
1. Introduction
The Atlantic Water (AW), which flows along the west slope of Svalbard with the West Spitsbergen Current 
(WSC, red arrows on Figure 1) in Fram Strait, constitutes the largest source of heat and salt to the Arctic 
Ocean. The AW inflow varies seasonally, being stronger and warmer in winter than in summer (Beszczyns-
ka-Mller et al., 2012; V. V. Ivanov et al., 2009). A fraction of the AW carried by the WSC recirculates toward 
Fram Strait south of 81°N, mainly through eddies, and does not enter the Arctic Ocean (e.g., Hatterman 
et al., 2016). North of Svalbard, the WSC reaches the Yermak Plateau, and splits into three branches: the 
shallow Svalbard Branch (SB) circulating eastward, along the 400–500 m isobaths of the Svalbard continen-
tal slope (Cokelet et al., 2008; Muench et al., 1992; Sirevaag et al., 2011); the deeper Yermak Branch (YB), fol-
lowing the 1,500 m isobath along the western slope of Yermak Plateau (Manley, 1995; Manley et al., 1992); 
and the Yermak Pass Branch (YPB), flowing across the Yermak Plateau along the 700–800 m isobaths and 
constituting the major route for AW in winter (Figure 1; Crews et al., 2019; Koenig et al., 2017a; Menze 
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Plain Language Summary Atlantic Water (AW) is the main source of heat and salt to 
the Arctic Ocean. We used 12 years of a high-resolution model to examine the recent evolution of the 
circulation, volume transport and properties of AW in their major entry region, the Western Nansen Basin 
(WNB). The model showed the development of new pathways of AW, the intensification of the circulation 
north of Svalbard, along with the progressive warming and thickening of the AW layer. These changes 
are important for the distribution of heat and salt to the Eurasian basin interior and for the sea-ice cover 
evolution.
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et al., 2019). Water pathways, their variations, and how they eventually join to form the AW boundary cur-
rent (AWBC) remain unclear in the area because of the lack of in situ measurements (Koenig et al., 2017b; 
Menze et al., 2019; Meyer et al., 2017).

Along its paths, the AW is cooled and freshened through ice-melt, heat loss to the atmosphere and mixing 
with shelf waters (Boyd & D'Asaro, 1994; Fer et al., 2020; Onarheim et al., 2014; Renner et al., 2018; Rudels 
et al., 2015). In the Western Nansen Basin (WNB) in particular, deep winter mixed layers reaching 500 m (V. 
Ivanov et al., 2018; Pérez-Hernández et al., 2019), exchanges with fjords west of Svalbard (Koenig et al., 2018) 
and troughs outflows from the Barents Sea (Athanase et al., 2020; Schauer et al., 1997) contribute to alter AW 
properties. The rather unstable AWBC has been observed to shed AW eddies, further contributing to the ero-
sion of AW properties over the slope (Athanase et al., 2019; Pérez-Hernández et al., 2017; Våge et al., 2016).

Several studies pointed out to the development of a more energetic ocean state under a declining sea-ice 
cover (Polyakov et al., 2017, 2020; Timmermans & Marshall, 2020). Polyakov et al. (2020) documented an 
intensification of current velocities in the upper 50 m of the eastern Eurasian Basin between 2004 and 2018 
(by about 20%), associated with an enhanced coupling between winds and the increasingly ice-free ocean. 
Recent observations north of Svalbard suggested previously unnoticed circulation patterns (Kolås et al., 
2020). As observations require substantial resources and efforts and remain scarce in the Arctic, models can 
be useful to investigate possible changes in circulation and currents.

The 1/12° Mercator Ocean operational physical system, called PSY4 hereafter, has shown some skills in re-
producing the hydrography, mesoscale structures and seasonal signals in the upper Western Eurasian Basin 
(Athanase et al, 2019, 2020; Bertosio et al., 2020; Koenig et al., 2017b, 2017a). PSY4 model fields covering 
14 years (2007–2020) documented interannual variations of deep winter mixed layers in the WNB, and sev-
eral processes at stake in modifying AW properties (Athanase et al., 2020). A major change was observed in 
2011, with the emergence of new “Marginal Convection Zones” (northern Yermak Plateau, Sofia Deep and 
continental slope) exhibiting from then on, occasional ice-free conditions and intense winter convection 
events.
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Figure 1. Schematic of the upper circulation in the Western Nansen Basin. IBCAO bathymetry is in greyscale. Red arrows correspond to the mean AW 
circulation in PSY4 over 2008–2010. Blue arrows represent the near-surface Transpolar Drift (TPD). Orange and blue contours are respectively the mean July 
and January ice edge (40% ice concentration) from PSY4 over 2008–2020. WSC, West Spitsbergen Current; SB, Svalbard Branch; YPB, Yermak Pass Branch; YB, 
Yermak Branch; AWBC, AW Boundary Current; rB, recirculation Branches; SD, Sofia Deep; YP, Yermak Plateau; HT, KT, FVT, and BCT, Hinlopen, Kvitøya, 
Franz-Victoria, and British Chanel Troughs. Pink stars indicate the A-TWAIN moorings, the yellow star a recent mooring in the YPB.
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The objective here is to use the PSY4 system to examine the circulation of AW in the WNB over 2007–2020 
in this context of rapid Arctic changes. We examine and quantify the evolution of AW characteristics and 
pathways across the Yermak Plateau, on the continental slope and its vicinity, on seasonal and interannual 
time scales. This study is structured as follows. Section 2 introduces the Mercator Ocean operational system 
and reminds the model strengths and limitations. Further model evaluation includes comparisons with 
new unpublished data. Section 3 revisits the mean and seasonal AW circulation and volume transports in 
the WNB, while Section 4 focuses on interannual variations over 2008–2020. Section 5 examines the 12-year 
trends in water properties and circulation in the upper 1,000 m of the WNB. Results are summarized and 
discussed in Section 6.

2. The PSY4 System: Performance and Limitations
2.1. The Mercator Ocean Operational System (PSY4)

In the frame of Copernicus Marine Environment Monitoring Service (CMEMS; http://marine.copernicus.
eu/) Mercator Ocean delivers the high resolution 1/12° global operational PSY4 system since October 2006 
(Lellouche et al., 2018). Forcings and data assimilation in the Arctic region are summarized in Athanase 
et al. (2020). The model component is based on the NEMO ocean model, with a 1/12° ORCA grid type (i.e., 
daily outputs with horizontal resolution of 4 km in the WNB; Hu et al., 2019). The water column is com-
posed of 50 vertical levels, with typically 1 m resolution at the surface decreasing to 450 m at the bottom and 
22 levels within the upper 100 m. When oceans are ice-covered, only sea ice concentration is assimilated. 
This is in stark contrast with the open ocean regions, where PSY4 assimilates along-track satellite altimetry 
sea level anomalies, sea surface temperature and in situ vertical profiles of temperature and salinity. The 
PSY4 system starts in October 2006 from a “cold” start (initial currents are null) using initial climatological 
conditions from EN4.2.1 hydrographic temperature and salinity data (Good et  al.,  2013). Here, the first 
15 months were considered as a spin-up period in the WNB (see appendix). Hence, daily outputs from April 
2008 to May 2020 are used in this study, carefully avoiding the estimated spin-up period.

An extensive evaluation of PSY4 in the WNB was performed in Athanase et al. (2020), using nearly 1,500 
independent in situ temperature-salinity profiles and mooring data in the AWBC (1-year long, at 30°E) 
and in the WSC (5-years long). PSY4 represented a realistic AW inflow and well reproduced hydrographic 
properties, in spite of some inherent limitations that one should bear in mind. Indeed, the model resolution 
is not fully eddy-resolving in the WNB (i.e., grid size of 4 km, and Rossby deformation radius of ∼10 km; 
Crews et al., 2018). Moreover, the model lacks tides which are important on the Yermak Plateau (Koenig 
et  al.,  2017a; Padman et  al.,  1992) and on the shelf (Renner et  al.,  2018). Finally, the PSY4 bathymetry 
matched the IBCAO bathymetry (Jakobsson et al., 2012) in the WNB, except for a small region at the Kvitøya 
Trough opening (see appendix in Athanase et al., 2020).

2.2. Further PSY4 Evaluation: Comparisons With Recent Observations

We took advantage of a newly retrieved 32 months-long time-series of temperature and salinity at 350 m (in 
the AW layer) from a mooring deployed in the Yermak Pass (from September 2017 to May 2020; yellow stars 
in Figure 1; Labaste et al., 2020) to evaluate PSY4 in the recent years. The mooring was located in a region of 
rather large mean gradients and large standard deviations (STDs) (Figures 2a and 2c). The colocalized PSY4 
temperature and salinity well reproduced the mean and variations of the 10-days smoothed in situ time-se-
ries (Figures 2b and 2d). PSY4 was on average 0.3°C warmer (respectively, 2.9°C and 2.6°C) and 0.03 g/kg 
saltier (respectively 35.18 and 35.15 g/kg) than observations at this location. Model STDs were on the same 
order as those of the 10-days smoothed observations (0.4°C and 0.03 g/kg). Variations were correlated at the 
99% significance level (r = 0.68).

We also compared PSY4 sea surface height (SSH) to satellite SSH from a multi-mission altimetry product 
prototype for the Arctic Ocean (nonassimilated in PSY4), available from July 2016 to June 2018. The satellite 
product is based on the combination of measurements from three altimeters (SARAL/AltiKa, CryoSat-2, 
and Sentinel-3A) through an optimal interpolation scheme (Bretherton et al., 1976; Ducet et al., 2000). A 
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Figure 2. (a) Map of PSY4 Conservative Temperature (Θ, °C) at 380 m averaged over October 2016-May 2020. Isobaths are plotted every 100 m from 500 to 
1,000 m. Red lines delineate contours of STDs over the same period. The yellow star is the location of the mooring as in Figure 1. (b) 10-days smoothed time-
series of Θ (°C) from the mooring SBE at 350m (black curve) and from PSY4 at 380 m, that is, the closest vertical level available. (c and d) same for Absolute 
Salinity (SA, g/kg). (e) Mean sea surface height (SSH, m) from the CNES/CLS satellite altimetry prototype product over July 2016–June 2018. (f) Mean SSH (m) 
from PSY4 over the same period and degraded to the same temporal resolution (3 days). Both the PSY4 and satellite-derived SSH were interpolated on a regular 
grid (horizontal grid spacing 0.1° in latitude, 1° in longitude). (g) Correlation coefficients between the SSH time-series at each point. Examples of SSH time-
series at the points 1 to 4 in (g) are presented in (h).
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dedicated low level processing (Poisson et al., 2018) of altimeter waveforms ensures consistency between 
open ocean and ice covered areas of the Arctic Ocean. This satellite product provides sea level anomaly 
(SLA) and absolute dynamic topography (ADT) fields on a 25  km grid every 3 days for latitudes great-
er than 50°N. The product is freely available from AVISO (https://www.aviso.altimetry.fr/en/data/index.
php?id=3438) along with a detailed description of the processing (https://www.aviso.altimetry.fr/filead-
min/documents/data/tools/gridded_sla_arctic_multimission.pdf).

The SSH mean fields exhibited similar patterns in both the PSY4 and the satellite-derived products, with 
larger values in the Transpolar Drift, on the shelf and slope than in WNB interior (Figures 2e and 2f). In par-
ticular, they both exhibited low SSH values north of the 3,800 m isobath (Figure 1) east of 15°E (Figures 2e 
and 2f). The PSY4 and satellite-derived SSH were well correlated, with correlation coefficients always above 
0.5 in the WNB area (significant to the 95% confidence level; Figure 2g). Significant correlations were above 
0.7 north of Svalbard, along the continental slope and in the basin interior, and were the lowest, yet still 
around 0.45–0.6, west of Yermak Plateau and near 24°E-82°N (Figures 2g and 2h).

2.3. AW Volume Transport at 30°E: PSY4 Performance

Following the TEOS-10 (Thermodynamic Equations of Seawater) international standard (e.g., Valladares 
et al., 2011), Absolute Salinity SA (g/kg) and Conservative Temperature Θ (°C) are used in this study.

The PSY4 performance in reproducing the mean and variations of AW properties was previously assessed 
at the A-TWAIN mooring array (30°E, purple stars in Figure 1) in Athanase et al. (2020). Here, we com-
pared modeled and observed AW volume transports across the A-TWAIN section from September 2012 
to September 2013. At this location, the boundary current intensity was variable (Figure 3a), and the AW 
layer had vertical extents ranging from the upper 800 m of the water column (red contours in Figure 3a) 
to about 200 m in the 200–400 m layer (blue contours in Figure 3a). The AW layer was defined here as Θ 
>1°C, SA > 35.05 g/kg (corresponding to a potential density always larger than 27.6 kg/m3 in PSY4), as in 
Pérez-Hernández et al. (2019). Pérez-Hernández et al. (2019) computed geostrophic AW volume transport 
taking into account only positive (eastward) across-section velocities in the 100–1,200 m layer (black line in 
Figure 3b). AW volume transport from PSY4 (same water mass criteria) was computed over the 100–1,200 m 
layer (red line in Figure 3b). The model AW volume transport in the upper 100 m was close to zero (mean 
of 0.07 Sv, STD of 0.1 Sv). The PSY4 AW transports closely followed the 10-day smoothed observed one. 
Observations and PSY4 had respective means of 1.3 and 1.5 Sv, STDs of 0.7 and 0.8 Sv, with a correlation 
coefficient of r = 0.79 significant at the 99% confidence level. The model only seldomly missed peaks in 
volume transport (as in November 2012 and January 2013). We now use the model to further examine AW 
transport in the WNB.
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Figure 3. (a) Average cross-section velocity (Vx, cm/s) at the A-TWAIN mooring array (pink stars in Figure 1), between September 2012 and September 
2013 (A-TWAIN acquisition period). Black contours are the associated Vx STDs (2, 4, and 6 cm/s). Blue and red lines delineate respectively the minimal and 
maximal AW layer vertical extent during the period. Black markers N (W) are moorings deployed by the Norwegian Polar Institute (Woods Hole Oceanographic 
Institution). (b) 10-days smoothed Atlantic Water (defined as Θ >1°C, SA > 35.05 g/kg) volume transport at the A-TWAIN mooring array in the 100–1,200 m 
layer, from mooring data (thick black) and PSY4 (red). The thin black line is the daily in situ AW transport.

https://www.aviso.altimetry.fr/en/data/index.php?id=3438
https://www.aviso.altimetry.fr/en/data/index.php?id=3438
https://www.aviso.altimetry.fr/fileadmin/documents/data/tools/gridded_sla_arctic_multimission.pdf
https://www.aviso.altimetry.fr/fileadmin/documents/data/tools/gridded_sla_arctic_multimission.pdf
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3. AW Circulation and Volume Transport: Means and Seasonal Variations Over 
12 Years
North of Svalbard, the AW heat maintains the Whalers’ Bay ice free year-round (Figure  4a; Onarheim 
et  al.,  2014), despite the northerly winds which tend to push sea-ice into the area (Figures  4a and 4b). 
The WSC, reaching the Yermak Plateau, splits into the Yermak Branch, Yermak Pass Branch, and Svalbard 
Branch (Figures 1, 4c, and 4d). The upper part of the AW layer, cooling and freshening through sea-ice 
melt and heat loss to the atmosphere, is transformed into a less dense surface layer (Rudels et al., 2015; 
Figures 4e–4h). On average, the AW signature at 265 m could be found as far offshore as the 3,900 isobath 
(red contours in Figures 4e and 4g). Near the surface the AW mean horizontal extent was reduced to the 
southern Yermak Plateau and the slope west of 11°E (red contours in Figures 4f and 4h).

As in Koenig et al. (2017a), we used the PSY4 system to investigate the partition of the AW flow downstream 
of the WSC. We examined the AW volume transport across 13 sections near the Yermak Plateau and in the 
WNB (Table 1; Figure 5; WSC); Svalbard Branch (SB); Yermak Pass Branch (YPB); Yermak Branch (YB); 
Return Yermak Branch (RYB); at the A-TWAIN mooring location in the boundary current; AW Boundary 
Current Sections 1 to 4 (AWBC 1 to 4); Offshore Section 1 (OS1) and Offshore Section 2 (OS2). Note that 
sections in the WSC, SB, and YPB are identical to Koenig et al. (2017a), extending the time-series until 2020. 
The remaining sections complement the analysis further east. To ensure we capture all recirculations over 
the Plateau, an additional longer section (noted YP) was taken along the axis of the Yermak Plateau.

AW volume transports were computed following two methods: net transport as in Koenig et al.  (2017a), 
and taking into account only positive cross-section velocities as in Pérez-Hernández et al. (2019). The net 
transport was on average 25% lower over the Yermak Plateau and 5% lower near the continental slope (Ta-
ble 1), yet time-series were highly correlated (with r > 0.9 for all 13 sections, significant to the 99.9% level). 
Transports shown hereafter were estimated using only positive cross-section velocities. Two AW definitions 
were used (Θ >1°C, SA > 35.05 g/kg as in Pérez-Hernández et al., 2019 –shown hereafter–, and Θ > 1.5°C 
as in Koenig et al., 2017a). The two definitions provided similar results (see supporting information S1).

3.1. AW Volume Transport Across and Around Yermak Plateau

The AW carried by the modeled WSC ranged from 1.5 to 7 Sv, with a mean of 4 Sv and STD of 1.5 Sv, and ex-
hibiting large seasonal variations (red curve in Figures 5b and 6a). Maximum values of AW volume transport 
in the WSC were reached on average in January (5.2 Sv, Table 1) and were minimal in July (2.9 Sv, Table 1).

The modeled YPB constituted the main path for AW over Yermak Plateau with an AW volume transport of 
1.2 ± 0.8 Sv (mean ± STD), which was largely correlated with the WSC AW transport over the 2008–2020 
period (r = 0.78) and exhibited the same seasonal variations (Table 1, blue curve in Figures 5b, 6a, 6c, and 
6d). In summer, AW transport in the YPB was on the same order as in the SB (in agreement with Menze 
et al., 2019). The SB carried a smaller volume of AW on average (0.6 ± 0.3 Sv), showed marginal seasonality 
(maximum in January of about 0.7 Sv, minimum in July of about 0.5 Sv) and a smaller correlation to the 
WSC AW transport (r = 0.48; green curve in Figures 5b and 6a).

The mean modeled YB carried some AW along the western flank of Yermak Plateau, losing AW to west-
ward recirculations (Figure 4c). As a result, the AW volume transport was 0.5 ± 0.4 in the YB at 82°N on 
average (Table 1). Past 82°N, the YB flow either continued along the western edge of the Yermak Plateau 
or crossed over the Plateau (Figure 4c). Along the eastern flank of the Plateau, a southward flow at 81.5°N 
was called the RYB, being essentially fed by the YB (r = 0.63 between YB and RYB). The RYB carried about 
0.3 ± 0.25 Sv, representing 70% of the YB AW volume transport (Table 1, Figures 5a and 5b). These branches 
(YB and RYB) exhibited no seasonal variations (brown and yellow curves in Figures 6a, 6c, and 6d) and little 
correlation with the WSC AW transport (r = 0.31, yet significant at the 90% confidence level).

The sum of AW volume transports across the YPB, SB, and YB at 82°N (mean of 2.2 Sv, STD of 1.1 Sv) corre-
sponded to the net AW volume transport across YP (mean of 2.2 Sv, STD of 1.2 Sv) and to about 55% of the 
AW volume transport from the WSC section (Table 1). This implies that about 45% (1.7 Sv on average) of the 
modeled WSC AW inflow recirculated toward Fram Strait south of 82°N (AW transport from recirculation 
branches noted rB, gray curve in Figure 5b).
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Figure 4. Mean PSY4 fields over 2008–2020 in the Western Nansen Basin. (a) Mean ice concentration (%). Orange and blue solid contours are respectively the 
mean July and January ice edge (40% ice concentration). (b) Mean wind stress (Pa, gray arrows), with intensity in background color. (c) Mean velocity vectors 
(black arrows) and intensity (color, cm/s) at 265 m and (d) 25 m. Magenta sections are used for AW volume transport computations. (e) Mean Conservative 
Temperature (Θ, °C) at 265 m and (f) 25 m. (g–h) Same for Absolute Salinity (SA, g/kg). Red contours delineate the horizontal limit of Atlantic Water (such as Θ 
>1°C and SA > 35.05 g/kg) at 265 and 25 m. Isobaths 500, 700, 1,000 m are in thick lines, 200, 2,000, 3,400, 3,800 and 3,900 m in thin lines.
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3.2. AW Progression Downstream of Yermak Plateau

3.2.1. AW Boundary Current

The AW transport at the AWBC1 section (16°E; 1.9 Sv) was on average 5% larger than –and very correlated 
(r = 0.88) with– the sum of the AW transports of YPB and SB. This suggested that to the first order, the AW 
boundary current was mainly fed by these two branches. The complex and rather weak recirculations in 
the Sofia Deep (Figures 4c and 4d) were therefore minor contributors to the boundary current. Along the 
continental slope, the AW volume transport diminished eastward, with 1.9 ± 1.1 Sv at 16°E (mean ± STD), 
1.8 ± 1.0 Sv at 23°E, 1.6 ± 0.9 Sv at the A-TWAIN location (30°E), to reach a value of about 1.3 ± 0.8 Sv at 
43°E and 52°E (Table 1, gray and pink curves in Figures 5c and 6b). On average, the largest AW volume 
transport reductions occurred between 23°E and 43°E (Table 1). In this area, processes have potential to 
reduce the AW volume transport, with the meandering and shedding of eddies, and deep convection in 
winter transforming AW into halocline water (Athanase et al., 2020; V. Ivanov et al., 2018). As in the WSC, 
YPB, and SB, seasonal variations in AW volume transport were large in the AWBC (amplitude ∼2 Sv), with 
maximum values reached on average in January and minimum values in July (Table 1, Figure 6a compared 
to Figures 6b, 6c, and 6d). The daily AW volume transports across the five sections in the boundary current 
were highly correlated, with correlation coefficients to AWBC1 (16°E) decreasing from r = 0.9 at AWBC2 
(23°E) to r = 0.8 at AWBC4 (52°E; Figure 5c).

3.2.2. Offshore Circulation

At 265 m, the mean velocity fields highlighted an offshore “V-shaped” circulation pattern straddling the 
3,800–3,900 m isobaths (Figures 1 and 4c), with its southernmost extremity located near 82°N, 24°E (mean 
velocities larger than 3 cm/s in Figures 4c and 4d). The offshore circulation followed the large lateral gradi-
ents of temperature and salinity (and thus density; Figures 4c, 4e, and 4g).

The western part of the V-shaped circulation consisted in a southeastward current carrying some AW (mean 
of 0.3 ± 0.3 Sv; Table 1 and purple lines in Figure 5c). On the mean, this current straddled the 35.1 g/kg and 
2°C isolines (Figures 4f and 4h). The northeastward flow following 3,800–3,900 m isobaths, that is, eastern 
part of the V-shaped offshore circulation, carried on average 0.6 ± 0.3 Sv of AW (Figures 4c and 4d and blue 
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Section Mean STD

January July

Mean Min/Max Mean Min/Max

WSC 4.0 (3.8) 1.5 (1.6) 5.2 (4.9) 1.7/9.7 2.9 (2.5) 1.0/4.5

YP 2.95 (2.2) 1.2 (1.2) 3.8 (3.1) 1.0/7.85 2.0 (1.3) 0.5/3.6

SB 0.6 (0.45) 0.3 (0.4) 0.7 (0.6) 0.0/2.1 0.5 (0.5) 0.1/1.1

YPB 1.2 (1.0) 0.8 (0.9) 1.75 (1.6) 0.0/5.1 0.5 (0.3) 0.0/1.3

YB 0.5 (0.4) 0.4 (0.4) 0.45 (0.4) 0.0/1.8 0.4 (0.3) 0.0/1.5

RYB 0.3 (0.2) 0.25 (0.3) 0.3 (0.2) 0.0/1.3 0.3 (0.2) 0.0/0.8

AWBC1 1.9 (1.8) 1.1 (1.1) 2.9 (2.7) 0.6/6.1 1.0 (0.9) 0.0/2.6

AWBC2 1.8 (1.7) 1.0 (1.1) 2.6 (2.4) 0.6/5.6 1.0 (0.9) 0.1/2.0

A-TWAIN 1.6 (1.4) 0.9 (1.0) 2.3 (2.2) 0.3/5.7 1.0 (0.75) 0.2/2.05

AWBC3 1.3 (1.2) 0.8 (0.85) 1.9 (1.8) 0.3/4.6 0.65 (0.5) 0.0/1.55

AWBC4 1.25 (1.2) 0.8 (0.8) 1.9 (1.8) 0.0/4.7 0.65 (0.6) 0.1/1.6

OS1 0.3 (0.3) 0.3 (0.3) 0.4 (0.3) 0.0/1.3 0.3 (0.3) 0.0/0.9

OS2 0.6 (0.5) 0.3 (0.3) 0.5 (0.5) 0.0/1.2 0.5 (0.4) 0.1/1.4

AW is defined as Θ >1°C, SA > 35.05 g/kg. Only positive cross-section velocities are considered (as indicated by the 
mean flow in Figure 4c). Values in italics and parentheses are for net AW volume transports. Section names are as in 
Figure 5.

Table 1 
Statistics of the AW Volume Transport (Sv) in 2008–2020 Across 13 Sections Near the Yermak Plateau and in the Western 
Nansen Basin, Marked (and Colored) in Figure 5
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Figure 5. (a) Location of the 13 sections across which Atlantic Water (such as Θ >1°C, SA > 35.05 g/kg) volume transports were computed and presented in 
Table 1. A-TWAIN, mooring array at 30°E; AWBC, Atlantic Water Boundary Current; OS1 and OS2, Offshore Sections 1 and 2; RYB, Return Yermak Branch; SB, 
Svalbard Branch; WSC, West Spitsbergen Current; YB, Yermak Branch; YP, Yermak Plateau; YPB, Yermak Pass Branch. (b) Time-series of AW volume transports 
(Sv) between April 2008 and May 2020 for the WSC, AW crossing the Plateau (YP net; sum of YPB, YB, and SB) and recirculation branches (rB, computed as 
WSC – YP net). (c) Same for sections located over the Yermak Plateau. (d) Same for sections located downstream of Yermak Plateau.
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lines in Figure 5c). Concurrently, relatively warm and salty AW (Θ >2°C, SA > 35.1 g/kg) spread offshore 
east of 24°E, following the bulk of the isobaths, suggesting that part of the boundary current AW may be 
advected by this northeastward flow (Figures 4e and 4g). In contrast with the continental slope, this off-
shore circulation exhibited no seasonal variations in AW volume transport (Table 1, purple and blue lines in 
Figure 6b) and in velocity (Figures 6c and 6d). Interestingly, time-series of AW volume transport suggested 
a development of the V-shaped circulation in winter 2009 for the eastern part (blue line in Figure 5c) and in 
2016 for the western part after a peak in 2012 (purple line in Figure 5c).

4. Interannual Variations of AW Volume Transport
Time-series of AW volume transport across the 13 sections in the WNB exhibited large variations on in-
terannual time scales (Figure 5). To investigate further interannual variations we examined the evolution 
of properties and velocities along three transects (Figures 6c–6d): one encompassing the YB and AWBC1 
sections and crossing the northern part of Yermak Plateau (transect 1, Figure 7), and two from the slope 
offshore. Transect 2 comprised OS1 and YPB sections while transect 3 extended from the A-TWAIN section 
out to 83°N across OS2 (Figures 9 and 10). Linear trends were estimated over the time span of available 
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Figure 6. (a) Monthly means of AW volume transport (Sv) across the 5 sections over Yermak Plateau, in 2008–2020. (b) Monthly means of AW volume 
transport (Sv) across the 7 sections downstream of Yermak Plateau, in 2008–2020. Shaded envelopes in (a and b) are interannual STDs for each month. (c) 
Winter velocity anomaly (cm/s) (with respect to the 12-years mean) at 265 m and (d) 25 m. Winter is defined at the October-to-March period. Seasonal velocity 
anomaly vectors are plotted in black arrows for velocity anomalies larger than 1 cm/s. Sections names and color codes are as in Figure 5. Transects 1, 2, and 3 
are shown in Figures 7, 9, and 10.
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Figure 7. (a) Conservative Temperature (Θ, °C) at 265 m along transect 1 (shown in the insert), (left) mean and STD (shaded envelope) in 2008–2020, with 
bathymetry in shaded gray, and (right) daily resolution. Same for (b) Absolute Salinity (SA, g/kg) and (c) cross-section velocity (Vx positive when directed 
northeastward, cm/s). Main geographical features are delineated with horizontal lines. Thick black contours delineate AW (Θ >1°C and SA > 35.05 g/kg). (d) 
Linear trend in Conservative Temperature (Θ, °C/decade) along transect 1 (0–1,000 m), computed over 2008–2020. (e) Same in Absolute Salinity (SA, g/kg/
decade), (f) in potential density ( , kg/m3/decade) and (g) cross-section velocity (Vx, cm/s/decade). Gray contours are decadal trend isolines. Blue contours on 
(d–g) delineate areas where the 12-years trend is larger than the STD. (h) AW layer thickness along transect 1, 2008–2010 mean (gray area, m), 12-years STD 
(blue envelope centered on the 2008–2010 mean, m) and linear trend (red area, m/decade) added to the 2008–2010 mean. The horizontal line indicates the 
265 m level shown in (a–c), vertical lines delineate geographic regions as reported below. SD, Sofia Deep; YP, Yermak Plateau. AWBC1 and YB (Yermak Branch) 
as in Figure 5.
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model fields (12 years, 2008–2020) and compared to STD values (of detrended time-series) (panels d–h in 
Figures 7, 9, 10, 12 and 13). An animation of PSY4 mapped velocity fields at 265 m over 2008–2020 with a 
3-days temporal resolution is provided in supporting information (S2).

4.1. Interannual Variations in AW Volume Transport Across and Around Yermak Plateau

4.1.1. Strengthening of the YB

A striking feature in transect 1 was the strengthening of the YB at 82°N on the western flank of Yermak 
Plateau, with larger northeastward velocities at 265 m from 2011 onwards (Figure 7c) and warmer and salt-
ier waters (Figures 7a and 7b). Vertical sections along transect 1 illustrated these YB changes throughout 
the upper 1,000 m of the water column, with a large increase in AW layer thickness (up to +150 m/decade, 
Figure 7h) and in cross-section velocities down to the seafloor (Figure 7g). Velocity trends reached 3.5 cm/s/
decade near the surface. The temperature and salinity trends in the YB were large in the upper 200 m with 
values of +2°C/decade and +0.2 g/kg/decade (Figures 7d and 7e).

Positive trends in velocity and AW thickness led to an increased AW volume transport across the YB section 
(mean of 0.2 Sv in 2008–2012 and 0.7 Sv in 2013–2020, brown bars in Figure 8b). AW transport through 
the YB at 82°N was the largest in 2014/2015 (annual mean of 0.9 Sv), making up for 23% of the WSC AW 
transport (compared to 12% on average over 2008–2020) (Figure 8b). That year, the net AW volume transport 
across the Yermak Plateau accounted for 70% of the WSC transport (YP, black bars in Figure 8a). In other 
words, in 2014/2015 only 30% of the AW volume carried by the WSC recirculated toward Fram Strait south 
of 82°N instead of 45% on average (rB, gray bars in Figure 8a). The year 2014/2015 also corresponded to 
a clear decline of the AW volume recirculating toward Fram Strait south of 82°N, from a mean of ∼2.2 Sv 
in 2008–2013 (i.e., 55% of the WSC), to ∼1.3 Sv from 2014 onwards (i.e., 32% of the WSC) (gray bars in 
Figure 8a).

4.1.2. Contrasting Variations of the YPB and SB

Waters in the YPB became progressively warmer and saltier (Figures  9a and 9b), with a substantial in-
crease near the surface (+2°C/decade, +0.2 g/kg/decade), while below 100 m they became lighter by about 
-0.05  kg/m3/decade as a result of warming (+0.5°C/decade) and freshening (−0.05  g/kg/decade) (Fig-
ures 9d–9f). Positive trends in velocity (+2 cm/s/decade) and AW thickness (+150 m/decade) were centered 
over the lower slope (900 m isobath, Figures 9g and 9h), suggesting a slight displacement of the core of the 
YPB to deeper isobaths. However, the velocity trends were small compared to the large STDs in the YPB 
(STD of 5 cm/s at 265 m, for a mean of 5 cm/s, Figure 9c). This variable YPB flow, with seldom occurrences 
of northwestward velocities (Vx < 0 in summer 2016 for example; cf. Koenig et al., 2017a) (Figure 9c) was 
consistent with previous studies (Koenig et al., 2017a; Menze et al., 2019).

The resulting interannual variations in AW volume transport through YPB were large, ranging from 0.8 Sv 
in 2012–2013 (20% of the WSC AW transport) to 1.7 Sv in 2013–2014 (34% of the WSC AW transport; blue 
bars in Figure  8b). In contrast with the YPB, the SB exhibited little variations in AW volume transport 
(0.4–0.65 Sv, representing 11%–17% of the WSC transport, green bars in Figure 8b).

4.1.3. Intensification of the Circulation in the Sofia Deep

Transects 1 and 2 also provided information on the relatively small and variable velocities in the Sofia Deep 
(mean Vx∼2 cm/s, STDs of about 2–3 cm/s, Figures 7c and 9c). At 265 m, these velocities resulted in a mean 
flow predominantly southward along the eastern flank of the Yermak Plateau (centered around 81.8°N) and 
in a mean anticyclonic circulation in the Sofia Deep (velocities of 1–2 cm/s; Figures 7c and 9c).

Mirroring the northeastward YB interannual variations (see section 4.1.1), the largest velocities and AW 
volume transport in the RYB were reached in 2013–2020 (Figures 7c and 8b). These flows (YB pathways and 
RYB) are schematized with yellow and orange arrows in Figure 14.

The mean anticyclonic circulation in the Sofia Deep consisted of a northeastward flow in the center of the 
Sofia Deep (near 81.4°N) and a southwestward flow (near 81.1°N) to the north of the eastward boundary 
current along transect 1 (Figure 7c). This mean anticyclonic circulation showed up in transect 2 as a south-
eastward flow near 81.4°N, and a northwestward flow near 81.1°N (Figure 9c). Animations of velocity fields 
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at 265 m (supporting information S2) indicated meanders recurrently detaching from the AWBC near 18°E, 
where the steep slope abruptly changes direction, contributed to the anticyclonic circulation in the Sofia 
Deep (Figures  1 and 7c). Meanders either became elongated, following a U-turn anticyclonically (sche-
matized with plain green arrows in Figure 14), or evolved in long-lived slowly-moving AW anticyclonic 
eddies with rather large radii R∼45 km (schematized with dashed green arrows in Figure 14). A particu-
larly vigorous and persistent anticyclonic eddy was observed in December 2016, with azimuthal velocities 
Vx > 5 cm/s lasting for over a month (Figures 7 and 9).

The flow in the Sofia Deep evolved from weak and highly variable velocities in 2008–2010 to a recurrent 
anticyclonic circulation, bringing progressively warmer and saltier waters toward the north from 2010 on-
wards (Figures 7a–7c, 9a–9c). In the center of the Sofia Deep, trends in northeastward velocities reached 
+2 cm/s/decade in the upper 600 m (81.4–81.7°N in Figure 7g). The Sofia Deep exhibited large positive 
trends in temperature and salinity, strongest near the surface (+1°C to +2°C and +0.1 to +0.2 g/kg in the 
upper 200 m, Figures 9d and 9e) as for the YB, and associated with a mild temperature-driven density de-
crease below 200 m (−0.03 kg/m3, Figure 9f). This is in agreement with the vertical and lateral progression 
of AW (thickening about +200 m/decade in the Sofia Deep, Figures 7h and 9h). Notable exceptions to this 
overall temperature and salinity increase were the seldom occurrences of local and upstream intense winter 
convection events leading to anomalously cold water at 265 m extending from the slope into the Sofia Deep 
(February 2013 and 2018, Figures 7a, 7b, 9a and 9b; Athanase et al., 2020).

4.2. Interannual Variations in the Boundary Current Along the Slope

AW volume transport across the boundary current sections was largely correlated with the YPB (Sec-
tion  3.2.1, Figures  5b and 5c). Shelf-slope and slope-basin exchanges also contributed to modulate AW 
volume transport across the boundary current sections (AWBC1 to 4 and A-TWAIN, Figures 5c and 11a). 
For example, exchanges with the Franz-Victoria or Kvitøya troughs contributed to large decreases in annual 
AW volume transport (e.g., 2018/2019 between AWBC2 and A-TWAIN, 2013/2014 between A-TWAIN and 
AWBC3, Figure 11a; Athanase et al., 2020). On several occasions, the boundary current was observed mean-
dering along the slope (supporting information S2). In particular, the development of persistent meanders 
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Figure 8. (a) Annual means of AW volume transport in the WSC, AW crossing the Plateau (YP net; sum of YPB, YB and SB) and recirculation branches (rB, 
computed as WSC – YP net) in 2008–2020. Year-long intervals are taken from June to May of the following year in order to include complete winters. Black bars 
are STDs for individual years. (b) Same for the 4 sections located over Yermak Plateau. Sections names and color codes are as in Figure 5.



Journal of Geophysical Research: Oceans

ATHANASE ET AL.

10.1029/2020JC016825

14 of 23

Figure 9. Same as Figure 7, along transect 2. YP, Yermak Plateau; YPass, Yermak Pass; SD, Sofia Deep. YPB, Yermak Pass Branch and OS1, Offshore Section 1 
as in Figure 5.
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looping around the AWBC1 section, leaving the shore near 14°E and rejoining the boundary current at 
the shelf break near 18°E, led to an annual AW volume transport larger at AWBC2 than at AWBC1 (e.g., 
2014/2015 and 2016/2017 in Figure 11a; August–October 2014 and February–May 2017 in supporting in-
formation S2). In April–May 2012, large eddies detached from the slope between A-TWAIN and AWBC3 to 
join the offshore circulation at OS2 inducing a drastic decrease in AW volume transport at this location in 
the boundary current and an increased AW transport at OS2 (Figure 11). Such mesoscale activity between 
the boundary current and the offshore circulation was common.
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Figure 10. Same as Figure 7, along transect 3. A-TWAIN and OS2 (Offshore Section 2) as in Figure 5.
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Velocities in the boundary current were highly variable and linear positive trends in velocity were compar-
atively small (STD>5–6 cm/s, Figures 7c and 10c; trends of +1–2 cm/s/decade, Figures 7g and 10g). The 
boundary current exhibited an overall warming and salinification in the upper 100 m, reaching +1°C–2°C/
decade and +0.2 g/kg/decade. Below 100 m, temperature increased by about +0.5°C/decade and density de-
creased by −0.05 kg/m3/decade, likely due to a mild salinity decrease (Figures 7d, 7e, 10d, and 10e). The AW 
layer thickened over the lower slope in the boundary current, by +200 m/decade at the upstream AWBC1 
(Figure 7h) and about +50 m/decade at A-TWAIN (Figure 10h).

4.3. Offshore AW Circulation

The western and eastern parts (OS1 and OS2, Figure 5) of the offshore circulation (purple arrows in Fig-
ure 14) carried relatively cold and fresh waters in 2008–2010 (Θ < 1.8°C, SA < 35.05 g/kg at 265 m; Fig-
ures 9a, 10a and 10b). From 2011-onwards, the flow across OS1 and OS2 at 265 m mostly comprised AW 
(with Θ >1.5°C, SA > 35.05 g/kg), in spite of occurrences of colder, fresher waters (e.g., winter 2013/2014, 
years 2015, 2017) (Figures 9a, 9b, 10a, and 10b). The offshore circulation showed up as large positive (east-
ward) cross-section velocity trends in transects 2 and 3 (+2 to +3 cm/s/decade, Figures 9g and 10g).

The circulation across OS1 at 265m evolved from a weak (Vx < 2 cm/s) flow in 2008–2015, adjusting into 
a stronger and more organized flow from 2015-onwards (Figure 9c). The eastern part of the offshore circu-
lation (OS2) at 265 m strengthened earlier in winter 2009/2010 (Vx > 2 cm/s, Figure 10c). As a result, AW 
volume transport across OS1 remained small until 2014 (<0.25 Sv) and increased abruptly in 2015 to reach 
0.5–0.75 Sv in 2016–2020, while the AW transport at OS2 was moderate (0.25–0.75 Sv) in 2009–2014 and 
exceeded 0.5 Sv from 2015-onwards (Figures 11b).

The western part of the offshore circulation (OS1) was regularly fed by the YB reaching the Yermak Plateau 
tip, either flowing along the western edge of Yermak Plateau (plain yellow arrow in Figure 14), or through 
shortcuts across the Plateau (dashed yellow arrows in Figure 14), and joining the northeastward flow in the 
Sofia Deep (green arrows in Figure 14; supporting information S2). Furthermore, the cyclonic recirculation 
centered around 24°E, 83.8°N (gray arrow in Figure 14) recurrently advected colder and fresher waters from 
the deep WNB interior (>3,900 m isobaths) toward OS1 (Figures 4c–4h). Interestingly, waters carried across 
OS2 were on average warmer and saltier than at OS1 (Θ ∼ +0.4°C, SA∼ +0.02 g/kg), indicating an additional 
contribution from the boundary current through enhanced basin-ward mesoscale activity injecting AW 
offshore.
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Figure 11. Annual means of AW volume transport (Sv) in 2008–2020, (a) across the 5 sections along the continental slope and (b) at the 2 offshore sections 
downstream of Yermak Plateau. Year-long intervals are taken from June to May of the following year in order to include complete winters. Black bars are STDs 
for individual years. Sections names and color codes are as in Figure 5.
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5. Changes in AW Properties and Pathways in the WNB over 2008–2020
Velocity trends at 265 m highlighted the major circulation changes that is, the intensification of the YB 
at 82°N (with a local significant maximum of +3 cm/s/decade) and the development of the “V-shaped” 
offshore circulation (with a salient trend of +4 cm/s/decade) (Figure 12a). Other interesting features were 
the velocity decrease in the recirculation branches around the Molloy Deep (79°N) (−2 cm/s/decade) and 
intensification of recirculations north of 82°N (up to +2 cm/s/decade) (Figure 12a). The boundary current 
exhibited large positive velocity trends in the vicinity of trough openings: this could indicate enhanced in-
stabilities and mesoscale activity, such as the frequent meandering described in Section 4.2.

Positive trends in temperature and salinity at 265 m (core of the AW layer, Figures 12b and 12c) were consist-
ent with these strengthening AW pathways (Figure 12a). Large positive trends to the north and northwest 
of Yermak Plateau (up to +1.5°C/decade, +0.15 g/kg/decade, +0.03 kg/m3/decade; Figures 12b–12d) cor-
responded to the intensification of the YB and northward shift of AW recirculation branches (Figure 12a). 
Another large increase in temperature, salinity and density at 265 m was located northeast of 83°N, 30°E 
(Figures 12b–12d) downstream of the intensifying “V-shaped” offshore circulation, bringing more warm 
and salty AW from the boundary current toward the basin interior (Figure 12a).
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Figure 12. (a) Linear velocity trends (cm/s/decade) at 265 m, computed over a 12-year period (2008–2020). Velocity trend vectors are plotted in black arrows 
(gray arrows) for intensity trends larger than ±1 cm/s/decade (±2.5 cm/s/decade). (b) Linear trends of Conservative Temperature (Θ, °C/decade) at 265 m. (c) 
Same for Absolute Salinity trends (SA, g/kg/decade) and (d) potential density trends ( , kg/m3/decade). For (a–d), values under the 99.9% significance level are 
whitened. Blue contours delineate points where the 12-years trend is larger than the STD. The yellow star is the location of the mooring as in Figure 1. Isobaths 
contours are as in Figure 4. Thick black lines numbered 1 to 3 are the transects presented in Figures 7, 9, and 10.
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The warming AW inflow (+0.5°C/decade, Figure  12b) exhibited notable freshening in 2018–2020 (Fig-
ures  9a, 9b, and 12c). This recent salinity decrease was consistent with the 2017–2020 mooring data in 
the YPB (Figures 2b and 2d) and likely caused by the propagation of extreme fresh anomalies observed in 
2012–2018 in the upstream North Atlantic and Norwegian Sea (Holliday et al., 2020; Mork et al., 2019). As 
a result, the density decreased along the slope south of 82°N at 265 m (−0.05 kg/m3/decade, Figure 12d) in 
the 100–900 m layer (Figures 7f, 9f, and 10f). As discussed in section 4, the significant warming spread over 
the upper 1,000 m of the WNB and was maximum in the upper 200 m (+2°C/decade) (Figures 7d, 9d, and 
10d). This near-surface warming was associated with a maximum salinity increase (exceeding +0.2 g/kg/
decade at 100 m) (Figures 7e, 9e, and 10e) and the shoaling of the AW layer.

Near the surface, negative velocity trends west of 0°E (−1 to −4 cm/s/decade) possibly indicated a reduction 
or shift of the Transpolar Drift (TPD) and the increasing influence of the YB near the surface on the north-
western flank of Yermak Plateau (Figure 13a).

The warming trend at 25 m, reaching 2.5°C/decade over the YPB, did not extend further than 83°N and 
coincided with a sea-ice cover decline larger than −10%/decade (reaching up to −30%/decade over YPB; 
Figure 13b). A striking signal in salinity and density at 25 m was the dramatic positive trends within the 
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Figure 13. (a) Linear velocity trends (cm/s/decade) at 25 m, computed over a 12-year period (2008–2020). Velocity trend vectors are plotted in black arrows 
(gray arrows) for intensity trends larger than ±1 cm/s/decade (±2.5 cm/s/decade). (b) Linear trends of Conservative Temperature (Θ, °C/decade) at 25 m. (c) 
Same for Absolute Salinity trends (SA, g/kg/decade) and (d) potential density trends ( , kg/m3/decade). For (a–d), values under the 99.9% significance level are 
whitened. The pink contours on (b–d) are the −10% and −20% trends in sea-ice cover (%/decade). Blue contours delineate points where the 12-year trend is 
larger than the STD. Isobaths contours are as in Figure 4. Thick black lines numbered 1 to 3 are the transects presented in Figures 7, 9, and 10.
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Transpolar Drift pathway (blue in Figure 13a), centered around 83°N, 0°E (>+0.6 g/kg/decade, +0.5 kg/
m3/decade; Figures 7e, 7f, 13c, and 13d). Along transect 1, salinity at 25 m showed the northwestward AW 
progression, and the reducing ice cover allowed the atmosphere to maintain close-to-freezing temperatures 
(not shown).

There were no significant trends in salinity and density at 25 m in the WNB interior; however, the conti-
nental shelf exhibited positive trends exceeding local STD values (+0.2 g/kg/decade, +0.15 kg/m3/decade; 
Figures 13c and 13d). This could be due to a change in the upstream Barents Sea conditions, out of the scope 
of this study.

6. Summary and Discussion
We used 12 years of PSY4 fields to examine the evolution of the circulation, volume transport and properties 
of AW in their major entry region, the WNB. Previous examination of the model performance in the WNB 
underlined the good skill of PSY4 in representing realistic AW inflow and properties (Athanase et al., 2020), 
despite some inherent limitations. Indeed, the model is not fully eddy-resolving in the area (i.e., grid size of 
4 km, and Rossby deformation radius of ∼10 km; Crews et al., 2018) and does not simulate tides which are 
important above and on the slopes of the Yermak Plateau (e.g., Fer et al., 2020; Koenig et al., 2017a; Padman 
et al., 1992). Further comparisons with a 32 months-long (2017–2020) time-series of temperature and salin-
ity at 350 m in the Yermak Pass (Labaste et al., 2020) and with a CNES/CLS multi-mission altimetry prod-
uct prototype for the Arctic Ocean (2016–2018) confirmed the good performance of PSY4 in recent years 
(Figure 2). The skill of the model in reproducing the properties and velocity in the AW boundary current 
was further demonstrated by comparing modeled and observed AW volume transport at 30°E in 2012–2013 
(correlation of r = 0.79 with 10-days smoothed A-TWAIN observations, significant at the 99% confidence 
level) (Figure 3). PSY4 was thus trusted to examine AW circulation and volume transport in the WNB.
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Figure 14. Schematic circulation and water pathways over the Yermak Plateau and in the WNB in the recent 2011–2020 period, as suggested by PSY4. Blue 
arrows represent the near-surface Transpolar Drift (TPD). Red arrows are the Atlantic Water (AW) circulation documented in the literature; orange, green and 
purple arrows are the newly suggested AW pathways. AWBC, AW Boundary Current; HT, KT, FVT, and BCT, Hinlopen, Kvitøya, Franz-Victoria, and British 
Chanel Troughs; rB, recirculation Branches; RYB, Return Yermak Branch; SB, Svalbard Branch; SD, Sofia Deep; WSC, West Spitsbergen Current; YB, Yermak 
Branch; YP, Yermak Plateau; YPB, Yermak Pass Branch.
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Circulation patterns at 265 m have changed in the WNB over 2008–2020 (compare Figure 14 and Figure 1; 
trends in Figures 12 and 13). Major changes include the strengthening of the YB (yellow arrows in Fig-
ure 14) feeding the RYB along the eastern flank of the Plateau (orange arrows). Downstream of Yermak 
Plateau, a circulation developed offshore following a V-shape above isobaths 3,800–3,900 m (purple arrows). 
The western part of the offshore flow was fed with waters from the Yermak Plateau tip starting in 2015. As 
early as 2009, enhanced basin-ward mesoscale activity contributed to the northeastward part of the offshore 
current, bringing warm and salty AW (purple area in Figure 14). Indeed, the AWBC strengthened east of 
18°E, with more frequent meandering (schematized with double red arrows in Figure  14). A recurrent 
anticyclonic circulation developed in Sofia the Deep, either via long-lived eddies or anticyclonic meanders 
(green arrows), which also occasionally fed the western part of the offshore flow. West of Yermak Plateau, 
the Transpolar Drift likely shifted westward (blue arrows) while AW recirculations progressed further north 
(dashed red arrow).

These circulation changes have yet to be considered with caution. Indeed, it is possible that the offshore 
intensification from 2011-onwards could result from a spin-up period larger than the 15 months estimated 
here (see Appendix), due to particularly small velocities in the WNB interior (about 2–3 cm/s). Nonetheless, 
the changes were consistent with the few available observational studies. The development of the offshore 
circulation was concordant with the existence of a local minimum in SSH fields north of the 3,800 m isobath 
(see Section 2.2.), inducing horizontal SSH gradients along the 3,800–3,900 m isobaths and thus surface 
geostrophic velocities. Furthermore, several studies documented AW mesoscale structures along the track 
of the eastern, basin-ward part of the offshore flow (Athanase et al., 2019; Pérez-Hernández et al., 2017; 
Våge et al., 2016). Observations over the continental slope also supported the evolution of the boundary 
current: indeed, V. V. Ivanov et al. (2009) reported a highly persistent direction of the flow in the AWBC near 
30°E in 2004, while at the same location the boundary current was observed to be baroclinically unstable, 
meandering across the slope and shedding eddies in 2012–2013 (Pérez-Hernández et al., 2017, 2019; Våge 
et al., 2016). Recent in situ data from Kolås et al. (2020) in summer and fall 2018 in the Sofia Deep docu-
mented a westward countercurrent just to the north of the boundary current in the Sofia Deep and detach-
ing from the slope at 18°E, in agreement with the modeled anticyclonic circulation in Sofia Deep. Finally, a 
meander of AW turning back toward Fram Strait was observed at 82.8°N, 3°W in December 2017 (Athanase 
et al., 2019), supporting the northward shift of recirculation branches.

The intensification of the circulation coincided with an overall warming and salinification in the upper 
1,000 m of the WNB interior, consistent with the progression of AW in the region (Figures 7, 9, 10, and 12b). 
Interestingly, the warming AW inflow exhibited negative salinity trends (Figure 12c), resulting from a nota-
ble freshening in 2018–2020 (Figures 7a, 7b, 9a, 9b, 10a and 10b). The recent 2017–2020 mooring data in the 
YPB further documented this salinity decrease (Figures 2b and 2d). The freshening of the AW inflow was in 
agreement with the extreme fresh anomalies observed in the upstream North Atlantic in 2012–2016 and in 
the Norwegian Sea in 2017–2018, caused by wind-driven changes in the ocean circulation which advected 
fresher waters of Arctic origin into the subpolar North Atlantic (Holliday et al., 2020; Mork et al., 2019). This 
underlines the crucial role of upstream atmospheric and oceanic conditions in determining the properties 
of AW entering the Arctic.

PSY4 yielded insights on AW pathways and volume transports in the rapidly transitioning WNB. This re-
gional description of the changing circulation provides a background for the interpretation of upcoming 
mooring and synoptic cruise data, which might revise the present conclusions.

Appendix: Initial Conditions In The PSY4 System
The PSY4 system was initialized with temperature and salinity from EN4.2.1 fields in October 2006 (Good 
et al., 2013). The October 2006 salinity field exhibited an unexpected pattern with a local minimum (SA (265 
m) < 34.9 g/kg) radiating from the Franz-Josef shelf toward the pole along the 50°E longitude (Figure A1), 
likely created by undesirable interpolations or extrapolations of remote observations in this data-sparse 
area.
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Time-series of vertical profiles in the spurious initial salinity minimum at 55°E (Figures A1d and A1e) illus-
trate the evolution of temperature and salinity from these initial conditions. In the AW layer (265 m), AW 
salinity near 50°E decreased sharply from its anomalously fresh values until stabilizing around 35 g/kg in 
early 2008. Hence, the spin-up time in the WNB was considered to be 15 months and time-series were only 
considered from April 2008 onwards.
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Figure A1. (a) Initial condiztions of the PSY4 system in October 2006 over the Western Eurasian Basin, in Absolute Salinity (SA, g/kg) at 265 m. Gray contours 
is the IBCAO bathymetry. (b) Same as (a), focused on the Western Nansen Basin (WNB) area (black box on [a]). (c) Absolute Salinity (g/kg) at 265 m, in April 
2008. (d) Time-series (upper 500 m) of Conservative Temperature (Θ, °C) and (e) Absolute Salinity (g/kg) at the location of the initial local salinity minimum 
(black point on [a]–[c]). Depths 25 and 265 m are reported as horizontal lines. The spin-up period (January 2007–April 2008) for the WNB area is delineated by 
the thick dashed line.
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Indeed, the WNB region considered here constitutes in a trapeze-shaped area of 600  km width (north-
south), and minimum (northern edge) and maximum (southern edge) length of 600 and 1,200 km. In this 
region, the assimilation of parameters other than sea-ice are primarily confined to the ice-free Fram Strait. 
Times of advection from Fram Strait to the ice-covered basin interior were estimated to be roughly on the 
order of 10–15 months.

The computations shown in the manuscript were also performed on a shorter time-series (April 2009 to 
May 2019) and the results were not significantly different.

Data Availability Statement
The model outputs are available at Copernicus Marine Environment Monitoring Service (CMEMS; http://
marine.copernicus.eu/).
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