the atmosphere, and eventually encounters much36

colder and fresher Polar Water, creating a distinct boundary known as the Polar front.37

We conducted several research missions in the western Barents Sea between 2019 and38

2022 and compared the data to historical records collected between 1950 and 2009. The39

cooled Atlantic Water sinks beneath the Polar Water before continuing towards the Arc-40

tic Ocean. In recent decades, the heat content of the Atlantic Water inflow has increased.41

This additional heat can be traced below the Polar front, leading to an increase in the42

heat content of the deeper waters north of the front. However, the amount of heat stored43

north of the front is regulated by the density difference between the Atlantic Water and44

Polar Water. In the recent period of 2019 to 2022, the Atlantic Water reaching the front45

has become less salty. As a result, there is a reduced flow of warm water moving north-46

ward beneath the Polar Water and a larger temperature difference across the Polar front.47

1 Introduction48

The Barents Sea is a shallow shelf sea, averaging about 230 m in depth (Figure 1).49

This sea accounts for about 10% of the Arctic Ocean’s surface area and is characterized50

by ice-free, warmer waters in the south meeting ice-covered, colder waters in the north51

(Loeng, 1991; Seager et al., 2002; Oziel et al., 2016). The warm water is an extension52

of the North Atlantic Drift, originating from the Atlantic (Orvik, 2022). In contrast, the53

cold water in the region originates in the Arctic Ocean through interactions between Arc-54

tic waters, sea ice, Atlantic-origin water, melt-water and atmospheric cooling (Timmermans55

& Marshall, 2020). The marginal ice zone, which marks the transition between these re-56

gions, is a vital area for primary production (Reigstad et al., 2002). The Barents Sea sup-57

ports abundant commercial fish stocks (Johannesen et al., 2012) thanks to its large pri-58

mary production, making it a critical region in Arctic ecosystems (Reigstad et al., 2002).59

In addition, the southern Barents Sea is now ice-free year-round due to Atlantification60

(Årthun et al., 2012; Onarheim & Årthun, 2017). This feature has increased interest in61

the exploitation of potential oil and gas resources in the shallow sea. To make sustain-62

able decisions for the future in the Barents Sea, a thorough understanding of the ocean63

circulation and hydrography in the region is necessary.64

–2–



manuscript submitted to JGR: Oceans

Figure 1. Overview map of the study region. (a) The Arctic Ocean where the black

box encloses the Barents Sea shown in (b). (b) The Barents Sea. Red arrows out-

line the main Atlantic Water pathways. Blue arrows outline the pathways of Polar wa-

ter. Black line shows the Barents Sea Opening (BSO). Grey isobaths are drawn at 200,

350 and 500m depth and are from IBCAOv4. Green dashed box encloses the study re-

gion. Sea surface temperature (SST) is from 15 October 2020, and is from the product

SEAICE ARC SEAICE L4 NRT OBSERVATIONS 011 008 at 0.05◦ resolution based upon

observations from the Metop A AVHRR instrument.
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The Norwegian Atlantic Slope Current transports Atlantic Water (AW) along the65

continental slope west of Norway (Fer et al., 2020; Orvik, 2022). North of Norway, at66

approximately 72◦N, the slope current divides into two branches: one branch continues67

northward as part of the West Spitsbergen Current, while another branch flows into the68

Barents Sea via the Barents Sea opening (BSO, Figure 1b). The average annual inflow69

of AW through the BSO is 2 Sv (1 Sv = 106 m3 s−1), when defined as water with tem-70

peratures above 3◦C, reaching a maximum of 2.8 Sv in January and a minimum of 1.3 Sv71

in April (Skagseth et al., 2008; Smedsrud et al., 2010). This AW inflow is the primary72

source of oceanic heat for the Barents Sea. The observed transport estimates agree well73

with regional ice–ocean model runs suggesting that the average AW inflow through the74

BSO is 2.3± 0.4 Sv (Årthun et al., 2012). The total average inflow through the BSO,75

regardless of water mass, is about 3.2 Sv of which 1.2 Sv is thought to recirculate within76

the Bear Island Trough, making the net inflow through BSO 2Sv. (Skagseth, 2008; Smed-77

srud et al., 2010; Loeng et al., 1997).78

The AW that flows into the Barents Sea is largely topographically steered in the79

Bear Island Trough (Loeng, 1991). Once it reaches the Central Bank, the inflowing AW80

splits into two branches: one that continues eastward south of the Central Bank, and an-81

other that moves northward along the Hopen Trench (Loeng, 1991; Årthun et al., 2012;82

Oziel et al., 2016). The branch south of the Central Bank occupies the southern half of83

the Barents Sea (Oziel et al., 2016; Barton et al., 2018). Yet, the partitioning of the AW84

transported eastward south of the Central Bank and northward into the Hopen Trench85

is unknown because transport estimates are lacking. The Hopen Trench branch contin-86

ues northward toward the Great Bank, where it again bifurcates: one branch flows east-87

ward into the Persey Trench, and the other continues up the Hopen Trench (Loeng, 1991).88

The details of these branches, including their volume transport, heat content, pathways,89

and modification as they reach the northern Barents Sea, are not well documented.90

The northwestern Barents Sea is occupied by Polar Water (PW, Θ < 0◦C and σ0 <91

1027.97 kg m−3), which enters the Barents Sea from the north (Loeng, 1991; Lien et al.,92

2017). The oceanographic front where PW meets AW is named the Barents Sea Polar93

Front (PF) (Loeng, 1991; V̊age et al., 2014; Oziel et al., 2016). The PF is an important94

site for water mass transformation and has significant implications for local biogeochem-95

istry and biology, as well as the overturning circulation and ventilation of the Arctic Ocean96

(Årthun et al., 2011; V̊age et al., 2014). The location of the PF has been remarkably sta-97

ble in the western Barents Sea, following the 200-250 m isobath along the southern slope98

of the Spitsbergen Bank to the Great Bank (Johannessen & Foster, 1978; Gawarkiewicz99

& Plueddemann, 1995; Oziel et al., 2016). However, due to sparse data coverage, our cur-100

rent understanding of the circulation of AW south of the PF and the intricate patterns101

of circulation and mixing within the PF remains limited.102

Studies on the southeastern slope of the Spitsbergen Bank have reported conflict-103

ing findings on the direction of the flow of AW. While some studies indicate that a warm-104

core jet of AW flows northeastward along the 300 m isobath (Loeng, 1991; Li & McCli-105

mans, 1998), others have observed a westward flow of AW on the southern slope of the106

Spitsbergen Bank, between the 260 and 400 m isobaths (Parsons et al., 1996; Gawarkiewicz107

& Plueddemann, 1995). The westward flow of AW is attributed to recirculating AW within108

the Bear Island Trough (Skagseth, 2008). Further observations suggest that northeast109

of the recirculating branch, AW flows clockwise around the Hopen Trench due to poten-110

tial vorticity constraints in a basin with a shallower northern outflow depth than inflow111

(Barton et al., 2018). However, the circulation south of the Polar Front (PF) in the Bar-112

ents Sea is complex and influenced by various factors, including sea level, tidal flows, and113

winds, which change the dynamics of the front (Fer & Drinkwater, 2014; V̊age et al., 2014).114

In addition, the position of the front on the southern slopes of the Spitsbergen Bank is115

affected by the climate of the Barents Sea, with the front shifting upslope in warmer pe-116

riods with stronger winds from the south compared to colder periods (Ingvaldsen, 2005).117
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These findings have important implications for the future PF as the Barents Sea tran-118

sitions towards conditions where the inflowing AW is warmer and volume flux is larger119

(Skagseth et al., 2020).120

Time series of AW inflow through the BSO show that the temperature of the AW121

core increased by 1◦C between 1965 and 2006, and the volume flux increased by 0.1 Sv122

per year between 1997 and 2006 (Skagseth et al., 2008). These observations are in agree-123

ment with more recent studies showing that the AW volume fraction in the Barents Sea124

has increased from about 10% in 1980 to about 30% in 2011 (Oziel et al., 2016). This125

so-called ”Atlantification” has led to increased production and northward expansion of126

boreal species (Ingvaldsen et al., 2021), and has been strongly correlated with the retreat127

of the sea ice edge (Årthun et al., 2012). The sea ice area in the Barents Sea was reduced128

by 50% between 1998 and 2008, and the sea ice concentration over the ice-covered zone129

in the Barents Sea has decreased by almost 7% per decade from 1982 through 2020 (Årthun130

et al., 2012; Mohamed et al., 2022). However, the position of the PF in the western Bar-131

ents Sea appears to be unaffected by the sea ice edge and has remained relatively sta-132

ble, despite an observed increase in the sea surface temperature gradient associated with133

the PF. (Barton et al., 2018).134

The purpose of this paper is to provide a detailed account of the circulation and135

hydrography of AW in the western Barents Sea within the region enclosed in Figure 1b.136

Specifically, we concentrate on the area where the warm AW and cold PW converge, main-137

taining the PF. We present recent observations and compare them to historical data col-138

lected in the same region. This area is of particular interest due to the limited knowl-139

edge of the route taken by the AW flowing northward towards the PF and the modifi-140

cation the AW undergoes along this route.141

2 Data142

Detailed ocean hydrography and current observations were collected from 2018 to143

2021, focusing on the northwestern Barents Sea (Figure 1b). This comprehensive dataset144

includes measurements from three scientific cruises and nine ocean glider missions. In145

order to enhance our understanding of the Barents Sea circulation, we also incorporated146

shipboard acoustic Doppler current profiler data from five additional cruises spanning147

the same period. All of these data were obtained as part of the Nansen Legacy project.148

For convenience, we refer to this dataset as the ”recent data” or the ”Nansen Legacy data.”149

The recent data primarily cover the fall and winter seasons, specifically from August to150

February. In addition, we present historical data from the UNIS hydrographic database,151

consistently using the conductivity-temperature-depth (CTD) profiles collected between152

August and February. Further information about the platforms used is given in the sub-153

sequent subsections. An illustration of data coverage and data tracks is provided in Fig-154

ure 2. Detailed metadata for the cruises and glider missions are listed in Table 1.155

2.1 Hydrographic Measurements From the Nansen Legacy Cruises156

The cruises were conducted on board the Research Vessels (RV) G.O. SARS be-157

tween 6 and 27 October 2020 (Fer et al., 2021), Kronprins Haakon between 9 February158

and 1 March 2021 (Nilsen et al., 2021), and Kristine Bonnevie between 28 September159

and 13 October 2022 (Baumann et al., 2023). CTD profiles during all cruises were col-160

lected using a Sea-Bird Scientific, SBE 911plus system. The CTD salinity was calibrated161

using water samples taken at all stations at the deepest profile depth. In total, 64, 89,162

and 62 CTD profiles were collected during the cruises, respectively. CTD profiles, to-163

gether with the current profiles (Section 2.2), of the October 2020 cruise are available164
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Figure 2. (a) Coverage of the different data presented in this study. The mission span of

gliders is marked with orange fill and the mission tracks are shown in (b) using the same color.

Selected sections in all missions are indicated by section names and a color code to highlight the

temporal coverage and repetitions of the sections. The target position of the sections is shown

in (b). Duration of cruises with SADCP data is indicated using blue fill in (a) and cruise tracks

with the same color in (b). The specific cruises with hydrographic measurements are identified

with the vessel names (RV KB: Kristine Bonnevie, RV KH: Kronprins Haakon, and RV GOS:

G.O. Sars) and the black fill indicates CTD sampling, with stations marked with the same color

in (b). The number of historical CTD profiles included in Sections B, H (upper two numbers),

and D and I (lower two numbers) are listed for the individual months and decades. (b) Posi-

tion of the different data collected. Grey line shows the 200m isobath. Yellow lines indicate our

predefined sections with the corresponding names (red letters).
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Table 1. Glider and cruise metadata. Sections refer to the sections names listed in Figure 2b.

The number of CTD profiles from the cruises is the sum of shipboard CTD and MSS profiles.

Offsets applied to cruise CTD is that for the MSS.

Vessel Start/ Sections # of Offset applied to
end CTD profiles salinity / temperature

sg561 7 August 2019/ B 308 0.016 / 0.082◦C
19 August 2019

sg562 15 November 2019/ B, H, I 2,568 −0.005 / −0.060◦C
1 March 2020

RV GOS 6 October 2020 B, H, I, D, 269 −0.018 / N/A
27 October 2020 F, A, E

Odin 8 October 2020/ Polar Front 800 0.014 / 0.054◦C
24 October 2020

Durin 10 October 2020/ I 678 N/A
20 October 2020

sg560 22 October 2020/ B, H, I, G 2,534 0.017 / −0.209◦C
11 February 2021

RV KH 9 February 2021 B, I 261 −0.018 / N/A
1 March 2021

Odin 12 February 2021/ I 748 0.0045 / 0.05◦C
25 February 2021

sg564 12 November 2021/ B, H, I, G 3,426 0.015 / 0.02◦C
22 February 2022

sg564 9 August 2022/ B 2,492 0.015 / 0.02◦C
9 October 2022

RV KB 28 September 2022 D, I, B 328 N/A
13 October 2022 F, A

Odin 2 October 2022/ Polar Front 402 N/A
9 October 2022
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from (Fer, Baumann, Hana, et al., 2023)1. Pressure, temperature, and practical salin-165

ity data are accurate to ±0.5 dbar, ±2 × 10−3 ◦C, and ±3 × 10−3, respectively. CTD166

data were processed using the standard SBE Data Processing software.167

In addition to the shipboard SBE CTD system, profiles were collected using a Mi-168

crostructure Sensor Profiler (MSS90L, Sea&Sun Technology, Germany, MSS hereafter).169

MSS is a loosely-tethered free-fall instrument equipped with turbulence sensors (not re-170

ported here) and conventional CTD sensors for precision measurements. CTD profiles171

from the MSS enhanced the hydrographic measurements from the cruises. The CTD pro-172

files from the MSS have been corrected against the ship CTD during post-processing,173

by applying offsets when applicable. The largest salinity offset applied was 0.018 (Ta-174

ble 1). A total of 205, 172 and 266 profiles were collected using the MSS during the three175

cruises, respectively, which can be obtained from Fer, Baumann, Kalhagen, et al. (2023);176

Fer, Skogseth, et al. (2023); Fer, Baumann, Elliot, and Kol̊as (2023).177

Conservative Temperature, Θ, and Absolute Salinity, SA, were calculated using the178

thermodynamic equation of seawater (IOC et al., 2010), and the Gibbs SeaWater Oceano-179

graphic Toolbox (McDougall & Barker, 2011).180

2.2 Current Profiles From Cruises181

Current profiles were obtained using acoustic Doppler current profilers (ADCPs)182

in two different configurations: ship-mounted ADCP (SADCP) for continuous measure-183

ments and ADCP systems integrated into the CTD frames (lowered-ADCP, LADCP)184

for station-based measurements. The CTD frames on all vessels were equipped with a185

pair of 300 kHz Teledyne RD Instruments (RDI) Sentinel Workhorses, with one mounted186

pointing downward and the other upward. The LADCPs were synchronized and config-187

ured to provide vertically averaged data in 8m bins. Compasses were calibrated, result-188

ing in errors less than 5◦. LADCP data were processed using the LDEO software ver-189

sion IX-13 of Visbeck (2002). The LADCP profiles were constrained using navigation190

data and the current profiles from the SADCPs.191

All research vessels had Teledyne RDI Ocean Surveyor SADCPs operating at one192

or two acoustic frequencies. In this study we use the current profiles collected by the 150 kHz193

SADCP from RV Kronprins Haakon and RV Kristine Bonnevie. The SADCPs on Kro-194

nprins Haakon were flush-mounted in the hull for protection when moving through ice.195

From RV G. O. SARS we use the 75 kHz SADCP. The 150 kHz SADCPs collected pro-196

files in 4m bins using narrowband mode for optimal range, while the 75 kHz SADCP mea-197

sured in 8m bins. SADCP data were collected using the onboard VmDAS software or198

the University of Hawaii data acquisition software, depending on the vessel. Post-processing199

was done using the University of Hawaii CODAS software, to an uncertainty of 2–3 cm s−1
200

(Firing & Ranada, 1995).201

In addition to the current measurements obtained during the cruises described in202

this study, we also incorporate SADCP data from 5 additional cruises conducted in the203

region during the fall and winter seasons (August to February) between 2018 and 2020.204

For more detailed information regarding the SADCP data obtained from these other cruises,205

the reader is referred to Cannaby et al. (2022).206

2.3 Ocean Glider Data207

An ocean glider (glider hereafter) is a buoyancy-driven, remotely-piloted underwa-208

ter vehicle. Five Kongsberg Seaglider missions and four Teledyne G3 Slocum glider mis-209

1 a note to the editor and reviewers: the data from the other two cruises are prepared and will be sub-

mitted during the review process
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sions were conducted in the Barents Sea in the period from 2019 to 2022 (E. Kol̊as, 2022).210

Details about the individual missions are shown in Table 1. The main objective was to211

map the distribution and circulation of the AW in the region (Figure 1), and to collect212

detailed observations on the interaction between the AW and PW along the Polar Front213

between the Spitsbergen Bank and Great Bank. The glider tracks are shown in Figure214

2b, and the sections sampled by the individual gliders are listed in Table 1 as well as shown215

in Figure 2a. A total of 13,956 profiles were collected and analyzed. The typical hori-216

zontal distance between subsequent surfacing locations was 1 km. The gliders operated217

between the surface and 0-20m above the seafloor, sampling CTD on both dives and climbs.218

For each dive, a depth-averaged current (DAC) was estimated based on the deviation219

between the actual surfacing location and the expected surfacing location from a hydro-220

dynamic glider flight model. Absolute geostrophic currents are calculated from glider hy-221

drography and DAC as described in section 3.2. During post-processing, each profile was222

despiked by removing values exceeding twice the root mean square (rms) of the five sur-223

rounding values. In addition, outliers exceeding three standard deviations over all pro-224

files at each pressure level were removed.225

2.3.1 Seagliders226

Each of the Seagliders were equipped with a Paine strain-gauge pressure sensor,227

a SBE CT Sail and an Aanderaa dissolved oxygen sensor. The Seagliders operated with228

a vertical velocity close to 8 cm s−1, and sampling rates normally aimed to sample con-229

ductivity and temperature every meter while oxygen was sampled every 5m. The Seaglider230

data sets were processed using the University of East Anglia Seaglider toolbox (http://231

www.byqueste.com/toolbox.html), based on the methods described by Garau et al. (2011);232

Frajka-Williams et al. (2011). Manual flagging was applied to the salinity and temper-233

ature profiles during processing. Processed SA and Θ are accurate to 0.01 g kg−1 and 0.001◦C,234

respectively, and DAC is accurate to 0.01m s−1 (Seaglider Quality Control Manual , 2012,235

p. 9). Post-processing revealed noisy data with overturns, typically through the pycn-236

ocline and the apogee of the dive, but also randomly throughout profiles. The noisy data237

is likely due to the Conductivity-Temperature sensor being unpumped. When the flow238

past the sensor changes due to a change in pitch or vertical velocity, the salinity estimates239

can be erroneous due to a misalignment of conductivity and temperature. Because of the240

uncertainty in the salinity estimates, we removed instabilities where the absolute differ-241

ence between the density profile and the sorted-density profile was larger than 0.02 kgm−3.242

The number of data points removed was less than 1% of the total data, and overall does243

not affect the averaged and objectively mapped fields used in our analysis. Finally, salin-244

ity and temperature offset corrections were applied after comparing the deep part of Seaglider245

dives to nearby CTD profiles collected from research vessels typically within 3 days and246

5 km from the Glider profile. The offsets applied to the different missions are listed in247

Table 1.248

The gliders in the Barents Sea were operated with an ice-avoidance algorithm in249

order to prevent losing the instrument in the ice. This algorithm uses acoustics to de-250

tect ice keels in addition to temperature measurements to identify freezing temperatures251

near the surface. If sea ice or near freezing-point temperatures were detected, a new dive252

would start without surfacing. On several occasions, northerly winds pushed sea ice over253

the gliders, preventing them from surfacing and obtaining a GPS fix. These events nor-254

mally lasted for only a few dives, yet on a few occasions the glider was under ice for longer255

than 24 hours, causing the glider to turn to a predefined point and head away from the256

ice (so-called ”escape mode”). The longest stretch without a GPS fix lasted for 34 dives257

or about 44 hours. In such situations without a GPS fix, DAC cannot be estimated. For258

each dive conducted without a GPS fix, longitude and latitude coordinates along the dive259

tracks were linearly interpolated between the two available GPS fixes, assuming the glider260

continued in a straight line. In the few cases when the glider turned south in the escape261

mode while under sea ice, the northernmost position was extrapolated based on the most262
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recent horizontal velocity estimate, the compass heading, and the depth of the seabed.263

More details on the processing and glider deployments are given in E. Kol̊as (2022).264

2.3.2 Slocum gliders265

Two electric 1000-m G3 Slocum gliders, Odin and Durin, were used during the Oc-266

tober 2020 cruise, while only Odin was used during the February 2021 and October 2022267

cruises (Table 1). Both gliders carried a pumped SBE CTD sensor (CTD41CP). The glider268

sampled at 0.25Hz with a typical vertical velocity of 15 cm s−1. The glider was config-269

ured to inflect 15m above the seabed. Data were processed using the quality control pro-270

cedures from the Balearic Islands Coastal Observing and Forecasting System (SOCIB)271

data processing toolbox (Troupin et al., 2015). Final profiles have a horizontal along-272

track spacing of about 0.5 km and 1m vertical spacing. Odin additionally carried a tur-273

bulence package for measuring small-scale shear across the Polar Front. The turbulence274

data set is part of a different study and is not further described here.275

2.4 Historical data276

Historical composite sections of Conservative Temperature and Absolute Salinity277

over the periods 1950-79, 1980-89, 1990-99, and 2000-09 were made from hydrograph-278

ical profiles extracted from the UNIS hydrographic database (UNIS HD; (Skogseth et279

al., 2019)). This data set is a collection of temperature and salinity profiles from the area280

0-34◦E and 75-83◦N. Duplicate data and outliers have been removed before the analy-281

sis. In this study we only considered CTD profiles collected between August and Febru-282

ary, and a total of 3,916 profiles were included. Note that UNIS HD also consists of data283

extracted from other data publishers. For details on the main data contributors to UNIS284

HD, the reader is referred to Skogseth et al. (2019).285

3 Methods286

3.1 Water masses287

The water masses used in this study are listed in Table 2, and follow Sundfjord et288

al. (2020). These definitions are based on previous water mass definitions in literature289

such as Lind et al. (2018); Loeng (1991); Rudels et al. (2005). However, we have made290

a modification to the definition of warm Polar Water (wPW), by including only waters291

with potential density anomaly σ0 > 27.8. The reason for this is that we only consider292

the wPW which is a mixture between AW and PW, excluding surface waters influenced293

to a greater extent by seasonal processes such as atmospheric heating and ice melting.294

3.2 Objective interpolation of depth average currents295

In this study, a total of 59,000 SADCP profiles, 198 LADCP profiles and 7,195 DAC296

estimates from glider dives have been used. We removed the barotropic tidal currents297

from the SADCP and LADCP profiles using the 2018 version of the Arctic Ocean In-298

verse Tidal Model on a 5 km grid (Arc5km2018) (Padman & Erofeeva, 2004). LADCP299

profiles were vertically averaged over the whole water column, whereas for the SADCP300

profiles, the upper 16m were removed before averaging (16m was the largest blanking301

distance used on the different SADCPs). Depth-averaged SADCP profiles were subse-302

quently bin-averaged in 10 km by 10 km horizontal bins.303

A typical glider dive in the Barents Sea lasted for about an hour and covered about304

1 km horizontal distance. To remove the barotropic tide from DAC, we interpolated the305

DAC time series to hourly data and used a 24 h low pass filter. The detided DAC were306

then averaged over 6 hour bins. A final 10 km by 10 km bin-averaging was applied to com-307
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Table 2. Water mass definitions following Sundfjord et al. (2020), using Conservative Temper-

ature, Θ, Absolute Salinity, SA, and potential density anomaly, σ0. Note that our definition of

the warm Polar Water (wPW), includes only waters with σ0 > 27.8 in order to exclude surface

waters from the wPW. Instead, we name the wPW with σ0 < 27.8 Surface Water (SW).

Water mass Θ (◦C) SA (g kg−1) Density (ρ− 1000 kgm−3)

Atlantic Water (AW) Θ ≥ 2 SA ≥ 35.06
Polar Water (PW) Θ < 0 σ0 < 27.97
warm Polar Water (wPW) Θ ≥ 0 SA < 35.06 σ0 ≥ 27.8
Surface Water (SW) Θ ≥ 0 SA < 35.06 σ0 < 27.8
modified Atlantic Water (mAW) 0 ≤ Θ < 2 SA ≥ 35.06
Intermediate Water (IW) −1.1 ≤ Θ < 0 σ0 ≥ 27.97
cold Barents Sea Dense Water Θ < −1.1 σ0 ≥ 27.97

bine the detided and averaged SADCP, LADCP and glider DAC before objective inter-308

polation.309

Care must be taken to avoid unrealistic diverging or converging flows in the objec-310

tively interpolated fields of ocean currents. Here we have constrained the interpolated311

fields to be divergence-free. In objective interpolation, we used a horizontal correlation312

length scale of 50 km, obtained from a variogram analysis of the depth average currents313

after final bin-averaging. Variogram analysis calculates the variance in the difference be-314

tween data points as a function of the distance between the data points. The correla-315

tion length scale is then set at the distance where the variance ceases to increase. More316

details on variogram analysis are given in the appendix of E. H. Kol̊as et al. (2020). We317

objectively interpolated onto a horizontal grid with 10 km resolution. Mapped currents318

for which the relative error exceeded 40% of the absolute current were removed. We also319

removed currents mapped at locations where the water depth was shallower than 50m.320

The 50m depth criterion was set as we have few measurements in the shallow regions321

where the tidal currents are relatively large.322

3.3 Composite sections323

In order to remove fine-scale variability and obtain fields representative of the av-324

erage hydrography and geostrophic currents, we produce composite sections. The com-325

posite sections are along the predefined transects marked by yellow lines in Figure 2b,326

along which we have focused our data sampling. The horizontal grid spacing along each327

section was set to 1 km. For every data point (all Θ and SA profiles, and SADCP and328

glider DAC), an incrementally increasing search radius of 5, 10, 20 and 30 km was used329

to look for predefined grid points along the target section. When two or more grid points330

were within the search radius of a data point, the data point was moved along isobaths331

onto the section, thus assuming topographic steering. The bottom depth along the sec-332

tion, as well as for the data points, was determined using IBCAO-v4. If by chance two333

or more locations on the predefined section (within the search radius of the data point)334

had the same bottom depth, the location nearest to the data point was chosen. Finally,335

Θ and SA profiles along the section were bin-averaged over 5 km horizontal and 10m ver-336

tical bins before objectively mapping onto a 1 km by 5m grid (horizontal by vertical).337

Historical CTD profiles were averaged over 5 km horizontal and 20m vertical bins be-338

fore objectively mapping onto a 1 km by 5m grid. To obtain absolute geostrophic ve-339

locities along the composite sections, we need reference depth-averaged velocities aver-340

aged and smoothed with consistent time and length scales. Depth average SADCP and341
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glider DAC were bin-averaged over 5 km horizontal bins and linearly interpolated onto342

the 1 km resolution of the target section, and smoothed using a 15 km moving average.343

When objectively mapping the composite sections, correlation length of 30 km and344

50m were used as horizontal and vertical scales, respectively, determined from the var-345

iogram analysis as described in section 3.2. To remove unrealistic values caused by in-346

terpolation, temperatures below freezing were set to the freezing point, and values be-347

low the seabed were removed. In addition, mapped values for which the relative error348

(the absolute error divided by the data value) exceeded 5% were removed. The low thresh-349

old of 5% was used due to the high resolution of data points compared to the long cor-350

relation length. That is, we have binned observations for every 5 km along the section351

while using a 30 km correlation length scale, resulting in small objective mapping error.352

We produced geostrophic velocity fields using the objectively mapped Θ and SA353

sections from the cruises and gliders, and the historical section across the PF (Section354

B). To avoid spurious unstable layers arising from the combination of the independently355

mapped fields, we calculated density and reproduced the SA fields using sorted (by sta-356

bility) and smoothed density. Density was smoothed over 2 km horizontal and 10m ver-357

tical distance (2 by 2 grid points). Absolute geostrophic velocity, ug, was obtained by358

removing the depth average relative geostrophic velocity and adding gridded observed359

SADCP and glider DAC.360

As we estimate mean properties and volume transports from objectively mapped361

fields of Θ, SA and ug, the uncertainty in our measurements is essential. While the in-362

strument error of the many individual instruments is small, the instrument calibration363

error may not be. Here we cross calibrate several different instruments by comparing nearby364

CTD profiles from gliders and MSS to ship CTD profiles and applying an appropriate365

offset. We trust the ship CTD to be accurate and the profiles we compare are usually366

less than 5 km and 3 days apart, however the region is highly dynamical and the com-367

parison may be inaccurate. We argue that our Θ and SA uncertainty is at a similar mag-368

nitude as the offsets we typically apply. That is 0.02 g kg−1 and 0.1◦C for SA and Θ, re-369

spectively, rounded to the first significant digit (Table 1).370

Volume transport estimates for individual water masses are calculated from the ug371

fields. These estimates are most sensitive to the water mass boundaries and the 2-3 cm s−1
372

SADCP uncertainty. Here we estimate the error by applying an upper and lower bound373

on the area corresponding to the SA and Θ uncertainty. Then we add one thousand Gaus-374

sian distributed random error matrices where the error range from -3 to 3 cm s−1 cor-375

responding to the SADCP uncertainty. Errors are the root-mean-square of the difference376

between calculations from the original gridded field and each of the upper and lower bound-377

ary. The resulting volume transport error is always less than 0.1 Sv, and typically around378

0.05 Sv.379

3.4 Heat and salt content380

Heat content per volume, HC, is calculated for all composite sections below 50m381

depth, and is presented as average heat content per volume HC. We calculate heat con-382

tent for the Atlantic Water domain (Θ ≥ 0.1◦C) and Polar Water domain (Θ < 0.1◦C)383

separately. The 0.1◦C boundary is the isotherm defining the PF as described in Section384

3.6. For each composite section we calculate heat content as385

HC =

∫
A
Cpρ0Θ dA

A
, (1)

where Cp = 3992J kg−1 K−1 is the specific heat capacity of water for use with Θ (McDougall386

& Barker, 2011), ρ0 is the potential density and A denotes the area.387
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Heat content is also calculated for horizontally interpolated layers in a similar man-388

ner. For each profile we calculate the layer averaged heat content per volume as389

HC =

∫ z2
z1

Cpρ0Θ dz

z2 − z1
, (2)

where z1 and z2 are the depth limits for the range we integrate over. Similarly, layer av-390

eraged salt content per volume is calculated as391

SC =

∫ z2
z1

ρ0SA dz

z2 − z1
. (3)

HC and SC are then objectively interpolated as described in Section 3.5. Uncertainties392

in HC and SC are calculated using the upper and lower bound of Θ and SA as described393

in Section 3.3.394

3.5 Objectively interpolated horizontal layers395

Objectively mapped horizontal fields of Θ, SA, HC and SC, for different depth-layers396

and different time periods were produced using the recent and historical CTD profiles.397

Individual profiles were vertically averaged over the desired layer depth, before bin-averaging398

over 10 km by 10 km horizontal bins. To ensure that the vertically averaged values were399

representative of the layer, thresholds were set on the minimum amount of data points400

averaged, and the average depth of the data points compared to the middle depth of the401

layer. For the 50-100m layer, a minimum of 5 data points whose mean depth were within402

15m of the middle depth of the layer were required. Horizontal correlation length scales403

were set to 60 km and final gridded product had a 2 km resolution.404

3.6 Barents Sea Polar Front position405

The position of the PF is determined following the method described by Oziel et406

al. (2016). Oziel et al. (2016) calculated two different fronts, a northern and a southern407

front based on the temperature and salinity fields, respectively. In our study, we focus408

only on the position of the northern front obtained from the temperature field. To achieve409

this, we create a horizontally mapped field by combining all available temperature (Θ)410

data for the 50-100m layer, including both historical and recent data, using the method411

described in Section 3.5. Subsequently, we calculate the absolute temperature gradients412

across this field. We then construct a histogram with 0.05◦C bins of the Θ values where413

the temperature gradient exceeds 0.06◦Ckm−1. The PF is then defined as the isotherm414

corresponding to the modal value of the histogram, here equal to the 0.1◦C isotherm,415

with one standard deviation of 0.4◦C. While the modal value is somewhat sensitive to416

the lower temperature gradient limit, the position of the front along Section B varies less417

than 15 km, within ±1 standard deviation.418

4 Results419

The AW inflow into the Barents Sea is a topographically steered current, follow-420

ing the eastern boundary of the Bear Island Trough. Here we describe the evolution of421

the AW from the northeasternmost part of the Bear Island Trough where it splits into422

the two paths toward the Hopen Trench and the Persey Trench, and the continuation423

across the PF into the Olga Basin (Figure 1b). We first present the recent Nansen Legacy424

observations (2019-2022), followed by the historical data dating back to 1950.425

4.1 Hydrography and circulation south of the PF from recent observa-426

tions (2019-2022)427

Section H, located on the northwestern slope of the Central Bank, is filled with AW428

at isobaths deeper than 200 m and 50-100m above the seafloor (Figure 3, Sec H). The429
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Table 3. Volume transport, Vug (Sv), for the different water mass definitions, through the dif-

ferent composite sections. All transport estimates are calculated from the ug fields in Figure 4a

and rounded to the nearest decimal. Transport estimates are divided into positive and negative

transport estimates, corresponding to positive or negative ug, where negative transport estimates

are given in parentheses. Volume transport errors are as described in Section 3.3 are always less

than 0.1 Sv, and typically around 0.05 Sv.

Sec. AW mAW wPW PW Total Vug

H 0.6 0.3 0.1 n/a 0.9
I 0.0 0.3 (-0.1) 0.2 0.0 0.5 (-0.2)
G 0.2 0.1 0.2 0.0 0.5
D 0.2 0.3 0.1 0.1 (-0.1) 0.9 (-0.3)
B(PF) n/a n/a 0.1 0.2 0.3
A n/a 0.1 0.2 0.2 0.5
F n/a n/a 0.1 0.1 (-0.3) 0.1 (-0.5)
E n/a n/a 0.1 0.3 (-0.3) 0.5 (-0.3)

geostrophic current, ug, distribution suggests two dynamical cores (Figure 4). One branch430

is located on the upper slope above the 300m isobath, and one on the lower slope to-431

wards the center of the trough. This bifurcation is likely a result of diverging bathymetry432

south of Section H, and is also seen in the depth-averaged currents (Figure 4b).433

The volume transport through Section H is 0.9 Sv, divided equally among the up-434

per and lower branches. Of this, 0.6 Sv is identified as AW (Table 3). The mean tem-435

perature of the inflowing AW in the upper branch is 2.4◦C, 0.2◦C less than in the lower436

branch, indicating that the AW closer to the center of the trough is relatively less cooled437

compared to the upper slope. The mean salinity is 35.11 g kg−1 for both branches.438

The AW at Section H is surrounded by modified AW (mAW) and warm Polar Wa-439

ter (wPW) on the shallow bank and at depth, for which the volume transport estimates440

are 0.3 and 0.1 Sv, respectively (Figure 5a). Modified AW here is the AW cooled below441

2◦C, while the wPW is a mixture of AW and PW (see water mass definitions in Table442

2 and in the Θ−SA diagram in Figure 5a). The AW reaching the northern part of the443

Bear Island Trough is transformed mainly through cooling by the atmosphere, hence the444

relatively small amount of wPW (Figure 5a and b). Continuing from Section H, the in-445

flow splits into two branches, one continuing east through the Persey Trench and one con-446

tinuing north up the Hopen Trench (Figure 4b).447

Section I completely covers the eastward propagating water masses through the Persey448

Trench. The AW core subducts from Section H to I, forming a subsurface Θ maximum449

core located on the southern slope between the 300m and 200m isobaths (Figure 3a, Sec450

I). The ug core of the eastward propagating current is located closer to the center of the451

trench than the AW core, with westward flowing currents to the north and weak east-452

ward flowing currents to the south (Figure 4a). While the eastward AW transport through453

Section I is negligible, the eastward transport of mAW and wPW is 0.3 and 0.2 Sv, re-454

spectively, resulting in a total eastward transport of 0.5 Sv. On the northern slope, a surface-455

intensified current directed westward entrains mAW, resulting in a westward transport456

of mAW of 0.1 Sv. Westward flowing transport estimates are listed in Table 3; note, how-457

ever, that the currents at the section edges may not be fully captured.458

Sections B, G, and D mainly cover the northward propagating water masses along459

the Hopen Trench towards the sill that separates the Atlantic domain from the Polar do-460

main in the Olga Basin. Absolute geostrophic velocities, ug, through Section G are mainly461
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Figure 3. Hydrographic cross-sections of (a) Conservative Temperature, Θ, and (b) Absolute

Salinity, SA, along the sections defined in Figure 1b, also indicated on the map here. Horizon-

tal distance is referenced to the edge of the section, marked by blue stars on the map. Sections

F-A and B-H are joined at the location marked by the vertical bars. White line in (a) is the

0.1◦C isotherm. Black contours in (b) show isopycnals at every 0.05 kgm−3 interval, starting at

27.7 kgm−3. Analysis period covers the months from August to February between 2019 and 2022

(see Figure 2a).
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Figure 4. (a) Absolute geostrophic velocities, ug, normal to the sections marked in (b). 0 km

is the edge of the section as marked by the blue star in (b). Positive velocities are directed into

the page, downstream of the viewer. Black contours in (a) show isopycnals at every 0.05 kgm−3

interval, starting at 27.7 kgm−3. (b) Objectively mapped, divergence-free, depth-averaged cur-

rents from SADCP, LADCP and glider DAC. Gray lines are isobaths drawn at every 50m from

50 to 300m depth. Black line is the 200m isobath. Data included covers the months from August

to February between 2018 and 2022.
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Figure 5. Θ-SA diagram for (a) Section H, (b) Section B, (c) Section D and (d) Section I,

including historical and recent data collected between August and February. Contours are σ0 at

0.1 kgm−3 intervals. The upper 50m of the water column is excluded to remove the short-term

variability from atmospheric forcing. Stars show the median value for the respective decade as

indicated by the colors. Large circles in (a) show annual mean properties in the BSO between the

50-200m layer.
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directed northwest with an intensified core at the 300m isobath approaching the slope462

towards the Great Bank (Figure 4a, Sec G). The flow towards Section G is not always463

northwestward though, as the depth-averaged objectively mapped field displays currents464

flowing southeast on the northern side of the section (Figure 4b). This is discussed fur-465

ther in Section 5.1. The northward transport of AW is 0.2 Sv, while it is 0.1 and 0.2 Sv466

for mAW and wPW respectively (Table 3). At the western edge of Section G, towards467

the center of the Hopen Trench, less modified AW resides with a surface maximum Θ468

and subsurface maximum SA (Figure 3).469

Moving further north, Section D provides a comprehensive view of the Hopen Trench,470

where the inflowing AW is surrounded by PW on both sides (Figure 3, Sec D). The north-471

ward transport of AW through Section D amounts to 0.2 Sv, whereas the respective trans-472

ports for mAW, wPW and PW are 0.3, 0.1, and 0.1 Sv (Table 3). The northward-flowing473

PW is located on the eastern edge of the section, on the Great Bank shelf break. On the474

western edge of the section, a cold core current is flowing south, transporting 0.3 Sv, of475

which 0.1 Sv is PW. The remaining 0.2 Sv is mainly Surface Water (SW) and wPW, hence476

the net northward transport of AW, mAW and wPW is 0.5 Sv. The northward flowing477

Atlantic-origin waters show a two-branch structure, with the warmer core observed in478

the western branch. This suggests either a more direct pathway for the AW along the479

western side or less mixing along this particular route (Figure 3a and 4a, Sec D). In ad-480

dition, the water masses found along Section D suggest that the water mass transfor-481

mation at this higher latitude is influenced more by mixing with PW than atmospheric482

cooling, in contrast to Section H (Figure 5c).483

At the northern edge of the Hopen Trench, a 180-m deep sill separates the AW do-484

main in the south from the PW domain in the Olga Basin in the north (Figure 3a, Sec485

B). The inflowing Atlantic-origin waters meet the PW on top of the sill generating the486

PF. The sloping isopycnals across the PF set up a geostrophic flow transporting Atlantic-487

origin waters and PW eastward along the sill (Figure 4a, Sec B). This eastward flow trans-488

port 0.3 Sv and is largely topographically steered. The part of the current north of the489

highest point on the sill continues northeast along the slope of the Great Bank, while490

the part south of the sill likely recirculates southeast (Figure 4b). Hence, the amount491

of Atlantic-origin waters crossing the sill will be largely determined by the position of492

the front and the width of the frontal current.493

4.2 Hydrography and circulation north of the PF from recent observa-494

tions (2019-2022)495

North of the sill, the Olga Basin dominated by PW is situated. The general cir-496

culation in the Olga Basin is cyclonic, following the basin slopes (Figure 4b). PW en-497

ter the basin from northwest and northeast, on either side of King Karls Land (Figure498

4b). The coldest waters are located between the 50m and 100m layer, extending to about499

150 m depth at the center of the basin (Figure 3, Sec F, A and E). Section F captures500

the southeastward flowing PW with a volume transport of 0.3 Sv. Including surface wa-501

ters, the total transport is 0.5 Sv southeastward. Parts of this current continue south as502

the ESC towards Section D, forming the western reverse flow through Section D and the503

anticyclonic flow around the Spitsbergen Bank, while parts continue east towards Sec-504

tion A. The transport through section A is 0.5 Sv, of which 0.2 is PW and the rest is mAW505

and wPW (Table 3). While AW is not present north of the sill, both the mAW and wPW506

is a result of Atlantic waters flowing northward towards the sill, mixing with PW at the507

PF near the sill. The AW signature north of the PF is manifested as the subsurface Θ508

and SA core hugging the eastern slope of the Olga Basin (Figure 3, Sec. A and E.). Fur-509

ther northeast, through Section E, the northeast transport is 0.5 Sv, where 0.3 is PW510

and 0.1 Sv is wPW. On the northern side of Section E, the southwestward current trans-511

port 0.3 Sv of PW into the Olga Basin. Note however that this inflow of PW from north-512

east is warmer and saltier than that found along Section F, likely due to AW entering513
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Figure 6. Historical Section B and H averaged over the years indicated in the left panels, only

including profiles collected within the months August to February. (a) Conservative Tempera-

ture, Θ, (b) Absolute Salinity, SA and (c) water masses as defined in Table 2. The white line in

(a) is the 0.1◦C isotherm, indicating the polar front. Black contours in (b) show isopycnals at ev-

ery 0.05 kgm−3 interval starting at 27.7. The cyan contours in (b) show the relative geostrophic

velocity in cm s−1, referenced to the surface. Positive values are directed in to the page.

the Barents Sea from the north in addition to AW from the south recirculating in the514

basin (Figure 3 and Table 4).515

4.3 Decadal changes south of the Polar Front516

Between 1980 and 2010 the temperature of the AW inflow into the region increases517

(Figure 6, 7 and 8, and Table 4). Nevertheless, the period between 1950 and 1979 stands518

out as saltier and warmer than the following 80s most places south of the PF. Next we519

describe the decadal changes observed along each section.520
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Table 4. Average water mass properties in sections. Mean Conservative Temperature (Θ),

Absolute Salinity (SA), and percentage of area occupied, A (%), for different water masses and

different analysis periods are listed. HC is the average heat content in MJ per volume (1 × 106

Jm−3), rounded to the nearest first decimal. HC is calculated for waters deeper than 50m depth

and with temperatures above (below) 0.1◦C as described in Section 3.4. Errors in the Θ, SA

and HC estimates are ±0.1◦C, ±0.02 g kg−1 and ±0.4 × 106 Jm−3, respectively, calculated as

described in Section 3.3 and 3.4.

Year AW mAW wPW PW HC

Θ SA A Θ SA A Θ SA A Θ SA A

Section H

1950-79 2.7 35.17 40 1.0 35.17 43 2.0 35.01 5 n/a n/a 0 7.0 (-0.3)

1980-89 2.8 35.15 43 1.0 35.12 37 1.2 35.02 3 n/a n/a 0 7.7 (-0.5)

1990-99 3.0 35.16 53 1.0 35.12 35 n/a n/a 0 n/a n/a 0 8.1 (-0.6)

2000-09 3.5 35.20 70 1.3 35.17 27 n/a n/a 0 n/a n/a 0 10.3 (n/a)

2019-22 2.5 35.11 64 1.5 35.08 30 0.8 35.05 7 n/a n/a 0 8.1 (n/a)

Section B

1950-79 2.6 35.16 10 1.2 35.15 44 0.8 35.01 9 -0.9 34.64 22 5.6 (-3.4)

1980-89 2.4 35.14 4 1.1 35.14 49 0.8 34.99 8 -1.0 34.55 26 4.8 (-3.9)

1990-99 2.5 35.15 9 1.3 35.13 41 0.8 34.95 15 -0.7 34.49 20 5.5 (-3.0)

2000-09 2.7 35.18 27 1.7 35.16 32 0.7 34.95 10 -0.8 34.59 17 7.5 (-3.1)

2019-22 2.5 35.09 19 1.4 35.08 25 1.7 35.01 20 -1.0 34.71 20 7.2 (-4.2)

Section D

1950-79 n/a n/a 0 1.0 35.15 48 0.8 34.98 14 -0.8 34.69 21 4.1 (-3.3)

1980-89 n/a n/a 0 0.9 35.11 47 0.6 34.98 12 -0.9 34.62 24 3.5 (-3.9)

1990-99 n/a n/a 0 1.3 35.13 41 0.8 34.95 17 -0.8 34.47 26 4.8 (-3.3)

2000-09 2.2 35.14 12 1.7 35.15 43 0.9 34.97 12 -0.7 34.63 14 6.7 (-2.8)

2019-22 2.5 35.11 19 1.5 35.10 32 1.1 34.98 9 -0.8 34.72 13 7.4 (-3.3)

Section I

1950-79 2.4 35.16 16 1.2 35.17 51 0.9 35.00 10 -0.4 34.83 6 5.7 (-1.1)

1980-89 2.5 35.16 19 1.1 35.14 52 0.8 35.02 6 -0.7 34.79 5 5.6 (-2.7)

1990-99 2.7 35.15 31 1.2 35.12 40 1.0 34.99 6 -0.7 34.69 4 7.0 (-2.7)

2000-09 2.7 35.18 27 1.4 35.16 49 0.9 34.99 6 -0.3 34.85 1 6.9 (-1.0)

2019-22 2.0 35.08 5 1.5 35.08 49 1.2 35.02 36 -0.7 34.78 7 5.7 (-2.9)

Section F

2019-22 n/a n/a 0 n/a n/a 0 0.2 35.00 3 -1.0 34.68 75 1.0 (-4.4)

Section A

2019-22 n/a n/a 0 1.1 35.07 3 0.6 34.98 15 -0.9 34.74 63 3.0 (-3.9)

Section E

2019-22 n/a n/a 0 0.7 35.08 1 0.2 34.92 12 -0.6 34.70 68 1.5 (-2.2)
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Figure 7. Same as Fig. 6 but for Section D.
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Figure 8. Same as Fig. 6 but for Section I.
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The AW inflow into Section H was on average 2.7◦C in 1950-79, increasing to a max-521

imum of 3.5◦C in the 2000s (Table 4). The increase in temperature resulted in a tran-522

sition from about 40% of the water mass being mAW before the 90s to less than 30%523

in the 2000s (Figure 6c and Table 4). The corresponding AW fraction increased from 40%524

to 70% in the same period. The transition towards more AW from pre 90s to the 2000s525

is observed along all sections south of the PF (Table 4). Particularly along Section B and526

D, AW has manifested after the 2000s where it was hardly present before. Correspond-527

ingly, the heat content per volume, HC, increased by 3.3MJm−3 (50%) between 1950528

and 2010 along Section H, while it increased by 1.9 (30%), 2.6 (60%) and 1.2MJm−3
529

(20%) along Sections B, D and I, respectively. This difference in increased heat content530

between different sections south of the PF is likely a result of the dynamics in the re-531

gion, and is discussed in Section 5.2. Note that for Section B, D and I, the 80s stand out532

as the coldest decade (Table 4).533

While the temperature of the AW inflow has increased through the decades, the534

change in salinity is not as pronounced. Both the 80s and 90s indicate a fresher AW and535

particularly mAW inflow than in the 1950-79 period, while the 2000s stand out as anoma-536

lously saline (Table 4 and Figure 5). Our recent data (2019-22) however stand out as anoma-537

lously fresh, with the AW inflow being as much as 0.06 g kg−1 fresher than observed in538

the previous decades (Table 4 and Figure 5a). While the reason for the recent freshen-539

ing is due to downstream conditioning addressed in Section 5.2, the implications are seen540

along all sections south of the PF where the density in general is about 0.05 kgm−3 less541

than in the previous decades (Figures 5, 6b, 7b and 8b). As a result, the Atlantic-origin542

waters reaching the top of the sill in the northern part of Section B do not subduct be-543

low the PW as readily as in previous decades (Figure 6). The PF is relatively steeper,544

effectively reducing the amount of Atlantic-origin waters entering the Olga Basin below545

100m depth. In addition, the geostrophic flow along the front on top of the sill is at its546

weakest during the 2019-22 period compared to the previous decades (Figure 3b, pink547

contours). The reduction in the geostrophic flow is caused by a decreased density gra-548

dient across the front.549

While the AW density in the Hopen Trench is observed to be anomalously low in550

the 2019-2022 period, our decadal average of historical observations suggest the AW den-551

sity has been decreasing since the 80s due to increasing temperatures (Figure 5). The552

decreasing AW density in the Hopen Trench is likely the reason for the observed weak-553

ening of the along front geostrophic flow since the 50s (Figure 3b). In addition, the de-554

creasing AW density result in less dense water production when mixing with PW. While555

IW could be found along the different sections before 2000, it is absent after (Figure 5).556

4.4 Decadal changes north of the Polar Front557

PW is the dominant water mass north of the PF in the Olga Basin, on the Great558

Bank, and along the 100m isobath on the Spitsbergen Bank (Figures 3 and 9). Here the559

Olga Basin is defined as the basin within the 200m isobath, between 77.4 and 78.5◦N560

and west of 33◦E. The largest changes in the distribution of PW between the 50s and561

present day can be observed along the Spitsbergen Bank south of 77◦N (Figure 9). The562

area on the Spitsbergen Bank occupied by waters colder than 0.1◦C (averaged over the563

50-100m layer) was about 20 × 103 km2 between 1950-79, while only 12 × 103 km2 in564

the 2000-09 period (Figure 9). The corresponding change in the average temperature for565

the same area was an increase from −0.7 ± 0.1◦C to −0.4 ± 0.1◦C. This reduction in566

area occupied by Arctic-origin waters is likely a result of the increased temperatures of567

the Atlantic-origin waters, flowing in on both the eastern and western sides of the Spits-568

bergen Bank (Figure 9). Below 100m depth on the Spitsbergen Bank, the temperature569

has increased even more than within the 50-100m layer. From the 80s to 2000s, the av-570

erage heat content per volume increased from −3.5 ± 0.4 × 106 Jm−3 to 0.6 ± 0.4 ×571

106 Jm−3, equivalent to a temperature increase of 0.7◦C.572
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Figure 9. (a) Conservative Temperature, Θ, and (b) Absolute Salinity, SA, averaged over

the 50-100m layer and objectively mapped for the different time periods as described in Section

3.5. Only profiles within the period August to February are included. Red dots in (b) indicate 10

by 10 km bins where we have data. Yellow dots in the 1950-1979 panel indicate where we have

binned profiles that covers the water column deeper than 100m.
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Figure 10. (a) Average heat content per volume, HC, and (b) average salt content per vol-

ume, SC, for the time period 1980-89, below 100m depth. For the following time periods, heat

content anomalies and salt content anomalies per volume are displayed in the upper and lower

rows, respectively. Only profiles within the period August to February are included. Red dots

in (b) indicate 10 by 10 km bins where we have data. Black line is the 200m isobath while gray

lines show the 100m and 300m isobaths.
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In the Olga Basin, the 80s and 90s stand out as the coldest and warmest decades,573

respectively, although the variations are small with average temperatures ranging between574

−1.4± 0.1◦C and −1.3± 0.1◦C (Figure 9). The 90s also stand out as the period with575

the freshest PW within the Olga Basin, with an average salinity of 34.41±0.02 g kg−1,576

while our observations between 2019-22 show the saltiest PW with an average salinity577

of 34.59±0.02 g kg−1. Below 100m depth, the main pathway of Atlantic-origin waters578

is visible as water with higher heat content following the 200m isobath along the basin579

(Figure 10). Note that the heat content below 100m depth is not presented for the 1950-580

79 period as we had few CTD profiles covering the entire water column in this period,581

as indicated by yellow dots in Figure 9b. From the 80s to the 2000s, the average heat582

content per volume below 100m depth increased from −2.1±0.4×106 Jm−3 to 0.0±583

0.4×106 Jm−3, equivalent to an increase in temperature of 0.5◦C (Figure 10). The deep584

Olga Basin was at its warmest in the 90s when the average heat content was 0.8±0.4×585

106 Jm3, while it was at its saltiest in the 2000s when the average salt content per vol-586

ume was 35.79±0.02 kgm−3 (equivalent to a 0.03 g kg−1 increase in SA from the 90s).587

On the Great Bank, defined as the region above the 200m isobath between 76◦N588

and 77◦N and east of 33◦E, the 80s stand out as colder and fresher than the previous589

1950-79, with an average temperature and salinity of −1.4±0.1◦C and 34.68±0.02 g kg−1
590

respectively, within the 50-100m layer (Figure 9). After the 80s, temperatures both in591

the 50-100m layer and below 100m depth increased to a maximum in the 2000s. The592

increased heat content on the Great Bank in the 2000s coincides with a broadening of593

the PF region on the sill at the northern edge of the Hopen Trench, with Atlantic-origin594

waters maintaining its heat signature further northeast along the 200m isobath than in595

previous decades (Figure 9).596

5 Discussion597

5.1 Atlantic Water pathways in the western Barents Sea598

The main AW path into the Barents Sea is through the Bear Island Trough. Ex-599

cluding the Norwegian Coastal Current, the annual mean inflow is 2 Sv, and 2.1 Sv when600

averaged over August to February (Smedsrud et al., 2010). A fraction of the inflow re-601

circulates and leaves the Barents Sea as a westward flowing current south of the Bear602

Island (Gawarkiewicz & Plueddemann, 1995; Skagseth, 2008; Smedsrud et al., 2010). The603

volume transport of the westward current is 1.2 Sv; however, how much of this is recir-604

culating AW and how much is Arctic -origin waters is not known (Gawarkiewicz & Plued-605

demann, 1995; Smedsrud et al., 2010). In Figure 11 we summarize the inferred pathways606

and volume transport estimates from the observations synthesized in this study. We ob-607

serve the inflow at Section H to be 0.9±0.1 Sv, suggesting that half of the AW inflow608

through the BSO reaches the Hopen Trench (Table 3 and Figure 11).609

From Section H, the current divides at the 300m isobath where the upper branch610

continues into the Persey Trench (0.5 Sv) while the lower branch continues northward611

(0.5 Sv). At Section G, the ug core flows northwestward, centered at the 300m isobath,612

co-located with a surface Θ maximum (Figure 3a and 4a, Sec G). This is contrary to the613

observations made by V̊age et al. (2014), where they observed currents flowing south-614

east in nearly the same location during a week in August 2007. Our geostrophic veloc-615

ity fields are based on three glider transects conducted during December and January,616

and one reason for the discrepancy could be a seasonal change (Figure 2). In fact, our617

objectively mapped currents based on SADCP, LADCP and DAC do suggest that cur-618

rents at times flow southeast across Section G (Figure 4b). This is however, a region where619

tidal currents may exceed 20 cm s−1 (Fer & Drinkwater, 2014). Extracting the mean flow620

of < 10 cm s−1 through detiding of individual SADCP transects and LADCP profiles621

may have uncertainties with comparable magnitude and must be interpreted with cau-622

tion. In addition, V̊age et al. (2014) states that the circulation south of the PF in the623
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Figure 11. Mean currents of Atlantic Water (red) and Polar Water (blue) in our study re-

gion, as inferred from our observations between 2019 and 2022. Red dashed line indicate sub-

ducted Atlantic-origin waters. Purple line is PW that has a higher heat content than PW in

the west, due to mixing with AW inflow. White solid line marks the mean position of the polar

front based on historical and recent data, with the white dashed lines indicating one standard

deviation.
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Barents Sea is too complex to be conclusively described by individual surveys, as sea level,624

tidal flows and winds change the dynamics of the front.625

Section D is characterized by a three-branch structure flowing northward and a one626

branch flowing southwards (Figure 4a). The two branches on the either side, located on627

the shelves, are mainly composed of Polar-origin water, where PW flow north on the Great628

Bank shelf, and south on the Spitsbergen Bank (Figures 3 and 4a). The two branches629

in the Hopen Trench consist of Atlantic-origin waters, and are hereby referred to as the630

western and eastern branches of Section D (Figure 3 and 4). The volume transport es-631

timates of the western and eastern branches are 0.5 Sv and 0.2 Sv, respectively. Hence,632

the total northward transport by these two branches is 0.7 Sv, exceeding the transport633

estimates through Section G and the lower branch of Section H. This suggests the north-634

ward transport is not fully captured by Section H and G. Note that there is a seasonal635

difference in when we have data along Section D compared to Section H and G. We only636

collected data along Section D during the October cruises, whereas the gliders collected637

data along Section G and H mainly during late fall and winter (Figure 2 and Table 1).638

However, we expect more AW inflow in late fall and winter compared to October (Smedsrud639

et al., 2010), hence the observed discrepancy between Section D and Sections H and G640

is likely not due to seasonality. Instead, the western branch in Section D is warmer than641

the eastern one, suggesting a more direct route or less mixing along the route than through642

Section G. We hypothesize that the eastern branch in Section D is the branch also ob-643

served in Section G, and that the western branch in Section D flows north from Section644

H more or less parallel to Section B.645

Another possibility is that this western branch in Section D comes from a retro-646

grade current flowing northeast along the Spitsbergen Bank slope such as described by647

Loeng (1991) and Li and McClimans (1998). While our three SADCP transects across648

the Spitsbergen Bank slope would contradict this (Figure 2b and 4b) we can not exclude649

this as a possibility. Nevertheless, such a retrograde current is unlikely to follow the Spits-650

bergen Bank all the way from the BSO as several studies report westward flowing cur-651

rents along the southern Spitsbergen Bank (Gawarkiewicz & Plueddemann, 1995; Par-652

sons et al., 1996; Skagseth, 2008).653

Barton et al. (2018) suggest that AW flows clockwise around the Hopen Trench due654

to potential vorticity constraints in a basin with a shallower northern outflow depth than655

inflow. This could be true for the Hopen Trench where parts of the AW entering from656

the south eventually flows across the sill at the northern edge of the Hopen Trench, con-657

tinuing into the Olga Basin. Hence it is possible that the western branch in Section D658

comes from AW flowing more or less straight north from Section H, shifting from follow-659

ing the right hand slope to the left hand slope. The dynamics involved in such a tran-660

sition requires further study.661

At the sill between the Hopen Trench and the Olga Basin, a geostrophic frontal cur-662

rent flowing east develops due to the density difference between the AW and PW (Fig-663

ure 4, Sec B and 6b). We observe a decrease in the relative geostrophic velocity along664

the front during the decades, in addition to a northward shift of the core of this current665

(Figure 6b). These changes to the frontal current are caused by the change in Θ and SA666

of the PW and AW (discussed in Section 5.2), and effectively determines how much Atlantic-667

origin waters may cross the sill. A weakening of the frontal current suggests less Atlantic-668

origin water flow along the front. Yet, a northward shift suggests more Atlantic-origin669

water are topographically steered along the northern side of the Great Bank instead of670

the southern side. The PF is a site for rapid mixing between Atlantic-origin waters and671

Polar-origin waters, yet the dynamics of the PF and the frontal current is a topic for an-672

other ongoing study and will not be addressed in depth here. The frontal jet observed673

during our 2019-2022 observations continues towards Section A and E where the heat674

signature of Atlantic-origin waters is still present. Atlantic-origin waters flowing across675
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the sill at the northern edge of the Hopen trench is supported by model studies such as676

Aksenov et al. (2010).677

5.2 Change in heat and salt content678

Between 1980 and 2010 we observe a warming of the AW along all Sections south679

of the PF (Table 4 and Figures 6, 7, 8). Correspondingly, the area occupied by Atlantic680

water is expanding, in agreement with the process of Atlantification reported by numer-681

ous studies (Skagseth et al., 2008; Smedsrud et al., 2010; Årthun et al., 2012; Onarheim682

et al., 2014; Oziel et al., 2016; Barton et al., 2018; Ingvaldsen et al., 2021). The increase683

in area occupied by AW is mainly due to a shift from mAW to AW because of the in-684

creased temperatures in the AW inflow. This is supported by time series showing the in-685

crease in AW temperatures through the BSO since the 80s (Skagseth et al., 2008). As686

a result, the temperature gradient across the polar front along Section B has increased687

since the 80s, and the PF position, the location of the 0.1◦C isotherm between 50-100m688

has shifted about 50 km north (Figure 6). However, the change in the PF position is not689

only a result of increased AW temperatures. From the 80s to the 90s, the heat content690

south of the PF increased without it changing the position of the front. Instead, more691

AW flowed towards the sill under the PW due to fresher PW north of the sill within the692

Olga Basin (Figures 9 and 10). The fresh PW layer in the Olga Basin observed in the693

90s is supported by observations by Lind et al. (2018). We speculate that this caused694

the Olga Basin to be record warm in the 90s according to our historical observations.695

In the following 2000s AW reached a record high temperature and salinity south of the696

PF, however, as the Olga Basin also had a higher salt content in the 2000s, thus being697

denser, the AW inflow was instead directed east onto and along the Great Bank (Fig-698

ures 9 and 10). The core of the geostrophic frontal current was stronger and located fur-699

ther south in the 2000s compared to the 90s, supporting an eastward shift of the Atlantic-700

origin waters (Figure 6b). We hypothesize that the relative density of the PW within701

the Olga Basin compared to that of the AW south of the PF effectively regulate how much702

AW is able to enter the Olga Basin from the Hopen Trench. A reduction in density south703

of the front compared to that in the Olga Basin will reduce the AW inflow.704

Our observations from the 2019-2022 period show that the AW inflow is anoma-705

lously fresh. This is due to upstream conditions and is also observed in the annual mean706

properties of the AW inflow through the BSO (Figure 5a). This anomalously fresh AW707

inflow can be linked to the largest freshening event for 120 years in the North Atlantic708

and can be traced along the Norwegian coast (Holliday et al., 2020). The annual mean709

properties across BSO are plotted in Figure 5a and show how the 2019-2022 period stands710

out as about 0.05 g kg−1 fresher than the 80s and 90s and nearly 0.1 g kg−1 fresher than711

the 2000s. As a result, the AW south of the front is about 0.05 kgm−3 less dense than712

in previous decades, and the amount of warm water extending northward under the PW713

across the PF is reduced (Figure 6). Hence, if the temperature of the AW inflow con-714

tinues to increase without an increase in AW salinity to compensate for the density loss,715

the result will be that less Atlantic-origin water is able to cross the PF. In addition, even716

if the Atlantification of the Olga Basin continues as speculated by Lind et al. (2018), we717

hypothesize that an increased salinity in the Olga Basin will serve as a negative feed-718

back mechanism, slowing down the Atlantification.719

Another effect of the anomalously fresh AW inflow is the reduced dense water pro-720

duction. Reduced cooling of AW by the atmosphere in the Barents Sea is already caus-721

ing warmer water to reach the PF, mixing directly with PW. However, until 2018 the722

increased AW temperature was largely compensated for by increased salinity (Skagseth723

et al., 2020). The recent freshening of the AW causes water masses produced by mix-724

ing AW with PW to be less dense (Figure 5). This is exactly what was suggested by Skagseth725

et al. (2020) and may have far reaching consequences for the general dense water pro-726

duction in the Barents Sea.727
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6 Conclusions728

This study investigates the characteristics and dynamics of the AW and PW in the729

western Barents Sea. Observations from three scientific cruises and nine glider missions730

conducted in the Barents Sea between 2019 and 2022 are synthesized to describe the present731

conditions. In addition, historical data collected after 1950 are averaged over decades732

and compared to recent observations.733

We present detailed circulation pathways of Atlantic- and Polar-origin waters in734

a region essential for water mass transformation and poleward transport of heat and salt735

(Figure 11). 0.9±0.1 Sv of Atlantic-origin water reaches the Hopen Trench between Spit-736

bergen Bank and Central Bank (Figure 4 and Tabel 3). This is about half of the AW737

inflow through the BSO. The AW inflow into the Hopen trench bifurcates; one branch738

flowing east along the Persey Trench and one continuing north along the Hopen Trench.739

Each of the two branches transport about 0.5 Sv of Atlantic-origin waters. At the north-740

ern edge of the Hopen Trench, AW eventually subducts under the PW and the PF, con-741

tinuing northward along the eastern slope of the Olga Basin as a topographically steered742

current.743

PW is entering the Olga Basin from northeast and northwest (Figure 4 and Fig-744

ure 11). These two branches are of similar magnitude as the AW inflow, transporting745

0.5 Sv each. The northwestern branch is the colder one, containing more PW than the746

northeastern branch. The difference in heat content between the two branches (2.2 ×747

106 Jm−3, Table 4) is due to recirculating AW within the eastern Olga Basin, and AW748

entering from the north (Lundesgaard et al., 2022).749

The AW is undergoing continuous modifications along its pathway. Upstream of750

the Hopen Trench, AW transformation is primarily influenced by cooling from the at-751

mosphere, while along the Hopen Trench and Persey Trench the transformation is mainly752

driven by mixing between AW and PW (Figure 5).753

We observe a warming of the AW inflow between 1980 and 2010 south of the PF,754

where the AW heat content increased by 50% in this period. The increase in tempera-755

ture causes water mass distribution to shift from mAW being the dominant water mass756

to AW taking over (Figures 6, 7 and 8).757

The increasing AW heat content south of the PF can be traced along the AW path-758

way under the PF into the Olga Basin. However, we hypothesize that the amount of warm759

water crossing the PF and the topographic sill separating AW from PW is regulated by760

the density difference between AW south of the sill and PW in the Olga Basin. Our ob-761

servations indicate the Olga Basin cooled from the 90s to the 2000s even though the AW762

temperature south of the sill continued to increase. This was likely a result of denser wa-763

ters residing in the Olga Basin due to increased salinity.764

Our recent observations show that the salinity of the AW inflow reduced by nearly765

0.1 g kg−1 from the 2000s to the 2019-2022 period, reducing the AW density south of the766

PF by as much as 0.05 kgm−3. As a result, mixing of AW with PW produced less dense767

water, the temperature gradient across the PF increased, and less warm water was able768

to flow north under the PW (Figure 6, 9 and 10).769

Finally, we observe that the area occupied by waters colder than 0.1◦C on the Spits-770

bergen Bank has reduced by 40% since the 1950s. With the increasing temperatures in771

the AW inflow both south and north of the Spitsbergen Bank, we speculate that south-772

ward flowing PW along the Spitsbergen Bank may eventually be blocked off by AW con-773

verging from west and east, at around 77◦N.774

While this study has provided valuable insights into the circulation and dynam-775

ics of AW and PW in the western Barents Sea, further research is warranted to deepen776
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our understanding of this complex system. Future investigations should aim to incor-777

porate longer time series combined with high-resolution data to capture the intricacies778

and variability of the AW inflow, as well as its interactions with other components of the779

regional climate system.780

7 Open Research781

In this study we use data collected as part of the Nansen Legacy project. This in-782

cludes five glider missions conducted between 2019 and 2021 (E. Kol̊as, 2022), CTD and783

MSS data from RV G.O. Sars collected in October 2020 (Fer, Skogseth, et al., 2023; Fer,784

Baumann, Elliot, & Kol̊as, 2023), MSS data from RV Kronprins Haakon collected in Febru-785

ary 2021 (Fer, Baumann, Kalhagen, et al., 2023), and MSS data from RV Kristine Bon-786

nevie collected in October 2022 (Fer, Baumann, Hana, et al., 2023). Data from the glider787

missions conducted between 2021 and 2022 and the CTD/LADCP/SADCP data from788

the February 21 and October 22 cruises are being prepared for publication and will be789

submitted during the review process.790

Additional data used are SADCP data from several different Nansen Legacy cruises.791

(Cannaby et al., 2022), historical CTD profiles from the UNIS hydrographic database792

(Skogseth et al., 2019), bathymetry data from the International Bathymetric Chart of793

the Arctic Ocean (IBCAO), version 4 (Jakobsson et al., 2020), and sea surface temper-794

ature from the product SEAICE ARC SEAICE L4 NRT OBSERVATIONS 011 008 at795

0.05◦ resolution based upon observations from the Metop A AVHRR instrument.796
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Årthun, M., Eldevik, T., Smedsrud, L. H., Skagseth, Ø., & Ingvaldsen, R. B. (2012,1058

July). Quantifying the Influence of Atlantic Heat on Barents Sea Ice Vari-1059

ability and Retreat. Journal of Climate, 25 (13), 4736–4743. Retrieved1060

2022-08-17, from https://journals.ametsoc.org/view/journals/clim/1061

25/13/jcli-d-11-00466.1.xml (Publisher: American Meteorological Society1062

Section: Journal of Climate) doi: 10.1175/JCLI-D-11-00466.11063
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