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Abstract The Barents Sea is one of the main pathways for warm and saline Atlantic Water (AW) entering
the Arctic Ocean. It is an important region where water mass transformation and dense-water production
contribute to the Atlantic meridional overturning circulation. Here, we present data from three cruises and
nine glider missions conducted between 2019 and 2022 in the northwestern Barents Sea, and compare them
with historical data collected between 1950 and 2009. We present circulation pathways, hydrography and
volume transports of Atlantic- and Arctic-origin waters. Our observations show that 0.9 £ 0.1 Sv

(1 Sv = 10° m® s™!) of Atlantic-origin water reaches the Polar Front (PF) region before splitting into several
branches and eventually subducting beneath Polar Water (PW). The amount of Atlantic-origin water stored in
the Olga Basin north of the PF is controlled by the density difference between AW and PW, and reached a
maximum in the 90s when PW was particularly fresh. In the recent period from 2019 to 2022, the inflow of
AW into the Barents Sea freshened by up to 0.1 g kg™! compared to previous decades. This led to a reduction
in the production of dense water, an increased temperature gradient across the PF, and a reduced poleward
transport of warm water.

Plain Language Summary Warm and salty water from the Atlantic Ocean flows through the Barents
Sea on its path toward the Arctic Ocean. It undergoes cooling and freshening due to interactions with the
surrounding water and the atmosphere, and eventually encounters much colder and fresher Polar Water, creating
a distinct boundary known as the Polar Front. We conducted several research missions in the northwestern
Barents Sea between 2019 and 2022 and compared the data to historical records collected between 1950 and
2009. The cooled Atlantic Water sinks beneath the Polar Water before continuing toward the Arctic Ocean. In
recent decades, the temperature of the Atlantic Water inflow has increased. The warm Atlantic Water can be
traced below the Polar Front, leading to an increase in the temperature of the deeper waters north of the front.
However, the amount of Atlantic Water north of the front is regulated by the density difference between the
Atlantic Water and Polar Water. In the recent period of 2019-2022, the Atlantic Water reaching the front has
become less salty. As aresult, there is a reduced flow of warm water moving northward beneath the Polar Water
and a larger temperature difference across the Polar Front.

1. Introduction

The Barents Sea is a shallow shelf sea, averaging about 230 m in depth (Figure 1). This sea accounts for about
10% of the Arctic Ocean's surface area and is characterized by ice-free, warmer waters in the south meeting ice-
covered, colder waters in the north (Arthun et al., 2012; Helland-Hansen & Nansen, 1909; Loeng, 1991; Oziel
et al., 2016; Smedsrud et al., 2013). The warm water comes from an extension of the North Atlantic Drift,
originating from the Atlantic (R. Ingvaldsen et al., 2002; Orvik & Niiler, 2002; Poulain et al., 1996; Schauer
et al., 2002), and the cold water originates in the Arctic Ocean through processes of ice melting and freezing,
atmospheric cooling, and interactions with Atlantic-origin water (Lind & Ingvaldsen, 2012; Lind et al., 2018;
Timmermans & Marshall, 2020). The current state of knowledge of the physical, chemical, and biological sys-
tems in the Barents Sea is reviewed in Gerland et al. (2023). The marginal ice zone, which marks the transition
into ice-covered waters, is a vital area for primary production (Reigstad et al., 2002). The Barents Sea supports
abundant commercial fish stocks, making it a critical region in Arctic ecosystems (Hamre, 1994; Johannesen
et al., 2012; Reigstad et al., 2002). In addition, the southern Barents Sea is now ice-free year-round (Arthun
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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 outline the main Atlantic Water pathways. Blue arrows outline the pathways of Polar Water.
Black line shows the Barents Sea Opening (BSO). Gray isobaths are drawn at 200, 350 and 500 m depth and are from
IBCAOV4. Green dashed box encloses the study region. White line marks the location of the northwestern Barents Sea Polar
Front. Sea surface temperature is the September-October mean between 2018 and 2022, 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 (Copernicus Marine Service, 2019).

et al., 2012; R. B. Ingvaldsen et al., 2021; Onarheim & Arthun, 2017), spurring increased interest in the
exploitation of potential oil and gas resources in this shallow sea. To make sustainable decisions for the future in
the Barents Sea, a thorough understanding of the ocean circulation and hydrography in the region is necessary.

The Norwegian Atlantic Slope Current transports Atlantic Water (AW) along the continental slope west of
Norway (Fer et al., 2020; Orvik, 2022; Orvik & Niiler, 2002). North of Norway, at approximately 72°N, the slope
current divides into two branches: one branch continues northward as part of the West Spitsbergen Current, while
the other branch flows into the Barents Sea via the Barents Sea opening (BSO, Figure 1b). The average annual
inflow of AW through the BSOis2 Sv (1 Sv = 10° m? s_l), when defined as water with temperatures above 3°C,
reaching a maximum of 2.8 Sv in January and a minimum of 1.3 Sv in April (Skagseth et al., 2008; Smedsrud
et al., 2010). This AW inflow is the primary source of oceanic heat for the Barents Sea. The observed transport
estimates agree well with estimates based on regional ice—ocean model simulations, which indicate an average
AW inflow through the BSO of 2.3 £ 0.4 Sv (Arthun et al., 2012). The total average inflow through the BSO,
regardless of water mass, is about 3.2 Sv, of which 1.2 Sv is thought to recirculate within the Bear Island Trough,
giving a net inflow through the BSO of 2 Sv (Loeng et al., 1997; Skagseth, 2008; Smedsrud et al., 2010).

The AW that flows into the Barents Sea is largely topographically steered, following the Bear Island Trough
(Loeng, 1991). Once it reaches the Central Bank, the inflowing AW splits into two branches: one that continues
eastward, south of the Central Bank, and another that moves northward along the Hopen Trench (Arthun
etal., 2012; Loeng, 1991; Oziel et al., 2016). The branch south of the Central Bank occupies the southern half of
the Barents Sea (Barton et al., 2018; Oziel et al., 2016). The partitioning of the AW transported in these two
branches is unknown because of a lack of data to establish transport estimates. The Hopen Trench branch con-
tinues northward toward the Great Bank, where it again bifurcates: one branch flows eastward into the Persey
Trench, and the other continues up the Hopen Trench (Loeng, 1991). The details of these branches, including their
volume transport, pathways and modification as they reach the northern Barents Sea, are not well documented.

The northwestern Barents Sea is occupied by Polar Water (PW, water masses are defined in Section 3.1), which
enters the Barents Sea from the north (Lien et al., 2017; Lind & Ingvaldsen, 2012; Loeng, 1991). The oceano-
graphic front where PW meets AW is named the Barents Sea Polar Front (PF) (Loeng, 1991; Oziel et al., 2016;
Vage et al., 2014). The PF is an important site for water mass transformation and has significant implications for
local biogeochemistry and biology, as well as the overturning circulation and ventilation of the Arctic Ocean
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(Anhun etal., 2011; Vage et al., 2014). The location of the PF has been remarkably stable in the western Barents
Sea, following the 200-250 m isobath along the southern slope of the Spitsbergen Bank to the Great Bank
(Gawarkiewicz & Plueddemann, 1995; Johannessen & Foster, 1978; Oziel et al., 2016). However, due to sparse
data coverage, our current understanding of the circulation of AW south of the PF and the intricate patterns of
circulation and mixing within the PF remains limited.

Studies on the southeastern slope of the Spitsbergen Bank have reported conflicting findings on the direction of
the flow of AW. While some studies indicate that a warm-core jet of AW flows northeastward along the 300 m
isobath (Li & McClimans, 1998; Loeng, 1991), others have observed a westward flow of AW on the southern
slope of the Spitsbergen Bank, between the 260 and 400 m isobaths (Gawarkiewicz & Plueddemann, 1995;
Parsons et al., 1996). The westward flow of AW is attributed to recirculating AW within the Bear Island
Trough (Skagseth, 2008). Further observations suggest that northeast of the recirculating branch, AW flows
clockwise around the Hopen Trench due to potential vorticity constraints in a basin with a shallower northern
outflow depth than inflow (Barton et al., 2018). However, the circulation south of the PF in the Barents Sea is
complex and influenced by various factors, including sea level, tidal flows, and winds, which change the
dynamics of the front (Fer & Drinkwater, 2014; Vage et al., 2014). In addition, the position of the front on the
southern slopes of the Spitsbergen Bank is affected by the climate of the Barents Sea, with the front shifting
upslope in warmer periods with stronger winds from the south compared to colder periods (R. B. Ingvald-
sen, 2005). These findings have important implications for the future PF as the Barents Sea transitions toward
conditions where the inflowing AW is warmer and volume flux is larger (Skagseth et al., 2020; Smedsrud
et al., 2022).

Time series of AW properties and transport through the BSO show that the temperature of the AW core increased
by 1°C between 1965 and 2006, and the volume flux increased by 0.1 Sv per year between 1997 and 2006
(Skagseth et al., 2008). Note, however, that this strong trend estimate was partly caused by interannual variability.
These observations are in agreement with more recent studies showing that the AW volume fraction in the Barents
Sea has increased from about 10% in 1980 to about 30% in 2011 (Oziel et al., 2016). This so-called “Atlantifi-
cation” has led to increased production and northward expansion of boreal species (R. B. Ingvaldsen et al., 2021),
and has been strongly correlated with the retreat of the sea ice edge (Arthun et al., 2012). The sea ice area in the
Barents Sea was reduced by 50% between 1998 and 2008, and the sea ice concentration has decreased by nearly
7% per decade from 1982 through 2020 (Arthun etal., 2012; Mohamed et al., 2022). However, the position of the
PF in the western Barents Sea appears to be unaffected by the sea ice edge and has remained relatively stable,
despite an observed increase in the sea surface temperature (SST) gradient associated with the PF (Barton
et al., 2018).

The purpose of this paper is to provide a detailed account of the circulation and hydrography of AW in the
northwestern Barents Sea, within the region enclosed in Figure 1b. Specifically, we concentrate on the area where
the warm AW meets the cold PW, and thus maintains the PF. This area is of particular interest due to the limited
knowledge of the route taken by the AW flowing northward toward the PF and the modification the AW un-
dergoes along this route. We present recent observations and compare them to historical data collected in the same
region.

2. Data

Detailed ocean hydrography and current profiles were collected from 2018 to 2021, focusing on the northwestern
Barents Sea (Figure 1b). This comprehensive data set includes hydrography and current measurements from three
scientific cruises and nine ocean glider missions, as well as shipboard acoustic Doppler current profiler (ADCP)
data from five additional cruises spanning the same period. All of these data were obtained as part of the Nansen
Legacy project. For convenience, we refer to this data set as the “recent data” or the “Nansen Legacy data.” The
recent data primarily cover fall and winter, from August to February. In addition, we present historical data from
the University Centre in Svalbard (UNIS) hydrographic database, consistently using the conductivity-
temperature-depth (CTD) profiles collected between August and February. An illustration of data coverage
and ship and glider tracks is provided in Figure 2. Detailed metadata for the cruises and glider missions where we
collected hydrographic data are listed in Table 1.
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Figure 2. (a) Temporal and (b) spatial coverage of the data collected and presented in this study. The mission span of gliders is
marked with orange fill in (a), and the mission tracks are shown in (b) using the same color. Sections are indicated by black
uppercase letters and a color code in (a) to highlight the temporal coverage and repetitions of the sections. The positions of
the sections are indicated by yellow lines in (b). Duration of cruises with shipboard ADCP (SADCP) data is indicated using
blue fill in (a) and cruise tracks with the same color in (b). Specific cruises are identified with the vessel names RV KB:
Kristine Bonnevie, RV KH: Kronprins Haakon, and RV GOS: G.O. Sars. The black fill for these cruises indicates shipboard
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 in (a) for the individual months and decades. Gray line
in (b) shows the 200 m isobath.

2.1. Hydrographic Measurements From the Nansen Legacy Cruises

The cruises were conducted on board the Research Vessel (RV) G.O. SARS between 6 and 27 October 2020 (Fer
etal., 2021), RV Kronprins Haakon between 9 February and 1 March 2021 (Nilsen et al., 2021), and RV Kristine
Bonnevie between 28 September and 13 October 2022 (Baumann et al., 2023). Conventional CTD profiles were
collected during all cruises using the ship's Sea-Bird Scientific, SBE 911plus system. The salinity calculated from
the ship CTD profiles was calibrated using water samples taken at all stations at the deepest profile depth. In total,
64, 89, and 62 profiles were collected using the ship's CTD system during the cruises, respectively. These CTD
profiles, together with the current profiles (Section 2.2), from the three cruises are available from Fer, Skogseth,
et al. (2023), Fer, Nilsen, et al. (2023), and Fer, Baumann, Koenig, et al. (2023), respectively. Pressure, tem-
perature, and practical salinity data are accurate to +0.5 dbar, +2 X 107>°C, and +3 x 107>, respectively. Ship
CTD data were processed using the standard SBE Data Processing software.

In addition to the shipboard SBE CTD system, CTD profiles were collected using a Microstructure Sensor
Profiler (MSS90L, Sea&Sun Technology, Germany; MSS hereafter). The MSS profiler is a loosely-tethered free-
fall instrument equipped with turbulence sensors (not reported here) and CTD sensors. The profiles from the CTD
sensors of the MSS profiler have been corrected against the ship CTD profiles during post-processing, by
applying offsets where applicable. The largest salinity offset applied was 0.018 (Table 1). A total of 205, 172 and
266 profiles were collected using the MSS profiler during the three cruises, respectively, which can be obtained
from Fer, Baumann, Elliot, and Kolas (2023), Fer, Baumann, Kalhagen, et al. (2023), and Fer, Baumann, Hana,
et al. (2023).

Conservative Temperature, ®, and Absolute Salinity, S,, were calculated using the thermodynamic equation of
seawater (IOC et al., 2010), and the Gibbs SeaWater Oceanographic Toolbox (McDougall & Barker, 2011).
2.2. Current Profiles From Cruises

Current profiles were obtained using ADCPs in two different configurations: ship-mounted ADCP (SADCP) for
continuous measurements and ADCP systems integrated into the ship's CTD frames (lowered-ADCP, LADCP)
for station-based measurements. The CTD frames on all vessels were equipped with a pair of 300 kHz Teledyne

KOLAS ET AL.

4 of 25

8509017 SUOWIWOD BANESID) 3(qed! dde ay) Ag pausenob ke s ile YO BsN 0 Sajni o} Akeiqi auljuO A3]1A UO (SUONIPLOD-PUB-SLLIBYWOD" A 1M AReiq1 U1 iuO//Saiy) SUOIIPLOD Pue SWie | ) 39S *[6202/20/20] Uo ARiqiauliuo A|IM ‘oswolL 11N - AemioN Jo AIsBAIN 2101y AQ TTZ0200E202/620T OT/I0p/wod A& 1M Ake.q 1 putjuo'sgndnBey/:sdny wouj pepeo|umoq ‘8 '¥20z ‘16266912



~1
AU\'I Journal of Geophysical Research: Oceans 10.1029/20231C020211
AND SPACE SCIENCES

Table 1

Metadata for the Cruises and Glider Missions Where We Collected Hydrographic Data

Platform Start/end Sections Total CTD profiles Offset applied to salinity/temperature

5g561 7 August 2019/ B 308 0.016/0.082°C
19 August 2019

88562 15 November 2019/ B,H, 1 2,568 —0.005/—0.060°C

1 March 2020

RV GOS 6 October 2020 B,H, L D, 269 —0.018/—
27 October 2020 F,AE

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

Durin 10 October 2020/ I 678 —/—
20 October 2020

$g560 22 October 2020/ B,H, LG 2,534 0.017/-0.209°C
11 February 2021

RV KH 9 February 2021 B, 1 261 —0.018/-

1 March 2021

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

sg564 12 November 2021/ B,H, 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 —/-
13 October 2022 F, A

Odin 2 October 2022/ Polar Front 402 —/—

9 October 2022

Note. Sections refer to the section names listed in Figure 2b. The number of CTD profiles from the cruises is the sum of the
profiles collected using the ship's CTD system and the profiles collected using the MSS profiler. Offsets of salinity and
temperature are corrections against the ship's CTD measurements, and applied to the profiles collected by gliders and the
MSS profiler.

RD Instruments (RDI) Workhorse Sentinels, with one mounted pointing downward and the other upward. The
LADCPs were synchronized and configured to provide vertically averaged data in 8 m bins. Compasses were
calibrated to reduce directional uncertainties to less than 5°. LADCP data were processed using the LDEO
software version IX-13 of Visbeck (2002). The LADCP profiles were constrained using navigation data and the
current profiles from the SADCPs.

All research vessels were equipped with Teledyne RDI Ocean Surveyor SADCPs. In this study, we use the current
profiles collected by the 150 kHz SADCP from RV Kronprins Haakon and RV Kristine Bonnevie, and the 75 kHz
SADCP from RV G. O. SARS. The SADCPs on Kronprins Haakon were flush-mounted in the hull for protection
when moving through ice. The 150 kHz SADCPs collected profiles in 4 m bins using narrowband mode for
optimal range, while the 75 kHz SADCP measured in 8 m bins. SADCP data were collected using the onboard
VmDAS software or the University of Hawaii data acquisition software, depending on the vessel. Post-processing
was done using the University of Hawaii CODAS software, to an uncertainty of 2-3 cm s~' (Firing &
Ranada, 1995).

In addition to the current measurements obtained during the specific cruises described in this study, we also
incorporate SADCP data from five additional cruises conducted in the region during the fall and winter seasons
(August to February) between 2018 and 2020. For more detailed information regarding the SADCP data obtained
from these additional cruises, the reader is referred to Cannaby et al. (2022).
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2.3. Ocean Glider Data

An ocean glider (glider hereafter) is a buoyancy-driven, remotely-piloted underwater vehicle. Five Kongsberg
Seaglider missions and four Teledyne G3 Slocum glider missions were conducted in the Barents Sea in the period
from 2019 to 2022. The glider data are available from Kolas et al. (2022) and Fer et al. (2024). Details about the
individual missions are shown in Table 1. The main objective was to map the distribution and circulation of the
AW in the region (Figure 1), and to collect detailed observations on the interaction between the AW and PW along
the Polar Front between the Spitsbergen Bank and the Great Bank. The glider tracks are shown in Figure 2b, and
the sections sampled by the individual gliders are listed in Table 1 as well as shown in Figure 2a. A total of 13,956
profiles were collected and analyzed. The typical horizontal distance between subsequent surfacing locations was
1 km. Both types of gliders were equipped with CTD sensors and operated between the surface and 0-20 m above
the seafloor, sampling CTD on both descents and ascents. Specific processing details for each type of glider are
described in the subsections below. For each dive, a depth-averaged current (DAC) was estimated based on the
deviation between the actual surfacing location and the expected surfacing location from a hydrodynamic glider
flight model. Absolute geostrophic currents were calculated from hydrography profiles and DAC, as described in
Section 3.2. During post-processing, each profile from both types of gliders was despiked by flagging values
exceeding twice the root mean square (rms) value of (x—xs), where x is the profile data and xs is a five-point
median filter. Finally, for each mission, at each pressure level, outliers exceeding three standard deviations
over all profiles of that mission at that pressure level were removed.

2.3.1. Seagliders

Each of the Seagliders was equipped with a Kistler piezoresistive pressure sensor, a SBE CT Sail and an Aanderaa
dissolved oxygen sensor. The Seagliders operated with a vertical velocity close to 8 cm s™", and sampling rates
normally aimed to sample conductivity and temperature every meter while oxygen was sampled every 5 m. The
Seaglider data sets were processed using the University of East Anglia Seaglider toolbox, based on the methods
described by Garau et al. (2011) and Frajka-Williams et al. (2011). Obvious outliers in the salinity and tem-
perature profiles were manually flagged before applying a hydrodynamic flight regression (Frajka-Williams
et al., 2011) to obtain improved estimates of flow past the CT Sail. The flow past the CT Sail is important for
improved salinity and temperature calculations from the unpumped CT sensor. Using the improved salinity and
temperature profiles, we applied the thermal lag correction of salinity data (Garau et al., 2011), before performing
a detailed manual quality control of the salinity and temperature profiles. Processed S, and ® are accurate to
0.01 g kg™ and 0.001°C, respectively, and DAC is accurate to 0.01 m s~' (Seaglider Quality Control
Manual, 2012, p. 9). Post-processing revealed noisy data with overturns, typically through the pycnocline and the
apogee of the dive, but also randomly throughout profiles. The noisy data is likely a result of the CT sensor being
unpumped: when the flow past the sensor changes due to a change in pitch or vertical velocity, the salinity es-
timates can be erroneous due to a misalignment of conductivity and temperature. Because of the uncertainty in the
salinity estimates, we removed instabilities where the absolute difference between the density profile and the
sorted-density profile was larger than 0.02 kg m™. The number of data points removed was less than 1% of the
total data, and overall does not affect the averaged and objectively mapped fields used in our analysis. Finally,
salinity and temperature offset corrections were applied after comparing the deep part of Seaglider dives to nearby
CTD profiles collected from research vessels typically within 3 days and 5 km from the glider profile. Often only
one ship CTD profile was available for comparison, yet, using one offset value to match the deep layer average
salinity is justifiable for such short (several months) sampling durations where we expect insignificant instru-
mental drift. The offsets applied to the different missions are listed in Table 1.

The gliders in the Barents Sea were operated with an ice-avoidance algorithm in order to prevent losing the
instrument in the ice. This algorithm uses acoustics to detect ice keels in addition to temperature measurements to
identify freezing temperatures near the surface. If sea ice or near freezing-point temperatures were detected, the
glider would initiate a dive without surfacing. On several occasions, northerly winds pushed sea ice over the
gliders, preventing them from surfacing and obtaining a GPS fix. These events normally lasted for only a few
dives, but on a few occasions the glider was under ice for longer than 24 hr, causing the glider to head to a
predefined point away from the ice (so-called “escape mode”). The longest stretch without a GPS fix lasted for 34
dives or about 44 hr. In such situations without a GPS fix, DAC cannot be estimated. For each dive conducted
without a GPS fix, longitude and latitude coordinates along the dive tracks were linearly interpolated between the
two available GPS fixes, assuming the glider continued in a straight line. In the few cases when the glider turned
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Table 2 south in the escape mode while under sea ice, the northernmost position was
Water Mass Definitions Following Sundfjord et al. (2020), Using extrapolated based on the most recent horizontal velocity estimate, the
Conservative Temperature, 0, Absolute Salinity, S,, and Potential Density compass heading, and the depth of the seabed. More details on the processing

Anomaly, o,

and glider deployments are given in Kolas et al. (2022).

Water mass

©(C)  S,(gkg™) oykgm™)

Atlantic Water (AW)

Polar Water (PW)

Warm Polar Water (WPW)
Surface Water (SW)

Modified Atlantic Water (mAW)
Intermediate Water (IW)

Cold Barents Sea Dense Water

0<©<2 §,>3506
-1.1<0<0 0o > 27.97
@<-11 6o > 27.97

0>2 SA > 35.06 2.3.2. Slocum Gliders

0<0 0y <2797 Two electric 1,000-m G3 Slocum gliders, “Odin” and “Durin,” were used
0>0 S, <3506 o0,>278 during the October 2020 cruise, while Odin was also used during the February
030 S, <3506 o,<278 2021 and October 2022 cruises (Table 1). Both gliders carried a pumped SBE

CTD sensor (CTD41CP). The glider sampled at 0.25 Hz with a typical ver-
tical velocity of 15 cm s™". The glider was configured to inflect 15 m above
the seabed. Data were processed using the quality control procedures from the
Balearic Islands Coastal Observing and Forecasting System (SOCIB) data

Note. Our definition of the warm Polar Water (WPW), includes only waters ~ processing toolbox (Troupin et al., 2015). Final profiles have a horizontal
with ¢, > 27.8 in order to exclude surface waters from the wPW. Instead, we along-track spacing of about 0.5 km and a vertical spacing of 1 m. Odin

name the wPW with ¢, < 27.8 Surface Water (SW).

additionally carried a turbulence package for measuring small-scale shear
across the Polar Front. The turbulence data set is discussed in Kolas
et al. (2024) and is not further described here.

2.4. Historical Data

Historical composite sections of Conservative Temperature and Absolute Salinity over the periods 1950-1979,
1980-1989, 1990-1999, and 2000-2009 were made from hydrographic profiles extracted from the UNIS hy-
drographic database (UNIS HD; Skogseth et al., 2019). This data set is a collection of temperature and salinity
profiles from the area 0°-34°E and 75°-83°N. Duplicate data and outliers have been removed before the analysis.
In this study we only considered CTD profiles collected between August and February, and a total of 3,916
profiles were included. Note that UNIS HD also consists of data extracted from other data publishers. For details
on the main data contributors to UNIS HD, the reader is referred to Skogseth et al. (2019).

3. Methods
3.1. Water Masses

The water masses used in this study are listed in Table 2, and follow Sundfjord et al. (2020). These definitions are
based on previous water mass definitions in literature such as in Lind et al. (2018), Loeng (1991), and Rudels
et al. (2005). However, we have made a modification to the definition of warm Polar Water (WPW), by including
only waters with potential density anomaly o, > 27.8. The reason for this is that we only consider the wPW which
is a mixture between AW and PW, excluding surface waters influenced to a greater extent by seasonal processes
such as atmospheric heating and ice melting. In the following, Atlantic-origin waters refer to AW and AW that has
been cooled and freshened en-route through interaction with the atmosphere, sea ice, and surrounding water
masses. This definition includes both wPW and modified AW (mAW).

3.2. Objective Interpolation of Depth Average Currents

In this study, a total of 59,000 SADCP profiles, 198 LADCP profiles and 7,195 DAC estimates from glider dives
have been used. We removed the barotropic tidal currents from the SADCP and LADCP profiles using the 2018
version of the Arctic Ocean Inverse Tidal Model on a 5 km grid (Arc5km2018) (Padman & Erofeeva, 2004).
LADCEP profiles were vertically averaged over the whole water column, whereas for the SADCP profiles, the
upper 16 m were removed before averaging (16 m was the largest blanking distance used on the different
SADCPs). Depth-averaged SADCP currents were subsequently bin-averaged in 10 km by 10 km horizontal bins.

A typical glider dive in the Barents Sea lasted for about an hour and covered about 1 km horizontal distance. To
remove the barotropic tide from DAC, we interpolated the DAC time series to hourly data and used a 24 hr low
pass filter. The detided DAC were then averaged over 6 hr bins. A final 10 km by 10 km bin-averaging was
applied to combine the detided and averaged SADCP, LADCP and glider DAC before objective interpolation. We
constrained the interpolated fields to be divergence-free, and used a horizontal correlation length scale of 50 km,
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obtained from a variogram analysis of the depth averaged currents after final bin-averaging. Variogram analysis
calculates the variance in the difference between data points as a function of the distance between the data points.
The correlation length scale is then set at the distance where the variance ceases to increase. More details on
variogram analysis are given in the appendix of Kolas et al. (2020). We objectively interpolated onto a horizontal
grid with 10 km resolution. Mapped currents for which the relative error exceeded 40% of the absolute current
were removed. We also removed currents mapped at locations where the water depth was shallower than 50 m.
The 50 m depth criterion was set as we have few measurements in the shallow regions where the tidal currents are
relatively large.

3.3. Composite Sections

In order to remove fine-scale variability and to obtain fields representative of the average hydrography and
geostrophic currents, we produce composite sections. The composite sections are along the predefined transects
marked by yellow lines in Figure 2b, along which we have focused our measurements. The horizontal grid spacing
along each section was set to 1 km. For every data point (all ® and S, profiles, and SADCP and glider DAC), an
incrementally increasing search radius of 5, 10, 20 and 30 km was used to look for predefined grid points along the
target section. When two or more grid points were within the search radius of a data point, the data point was
moved along isobaths onto the section, thus assuming topographic steering. The bottom depth along the section,
as well as for the data points, was determined using IBCAO-v4 bathymetry (Jakobsson et al., 2020). If by chance
two or more locations on the predefined section (within the search radius of the data point) had the same bottom
depth, the location nearest to the data point was chosen. Finally, ® and S, profiles along the section were bin-
averaged over 5 km horizontal and 10 m vertical bins before objectively mapping onto a 1 km by 5 m grid
(horizontal by vertical). Historical CTD profiles were averaged over 5 km horizontal and 20 m vertical bins before
objectively mapping onto a 1 km by 5 m grid. To obtain absolute geostrophic velocities along the composite
sections, we need reference depth-averaged velocities averaged and smoothed with consistent time and length
scales. Depth-averaged SADCP velocities and glider DAC were bin-averaged over 5 km horizontal bins and
linearly interpolated onto the 1 km resolution of the target section, and smoothed using a 15 km moving average.

When objectively mapping the composite sections, correlation lengths of 30 km and 50 m were used as horizontal
and vertical scales, respectively, determined from the variogram analysis as described in Section 3.2. To remove
unrealistic values caused by interpolation, temperatures below freezing were set to the freezing point, and values
below the seabed were removed. In addition, mapped values for which the relative error (the absolute error
divided by the data value) exceeded 5% were removed. The low threshold of 5% was used due to the high res-
olution of data points compared to the long correlation length. That is, we have binned observations for every
5 km along the section while using a 30 km correlation length scale, resulting in a small objective mapping error.

We produced relative geostrophic velocity fields referenced to the surface using the objectively mapped ® and S,
sections from the cruises and gliders, and the historical section across the PF (Section B). To avoid spurious
unstable layers arising from the combination of the independently mapped fields, we calculated potential density
and reproduced the S, fields using sorted (by stability) and smoothed potential density. Potential density was
smoothed over 2 km horizontal and 10 m vertical distance (2 by 2 grid points). When analyzing data from recent
years, where we have depth-averaged currents, absolute geostrophic velocity, u,, was obtained by removing the
depth-averaged from the relative geostrophic velocity field, and adding depth-averaged gridded observed SADCP
and glider DAC.

As we estimate mean properties and volume transports from objectively mapped fields of ©, Sy, and u,, the
uncertainty in our measurements has to be considered. While the measurement error of the individual instruments
is small (high precision), the accuracy of the measurement can be small because of calibration error and other
factors. The ship CTD measurements are the most accurate; the sensors are routinely calibrated and the salinity
calculations are corrected against water sample analyses. Here we cross-calibrate the temperature and salinity
profiles from gliders and MSS by applying a constant offset, if needed, after comparing against selected profiles
from the ship's CTD system. While the ship CTD profiles and the MSS profiles we compare are conducted at
nearly the same location and often within the same hour, the ship CTD profiles and the glider profiles may have
some distance between them. The ship profiles and glider profiles we compare are generally separated by less than
5 km and 3 days. However, the region is highly dynamical (especially the front region) and comparison may be
subject to inaccuracies. To reduce the effects of temporal and spatial variability, we use the deeper part of the
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profiles, particularly within trenches, to obtain the offset values. We expect insignificant instrumental drift in
glider measurements over such short sampling durations (several months) and argue that the uncertainty in our ®
and S, measurements is of a similar magnitude to the offsets we typically apply. That is 0.02 g kg™" and 0.1°C for
S, and O, respectively, rounded to the first significant digit (Table 1).

Volume transport estimates for individual water masses are calculated from the u, fields. These estimates are most
sensitive to the water mass boundaries and the 2-3 cm s~' SADCP uncertainty. Here we estimate the error by
applying an upper and lower bound on the water mass boundaries corresponding to the S, and ® uncertainty. Then
we add one thousand Gaussian distributed random error matrices where the error ranges from —3 to 3 cm s~
corresponding to the SADCP uncertainty. Errors are the root-mean-square of the difference between calculations
from the original gridded field and each of the upper and lower boundary. The resulting volume transport error is
always less than 0.1 Sv, and typically around 0.05 Sv.

3.4. Objectively Interpolated Horizontal Layers

Objectively mapped horizontal fields of ® and S, for different depth layers (50-100 m, 100 m to bottom) and
different time periods were produced using the recent and historical CTD profiles. Individual profiles were
vertically averaged over the desired layer depth, before bin-averaging over 10 km by 10 km horizontal bins. To
ensure that the vertically averaged values were representative of the layer, we set thresholds on the minimum
number of data points averaged, and on the deviation of the average depth of data points from the middle depth of
the layer. For the 50-100 m layer, a minimum of 5 data points whose mean depth was within 15 m of the middle
depth of the layer were required. Horizontal correlation length scales were set to 60 km and the final gridded
product had a 2 km resolution.

3.5. Barents Sea Polar Front Position

The position of the PF is determined following the method described by Oziel et al. (2016). Oziel et al. (2016)
calculated two different fronts, a northern and a southern front based on temperature and salinity, respectively. In
our study, we focus only on the position of the northern front obtained from the temperature field. To achieve this,
we create a horizontally mapped field by combining all available temperature data for the 50-100 m layer,
including both historical and recent data, using the method described in Section 3.4. Subsequently, we calculate
the magnitude of temperature gradients across this field. We then construct a histogram with 0.05°C bins of the ®
values where the temperature gradient exceeds 0.06°C km™'. The PF is then defined as the isotherm corre-
sponding to the modal value of the histogram, here equal to the 0.1°C isotherm, with a standard deviation of
0.4°C. While the modal value is somewhat sensitive to the temperature gradient threshold, the position of the front
along Section B varies less than 15 km, within +0.4°C (one standard deviation) of the modal value.

4. Results

The AW inflow into the Barents Sea is a topographically steered current, following the (south-) eastern boundary
of the Bear Island Trough. Here we describe the evolution of the AW from the northeasternmost part of the Bear
Island Trough where the AW splits into two paths; one toward the Hopen Trench and one toward the Persey
Trench (Figure 1b). Subsequently, we describe the continuation of Atlantic-origin waters from the Hopen Trench
across the PF into the Olga Basin (Figure 1b). We first present the recent Nansen Legacy observations (2019—
2022), followed by the historical data dating back to 1950.

4.1. Hydrography and Circulation South of the Polar Front From Recent Observations (2019-2022)

The inflow into the southern part of the Hopen Trench mainly consists of AW between the surface and 50-100 m
above the seafloor (Figure 3, Sections B-H). The surface temperature core is centered above the deepest part of
the trough and the salinity core is above the northwestern slope of the Central Bank. The absolute geostrophic
current (u,) estimate suggests two dynamical cores flowing northeastward along the northwestern slope of the
Central Bank (Figure 4, Section H). One branch is located on the upper slope above the 300 m isobath, and one
smaller in magnitude on the lower slope close to the center of the trough. This bifurcation is likely a result of
diverging bathymetry south of Section H, and is also seen in the depth-averaged currents (Figure 4b).

KOLAS ET AL.

9 of 25

85U017 SUOWILLIOD BAIERID) B|deolidde 3y Aq pauienob a1 SS[o1e O @SN 4O S9N 0} AkeiqI UIUO AB|IM UO (SUOPUOD-PUe-SWLBY L0 AB| 1M AReq 1B 1]UO//SANY) SUORIPUOD PUe SWL L 84} 88S *[5202/20/.0] U0 AReiqiT8ulluO A8 ‘oswolL 1IN - AemioN Jo AIsieAlun 2101y Aq TTZ02000E202/620T OT/I0p/L0D" A3 | 1mAte.qjpuluo'sandnfe//sdiy wo.y papeojumoq ‘8 *¥20z ‘16266912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2023JC020211

35.2

(@)

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Distance (km)

Figure 3. Hydrographic cross-sections of (a) Conservative Temperature, ®, and (b) Absolute Salinity, S,, along the sections
defined in Figure 2b, also indicated on the map insert here. Horizontal 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 kg m~ interval, starting at 27.7 kg m™>. The
analysis period covers the months from August to February between 2019 and 2022.
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Figure 4. (a) Absolute geostrophic velocities, u,, 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. Black contours in (a) show isopycnals at every
0.05 kg m™ interval, starting at 27.7 kg m ™. (b) Objectively mapped, divergence-free, depth-averaged currents from
SADCP, LADCP and glider DAC. Gray lines are isobaths drawn at every 50 m from 50 to 300 m depth. Black line is the
200 m isobath. Data included covers the months from August to February between 2018 and 2022.
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Table 3 The total volume transport along the northwestern Central Bank slope (Section

Volume Transport, V,, (in Units of Sv), for the Selected Water Masses and the
Total Transport, Through the Different Composite Sections

Sec. AW mAW wPW PW Total Vi,
H 0.6 0.3 0.1 - 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) - - 0.1 0.2 0.3
A - 0.1 0.2 0.2 0.5
F - - 0.1 0.1 (=0.3) 0.1 (=0.5)
E - - 0.1 0.3 (=0.3) 0.5 (=0.3)

Note. All transport estimates are calculated from the u,, fields in Figure 4a and
rounded to the nearest decimal. Transport estimates are positive and negative
(in parentheses), corresponding to positive or negative u,. Volume transport
errors are always less than 0.1 Sv, and typically around 0.05 Sv (Section 3.3).

H)is 0.9 Sv, divided equally among the branches. Of this, 0.6 Sv is identified as
AW (Table 3). The mean temperature of the AW inflow is 2.4 and 2.6°C in the
branches on the upper and lower slope, respectively. The mean salinity is
35.11 g kg™ for both branches.

The AW inflow is enveloped by modified AW (mAW) and warm Polar Water
(WwPW) on the shallow bank and at depth (Figures 5a and 6c¢, bottom panel).
Modified AW is AW cooled below 2°C, while wPW is a mixture of AW and
PW (see water mass definitions in Table 2 and in the ® — S, diagram in
Figure 5a). AW reaching the northwestern slope of the Central Bank is
transformed through cooling by the atmosphere and entrainment of fresher
and/or colder water masses (Figure 5a). However, the lack of a clear mixing
line between AW and Arctic-origin waters (PW and cBSDW) suggests that
transformation through atmospheric cooling is the dominant process
(Figure 5a). Continuing from the northwestern slope of the Central Bank, the
Atlantic-origin inflow splits into two branches, one continuing east through
the Persey Trench and one continuing north along the Hopen Trench
(Figure 4b).

The branch continuing along the northern slope of the Central Bank, through the Persey Trench, is cooled and

freshened. The AW core subducts,

forming a subsurface ® maximum above the Central Bank slope (Figure 3a,

(a)

e

®  1950-79 ®  2000-09
e 1980-89 ®  2019-22
1990-99

347 34.8 34.9

347 348 349 35 351 352

-1
S,(gkg™)

35 351

35.2

Figure 5. ©-S, 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 ¢, at 0.1 kg m™2 intervals. The upper 50 m of the water column is
excluded to remove the short-term variability from atmospheric forcing. Stars show the median value for the time periods
indicated by the colors. For reference, an inset map showing the section locations is included in (a). Large circles in (a) show
annual mean properties in the BSO between the 50 and 200 m layer averaged over the same periods. BSO data are from the
ICES Report on Ocean Climate (IROC, https://ocean.ices.dk/core/iroc).
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Section I). The core of the eastward current (positive u,) is located closer to the center of the trench than the AW
core, and is bounded by westward flowing currents to the north and weak eastward flowing currents to the south
(Figure 4a, Section I). While the AW transport through Section I is insignificant, the eastward transport of mAW
and wPW is 0.5 Sv in total (Table 3). On the northern side of the Persey Trench, a surface-intensified westward
current transports 0.1 Sv of mAW (Table 3). We note however, that the currents at the section edges may not be
fully captured.

The branch flowing northward along the Hopen Trench is confined between the Spitsbergen Bank and the Great
Bank, and eventually reaches the sill separating the Atlantic domain in the Hopen Trench from the Polar domain
in the Olga Basin. At Section G, an intensified current directed northwest is located at the 300 m isobath
(Figure 4a, Section G), approximately 30 km upslope of the AW core (Figure 3, Section G). The variability of this
current is discussed further in Section 5.1. The total northward volume transport through Section G is 0.5 Sv, of
which 0.2 Sv is AW (Table 3).

Further north, along Section D, the inflowing AW is surrounded by PW on both sides (Figure 3, Section D). Of the
total northward volume transport of 0.9 Sv, the Atlantic-origin waters amount to 0.6 Sv (Table 3). On the western
edge of the section, a cold core current transports 0.3 Sv southward.

The northward flowing Atlantic-origin waters in the Hopen Trench show a two-branch structure, with the warmer
core observed in the western branch (Figures 3 and 4a, Section D). This suggests either a more direct pathway for
the AW along the western side or less mixing along this particular route. The water masses found along Section D
suggest that the water mass transformation at this higher latitude is influenced more by mixing with PW and by
sea ice melt than by atmospheric cooling, in contrast to Section H (Figure 5c).

At the northern edge of the Hopen Trench, a sill (180 m depth) separates the AW domain in the south from the PW
domain in the Olga Basin in the north (Figure 3a, Section B). The inflowing Atlantic-origin waters meet the PW at
the sill, generating the PF. The sloping isopycnals across the PF set up a bottom-intensified geostrophic flow
transporting Atlantic-origin waters (WPW) and PW eastward along the sill (Figure 4a, Section B). The eastward
transport along the sill is 0.3 Sv and the flow is largely topographically steered. The part of the current north of the
sill continues northeast along the slope of the Great Bank, while the part south of the sill likely recirculates
southeast (Figure 4b). Hence, the location and properties of the frontal current govern the amount of Atlantic-
origin waters entering the Olga Basin, with a broader (extending further north) and/or stronger flow enabling
more Atlantic-origin waters to cross the sill and subduct below the PW.

4.2. Hydrography and Circulation North of the Polar Front From Recent Observations (2019-2022)

The Olga Basin, north of the sill, is dominated by PW and the circulation is cyclonic, following the basin slopes
(Figure 4b). PW enters the basin from the north, on either side of King Karls Land (Figure 4b). The coldest waters
are located between the 50 and 100 m layer, extending to about 150 m depth at the center of the basin (Figure 3,
Sections F, A, and E).

The total southeastward volume transport across Section F is 0.5 Sv, of which 0.3 Sv is PW (Table 3). Parts of this
current continue south as the East Spitsbergen Current toward Section D, forming the western reverse flow
through Section D and the anticyclonic flow around the Spitsbergen Bank, while parts continue east along the
edge of the Olga Basin, toward Sections A and E. The transport through Section A is 0.5 Sv, of which 0.2 Sv is
PW. While AW is not present north of the sill, both mAW and wPW are results of Atlantic-origin waters flowing
northward toward the sill, further cooled and freshened through interaction with the atmosphere and PW at the PF
near the sill. The AW signature north of the PF is manifested as the subsurface temperature and salinity local
maximum core hugging the eastern slope of the Olga Basin (Figure 3, Sections A and E). The corresponding
eastward volume transport of these Atlantic-origin waters is 0.3 Sv (mAW and wPW) and 0.1 Sv (wPW) through
Sections A and E, respectively.

At the northernmost Section E, the eastward volume transport out of the Olga Basin is on the eastern slope (0.5 Sv,
where 0.3 Sv is PW). On the northern side of Section E, 0.3 Sv of PW is transported into the Olga Basin. Note
however that this inflow of PW from the northeast is warmer and saltier than the PW inflow from the northwest,
found along Section F. This is likely due to Atlantic-origin waters entering the Barents Sea from the north along
the deepest troughs, in addition to Atlantic-origin waters from the south recirculating in the basin (Figure 3 and
Table 4).
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Figure 6. Section B and H hydrography from historical data, averaged over the years indicated in the left panels, only
including profiles collected within the months August to February. (a) Conservative Temperature, ©, (b) Absolute Salinity,
S 4, and (c) water masses as defined in Table 2. The white line in (a) is the 0.1°C isotherm, indicating the PF. Black contours in
(b) show isopycnals at every 0.05 kg m™ interval starting at 27.7. The white contours in (b) show the relative geostrophic
velocity in cm s, referenced to the surface. Positive values are directed into the page (east).

4.3. Decadal Changes South of the Polar Front

Between 1980 and 2010 the temperature of the AW inflow into the region increased (Figures 68, and Table 4).
Nevertheless, the period between 1950 and 1979 stands out as saltier and warmer than the following 80s in most
places south of the PF.

The average temperature of AW inflow into Section H was 2.7°C in 1950-1979, increasing to a maximum of
3.5°C in the 2000s (Table 4). The increase in temperature is a combined result of warmer inflow through the BSO
and reduced atmospheric cooling over the Barents Sea. The fraction of mAW reduced from about 40% before the
90s to less than 30% in the 2000s (Figure 6¢ and Table 4). The corresponding AW fraction increased from 40% to
70% in the same period. This transition toward more AW from before the 90s to the 2000s is observed in all
sections south of the PF (Table 4), and particularly in Sections B and D. The average temperature on the Atlantic
side of the front increased by 0.8°C between 1950 and 2010 in Section H, and by 0.5, 0.6, and 0.3°C in Sections B,
D, and I, respectively. This difference in increased temperature between different sections south of the PF is likely
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;Il‘::rl:g‘: Water Mass Properties Within Defined Sections in Different Analysis Periods
AW mAW wPW PW
Year ) Sy A ©) Sy A ) Sy A <) Sy A
Section H
1950-1979 2.7 35.17 40 1.0 35.17 43 2.0 35.01 5 - - 0
1980-1989 2.8 35.15 43 1.0 35.12 37 1.2 35.02 3 - - 0
1990-1999 3.0 35.16 53 1.0 35.12 35 - - 0 - - 0
2000-2009 35 35.20 70 1.3 35.17 27 - - 0 - - 0
2019-2022 2.5 35.11 64 1.5 35.08 30 0.8 35.05 7 - - 0
Section B
1950-1979 2.6 35.16 10 1.2 35.15 44 0.8 35.01 9 -0.9 34.64 22
1980-1989 2.4 35.14 4 1.1 35.14 49 0.8 34.99 8 -1.0 34.55 26
1990-1999 2.5 35.15 9 1.3 35.13 41 0.8 34.95 15 —0.7 34.49 20
2000-2009 2.7 35.18 27 1.7 35.16 32 0.7 34.95 10 -0.8 34.59 17
2019-2022 2.5 35.09 19 14 35.08 25 1.7 35.01 20 -1.0 34.71 20
Section D
1950-1979 - - 0 1.0 35.15 48 0.8 34.98 14 -0.8 34.69 21
1980-1989 - - 0 0.9 35.11 47 0.6 34.98 12 -0.9 34.62 24
1990-1999 - - 0 1.3 35.13 41 0.8 34.95 17 —0.8 34.47 26
2000-2009 22 35.14 12 1.7 35.15 43 0.9 34.97 12 —0.7 34.63 14
2019-2022 2.5 35.11 19 1.5 35.10 32 1.1 34.98 9 —0.8 34.72 13
Section I
1950-1979 2.4 35.16 16 1.2 35.17 51 0.9 35.00 10 —0.4 34.83 6
1980-1989 2.5 35.16 19 1.1 35.14 52 0.8 35.02 6 —0.7 34.79 5
1990-1999 2.7 35.15 31 1.2 35.12 40 1.0 34.99 6 -0.7 34.69 4
2000-2009 2.7 35.18 27 14 35.16 49 0.9 34.99 [§ -0.3 34.85 1
2019-2022 2.0 35.08 5 1.5 35.08 49 1.2 35.02 36 —0.7 34.78 7
Section F
2019-2022 - - 0 - - 0 0.2 35.00 3 -1.0 34.68 75
Section A
2019-2022 - - 0 1.1 35.07 3 0.6 34.98 15 —0.9 34.74 63
Section E
2019-2022 - - 0 0.7 35.08 1 0.2 34.92 12 —0.6 34.70 68

Note. Mean Conservative Temperature (©) , Absolute Salinity (S ) , and percentage of area occupied, A (%) are listed. Errors
in the ® and S, estimates are 0.1°C and +0.02 g kg™', respectively (Section 3.3).

a result of the dynamics in the region, and is discussed in Section 5.2. Note that for Sections B, D, and I, the 80s
stand out as the coldest decade (Table 4).

While the temperature of the AW inflow has increased over the decades, the change in salinity is not as pro-
nounced. Both the 80s and 90s indicate a fresher AW and mAW inflow compared to 1950-1979, while the 2000s
stand out as anomalously saline (Table 4 and Figure 5). Our recent data (2019-2022), however, show an
anomalously fresh AW inflow, with salinity as much as 0.06 g kg™' less than observed in the previous decades
(Table 4 and Figure 5a). The freshening is caused by upstream conditioning (Section 5.2) and manifests at all
sections south of the PF, where the density in the lower water column tends to be 0.05 kg m™ less than in previous
decades (Figures 5, 6b, 7b, and 8b). As a result, the Atlantic-origin waters reaching the sill in the northern part of
Section B do not subduct below the PW as readily as in previous decades (Figure 6). The PF is relatively steeper,

KOLAS ET AL.

15 of 25

85U017 SUOWILLIOD BAIERID) B|deolidde 3y Aq pauienob a1 SS[o1e O @SN 4O S9N 0} AkeiqI UIUO AB|IM UO (SUOPUOD-PUe-SWLBY L0 AB| 1M AReq 1B 1]UO//SANY) SUORIPUOD PUe SWL L 84} 88S *[5202/20/.0] U0 AReiqiT8ulluO A8 ‘oswolL 1IN - AemioN Jo AIsieAlun 2101y Aq TTZ02000E202/620T OT/I0p/L0D" A3 | 1mAte.qjpuluo'sandnfe//sdiy wo.y papeojumoq ‘8 *¥20z ‘16266912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2023JC020211

£ 100
<
(o8
)]
(m)

100 150
Distance (km)

1 2 3 <343 346 348 35 352
e (0C) S, (gkg™)

Figure 7. Same as Figure 6 but for Section D.

effectively reducing the amount of Atlantic-origin waters entering the Olga Basin below 100 m depth. In addition,
the relative geostrophic flow along the front is weakest in 2019-2022, compared to the previous decades
(Figure 6b, white contours). The reduction in the relative geostrophic flow is caused by a decreased density
gradient across the front. In addition, decreasing AW density reduces the density of the AW-cold Barents Sea
Deep Water (cBSDW) mixing product which is the relatively dense Intermediate Water IW). IW was observed in
different sections before 2000, however, it is absent afterward (Figure 5).

4.4. Decadal Changes North of the Polar Front

PW is the dominant water mass north of the PF in the Olga Basin, on the Great Bank, and along the 100 m isobath
on the Spitsbergen Bank (Figures 3 and 9). Here, the Olga Basin is defined as the basin within the 200 m isobath,
between 77.4 and 78.5°N and west of 33°E. The largest changes in the distribution of PW between the 50s and the
present day can be observed along the Spitsbergen Bank south of 77°N (Figure 9). The area on the Spitsbergen
Bank occupied by waters colder than 0.1°C (averaged over the 50-100 m layer) was about 20 x 10° km? between
1950 and 1979, while only 12 x 10 km? in the 2000-2009 period (Figure 9a). The corresponding change in the
average temperature for the same area was an increase from —0.7 £ 0.1°C to —0.4 #+ 0.1°C. This reduction in the
area occupied by Arctic-origin waters is likely a result of the increased temperatures of the Atlantic-origin waters,
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Figure 8. Same as Figure 6 but for Section 1.

flowing in on both the eastern and western sides of the Spitsbergen Bank (Figure 9a). Below 100 m depth on the
Spitsbergen Bank, the average temperature increased even more than that within the 50-100 m layer. From the
1980s to 2000s, the average temperature below 100 m depth increased from —0.6 + 0.1°C to —0.1 + 0.1°C,
suggesting a larger AW influence at depth.

In the Olga Basin, the 80s and 90s are the coldest and warmest decades, respectively. However, temperature
variations are small in the 50-100 m layer where average temperatures range between —1.4 = 0.1°C and
—1.3+£0.1°C (Figure 9a and Table 5). The average salinity, on the other hand, exhibits larger variations where the
90s stand out as particularly fresh with an average salinity of 34.41 g kg™" in the 50—100 m layer (Figure 9b). As a
result, the average density in the 50-100 m layer, which mainly consists of PW, is 27.56 kg m™ in the 90s, as
much as 0.07 kg m ™ less than any other decade. Below 100 m depth, temperature variations are much larger than
in the upper layer, likely as a result of varying Atlantic-origin water inflow. In the same depth, average salinity
varies only little (Figure 10b and Table 5). The main pathway of Atlantic-origin waters is visible as relatively
warm water following the 200 m isobath along the basin (Figure 10a). From the 80s to the 2000s, the average
temperature below 100 m depth increased from —0.5 £ 0.1°C to 0 £ 0.1°C (Table 5). The Olga Basin, below
100 m depth, was at its warmest in the 90s when the average temperature was 0.2 £ 0.1°C. Note that the
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Figure 9. (a) Conservative Temperature, ®, and (b) Absolute Salinity, S,, averaged over the 50-100 m layer and objectively mapped for the different time periods as
described in Section 3.4. 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 cover the water column deeper than 100 m.

objectively mapped temperature and salinity fields below 100 m depth are not presented for the 1950-1979 period

as there were few CTD profiles that covered the entire water column during that time (yellow dots in Figure 9b).

On the Great Bank, defined as the region above the 200 m isobath between 76° and 77°N and east of 33°E, the 80s
stand out as colder and fresher than the previous 1950-1979. The average temperature and salinity in the 80s were
—1.4 + 0.1°C and 34.68 + 0.02 g kg™, respectively, within the 50-100 m layer (Figure 9). After the 80s,
temperatures increased both in the 50-100 m layer and below 100 m depth, and peaked in the 2000s. The

Table 5
Average Properties in the Olga Basin

50-100 m layer Below 100 m
Year ® Sa 50 ® Sa 5o
1950-1979 —1.4 34.55 27.68 - - -
1980-1989 —1.4 34.50 27.63 -0.5 34.82 27.85
1990-1999 -1.3 34.41 27.56 0.2 34.80 27.80
2000-2009 —1.4 34.51 27.63 0.0 34.82 27.83
2019-2022 —1.4 34.59 27.70 —0.5 34.80 27.84

Note. The Olga Basin is here defined as the basin within the 200 m isobath,
between 77.4 and 78.5°N and west of 33°E. Mean Conservative Temperature
(©), Absolute Salinity (S,) and potential density anomaly () for different
analysis periods are listed. Errors in the ® and S, estimates are +0.1°C and
+0.02 g kg_l, respectively, calculated as described in Section 3.3.

increased layer-averaged temperature on the Great Bank in the 2000s co-
incides with a broadening of the PF region on the sill at the northern edge of
the Hopen Trench (Figure 9). Atlantic-origin waters flow further east onto the
Great Bank in the 2000s and in recent observations (2019-2022) than in
previous decades.

5. Discussion
5.1. Atlantic Water Pathways in the Western Barents Sea

The main AW path into the Barents Sea is through the Bear Island Trough.
Excluding the Norwegian Coastal Current, the annual mean inflow is 2 Sv, and
2.1 Sv when averaged over August to February (Smedsrud et al., 2010). A
fraction of the inflow recirculates and leaves the Barents Sea as a westward
flowing current south of the Bear Island (Gawarkiewicz & Pluedde-
mann, 1995; Skagseth, 2008; Smedsrud et al., 2010). The volume transport of
the westward currentis 1.2 Sv; however, how much of this is recirculating AW
and how much is Arctic-origin water is not known (Gawarkiewicz &
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Figure 10. Average (a) temperature, ©, (b) salinity, S, and (c) potential density anomaly, &, for the time period 1980-1989, below 100 m depth. For the following time
periods, temperature, salinity and density anomalies relative to the 80s are displayed in the respective rows. 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 200 m isobath while gray lines show the 100 and 300 m isobaths.

Plueddemann, 1995; Smedsrud et al., 2010). In Figure 11, we summarize the inferred pathways and volume
transport estimates from the observations synthesized in this study. We observe the inflow at the southeastern part
of the Hopen Trench (Section H) to be 0.9 + 0.1 Sv, suggesting that half of the AW inflow through the BSO reaches
the Hopen Trench (Table 3 and Figure 11).

Between the Hopen Trench and the Central Bank (Section H), the current divides at the 300 m isobath (two velocity
cores are observed, see Figure 4 Section H) where the shallower branch continues into the Persey Trench (0.5 Sv),
while the deeper branch continues northward (0.6 Sv). Between the Hopen Trench and the Great Bank (Section G),
the absolute geostrophic velocity core flows northwestward, centered at the 300 m isobath, co-located with a local
surface temperature maximum (Figures 3a and 4a, Section G). This is contrary to the observations made by Vage
et al. (2014), where they observed currents flowing southeast in nearly the same location during a week in August
2007. Our absolute geostrophic velocity fields are based on three glider transects conducted during December and
January, and one reason for the discrepancy could be a seasonal change (Figure 2). In fact, our objectively mapped
currents based on SADCP, LADCP and glider DAC do suggest that currents at times flow southeast across Section
G (Figure 4b). Furthermore, this is a region where tidal currents may exceed 20 cm s~! (Fer & Drinkwater, 2014).
Extracting the mean flow of <10 cm s~ through detiding of individual SADCP transects and LADCP profiles may
have uncertainties with comparable magnitude and must be interpreted with caution. In addition, Vage etal. (2014)
states that the circulation south of the PF in the Barents Sea is too complex to be conclusively described by in-
dividual surveys, as sea level, tidal flows and winds change the dynamics of the front.

Between the Spitsbergen Bank and the Great Bank (Section D), we observe a four-branch structure, three
branches flowing northward and one branch flowing southwards (Figure 4a). The branches on either side, located
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79°N on the shelves, mainly carry Arctic-origin water, whereas PW flows north on

78°N

77°N

76°N

the Great Bank shelf, and south on the Spitsbergen Bank (Figures 3 and 4a).
The two branches in the Hopen Trench consist of Atlantic-origin waters, and
are hereby referred to as the western and eastern branches of Section D
(Figures 3 and 4). The volume transport estimates of the western and eastern
branches are 0.5 and 0.2 Sv, respectively. Hence, the total northward transport
by these two branches is 0.7 Sv, which exceeds the transport estimates be-
tween Hopen Trench and Great Bank (Section G) and the branch on the slope
of the Central Bank (lower branch of Section H). This suggests the northward
transport is not fully captured by Section H and G. Note that there is a sea-
sonal difference in our data coverage along Section D (between the Spits-
bergen Bank and the Great Bank) compared to Section H and G: we only
collected data along Section D during the October cruises, whereas the gliders

Depth (m)

Perse retrieved data along Section G and H mainly during late fall and winter

" (Figure 2 and Table 1). However, since AW inflow is expected to be greater in

late fall and winter compared to October (Smedsrud et al., 2010), the observed

discrepancy between the flow between the Spitsbergen Bank and the Great
‘ Cenﬁral Bank (Section D) and the flow between the Hopen Trench and the Central
Ll Bank (Sections H) and between the Hopen Trench and the Great Bank

75°N
24°e 27°E 30°E

- . (Section G) is likely not due to seasonality.
33°E 36% Y Y
Our observations show that the branch along the Spitsbergen Bank (western

Figure 11. Mean currents of Atlantic Water (red) and Polar Water (blue and  branch in Section D) is warmer than the eastern one, suggesting a relatively

purple) in our study region, as inferred from our observations between 2019
and 2022. Red dashed line indicates subducted Atlantic-origin waters.
Purple line is PW that is relatively warmer than PW in the west, due to

direct route, or less mixing along the route compared to the flow between the
Hopen Trench and the Great Bank (Section G). Therefore, we hypothesize

mixing with deep AW inflow from north. White solid line marks the mean that the branch along the western slope of the Great Bank (eastern branch in

position of the Polar Front based on historical and recent data, with one Section D) is a continuation of the branch observed between the Hopen

standard deviation envelope (dashed).

Trench and the Great Bank (Section G) and that the branch on the slope of the

Spitsbergen Bank (the western branch in Section D) is a continuation of the
waters flowing northward along the deeper slope of the Central Bank (outer core in Section H), and farther along
the sill (Section B). Barton et al. (2018) suggest that AW flows clockwise around the Hopen Trench due to
potential vorticity constraints in a basin with a shallower northern outflow than inflow. This could be true for the
Hopen Trench where Atlantic-origin waters entering from the south eventually flow across the sill at the northern
edge of the Hopen Trench and continue into the Olga Basin. Hence the western branch in Section D may originate
from the AW flowing north in the outer core observed in Section H. It shifts from following the eastern slope to
the western slope to conserve its potential vorticity as the water depth decreases. The dynamics involved in this
transition require further study.

Another possibility is that this branch between Spitsbergen Bank and Great Bank (western branch in Section D)
comes from a retrograde current flowing northeast along the Spitsbergen Bank slope such as described by
Loeng (1991) and Li and McClimans (1998). While our three SADCP transects across the Spitsbergen Bank slope
would contradict this (Figures 2b and 4b) we cannot exclude this as a possibility. Nevertheless, such a retrograde
current is unlikely to follow the Spitsbergen Bank from the BSO as several studies report westward flowing
currents along the southern Spitsbergen Bank (Gawarkiewicz & Plueddemann, 1995; Parsons et al., 1996;
Skagseth, 2008).

Once reaching the sill between the Hopen Trench and the Olga Basin, the branches flowing north between the
Spitsbergen Bank and the Great Bank have different outcomes. The eastern PW branch likely continues north
along the Great Bank. The western and eastern branches of Atlantic-origin waters interact with the front, mix with
PW and eventually subduct, partly contributing to the frontal current flowing northeast along the Olga Basin
slope, and partly recirculating along the slope of the Spitsbergen Bank.

At the sill, a geostrophic current flowing eastward develops due to the density difference between the AW and PW
(Figure 4, Section B and Figure 6b). We observe a decrease in the relative geostrophic velocity along the front
over recent decades (Figure 6b). These changes to the frontal current are caused by the decadal changes of the PW
and AW (discussed in Section 5.2). A weakening and narrowing of the geostrophic current at the front suggests a
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reduction of the amount of Atlantic-origin waters reaching the northern side of the sill in the Olga Basin. The PF is
a site for rapid mixing between Atlantic-origin waters and Arctic-origin waters. The dynamics of the PF and the
frontal current are discussed in Kolas et al. (2024) and will not be addressed in depth here. The frontal jet observed
during our 2019-2022 observations continues toward Section A and E (eastern side of the Olga Basin) where the
temperature signature of Atlantic-origin waters is still present. Model studies, such as Aksenov et al. (2010),
support the flow of Atlantic-origin waters across the sill at the northern edge of the Hopen Trench.

5.2. Decadal Change in Temperature and Salinity

Between 1980 and 2010 we observe a warming of the AW along all sections south of the PF (Table 4 and
Figures 6-8). Correspondingly, the area occupied by AW is expanding, in agreement with findings reported in
numerous studies (Arthun et al., 2012; Barton et al., 2018; R. B. Ingvaldsen et al., 2021; Onarheim et al., 2014;
Oziel et al., 2016; Skagseth et al., 2008; Smedsrud et al., 2010). The area occupied by AW has increased because
regions previously containing mAW are now filled with AW. This is caused by a temperature increase in the AW
inflow and a less efficient cooling of the ocean by the atmosphere in the Barents Sea (Skagseth et al., 2020). Time
series show an increase in AW and surface temperatures across the BSO since the 80s (Barton et al., 2018;
Skagseth et al., 2008). As a result, the PF position defined by the 0.1°C isotherm has shifted about 50 km north
after the 90s (Figure 6). In addition, the temperature gradient across the PF, here calculated as the mean gradient in
the 100-180 m depth-layer between £60 km of the highest point on the sill (between 18 and 138 km in Figure 6),
increased from 1.8°C/100 km to 2.5°C/100 km between the 90s and the 2019-2022 period. However, the change
in the PF position is not only a result of increased AW temperatures but also closely linked to the density dif-
ference between the AW south of the front and PW to the north, determined by temperature and salinity
differences.

From the 80s to the 90s, the temperature of Atlantic-origin waters south of the PF increased (Table 4), without
changing the position of the front. Instead, more Atlantic-origin water flowed under the PW into the Olga Basin,
and the across-front gradient of layer-averaged temperature decreased by 0.3°C/100 km from the 80s to the 90s
(Figures 9 and 10). The increased flow of Atlantic-origin water across the PF was likely a result of anomalously
fresh PW north of the PF within the Olga Basin in the 90s (Table 5). As a result, the layer-average density gradient
across the PF increased from 0.18 kg m™>/100 km to 0.21 kg m™~>/100 km. The fresh PW layer in the Olga Basin in
the 90s is supported by observations by Lind et al. (2018). We speculate that this contributed to the record-warm
waters below 100 m depth in the Olga Basin observed in the 90s.

In the 2000s, AW reached record-high temperatures and salinity south of the PF. However, as the PW in the Olga
Basin also had a higher salinity in the 2000s compared to the 90s, the layer-averaged across-front density gradient
was reduced by 0.04 kg m /100 km compared to the 90s. Consequently, less Atlantic-origin waters flowed under
the PW into the Olga Basin. Instead, the AW inflow was directed east onto and along the Great Bank (Figures 9
and 10). The core of the relative geostrophic frontal current was stronger and located further south in the 2000s
compared to the 90s, supporting an eastward shift of the Atlantic-origin waters (Figure 6b).

The AW inflow in the 2019-2022 period was anomalously fresh. This is due to upstream conditions and is also
observed in the annual mean properties of the AW inflow through the BSO (Figure 5a). The low-salinity anomaly
in the AW inflow is connected to the largest freshening event in 120 years in the North Atlantic and can be traced
along the Norwegian coast (Holliday et al., 2020). Time-averaged properties in the 50-200 m layer in the BSO in
the 20192022 period is about 0.05 g kg™ fresher than during the 80s and 90s, and nearly 0.1 g kg™ fresher than
during the 2000s (Figure 5a). As a result, the AW south of the PF is about 0.05 kg m™ less dense than in previous
decades (Figure 6), and the layer-average density gradient across the PF is reduced to 0.10 kg m—/100 km.
Consequently, the amount of Atlantic-origin waters extending northward under the PW across the PF is reduced
(Figures 6 and 10). If the temperature of the AW inflow continues to increase without an increase in AW salinity
to compensate for the density loss, we expect that less Atlantic-origin waters will be able to cross the PF. In
addition, even if the Atlantification of the Olga Basin continues as speculated by Lind et al. (2018), we hy-
pothesize that an increased salinity in the Olga Basin will serve as a negative feedback mechanism, slowing down
the Atlantification by further reducing the density gradient across the PF.

Another effect of the anomalously fresh AW inflow is the reduced dense and intermediate water production.
Atlantic-origin waters reaching the PF from the south are warmer as a result of reduced cooling of AW by the
atmosphere in the Barents Sea. These warmer waters mix with cBSDW. Until 2018, the increased AW
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temperature was largely compensated for by increased salinity (Skagseth et al., 2020) with respect to density. The
recent freshening of the AW causes water masses produced by mixing AW with cBSDW to be less dense
(Figure 5). This was previously suggested by Skagseth et al. (2020) and may have consequences for the general
dense water production in the Barents Sea.

6. Summary

We presented the hydrography and circulation in the northwestern Barents Sea. Observations from three scientific
cruises and nine glider missions conducted in the Barents Sea between 2019 and 2022 are synthesized to describe
the present conditions. In addition, historical data collected after 1950 are averaged over decades and compared to
recent observations.

Approximately half of the AW inflow through the Barents Sea Opening reaches the Hopen Trench between
Spitbergen Bank and Central Bank, carrying 0.9 + 0.1 Sv of Atlantic-origin waters (Figures 4 and 11; Table 3).
The AW circulation in the Hopen Trench bifurcates; one branch flowing east along the Persey Trench and one
continuing north along the Hopen Trench (Figure 11). Each branch transports about 0.5 Sv of Atlantic-origin
waters. At the northern edge of the Hopen Trench, Atlantic-origin waters subduct under the PW and the Polar
Front (PF), continuing northeastward along the eastern slope of the Olga Basin as a topographically steered
current. The AW is modified continuously along its pathway. Upstream of the Hopen Trench, AW transformation
is primarily through cooling by the atmosphere, while along the Hopen Trench and the Persey Trench the
transformation is mainly driven by mixing between AW and PW (Figure 5).

South of the PF, the average AW temperature increased by 0.7°C from 1980 to 2010. The 100-180 m layer-
average temperature gradient across the PF has increased by nearly 40% (from 1.8°C/100 km to 2.5°C/
100 km) between the 80s and the 2019-2022 period. In the same period, the layer-average density gradient across
the PF was reduced by 50% (from 0.21 kg m™/100 km to 0.10 kg m™>/100 km).

We hypothesize that the amount of Atlantic-origin waters entering the Olga Basin over the topographic sill is
largely governed by a relative geostrophic current, which is established by the density difference between AW
south of the sill and PW in the Olga Basin. Our analysis shows that the Olga Basin cooled from the 90s to the
2000s, despite the increasing AW temperatures south of the sill (Tables 4 and 5). This was likely a result of denser
waters with increased salinity residing in the Olga Basin. On the other hand, the salinity of the AW inflow into the
northwestern Barents Sea decreased by nearly 0.1 g kg™" from the 2000s to the 2019-2022 period, reducing the
AW density south of the PF by as much as 0.05 kg m™>. Consequently, the transport of Atlantic-ori gin waters into
the Olga Basin decreased, leading to a continuous decrease of the average temperature below 100 m depth in the
Olga Basin (Table 5). Additionally, the mixing of less dense AW with PW in the 2019-2022 period produced
relatively less dense water compared to previous decades, which could have implications for the general dense
water production in the Barents Sea.

Data Availability Statement

In this study, we used data collected as part of the Nansen Legacy project, all openly available as listed below.
This includes hydrographic data from nine glider missions conducted between 2019 and 2022, and ship CTD and
MSS data from three research cruises conducted between 2020 and 2022. Glider data in the period August 2019—
February 2021 are available from https://doi.org/10.21335/NMDC-381060465 (Kolas et al., 2022) and the period
February 2021-October 2022 from https://doi.org/10.21335/NMDC-571158912 (Fer et al., 2024). CTD and MSS
data from RV G.O. Sars, collected in October 2020, are available from https://doi.org/10.21335/NMDC-
1752779505 and https://doi.org/10.21335/NMDC-239170563, respectively (Fer, Baumann, Elliot, &
Kolas, 2023; Fer, Skogseth, et al., 2023). CTD and MSS data from RV Kronprins Haakon, collected in February
2021, are available from https://doi.org/10.21335/NMDC-1544015310 and https://doi.org/10.21335/NMDC-
1939445412, respectively (Fer, Baumann, Kalhagen, et al., 2023; Fer, Nilsen, et al., 2023). CTD and MSS data
from RV Kristine Bonnevie, collected in October 2022, are available from https://doi.org/10.21335/NMDC-
943526062 and https://doi.org/10.21335/NMDC-1169583367, respectively (Fer, Baumann, Hana, et al., 2023;
Fer, Baumann, Koenig, et al., 2023). Additional data used are SADCP data from several different Nansen Legacy
cruises (Cannaby et al., 2022), historical CTD profiles from the UNIS hydrographic database (Skogseth
et al., 2019), bathymetry data from the International Bathymetric Chart of the Arctic Ocean (IBCAO), version 4,
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nicus Marine Service, 2019).
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