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Abstract Ocean vortices are an important regional agent of water transport and cross-frontal exchange.
This study is a first attempt to compare statistics of 3D properties of mesoscale eddies over the Norwegian
and Greenland Seas. Results suggest that eddies in the central Greenland Sea are less intense, have smaller
vertical extent and much smaller heat anomalies in their cores compared to eddies in the Lofoten Basin

of the Norwegian Sea. In addition, these results suggest a relatively small inter-basin eddy exchange. The
large-scale pattern of eddy translations shows that eddies cyclonically skirt the Norwegian-Greenland region.
There is also a regional cyclonic pattern in the Lofoten Basin with a consistent signature of eddy merger in
the northern part of the basin. We confirm that eddies generated from the Norwegian Atlantic Slope Current
(NwASC) have a significant effect on the amount of heat the NwASC brings to the Arctic. The heat lost
from the NwASC between the Svinoy and Sorkapp sections associated with the westward eddy heat transport
translates to 70 + 23 TW, 90% of which occurs in the Lofoten Basin. This accounts to 35% of the heat advected
by the NwWASC across the Svinoy section and is comparable with the heat loss in the Barents Sea. Interannual
variability of the heat flux due to a change in the number of generated eddies is relatively small (~10 TW).
Nevertheless, our estimates suggest that, by varying temperature of their cores, the generated eddies can
effectively damp temperature anomalies that propagate north along the NwASC.

Plain Language Summary Mesoscale eddies in the ocean are large rotating water bodies with
typical radii between 10 and 100 km and vertical extents of a few hundred meters. These eddies can be an
important regional agent of water transport and cross-frontal exchange. In this study we found that eddies

in the Norwegian Sea have notably larger vertical extent, rotating velocity and intensity of thermohaline
anomalies in their cores compared to those in the Greenland Sea. This suggests the predominantly local origin
of eddies in each of the basins and a small inter-basin exchange. All eddies move counterclockwise around
the Norwegian-Greenland region. Counterclockwise eddy translations are also registered in the Lofoten
Basin. Propagating away from their generation regions (the continental margin of Lofoten Islands and western
Spitsbergen) eddies merge and, on average, become bigger. In the Norwegian Sea, eddies extract about 70 TW
of heat from the Norwegian Atlantic Slope Current, which reduces the northward heat transport of the current
by one third and is comparable with the amount of heat extracted into the Barens. This eddy heat transport
can effectively damp water temperature anomalies propagating along the current from the mid-latitudes North
Atlantic into the Arctic.

1. Introduction

The Nordic Seas are the main gateway through which oceanic heat is channeled into the Arctic, along three branches
of the Norwegian Atlantic Current (NWAC) (Gascard & Mork, 2008; Orvik & Niiler, 2002; Raj et al., 2018):
the Norwegian Atlantic Slope Current (NWASC), the Norwegian Atlantic Front Current (NWAFC) and a much
weaker branch of the Norwegian Atlantic Coastal Current (NWACC) (Figure 1). Of about 8-9 Sv of the overall
NwAC transport across the Svinoy section (Dickson et al., 2008; Spall et al., 2021) around 1-3 Sv is directed
through the Barents Sea Opening (BSO) into the Barents Sea (Bashmachnikov et al., 2018; Blindheim, 1989;
Rudels, 2015; Smedsrud et al., 2013). Around 6-11 Sv is transported north via the West Spitsbergen Current
(WSC) (Beszczynska-Moller et al., 2012; Fahrbach, 2006; Rudels, 2015; Schauer et al., 2004, 2008). The large
differences in the estimates are due to the different ways of taking into account the strong recirculation in the
Fram Strait, as well as different time periods of the averaging. Inter-annual variability reaches 1-2 Sv at Svinoy
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Figure 1. Sea-surface currents (vectors, AVISO altimetry, averaged over
1993-2018) and SST (color, MUR data set, averaged over 2002—-2018).
NwASC is the Norwegian Atlantic Slope Current, NwAFC is the Norwegian
Atlantic Front Current, WSC is the West Spitsbergen Current, EGC is the East
Greenland Current, NIIC is the North Icelandic Irminger Current, NCC is the
Nordcape Current, LV is the Lofoten Vortex, LI is Lofoten Islands, JMF is
the Jan Mayen Fracture zone, BSO is the Barents Sea Opening, Sv is Svinoy
section, JM is Jan Mayen section and island, BI is Bear Island section and
island, Srk is Sorkapp section, FS is Fram Strait section. A, B, C, D are the
areas discussed below. The isobaths of 500 and 2,500 m are marked with gray
dashed and solid lines, respectively.

(Skagseth et al., 2008) and up to 5 Sv in the WSC (Beszczynska-Moller
et al., 2012; Rudels, 2015). Taking into account this large variability, we
suggest an approximate balance of the water transport in and out of the
Norwegian Sea. Considering only the Atlantic water (AW) at Svinoy section,
defined by the minimum salinity of 34.88 and the minimum temperature of
2°C, from around 8 Sv of the AW, which enters the study region with the
NwAC, only 1.5 Sv leaves to the Barents Sea (Rudels, 2015) while 3 Sv
enters the Fram Strait with the WSC (Beszczynska-Moller et al., 2012; Kolas
& Fer, 2018). The imbalance results from a decrease in the total amount of
AW along its path due to cooling and densification associated with direct
heat loss to the atmosphere and mixing with surrounding waters (Smedsrud
etal., 2022; Spall et al., 2021). The mean AW temperature decreases from 5°C
at Svinoy (Mork & Skagseth, 2010) to 3-4°C in the BSO (Bashmachnikov
et al., 2018; Skagseth et al., 2008) and 2—4°C in the WSC. This is a result
of intense heat loss to the atmosphere (which leads to densification of the
AW on its way north), which primarily takes place in the Norwegian Sea
(Latarius & Quadfasel, 2016), and, within this region, is concentrated along
the branches of the NwAC rather than in the central parts of the basins (Spall
et al., 2021).

In terms of the heat fluxes, using the reference temperature Tb = 0°C, the
NwAC is estimated to carry around 300 TW across Svinoy section to the
Lofoten Basin during the early 1990s and 400 TW in the late 2010s (Bacon
et al., 2015; Hansen et al., 2008), while around 140 TW enters the Lofoten
Basin from the west (Vesman, 2021). About 20%—25% of this heat (around
124 TW, Tb = 0°C) enters the study region west of the Faroe Islands and
forms the NwAFC (Hansen et al., 2015), while the largest heat flux comes
in the study region with the NwASC (Spall et al., 2021). The NwACC has
significant influence only on the uppermost layer of the Lofoten Basin, while
already at 200 m its influence is negligible and the water from the NwASC
is clearly dominating (Fedorov et al., 2021). This incoming heat is dispersed

around the Norwegian Basin and further is lost to the atmosphere and to mixing with the colder waters of Arctic

origin. This results in a decrease of the oceanic heat transport by the WSC through the Fram Strait to around
50 + 20 TW (Fahrbach, 2006; Rudels, 2015; Schauer & Beszczynska-Moller, 2009; Schauer et al., 2008). Of
the overall heat entering the Lofoten Basin from the south, over 75% is lost already within the Lofoten Basin

(Vesman, 2021) and only 25% propagates further north across the Bear Island section (Figure 1).

One of the important sources of the heat loss from the NwASC is the oceanic advection into the Barents Sea
with the Nordcape Current (NCC), which is 70 + 20 TW during the recent decades (Tb = 0°C, Bashmachnikov
et al., 2018; Smerdsrud et al., 2010). The sum of the oceanic heat loss to the atmosphere and radiation balance

over the Norwegian Sea ranges between 50 and 150 W m~2, depending on the season and the position, with the

annual and basin-mean heat leaving the ocean surface of around 40-70 W m~2 (Latarius & Quadfasel, 2016; Spall

et al., 2021; Treguier et al., 2021). This gives an overall heat loss of 30-60 TW at the ocean surface over the east-

ern Norwegian Sea (regions A and B in Figure 1). A part of the incoming heat is mixed down to supply the core of

warm water of the Lofoten Basin below 500 m (Rossby et al., 2009), and also leads to an increase of temperature

of the upper layer of the Lofoten Basin, as observed during the recent decades (Mork et al., 2019). The mesoscale

eddies generated by baroclinic and barotropic instability of the NwASC and the NwAFC effectively extract the
heat from both branches of the NwAC and redistribute it over the Lofoten Basin (Bashmachnikov et al., 2017;
Ghaffari et al., 2018; Isachsen, 2015; Kohl, 2007). Both branches of the NwWAC, as well as the WSC, meet the
instability criteria and can be regarded as eddy generation regions (Ghaffari et al., 2018; Koszalka et al., 2011;

Trodahl & Isachsen, 2018). The area of the largest heat loss along the NwAC is also the region of the most inten-

sive generation of eddies by the NwASC, along the steepest section of the continental slope of Norway (Dugstad

et al., 2021; Isachsen, 2015; Koszalka et al., 2011; Raj et al., 2020). However, Lagrangian modeling suggests that

eddies may be not the only factor in redistributing heat in the basin. Strong pulses of current developed in jets

crossing the basin, filaments and Ekman transport may also be of high importance (Dugstad et al., 2021; Fedorov

et al., 2021; Spall, 2010).
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Chelton et al. (2011) presented one of the first global estimates of statistical characteristics of mesoscale eddies
tracked for at least 2 weeks, which means at least two consecutive detections of the same vortex in the 7-day
AVISO altimetry. Due to problems with the accuracy of the mean sea-level estimates in the polar regions, this
data set has been limited to the coverage area of the TOPEX/Poseidon satellite altimeter, that is, equatorward
of 66° latitude, and covers only the southernmost part of the Nordic Seas. Nevertheless, further studies showed
that the accuracy of AVISO10 altimetry, tested against in situ sea-level records, is on average 2-3 cm in the
Nordic Seas (Volkov & Pujol, 2012), that is, on the same level as in the tropical areas of the ocean (Fu and
Cazenave, 2001). The 0.25° X 0.25° spatial resolution of the AVISO data yields 28 km in latitude and, in the
Nordic Seas, 10-25 km in longitude. The convergence of satellite tracks in these northern regions increases spatial
resolution, which partly compensates for the absence of TOPEX/Poseidon-Jason data series, and the accuracy
remains high. This resolution is marginal for the detection of mesoscale eddies with a typically observed dynamic
diameter between 20 and 80 km, with 30 km on average (Bondevik, 2011; Johannessen et al., 1983, 1987; Raj &
Halo, 2016; Richards & Straneo, 2015; Sandven et al., 1991; Wang et al., 2020; Yu et al., 2017). Recent studies
suggest that a further increase in the spatial coverage of the satellite altimetry data set, improvement in the geoid
determination (Raj et al., 2018; Taburet et al., 2019) and in the methodologies for automated eddy detection
enable AVISO altimetry to obtain correct spatial statistics of mesoscale eddy properties even at these high lati-
tudes, when compared to SAR observations and high-resolution models (Bashmachnikov et al., 2020; Kubryakov
et al., 2021). Furthermore, independent observations show that mesoscale eddies detected in the Nordic Seas in
sea surface drifter trajectories show a good correspondence with positions of eddies detected in AVISO14 altim-
etry (Capet et al., 2014; Raj & Halo, 2016).

In the Lofoten Basin, the eddy kinetic energy (EKE) is high, in particular in the north-eastern and northern parts
of the basin. Eddies drift from their principal generation region at the Lofoten Islands, circling the basin in a
counterclockwise direction. This has been derived from analysis of drifter trajectories (Koszalka et al., 2011;
Rossby et al., 2009), altimetry (Raj & Halo, 2016; Raj et al., 2016, 2020) and ocean models (Bashmachnikov
et al., 2017; Isachsen, 2015; Kohl, 2007; Raj et al., 2020; Volkov et al., 2015). Eddies are also actively formed
further north, in the WSC (Trodahl & Isachsen, 2018). Here eddy transport governs a recirculation branch in the
southern part of the Fram Strait (Boyd & D’Asaro, 1994; Nilsen et al., 2006; Hattermann et al., 2016; Kolas &
Fer, 2018; Hofmann et al., 2021; von Appen et al., 2015, 2016; Walczowski, 2014).

In this study, we present the statistics of 3D properties of mesoscale eddies in the Lofoten Basin derived from
the modern AVISO18 altimetry data and from in situ vertical profiles, and explore eddy heat transport in the
Norwegian and Greenland Seas. We show that this flux is significant and its variability may affect the ocean heat
transport into the Arctic Ocean.

2. Data and Methods
2.1. The Study Region

Oceanic heat fluxes are estimated across the boundaries of four areas along the AW pathway as it transits through
the Nordic Seas from the Svinoy section to the Fram Strait (Figure 1). The western boundary of the study region
passes from the western tip of the Svinoy section to Jan Mayen and from Jan Mayen northwards, along Knipovich
and Mohn ridges. The eastern boundary follows the Norwegian coast, the Barents Sea Opening, and the western
coast of Spitsbergen.

2.2. The Background Characteristics of the Study Region

The vertical extent of temperature-related eddy anomalies roughly corresponds to the thickness of the AW layer
in the NwAC, which in the study region extends down to around 500 m (Iakovleva & Bashmachnikov, 2021).
The oceanic heat advection over the upper 500 m across the selected sections (Figure 1) was estimated using
ARMOR3D data set (http://marine.copernicus.eu/), which combines in situ and satellite observations at stand-
ard depth-levels. The data set has the 0.25° X 0.25° spatial resolution and the monthly temporal resolution.
The geostrophic current velocity in ARMOR3D was obtained by extrapolating the AVISO altimetry currents
downwards using a previously derived 3D data set of gridded vertical profiles of temperature, salinity and the
thermal wind relations (Guinehut et al., 2012; Verbrugge et al., 2017). The data are available from 1993 through
the web portal of Copernicus Marine Environment Monitoring Service (Verbrugge et al., 2017). The horizontal
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heat fluxes were estimated relative to the water freezing reference temperature T, = —1.8°C (Kinney et al., 2014),
as well as relative to the more commonly used T, ; = 0°C (Rudels, 2015; Schauer & Beszczynska-Moller, 2009;
Schauer et al., 2008; Skagseth et al., 2008; Smedsrud et al., 2013). With T, = —1.8°C (T,; = 0°C), the heat
transport of the Atlantic Water across the Svinoy section (Figure 1) is 320 + 18 TW (255 + 15 TW), across the
Jan Mayen section is 200 + 17 TW (150 + 13 TW), across the Sorkapp section is 62 + 4 TW (43 + 3 TW), and
across the Fram section is 61 + 3 TW (38 + 2 TW). In the literature, when referenced to T,; = 0°C, the AW
heat transport is estimated as 150 TW across the Svinoy section (Skagseth et al., 2008), 30 to 70 TW across the
Barents Sea Opening (Bashmachnikov et al., 2018; Skagseth et al., 2008, 2011; Smerdsrud et al., 2010), and
around 30 TW across the Fram Strait section (Walczowski, 2014). The relatively small value at the Svinoy section
in the literature is due to a smaller length of the transects used, which did not fully cover the oceanic heat transport
into the Norwegian Sea.

The ocean-atmosphere heat exchange, as well as the radiation balance (shortwave and longwave), are derived
from the ERA-Interim reanalysis (Dee et al., 2011; Fairall et al., 2003) distributed by the European Centre
for Medium-range Weather Forecasts (ECMWF, https://apps.ecmwf.int/datasets/data/interim-full-moda/
levtype=sfc/).

2.3. Ocean Data for Eddy Heat Flux Estimates

The eddies were detected using AVISO18 sea level height data (SLH) with daily time resolution, available since
January 1993 from Copernicus Marine Services (http://marine.copernicus.eu/). The AVISO18 data set has been
completely reprocessed in order to exploit the most recent advances in each of the successive processing steps
and to provide a product of homogeneous quality (Taburet et al., 2019). The reprocessing includes modifications
of a new mean sea-level reference field, a revised inter-calibration procedure, a new ocean tidal component,
and new sensor-specific instrumental and atmospheric corrections. The SLH gridded distributions are based on
the merged ERS-1, 2, GFO, CryoSat-2, HY-2A, SARAL/AltiKa, Envisat, and Sentinel-3 along-track altimetry.
The TOPEX/Poseidon and Jason altimeters coverage reaches up to 66°N, but at these northernmost latitudes
the measurements are only used for removal of the long wavelength errors (e.g., orbit error, altimeter biases) in
the final AVISO products (Le Traon & Ogor, 1998).

The vertical structure and temperature anomalies in ocean eddies were estimated using the EN4 Hadley Center
database (https://www.metoffice.gov.uk/hadobs/en4/). The database collects all available in situ vertical profiles
of temperature and salinity, complementing the more widely used World Ocean Database with a number of other
in situ datasets. EN4 data set undergoes a strict quality control procedure and a robust removal of the duplicate
stations (Good et al., 2013).

2.4. Eddy Detection and Tracking Techniques

Mesoscale eddies were detected using the automatic method suggested by Nencioli et al. (2010). In this method,
eddy centers are detected in the velocity field as the centers of circular or elliptic rotating structures of a limited
size. The following criteria are applied: the velocity vectors should change the sign along a section across the
eddy center and increase in absolute value away from the center, while the velocity directions should cover the
full range of angles in order to ensure a closed rotating structure (for details see Nencioli et al., 2010). This algo-
rithm provides more robust detection for weak eddy structures than alternative algorithms based on Okubo-Weiss
parameter (Isern-Fontanet et al., 2006), the “winding angle” technique (Chaigneau et al., 2008) or the threshold
algorithm for sea-level anomalies (Chelton et al., 2011). Weak eddies should also be considered as their AVISO
altimetry amplitude, among other factors, depends on the distance between the eddy center and the closest altim-
eter track (Bashmachnikov et al., 2013, 2020). Eddy dynamic radii (R) are estimated as the mean distance from
the eddy center to the isoline of zero relative vorticity along the radial rays covering the ellipse with the 10°
increment (for details see Bashmachnikov et al., 2017). Statistical distributions of eddy properties derived in
this study showed a good qualitative agreement for the Lofoten Basin with the results obtained for the same area
by Raj et al. (2016, 2020), Raj and Halo (2016), even though the cited authors used a different eddy detection
technique, which combines the identification of sea-level anomalies within closed isolines and low values of the
Okubo-Weiss parameter. These agreements confirm the robustness of the eddy statistics obtained.

In the Nordic Seas, altimetry data allow identification of isolate vortices with a dynamic radius over 15 km, that
is, the eddy-induced sea-level anomaly of order of 60 km (Bashmachnikov et al., 2020; Raj & Halo, 2016). This
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experimental estimate is mainly a result of the non-simultaneous character of observations coming from different
tracks covering the region, as well as the data errors of an individual sea-level estimate of around 2 cm. At the
moment, algorithms for routine automatic detection of vortices of smaller radii from different satellite data are
absent. Attempts to study submesoscale processes with along-track altimetry (Chavanne & Klein, 2010) face the
problem of anomalies identification from one-dimensional information, while the number of quasi-simultaneous
intersections of altimeter tracks is small. Visual expert identification has been used for detection of eddies in SAR
images. However, the possibility for eddy detection in SAR data is limited by wind velocity (2-3 to 12-15m s™"),
eddy size (large eddies are more difficult to detect), and eddy type (cyclones are more readily detected than
anticyclones, see Zhurbas et al., 2019; Bashmachnikov et al., 2020; Kozlov et al., 2019). Identification of eddies
in SST and ocean color data also has several limitations, the most important of which is frequent cloud cover
in the region. Aside from satellites, numerical models have been used to study eddy characteristics. However,
modern eddy-resolving models need further validation, while the majority of the long-term simulations often do
not have sufficient resolution to reproduce mesoscale eddies, except for the largest ones (Stammer, 2005; Wang
et al., 2020).

Eddy translation velocities are estimated using a standard algorithm of identification of the nearest eddy with
the same direction of rotation (Bashmachnikov et al., 2017; Nencioli et al., 2010). In the present version of
this algorithm, at the following time step, we seek all eddies with the same sign of the relative vorticity anom-
aly situated within the two dynamic radii of the center of a previously detected eddy. If several eddies comply
with these criteria, the closest to the reference eddy is selected. If the distances are equal within the AVISO
grid step, then the one downstream of the reference eddy is selected. In the overwhelming majority of the
cases the algorithm selected the closest eddy. The 7-day time step between the consecutive maps is adopted,
instead of the 1-day time step of the AVISO data set, in order to reduce the effect of small misplacements
of eddy centers on the translation velocities when the consecutive positions of the eddy centers are still too
close to each other. The resulting estimates of eddy translations are binned to 50 X 50 km mesh. The final
time-mean eddy translation velocities are estimated at the cells where at least five eddy displacements are
identified.

To derive the eddy vertical structure, vertical profiles of temperature and salinity from the EN4 data set were
overlaid on the positions of cyclones and anticyclones detected in AVISO altimetry. The results were obtained
only for the eddies with at least one profile in the eddy core, that is, within 0.75 eddy dynamic radii from the
eddy center (R, see Section 2.4), and at least one profile in the background, that is, between 1 and 2 eddy dynamic
radii (Figures 2a and 2c). From the background profiles, those within the neighboring eddies were preliminary
excluded. If several profiles were detected in or outside the eddy, they were averaged. Then the temperature,
salinity and density anomalies in eddy cores were analyzed. The upper and the lower limits of the eddy cores
were estimated (Bashmachnikov et al., 2017) using the following considerations. Formed mainly as a result of
dynamic instability of the NwWAC or WSC (Trodahl & Isachsen, 2018), the anticyclones with warmer and saltier
cores are observed at the cold side of the front, and cyclones with colder and fresher cores—at its warm side.
Below the cores of anticyclones, the isotherms (and isopycnals) are curved downwards relative to the surround-
ing ocean, while under the cores of cyclones they are curved upwards. Therefore, the sign of the anomalies of
the thermohaline characteristics below the eddy core coincides with that in the core. In a subsurface eddy, the
isotherms and isohalines above the core are pushed upwards. Due to this uplift, at some level above the core of a
subsurface anticyclone, the positive anomaly of the core may change to a negative one relative to the background,
even though the core is warmer than the background at the lower levels. To sum up the above, the lower limit of
the eddy core is marked at the depth level where the water density and temperature anomalies fall to less than 25%
of its maximum in the core, though keeping the same sign (Figures 2b, 2c, 2e,and 2f). For subsurface eddies, the
upper limit of the eddy core is taken at the closest to the maximum core level where the corresponding thermo-
haline anomaly changes its sign. Vortices are considered surface-intensified if no upper limit is detected or if it is
detected within 100 m from the sea surface (the typical depth of the upper mixed layer in summer).

For all parameters and results presented below, errors of the mean values over a regular grid were estimated as
reflective of the combined effect of temporal variability as well as that of data errors. The error of the mean (e)
in each cell of a regular grid is estimated as (Emery & Thomson, 2001):

10.95.1-10
e —

\/ﬁ

)
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Figure 2. Examples of the detection of the vertical extent of eddy cores: (a—c) for a cyclone detected in AVISO on 18.12.2008 with a peak relative vorticity of 0.17
f(where f'is Coriolis parameter) and (d—f) for an anticyclone detected in AVISO on 30.10.2008 with a peak relative vorticity 0.26 f. (a, d) Maps with positions of the
eddies (black for the cyclone and magenta for the anticyclone). The areas of the cores of all detected eddies are marked with black dots. The vertical casts inside (red
circles) and outside (green circles) eddy cores, used for estimation of the vertical extent, are derived from EN4 data set. Panels (b, e) show vertical profiles of potential
temperature (°C) and panels (c, f) show vertical profiles of potential density (kg m~3). Green lines show the background profiles outside the eddies (mean profiles

are marked with thick lines) and red lines are for those in the eddy cores. Ochre lines mark the temperature difference between the eddy core and the background.
Horizontal dashed lines show the limits of eddy cores (also marked on profiles with triangles) taken for further calculations; horizontal solid lines show the largest
temperature (°C) and density (kg m~3) anomalies in eddy cores.

where n is the number of observations in a grid cell, ¢ is the standard deviation of the variable and #9s, is the
cumulative Student's distribution for 95% confidence interval and n — 1is the number of degrees of freedom. The
seasonal cycle of eddy parameters was weak and was not filtered before the error estimates.

3. Eddies in the Nordic Seas From Satellite Altimetry

As a significant amount of the warm AW leaves the branches of the NwAC to fill the interior of the Lofoten
basin, a significant drop in the intensity of the heat advection across the Lofoten Basin was detected (Bjork
et al., 2001; Kohl, 2007). This drop is accompanied by a rapid meridional drop in correlations between the
heat fluxes at the Svinoy and Jan Mayen sections, a result of a significant decrease of the interannual oscil-
lations when crossing the basin (Vesman, 2021). This makes the Lofoten Basin the largest warm water pool
in the Norwegian and Greenland Seas, maintained despite the strong annual mean heat release of about
80-90 W m~2 (Dukhovskoy et al., 2006; Richards & Straneo, 2015). A significant fraction of the heat extracted
from the branches of the NwAC to the interior of the Lofoten Basin is thought to be transported by mesoscale
eddies, especially at the Lofoten Islands where eddies are the most intensively generated (Chafik et al., 2015;
Isachsen, 2015; Kohl, 2007; Raj et al., 2020). Eddies also play an important role further north, where one of the
westward recirculations of the AW in the Fram Strait is considered to be eddy-driven (Boyd & D’Asaro, 1994;
Hattermann et al., 2016; Hofmann et al., 2021; Nilsen et al., 2006; von Appen et al., 2015). However, except
for some model studies (see, e.g., Hattermann et al., 2016; Spall et al., 2021; Treguier et al., 2021; Wekerle
et al., 2020), the effect of coherent eddies on heat redistribution in these areas has not been evaluated and forms
the core of this study.

BASHMACHNIKOV ET AL.

6 of 19



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2022JC018987

~
o]

~ ~
IN o

latitude (°)
~
N

70 +
68
66
-20 -10 0 10 -20 -10 0 10
longitude (°) longitude ()

Figure 3. Distribution of mesoscale eddies in the Nordic Seas from satellite altimetry data (1993-2018). (a) Number of
eddies per month identified using AVISO altimetry in 1°x3° mesh-boxes. (b) The total number of eddies for which the
vertical structure was identified using vertical casts of EN4 data set during the study period. Vectors represent the mean
geostrophic currents from AVISO altimetry and black zonal lines are sections for estimating meridional heat fluxes with
eddies. For other notations see Figure 1.

Using the AVISO satellite altimetry data, we detected over 900,000 mesoscale eddies in the study region from
1993 to 2018. The total number of the detected eddies in the Norwegian Sea significantly exceeds that in the
Greenland Sea (Figure 3a). A decrease in the EKE in the Greenland Sea compared to the Norwegian Sea has
been previously noted by Koszalka et al. (2011) from surface drifters. The results of the previous study though
remained uncertain due to a low number of drifters in the Greenland Sea. In the eastern part of the study region,
the number of eddies with a detected vertical structure exceeds 20 eddies per grid-cell (Figure 3b). This allows
estimating the heat transport in this area with a greater confidence compared to large areas of the Greenland Sea
where the number of available vertical profiles is lower.

As derived from the altimetry data, the number of anticyclones was, on average, practically equal to that of
cyclones throughout the study period. Eddy dynamic radii (R, see Section 2.3) present two peaks at R = 40 km
and R = 50 km (Figure 4a). The first peak reflects eddy radii in the Norwegian Sea (in particular in the Lofoten
Basin), and the second one in the Greenland Sea (Figures 4c and 4e). As AVISO altimetry data exaggerates
the radii on average by 1.5 times in these northern regions (Bashmachnikov et al., 2020), the real eddy radii
distribution should have two peaks around 25-30 km and 30-35 km. On the contrary, the radial extension of the
thermohaline anomalies typically exceeds R by 1.4 times which is the e-folding spatial scale of a temperature
drop or rise with distance from the eddy center (see Equation 1 below; also see Armi et al., 1989). Given that both
issues nearly cancel each other out, we choose to use the computed R as the equivalent radial extent of the thermo-
haline anomalies in further estimates of the eddy heat transport. None of the eddy radii exceeds the Rhines scale
m ~100-200 km, where V,, = 20-50 cm s~! is the maximum azimuthal velocity in the eddy core and § = 8
1072 m~! s~! is the rate of linear change of the Coriolis parameter with latitude, where eddies start demonstrating
linear behavior of Rossby waves (Danilov & Gurarie, 2002).

The mean first baroclinic Rossby radius of deformation (Rd) in the study region is around 7-8 km, varying from
7 to 10 km in the south to 5-8 km in the north of the region, depending on water depth and season (Nurser &
Bacon, 2014). Thus, the typical expected eddy is about 2.5-3.5 times Rd. Taking into account that the fastest
growing dynamic instability of the NwAC in the Lofoten Basin has a wavelength of 15 km, which decreases
northwards to 7-10 km west of Spitsbergen (Trodahl & Isachsen, 2018), we may expect the typical radii of the
generated eddies to be of the order of Rd, that is, half of this wavelength. The larger detected eddy radii derived in
the histograms using satellite data (Figures 4a, 4c, and 4e) can be interpreted as a result of eddy mergers.

Such interpretation is based on eddy merging statistics in other regions of the Atlantic Ocean. For example, the eddy
merger leads to an increase in the mean radius of meddies (Mediterranean water eddies in the subtropical North
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Figure 4. Histograms of (a, ¢, e) eddy dynamic radii and of (b, d, f) peak relative vorticity of eddies, negative values are
anticyclones (AC) and positive are cyclones (C) in the selected areas of the study region (see Figure 1): upper row (a, b) is
the whole region of the Nordic Seas; central row (c, d) is the Greenland Basin of the Greenland Sea; lower row (e, f) is the
southeastern Norwegian Sea (region A in Figure 1). Red vertical lines show the median values.

Atlantic) at a rate of 10—15 km per each 100 km with the distance from their generation region (Bashmachnikov
etal., 2015). At 400-600 km distance from the generation region, the mean meddy radius reaches its maximum of
three regional Rd (Figure 6a). An increase in eddy radii northwestwards from the NwASC at around 300-400 km
distance from the Lofoten Islands (Figures 5 and 6a) is within the distance over which frequent meddy mergers
were observed in the subtropical North Atlantic. This is seen in Figure 5, where the second peak of 50 km in areas
of known intensive eddy generation (A and D, see Figure 1) is much smaller than in areas where a large part of
eddies may be of non-local origin (B and C). It is natural that eddies which increase their size due to eddy mergers
have longer lifetimes and thus become more frequent away from the generation region (compare eddy radii at the
Scandinavian continental margin and in the western and northwestern part of the Norwegian Sea in Figure 6a).
In fact, merges of individual eddies have been often observed in the Lofoten Basin (Bashmachnikov et al., 2017;
Kohl, 2007; Raj et al., 2016; Volkov et al., 2015).

The ratio of the peak relative vorticity to the Coriolis parameter (the Rossby number, Ro) typically does not
exceed 0.15 in the study region. This means that the peak relative vorticity of the majority of the selected vortices
is rather weak (Figures 4b and 6b). The exception is the Lofoten vortex with Ro over 0.6. Direct in situ observa-
tions (Yu et al., 2017) show Ro of the Lofoten Vortex reaching 0.7-0.8. In the analyzed altimetry data, the inten-
sity of mesoscale anticyclones in the study region is somewhat greater than that of cyclones. The highest intensity
of the absolute values of the relative vorticity of mesoscale eddies is observed along the two branches of the
NwAC, and in particular the northern Lofoten Basin (Figure 6b), the region of the most intensive eddy generation
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Figure 5. Normalized histogram of eddy dynamic radii in areas A (filled bars), B (empty red bars), C (empty green bars) and
D (empty yellow bars). Straight lines connect the top of the bars between the main mode in the histogram and the basement of
this peak, highlighting the differences in the shape of the main peak of the areas A and D relative to the areas B and C. Error
bars are shown for regions A and B. Regions A-D are shown in Figure 1.

in the Nordic Seas (Trodahl & Isachsen, 2018). Further north the number and intensity of eddies decrease,
consistent with the northward decrease of EKE derived from drifter observations (Koszalka et al., 2011), as
well as the decreased intensity of the potential energy conversion into the EKE (the baroclinic instability) and
the decreased intensity of the kinetic energy conversion into the EKE (the barotropic instability), as derived
from high-resolution model studies (Trodahl & Isachsen, 2018). A further slight increase of the eddy relative
vorticity in the Fram Strait suggests another area of the intensive eddy generation (previously noted in von Appen
et al., 2016).

In the central Greenland Sea, the peak relative vorticity of eddy cores, on average, is about one-half of that in the
Norwegian Sea (Figures 4d and 4f, and 6b). Here the number of cyclones, accounting for more than 60% of all
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Figure 6. Spatial distribution of (a) eddy dynamic radii (km) and (b) absolute values of eddy peak relative vorticity (s~").
Black vectors show the time mean (1993-2018) current velocity; gray lines show 500 and 2,500 m isobaths. For other
notations see Figure 1.
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Figure 7. Velocities (cm s™!) and directions of eddy translation averaged over 1993-2018. (a, ¢) Mean vectors of the eddy
translations (red arrows, color is current velocity, cm s~!) and (b, d) relative errors of the mean in % of the mean values at
50 X 50 km mesh with different smoothing windows: (a, b) 220 X 220 km and (c, d) 440 X 440 km. Only the cells with
five or more registered eddy displacements in the average are considered in the plot. Black arrows in panels (b and d) are
the background mean currents derived from AVISO altimetry. Gray lines show 500 and 2,500 m isobaths. MR is the Mohn
Ridge, KR is the Knipovich Ridge. For other notations see Figure 1.

detected eddies, clearly exceeds that of anticyclones (Figure 4d), while in the Norwegian Sea this ratio is close to
unity (Figure 4f). The latter was also previously noted in Dugstad et al. (2021).

Eddy translation velocities (Figures 7a and 7c) are found to be directed away from the eastern boundary. Two
particular dense and regular eddy translation paths are directed west from the Lofoten Islands and the west-
ern Spitsbergen, both known as areas of the intensive eddy generation (Boyd & D’Asaro, 1994; Hattermann
et al., 2016; Isachsen, 2015; Trodahl & Isachsen, 2018; Nilsen et al., 2006; von Appen et al., 2015). There, eddy
translation velocities are higher than over most of the region. Eddies enter the Norwegian and Greenland Seas
from the south with the NwAC, from the east through the Barents Sea Opening, and from the north with the EGC
(Bondevik, 2011; Johannessen et al., 1983, 1987; Kozlov & Atadzhanova, 2022; Sandven et al., 1991; von Appen
et al., 2018).

Eddies tend to follow the main topographic features and the topographically trapped currents in a counterclockwise
direction around the Nordic Seas. A pronounced counterclockwise eddy circulation is observed in the Lofoten
Basin, consistent with previous studies (Kohl, 2007; Raj & Halo, 2016), as well as in the northern Greenland
Sea. Observations and theoretical estimates suggest that self-translation velocities of mesoscale eddies, that is,

BASHMACHNIKOV ET AL.

10 of 19



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2022JC018987

velocities of a directional propagation of eddy cores due to internal mechanisms (Cushman-Roisin et al., 1990),
can be high enough to allow eddies to move against the mean flow (Bashmachnikov et al., 2015; Morel &
McWilliams, 1997). The predominant movement of the mesoscale eddies with the mean currents in the subpolar
study region is linked to an increase in the importance of the topographic f-effect in eddy self-translations with
latitude compared to the planetary one. The planetary f-effect often governs the self-translations of mesoscale
eddies in the subtropics (Bashmachnikov et al., 2015; Morel & McWilliams, 1997), while in the Nordic Seas
the topographic f-effect makes eddies skirt the Norwegian-Greenland basin in a cyclonic direction, along with
the mean current. The characteristic eddy translation velocities of 1-3 cm s~! (Figures 7a and 7¢) are in the
range of the typical eddy translation velocities (Bashmachnikov et al., 2014; Chelton et al., 2011; Raj et al., 2020)
and are much smaller than the velocity of the NwAC of 5-20 ¢cm s~! (Figure 7b). The westward deviation of
the eddy translation velocities from the NwASC between 67°N and 75°N agrees with the results of Isachsen
et al. (2012), which were based on drifter trajectories, altimetry and a high-resolution numerical model. This
eddy translation is steered by the deep topography of the northern Lofoten Basin, as well as across the Fram Strait
(Figures 7a and 7b). Although the mean velocities obtained from the two smoothing windows (220 x 220 km?
and 440 x 440 km?) are qualitatively similar (Figures 7a and 7¢), the errors of the mean are significantly higher
when the smaller smoothing window is used. In the former case, errors reach 100% of the signal along the eastern
boundary of the region, while for the larger window the error is around 10%-50% (Figures 7b and 7d).

4. Eddy Heat Fluxes

Ocean vortices may be an important agent of heat transport (Dutkiewicz et al., 2001; Spall & Chapman, 1998).
In this section, we explore the possible role of mesoscale eddies in heat redistribution in the Norwegian and
Greenland Seas. Vertical extent and thermohaline properties of eddy cores were obtained only for about 4% of
the detected eddies which, nevertheless, form several thousand cases. The eastern Norwegian Sea, which is more
densely populated with eddies than other parts of the region (Figure 3a), is also more densely sampled. Here the
number of eddies with vertical profiles is several times that of the Greenland or Iceland Seas (Figure 3b). Never-
theless, even 10 to 30 observations per grid cell in the Greenland Sea permit derivation of a consistent large-scale
spatial pattern of the time-mean 3D characteristics of eddies over the study region.

The majority of eddies (over 75%) are classified as surface or near-surface intensified ones. The typical vertical
thickness of the eddies in the central Greenland Sea and the Iceland Sea is 100—400 m, smaller than those in the
eastern part of the region, including the Lofoten basin, where it is around 500 m (Figure 8a). The error is, on
average, 127 m and forms around 30% of the mean (Figure 8b) and the signal to noise ratio is robust over most of
the region. The exception is the central Greenland Sea, where errors are comparable to the mean vertical extent of
eddy cores. The maximum eddy thickness of about 800 m is reached in the western Lofoten Basin. In the Norwe-
gian Sea, eddy cores typically have relatively high temperature and salinity (Figure 8c), forming predominantly
positive anomalies. In the Greenland Sea, the mean temperatures in the eddy cores are typically close to the
background, while negative temperature anomalies of eddy cores relative to the background are often observed.
The error of the mean for the temperature of eddy cores is low over most of the study region (Figure 8d). In the
Greenland Sea, despite the high relative signal-to-noise ratio, the consistently low temperature values in the eddy
cores suggest they are realistic (Figures 8c and 8d).

The azimuthal velocity of quasi-geostrophic mesoscale eddies typically has the Rayleigh radial profile
(Bashmachnikov & Carton, 2012; Carton et al., 1989; Paillet et al., 2002), which assumes the Gaussian azimuthal
distribution of scalar parameters, such as temperature (Shapiro & Meschanov, 1996):

T(r,z) = To(z)e™ ", 6]

where Ty(z) is the temperature in the central part of the eddy core with the dynamic radius R at depth level z, r is
the radial distance from the eddy center.

Then the integral of temperature over the section across the eddy center is:

R
Tini(z) = 2/(T(r, z) = Tret)dr = R(\/Zerf(l/\/E)To(z) - 2Trcf) ~ 1.7R(To(z) — 1.17Tr) 2)
0
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Figure 8. Spatial distribution of eddy 3D properties: (a) mean values and (b) errors of the mean for the vertical thickness of
eddy cores (m); (c) mean values and (d) errors of the mean for the depth averaged temperature in eddy cores (°C). The cells
with fewer than five eddies for which the vertical characteristics could be derived are blanked. Black vectors show the time
mean (1993-2018) AVISO current velocity; gray lines show 500 and 2,500 m isobaths. For other notations see Figure 1.

Following Abernathey and Haller (2018), the eddy heat flux is computed as the maximum amount of heat per
time passing across a vertical section with propagating eddies:

Z, Z,

up up
O=nV, /Cp pTin(2)dz = 170V, R/ C, p(To(z) — Trer)d z, 3)

Ziow Ziow

where C, = 4200 J °C~! kg~! is the specific heat capacity of ocean water, p = 1,030 kg m~3 is the mean water
density, T = —1.8°C is the reference temperature, V, is the eddy self-translation velocity, » is the number of
eddy centers detected in a grid cell per week. The heat content is integrated in the vertical from the lower (Z,y)
to the upper (Z,,,) limits of eddy cores. All the parameters are preliminarily averaged in each grid cell, after which
the eddy heat transport is estimated. This decreases a random noise linked to possible errors in the determination
of the parameters of Equation 3. The results are shown only when at least five individual estimates in a grid cell
are available.

The integral eddy heat transport from the shelf-break-trapped NwASC (from Svinoy to Fram Strait sections) is
estimated to be around 70 = 23 TW and has the general direction to the west or north-west (Table 1). 80%—90% of
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Table 1

The Total Eddy Heat Fluxes (TW) From the NwAFC (Qp), From the NwASC
(Qg), and the Northward Eddy Heat Flux (Qy), Across the Zonal Sections
(FS, Srk, BI, JM and Sv)

Op g, Qo
Region ™  0,TW 0, TW ™ ™  d0/Q,» %

Fram Strait section (FS) -

Region D - - - 18+3 -
Serkapp section (Srk) 2% D)

RegionC 2*¥+3 7+4 S*+4 12+2 42%+19%
Bear Island section (BI) 2% +4 -

RegionB 1*#+1 11+4 10+£4 21+2 48+15%
Jan Mayen section (JM) 2% +3

Region A 14+7 49+15 42+10 415 102 +24%
Svinoy section (Sv) 9% + 10

Note. The convergence of eddy heat fluxes in areas A-D (Figure 9a), marked
as dQ, and their ratio to ocean heat release to the atmosphere (Q,,..) are also
shown. Q. represents the sum of latent and sensible heat fluxes with the
radiation balance integrated over regions A-D (positive is from the ocean).
The eddy fluxes in region D could not be estimated due to a low number
of eddies with derived vertical structure in this area. Uncertain fluxes are
marked with “*.”

this flux is produced along the continental slope of the Scandinavian Penin-
sula, mainly in the northern Lofoten Basin (Figure 9a). This flux is compa-
rable to the overall heat flux entering the Barents Sea when using the same
reference temperature of —1.8°C (Bashmachnikov et al., 2018; Smerdsrud
et al., 2010), and constitutes around 20% of the total heat (320 + —18 TW
with T = -1.8°C) passing through Svinoy section and 35% of the heat
flux passing through Jan Mayen section. Considering only the NwASC, the
average total advective heat transport of the NwASC is found to be around
175 TW across the Svinoy section, 125 TW across the Jan Mayen section,
and around 50 TW across the Sorkapp section. Therefore, the mesoscale
eddy transport accounts for around 40 + 15%, 55 + 20% and over 100% of
the total advective heat transport across the sections above, respectively. The
difference between the advection of the NwASC through the Svinoy and Jan
Mayen sections is 50 TW (region A in Figure 9). According to our estimates,
this is about the same as the amount of heat that leaves the NWASC with
eddies. Further north, between the Jan Mayen and Sorkapp sections, about
70-100 TW of heat enters the Barents Sea (Bashmachnikov et al., 2018;
Skagseth, 2008). This is of the same order of magnitude as the heat loss from
the NwASC to the central Lofoten Basin, extracted out by mesoscale eddies
(Table 1). However, Figures 7 and 9a show eddy heat flux entering area B
from the Barents Sea. Eddies cross the NwASC and propagate further west
in a cyclonic loop. Therefore, some of the heat advected into the Barents
Sea with the Nordcape current is returned back into the Norwegian Sea. The
westward eddy heat flux from the NwWAFC into the Iceland and Greenland
Seas is only about 25% of that from the NwASC (between the Svinoy and

Sorkapp sections). At least part of this heat is extracted from the NWAFC by eddies, which are generated locally.
Some fraction of the flux may also be linked to the eddies from the NwASC which cross the ridge bordering
the western Lofoten Basin. Overall low values of the eddy heat flux from the NwAFC suggest that most of the
heat from the NwASC is dispersed by eddies between the NwAFC and NwASC, primarily in the Lofoten Basin.

When compared to the heat loss to the atmosphere (Table 1), the eddy heat flux from the NwASC in regions A

and B is on the same order of magnitude as the overall ocean heat loss to the atmosphere from these two regions.
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Figure 9. Eddy heat transport Q (TW) derived from Equation 3. (a) Spatial distribution of the eddy heat transport with
vectors of eddy velocities overlaid (500 x 500 km sliding means). Black vectors show the time mean (1993-2018) current
velocity; gray lines show 500, 1,000 and 2,000 m isobaths. (b) Relative error of the mean in % of the mean values.
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Previously, such balance was suggested by Richards and Straneo (2015), who combined data from one mooring
in Lofoten Basin with climatological atmospheric fluxes. To complete the balance, we should add to the eddy
heat flux around 5 TW which is lost by the NwASC directly to the atmosphere. The NwAFC apparently does not
add much to the heat balance of the Lofoten Basin. Previous studies of the Lagrangian tracked particles (Fedorov
et al., 2021) suggest that only a small fraction of particles enters the Lofoten Basin from the NWAFC. In region
B, the eddy heat flux from the south along the eastern part of the section (not shown) is of the same order as the
westward one by eddies locally generated along the NwASC (Figures 7 and 9a). However, most of this heat is
transported back into the central Lofoten Basin further west, giving a relatively modest heat surplus of the order
of a few TW (Table 1). In regions C and D, the eddy heat transport from the NwASC is uncertain due to a low
number of observations (Figure 3b). In region D eddies are known to be effectively generated at the West Spits-
bergen Current and further drift westwards (Bashmachnikov et al., 2020; Hattermann et al., 2016; von Appen
et al., 2015, see also Figures 7a and 7c¢).

Having estimated the time mean fluxes above, we do not have sufficient data for estimating their interannual vari-
ability. Altimetry data suggest that in regions A-D the annual mean number of simultaneously observed eddies
does not change much from year to year and is typically within 15%. If other parameters (eddy radii, thickness,
translation velocity, core temperature) remain relatively constant, the interannual variability accounts for about
10 TW. This should not significantly change the heat extracted out of the NwAC by eddies. The annual mean
eddy radius practically does not change over the period of observations, and we can further assume that the verti-
cal extent and eddy translation velocities also remain somewhat constant with time. We may also expect propor-
tional changes of temperature in the eddy cores to those in the NwASC. Increasing temperature in eddy cores by
1°C along the path of the NwASC leads to an increase of eddy heat transport by 50 TW. This flux can be further
intensified as an increase in the temperature of the AW increases the instability of the NwASC (Isachsen, 2015).
This estimate above is comparable with the 40 TW of the interannual variability in the heat advection of the
NwASC (Skagseth et al., 2008). Therefore, eddies may effectively damp temperature variations of the advected
waters. A northward damping of temperature anomalies along the NwAC was previously derived from an analy-
sis of the interannual variability of the northward heat advection in the Norwegian Sea (Vesman, 2021).

5. Summary and Conclusions

In this study, we evaluate the mean characteristics and transport properties of eddies in the Norwegian and Green-
land Seas during 1993-2018, as well as their possible effect on heat transport of the two branches of the NwAC
into the Arctic.

Our statistics of 2D eddy characteristics in the Norwegian and Greenland Seas is the most complete to date. In
the Norwegian Sea, the eddy characteristics and translation patterns closely correspond to the results obtained
from surface drifters by Koszalka et al. (2011). Our results extend on previous altimetry-based analyses of Raj
et al. (2020) in the Lofoten basin and of Bashmachnikov et al. (2020) in the northern Greenland Sea and Fram
Strait.

Our study shows that the mesoscale eddies in the Greenland Sea are much less numerous and less intense
compared to the Norwegian Sea. The smaller number of eddies in the Greenland Sea is consistent with our
knowledge that the most efficient eddy generation is concentrated in the eastern part of the basin, and is linked
to instability of the NwASC and WSC. This has been derived from observations, high-resolution numerical
ocean models and theoretical analysis (Isachsen, 2015; Ghaffari et al., 2018; Hattermann et al., 2016; Trodahl &
Isachsen, 2018; Koszalka et al., 2011; von Appen et al., 2015). A limited exchange between the Greenland Sea
and the Norwegian Sea could be deduced from our analysis of eddy properties (Figure 7) and is conditioned by
a relatively weak westward eddy heat flux from the NWAFC compared to the NwASC (Figure 9a and Table 1).

In the Lofoten Basin, eddy radii grow along the westward and northwestward eddy propagation paths. This
indicates that eddies generated in the NwASC undergo mergers before reaching the western side of the basin.
This suggests that besides the observed multiple mergers of the quasi-permanent Lofoten Vortex with other anti-
cyclones (Bashmachnikov et al., 2017; Kohl, 2007; Raj et al., 2015; Trodahl et al., 2020; Volkov et al., 2015),
mergers of other eddies as they travel from their generation sites is a persistent feature. A similar process has been
observed for meddies in the subtropical Atlantic (Bashmachnikov et al., 2015).

This study also gives the first analysis of 3D statistics of the eddies over the entire Norwegian and Greenland
Seas based on in situ data. Statistics for the northernmost and westernmost areas of the Greenland Sea cannot be
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obtained because of a low number of observations of vertical structure of eddies in these areas. A decrease in the
vertical extent of eddies in the Greenland Sea, compared to that in the Norwegian Sea, does not have a straight-
forward explanation. A weaker stratification of currents in the Greenland Sea should favor thicker eddy cores
generated locally. The very low or negative temperature of eddy cores and predominantly southward direction
of propagation in the Greenland Sea suggest the local origin of the eddies rather than their generation from the
NwAFC. Heat balance estimates (Section 4) also suggest that the Norwegian-Greenland heat exchange across the
Polar front is small although the errors of the presented estimates are large.

The NwASC, in contrast, loses a significant fraction of heat with eddy transport into the Norwegian Sea. From
the Svinoy to Sorkapp section about 70 + 23 TW are extracted from the Norwegian current by mesoscale eddies
and transported west or northwest which accounts for 35% of the heat advected by the NwASC across the Svinoy
section and 100% of that across the Sorkapp section. This is also comparable with 70-100 TW of the heat (for
the same reference temperature of —1.8°C) extracted into the Nordcape Current through the Barents Sea Opening
(Bashmachnikov et al., 2018; Smerdsrud et al., 2010). The derived eddy heat transport from the NwASC forms
about the half of the overall annual mean sea-surface heat loss to the atmosphere over the Greenland and Norwe-
gian Seas (Smedsrud et al., 2022).

Eddy heat flux from the NwASC cannot fully close the heat balance of the Lofoten Basin (Dugstad et al., 2021;
Spall, 2010). The required amount, according to Vesman (2021), should be three times the heat flux estimated
here. Eddies generated to the south of the basin and in the NwWAFC, as well as other transient dynamic patterns
(jets, filaments, submesoscale diffusion), should be added, but they also cannot fully close the regional heat
budget (Dugstad et al., 2021; Spall, 2010). Analysis of SAR images and the results of high-resolution FESOM
numerical model suggest that eddies with radii of 2—5 km are the most frequent in this region (Bashmachnikov
et al., 2020). A single small eddy is a short-living structure (up to 57 days, Eldevik & Dysthe, 2002). During its
lifetime such eddy propagates only a few kilometers and, accounting for its relatively small size, we may expect
two to three orders of magnitude less efficient heat transport compared to a single mesoscale eddy analyzed here.
However, model studies suggest that, due to a large number of submesoscale structures, their integral effect on
the heat transport could exceed that of mesoscale eddies (Dugstad et al., 2021; Spall, 2010).

The analysis suggests a rather large dispersion of eddy properties in each point of the mesh (Figures 7b, 7d, 8b,
and 8d), as well as large associated errors in determining eddy characteristics. This leads to significant errors in
the estimated time-average heat fluxes (Figure 9b and Table 1). The collocated number of the vertical profiles has
been improved during the recent decade due to a more regular sampling of the region with Argo floats. Further
improvement could be achieved when the data from the high-resolution SWOT altimetry mission will become
available (Ma et al., 2020; Morrow et al., 2019).

Our results on the 3D structure of mesoscale eddies are not sufficient to estimate interannual variability of the
properties of eddy cores or the related heat fluxes. Nevertheless, the conducted sensitivity analysis has demon-
strated that the relatively small interannual variability in the number of the generated eddies could account only
for about 10 TW of the year-to-year difference in the eddy heat transport from the NwASC. Therefore, we assume
that the change in the NwASC transport only weakly affects the eddy generation intensity and the related heat
flux. However, rough estimates by using climatological mean eddy radii, vertical extent and translation velocities,
suggest that the heat release with eddies may potentially damp temperature anomalies that propagate north along
the NwASC (Vesman, 2021).

Data Availability Statement

Archiving, Validation and Interpretation of Satellite Oceanographic data (AVISO) database, used for eddy detec-
tion, and ARMOR3D, used for computation of advective heat fluxes, are freely available from Copernicus Marine
Services (https://data.marine.copernicus.eu/product/MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015_012/
services). The vertical structure and temperature anomalies in eddies were estimated using the EN4 Hadley Center
database, available at https://www.metoffice.gov.uk/hadobs/end/. Sea-surface currents are derived from AVISO
altimetry data set (https://www.aviso.altimetry.fr/en/data/products), while sea surface temperature is downloaded
from Multi-scale Ultra-high Resolution (MUR) data set (https://podaac.jpl.nasa.gov/MEaSUREs-MUR). ERA-
Interim reanalysis used in this study is distributed by the European Centre for Medium-range Weather Forecasts
(ECMWEFE, https://apps.ecmwf.int/datasets/data/interim-full-moda/levtype=sfc/).
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