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Article 
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from Year-Round Sentinel-1 SAR Observations 
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2 Shirshov Institute of Oceanology RAS, 117997 Moscow, Russia 
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Abstract: Here we compile a detailed record of eddies and examine their intra-annual variability over the 

Spitsbergen Bank in the northwestern Barents Sea using spaceborne Sentinel-1 A/B synthetic aperture radar 

(SAR) data acquired in 2018. Analysis of 3070 SAR images enabled to register 1758 eddy manifestations in the 

marginal ice zone (MIZ) and 1631 signatures in the open water (OW). Submesoscale and small mesoscale 

eddies were observed within a range 0.2-40 km with the range of MIZ eddies being twice larger than that of 

OW eddies. We note a strong seasonal variability of eddy diameters and the ratio of cyclones to anticyclones. 

The eddies were present in all seasons showing an approximate parity in eddy generation intensity in the 

surface layer between winter and summer. The peak eddy activity is observed during the first (January to 

March) and third (July-September) quarters of the year. A well-pronounced seasonality of SAR-derived eddy 

intensity correlates with that of eddy kinetic energy in the surface layer of the Eurasian Arctic. Eddies were 

detected most frequently in Storfjorden, south of Edge Island, near Hopen Island and along the entire eastern 

flank of the Spitsbergen Bank. Very low eddy activity was observed in the central part of the bank. The MIZ 

eddies were recorded during eight months of the year peaking in February, and being spatially limited by a 

200-m isobath. The OW eddies were widely dispersed across the study domain peaking in August and tending 

to accumulate in regions of relatively weak surface currents. In summer, about 20-25% of them were observed 

within the Barents Sea Polar Front. 

Keywords: ocean eddies; open water regions; marginal ice zone; SAR imaging; Sentinel-1; Barents 

Sea; Spitsbergen Bank; Svalbard; Edge Island; Hopen Island; Storfjorden; Arctic Ocean 

 

1. Introduction 

Ocean eddies play an important role in intensification of mixing, horizontal and vertical transfer 

of heat and matter [Thomas et al., 2008; Zhong, Bracco, 2013]. Investigation of eddies is, therefore, 

important for understanding the mechanisms of redistribution and transport of heat, salt and 

biogeochemical parameters in the Arctic Ocean [Watanabe et al., 2014; von Appen et al., 2018; 

Pnyushkov et al., 2018; Bashmachnikov et al., 2023].  

Investigation of eddy-related pumping of warm water from the Atlantic Water layer up to the 

mixed layer and sea ice is one of the important aspects of the current research in the Arctic with 

declining ice cover [Manucharyan, Thompson, 2022; von Appen et al., 2022; Rippeth, Fine, 2022; 

Mueller et al., 2024]. 

In recent decades, meso- and submesoscale eddy structures in the Arctic have been actively 

studied using various methods, including in situ measurements, numerical models and satellite 

observations [Zhao et al., 2014; Fine et al., 2018; Mensa et al., 2018; Porter et al., 2020; Platov, 

Golubeva, 2020; Kubryakov et al., 2021; Meneghello et al., 2021; Manucharyan, Thompson, 2022; 

Cassianides et al., 2023; Morozov, Kozlov, 2023; Mueller et al., 2024]. High-resolution observations of 

spaceborne synthetic aperture radars (SARs), transparent to clouds, proved to be the most effective 

to study fine-scale and submesoscale eddy processes in the Arctic [Atadzhanova et al., 2017; Kozlov 

et al., 2020; Khachatrian et al., 2023]. 

Here we focus on the north-western (NW) Barents Sea. Recent studies of the nearby regions 

showed an active eddy generation in the vicinity of Spitsbergen Bank [Fer, Drinkwater, 2014; 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 May 2024                   doi:10.20944/preprints202405.0235.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202405.0235.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

Atadzhanova et al., 2018; Petrenko, Kozlov, 2020, 2023; Kozlov, Atadzhanova, 2022; Kolas et al., 2023]. 

The Spitsbergen Bank (SB) is the shallow region with depths less than 100 m extending between Bear 

Island (BI) and Hopen Island (HI) (Figure 1). 

 

Figure 1. Map of the study area over the Spitsbergen Bank. The arrows show schematically the 

directions of cold (blue) and warm (red) currents, grey lines are the 100 and 200 m isobaths. Magenta 

line marks a climatic position of the Polar front at 50 m depth. Numbers denote main geographical 

objects on the map: 1 – Olga Strait, 2 – Olga basin, 3 – Storfjorden, 4 – Hopen Trough, 5 – Beisaren, the 

northernmost point of Hopen, 6 – Kapp Thor, the southernmost point of Hopen, 7 – Storfjord trough, 

8 – Spitsbergen Bank. Roman numerals mark main currents of the region according to [Pisarev, 2021]: 

I – East Spitsbergen Current, II–- South Cape Current, III – Bear Current, IV – Western Spitsbergen 

Current, V–- Northern branch of the North Cape Current. 

The SB area is unique for a number of reasons. Firstly, it has a seasonal ice cover that forms in 

winter. A maximum sea ice extent is observed here in April [Pavlova et al., 2013], while the 

southernmost position of the marginal ice zone (MIZ) does not advance southward of the southern 

SB border. Secondly, the bank is characterized by a presence of several current systems of Atlantic 

and Arctic origin (Figure 1). One of the major features here is a quasi-permanent Barents Sea Polar 

Front (PF) found along its southern slope as a result of interaction of warm salty Atlantic Water (AW, 

marked by red arrows in Figure 1) and cold less saline Polar Water (PW, marked by blue arrows in 

Fig. 1) [Loeng, 1991; Parsons et al., 1996]. The region is also known for pronounced depth gradients 

at the outer boundaries of the bank, and strong tidal currents [Fer et al., 2020; Marchenko et al., 2021; 

Kowalik, Marchenko, 2023]. All these features favor the formation of eddies here. 

Recent studies also show that eddies forming near the PF could have a greater influence on the 

frontal zone properties compared to tidal processes [Kolas et al., 2023]. In particular, they could cause 

shifts in the position of the front and contribute to the seasonal variability of the upper layer. They 

can also cause a local increase in the mixing rate in the marginal ice zone [Fer, Sundfjord, 2007] and 

a local heterogeneity of phytoplankton [Porter et al., 2020; Koenig et al., 2024]. 
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The aim of this study is to analyze the intensity of eddy generation and its seasonal variability, 

as well as to document eddy properties over the SB region spanning 73.7°–78.9° N and 16° E–30° E 

(Fig. 1) from year-round Sentinel-1 SAR observations in 2018. 

2. Materials and Methods 

To investigate eddy signatures over the SB, we analyze C-band SAR images acquired by SAR-C 

instrument onboard Sentinel-1A and Sentinel-1B satellites (hereinafter, S-1A/B) in January–December 

2018. S-1A/B data were publicly available and obtained from Alaska Satellite Facility  

(https://search.asf.alaska.edu, accessed on 1 February 2023). For the analysis we use 3070 SAR images 

taken in Interferometric Wide swath and Extra-Wide swath modes with spatial resolution of 20 m 

and 90 m, respectively. The number of images available per given month varied from 180 to 281 

images. 

Figure 2a shows a spatial coverage of the study site by S-1A/B data in 2018. Due to intersection 

of S-1A and S-1B orbits, the data coverage is generally higher north of 76°N (see, e.g., Figure 1 in 

[Kozlov et al., 2020]). The maximal density of SAR observations, about 700 scenes per unit area, is 

found in the latitude band of 77°-78° N. The minimal data coverage is around BI in the southwestern 

part of the study region with about 400 SAR images per unit area. 

 

Figure 2. (a) SAR coverage of the study region from 1 January to 31 December 2018. Black line shows 

the ice edge position in April 2018. Examples of eddy signatures in SAR images over (b) the open 

water on 23 August 2018 at 05:50 UTC and (c) the MIZ on 12 February 2018 at 05:50 UTC. 

In SAR images, surface manifestations of eddy structures over open water (OW) and marginal 

ice zone (MIZ) are formed owing to three main mechanisms related to wave/current interactions and 

accumulation of surface films or drifting ice in the surface current convergence zones associated with 

eddy dynamics [Johannessen et al., 1996, 2005; Gade et al., 2013; Kozlov et al., 2019].  

At low winds (below 5 m/s), eddies usually appear in SAR images due to presence of natural 

films on the sea surface, which dampen capillary and short gravity waves [Johannessen et al., 1996; 

Karimova, 2012; Gade et al., 2013; Hamze-Ziabari et al., 2022]. Surfactant films are entrained by the 

orbital motion of eddies, which thereby are manifested in radar images as spiraling features [Munk 

et al., 2000], as shown in Figure 2b. At higher winds exceeding 5-7 m/s, eddies are seen in SAR images 
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owing to wave-current interactions when bright curved lines are formed due to enhanced radar 

backscatter over breaking wind waves in zones of enhanced surface current shear [Johannessen et al., 

2005; Kudryavtsev et al., 2014]. 

Much more pronounced and less dependent on background winds are SAR signatures of eddies 

forming in the MIZ. However, their SAR manifestations depend on geometric properties, primarily 

thickness and roughness, of drifting ice. In this case, thinner and relatively flat sea ice (e.g., newly 

forming or melting ice) would be seen in SAR images predominantly as dark patterns (low 

backscatter regions), while thicker and rough sea ice — as relatively bright patterns (regions of high 

backscatter). This is illustrated in Sentinel-1 image acquired on 12 February 2018 (Figure 2c).  

Analysis of S-1A/B SAR data was performed using the open-source ESA SNAP software 

(http://step.esa.int/main/toolboxes/snap, accessed on 30 December 2022). The original SAR data were 

calibrated to normalized radar cross-section units and smoothed to reduce the speckle noise using 

Lee filter [Lee, 1983]. We recorded the following characteristics of eddies: center coordinates, 

diameter, sign of rotation – cyclone (C) or anticyclone (Ac), type of manifestation (open water or 

MIZ). Mean spatial properties of eddies were calculated on a grid of 0.82° by 0.21° with a cell size of 

about 89 km × 23 km (2000 km2). 

The sea ice information used here was obtained from monthly AMSR-2 sea ice concentration 

maps produced by the University of Bremen [Spreen et al., 2008]. The ice concentration threshold of 

15% was used to determine the position of the ice edge [Peng et al., 2018]. To analyze the relation of 

eddy generation intensity to background winds and ocean currents we used monthly data of ERA 

Interim Reanalysis 10 m winds (0.25°x0.25°) and CMEMS GLORYS12V1 data on ocean currents at 0.5 

m depth (0.083°x0.083°) for January–December 2018, respectively. Daily and hourly data of these 

parameters were used for individual cases. 

The position and properties of the Barents Sea PF were determined using cluster analysis based 

on Suomi NPOESS Preparatory Project Visible Infrared Imaging Radiometer Suite (Suomi NPP 

VIIRS) sea surface temperature (SST) satellite data obtained from https://oceancolor.gsfc.nasa.gov 

(accessed on 01.06.2023) and the calculated horizontal SST gradients over the Barents Sea following 

methodology in Konik et al. [2021; 2022]. 

3. Results 

3.1. Spatio-Temporal Variability of Eddies 

A total of 3,389 surface manifestations of OW and MIZ eddies were recorded in 3070 SAR images 

from January to December 2018. Here we describe the basic statistics of all the detected eddies, while 

the specific features of each eddy type (OW and MIZ) will be described in sections 3.2 and 3.3, 

respectively.  

The first important point is that eddy structures were registered over the SB region throughout 

the full year. The general maps of the total number of detected eddies and their probability are 

presented for both eddy types in Figure 3a. It can be seen that eddies were recorded almost 

everywhere within the study region. Eddies were observed most often to the south of Edge Island 

(EI) and at both ends of HI with more than 50 eddy signatures detected per grid cell of ~2000 km2. 

Enhanced number of eddies was also detected along the entire eastern SB slope starting from BI along 

the 100-m isobath toward HI and further north to 78° N. This feature is even more expressed in eddy 

probability map (Figure 3b). 

The distribution map of average eddy diameters (Figure 3c) shows that the northern part of the 

region was prevailed by relatively small eddies up to 5 km in diameter. Eddies with diameters of 5-

7 km were often found south of 77° N. Most of the larger eddies with diameters > 10 km were 

observed over the shallow water in the central SB (centered at 75.2° N 21° E). 

In the study region, significant seasonal variability in the position of the ice edge was observed 

throughout the year of 2018. We, therefore, analyze eddy data by quarter/season. The first quarter is 

from January to March, the second – from April to June, the third – from July to September, and the 

fourth – from October to December. 
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Quarterly maps of the total eddy numbers (Figure 4a-d) and their probabilities (Figure 4e-h) 

together with the average monthly positions of the ice edge are presented in Figure 4. The first quarter 

is characterized by an intense southward progression of the ice cover (Figure 4a) and the highest 

number of detected eddies (37% out of the total) (Table 1). The record is fully dominated by eddies 

generated in the MIZ, counting for nearly 95% of all detected eddies. The number of the MIZ eddies 

in the first quarter is maximal during the entire year (Table 1). The quarterly-average diameter values 

for each eddy type are also maximal (about 6-7 km) during this quarter (Table 1). Eddies were most 

often found (more than 50 eddy manifestation per grid cell) near the capes of HI - Beisaren and Kapp 

Thor, and south of EI. Eddy probability was very high, about 0.5 in these regions (Figure 4e), i.e., at 

least a single eddy was present in every second SAR image. It is worth noting again that the eastern 

slope of the bank is prone to more active eddy formation in the MIZ compared to the western one. 

 

Figure 3. Spatial distribution of eddy numbers (a), their probability (b) and the mean eddy diameters 

(c) over the SB. Overlaid grey lines are the 100- and 200-m isobaths. 

The second quarter is characterized by a relatively rapid northward movement of the ice edge 

due to ice melting (Figure 4b,f), allowing to observe OW eddies as well. The overall picture of eddy 

formation sites becomes more disperse. The most intense eddy formation (in terms of eddy 

numbers/probabilities) is detected south of EI. The number of eddy detections and their diameters 

for MIZ and OW eddies are similar (Table 1). 

MIZ eddies were not recorded during the third decade due to absence of sea ice in the study 

region (Table 1). In turn, OW eddies were recorded in abundance almost everywhere apart of the 

shallow central SB. About 65% of all OW eddies were detected during this quarter. Eddy formation 

hot-spots are less obvious compared to the first two quarters. Nevertheless, enhanced eddy 

generation sites are found along 100-m isobath northeast of BI, east of HI and in Storfjorden. The 

quarterly-average diameter value for OW eddies is smallest during the year (Table 1). 
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Figure 4. Spatial distribution of eddy numbers (a-d) and their probability (e-h) during first (a), second 

(b), third (с) and fourth (d) quarters of 2018. Dotted grey lines are the 100- and 200-m isobaths. Color 

lines are monthly positions of the ice edge: (a) red line - January, light green – February, magenta – 

March; (b) orange – April, cyan – May, yellow – June; (f) grey line - December. 

The fourth quarter is characterized by sea ice formation in the study region. As a result, MIZ 

eddies were detected twice more frequently than OW eddies (Table 1), but the overall number of 

eddy detections was smallest during the year. Small numbers of OW eddies during the first and the 

last quarters of the year could be partially explained by stronger winds during the cold season 

masking eddy signatures. The quarterly-averaged diameter value of the MIZ eddies was slightly 

smaller than that of OW eddies (Table 1), as in all previous decades. Eddies were recorded most 

frequently near the northern and southern capes of EI, as well as east of HI. 

Table 1. Summary of the MIZ and the OW eddy detection in spaceborne SAR data in quarters of 

2018. 

Quarter 

(Months) 

Number of Eddies 
Mean  

Diameter, km  

MIZ OW MIZ OW 

1 (Jan-Mar) 1095 53 5.8 7.3 

2 (Apr-Jun) 432 412 3.4 3.6 

3 (Jul-Sep) 0 1054 0 3.2 

4 (Oct-Dec) 231 112 2.7 4.2 

Total 1758 1631 4.8 3.5 
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In our study region, MIZ eddies were recorded from January to June, and in November-

December, i.e., during eight months of the year (Figure 5). They clearly dominate over OW eddies 

from November to May. Most of them, 62% of 1758 MIZ eddies, were recorded from January to 

March. During this period the average diameter of MIZ eddies was about 6 km. In turn, OW eddies 

were observed almost throughout the entire year with the exception of April (Figure 5). Most of them 

(87% of the 1631 OW eddies) were recorded from June to September, i.e., during the Arctic summer. 

The monthly average diameter values vary from 3 km (in summer) to 8 km (in winter) which, in 

general, correlates with estimates of the first Rossby radius [Nurser, Bacon, 2014]. May and June are 

the months when the predominance of MIZ eddies is replaced by the predominance of OW eddies. 

 

Figure 5. Monthly distributions of the number of detected eddies (columns) and their monthly-mean 

diameter values (lines). Dark (light) grey colors correspond to the MIZ (OW) eddies, respectively. 

3.2. Eddies in the Marginal Ice Zone 

Figure 6a shows the position of C and AC eddies in the MIZ. As seen, MIZ eddies are densely 

populated in Storfjorden and along the eastern SB flank. In all subregions, most eddies are found at 

the locations where the total depth doesn’t exceed 200 m. The maximal probability of eddies is 

observed south of EI and HI where it is exceeds 0.2 (Figure 6b). Relatively high eddy probability 

values are also seen east and north-east of HI and EI, and at the southern tip of Spitsbergen near 

Sorkapp. Interestingly, very small number of MIZ eddies was detected in the central part of SB at 75° 

N 21° E. 
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Figure 6. Locations (a), probability of eddy occurrence (b) and maximum diameters (c) of the MIZ 

eddies identified in spaceborne SAR data in 2018. Red line marks HI. 

Figure 6c shows a spatial distribution of maximal values of MIZ eddy diameters in every grid 

cell. Despite the yearly-mean value is about 4 km, rather large eddies of 10-25 km in diameter were 

found in various locations of the study site. The largest MIZ eddies exceeding 25 km were registered 

near the coast of Western Spitsbergen, north of BI and in the eastern part of the study site between 

100 and 200 m isobaths (Figure 6c). In general, larger MIZ eddies are found predominantly at the 

periphery of the SB compared to its central parts. 

The diameter of the MIZ eddies varied from 0.2 to 39.3 km. Eddy manifestations with diameter 

values of 2-6 km prevailed for eddies of both vorticity signs (Figure 7a) comprising 72% of all the 

recorded MIZ eddies. Large MIZ eddies with a diameter value > 10 km were recorded only in 7% of 

cases (131 manifestations). 

The normalized number of MIZ eddies (Figure 7b), obtained as a ratio of the total number of 

detected MIZ eddies per given month to the spatial coverage of SAR images of the same month, 

shows a peak value in February and a minimal value in April and November. It corresponds well to 

quantitative estimates of the number of MIZ eddies presented in Table 2.  

The predominance of Cs over AСs is typical for the MIZ eddies for all months with cyclones 

accounting for about 70% of the record (Table 2). The monthly variability of the C/AC ratio averages 

at 2-2.5 with a strong peak of 3.5 in April and a pronounced drop down to 1.5 in November (blue line 

in Figure 7b). 
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Figure 7. Histogram distributions of (a) the number of MIZ eddies as a function of their diameters 

and (b) monthly variations of the normalized number of MIZ eddies. Black and white colors in (a) 

correspond to C and AC eddies, respectively. Blue line in (b) is a ratio of C and AC eddies. 

The maximal number of MIZ eddies (563 eddies) was recorded in February comprising one third 

of the whole record. The minimal amount was detected in November (37 occurrences), when the ice 

cover was just forming in the region, and in April (75 occurrences), when the area of fast ice was 

maximal. The average diameter of the MIZ eddies for the entire year was 4.8 km with the average 

diameter of ACs being slightly larger than that of Cs (5.1 km versus 4.7 km). The largest MIZ eddies 

were also detected in February (more than 25 km) both for Cs and ACs. 

Table 2. Summary of the MIZ eddy detection in spaceborne SAR data in 2018. 

Month 

SAR-

images, 

pcs 

Number of Eddies Mean Diameter (min-max), km  

C AС Total C AС All 

Jan 267 247 121 368 5.7 (0.6 - 23.4) 6.2 (1.1 - 18.7) 5.9 

Feb 244 411 152 563 5.7(1.4 - 39.3) 6.7 (1.4 - 27.9) 5.9 

Mar 266 113 51 164 5.6 (0.9 - 18) 5.4 (1.1 - 11.9) 5.6 

Apr 261 58 17 75 5.9 (1.3 - 15.2) 5.7 (1.5 - 9.3) 5.8 

May 180 138 65 203 2.8 (0.4 - 8.9) 2.8 (0.7 - 9.5) 2.8 

Jun 255 107 47 154 2.8 (0.5 - 11.2) 3.5 (0.8 - 11.7) 3.0 

Jul 264 - - - - - - 

Aug 251 - - - - - - 

Sep 255 - - - - - - 

Oct 268 - - - - - - 

Nov 281 22 15 37 2.3 (0.9 - 4.9) 2.7 (0.6 - 8) 2.5 

Dec 278 137 57 194 2.8 (0.2 - 8.6) 2.6 (0.4 - 10.1) 2.8 

Total 3070 1233 525 1758 4.7 5.1 4.8 

Figure 8 shows fragments of Sentinel-1 SAR images illustrating the overall dynamics of the MIZ 

and formation of eddies near HI at time scales of several days. HI is an elongated island 30 km long 

and <2 km wide. Tidal wave M2 flowing around the island is characterized by strong currents up to 

100 cm/s [Kowalik, Marchenko, 2023; Marchenko, Kowalik, 2022] creating favorable conditions for 

eddy generation here. 
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Figure 8. Maps of normalized radar cross section showing examples of MIZ eddy manifestations in a 

sequence of Sentinel-1 SAR images acquired on (a) 11 February 2018 at 05:59 UTC, (b) 12 February 

2018 at 05:01 UTC, (c) 12 February 2018 at 05:50 UTC, (d) 13 February 2018 at 05:42 UTC near HI. 

The first SAR image taken on 11 February 2018 at 05:59 UTC shows an active ice formation 

around HI with a newly forming sea ice seen as dark region versus a brighter background of open 

water (Figure 8a). Not many eddies are seen in the image due to relatively low radar contrasts within 

the MIZ. Another SAR image taken a day later on 12 February at 05:01 UTC exhibits plenty of eddies 

forming both behind the capes of HI and east of it (Figure 8b). The next image acquired about 50 

minutes later (05:50 UTC) shows virtually the same picture (Figure 8c). However, such sequential 

observations are a rich source of information about the meso- and submesoscale dynamics, including 

eddy formation in the MIZ [Kozlov et al., 2020] that should be definitely exploited in later studies. 

On 13 February 2018 at 05:42 UTC the eddies are still present near the HI capes but became less 

evident east of the island (Figure 8d). The above examples illustrate well a rapid development and 

evolution of the eddy field near HI and the effectiveness of SAR to observe such processes. 

3.3. Eddies in the Open Water 

A total of 1631 occurrences of OW eddies was recorded with about 80% of them being cyclonic 

(Figure 9a). The locations of OW eddies are very similar to those of MIZ eddies, but more diverse 

(compare Figures 6a and 9a). Most of them were found between 100 and 200 m isobaths in 

Storfjorden, around EI and HI. Yet, numerous eddies were also observed in the shallow (Olga Strait) 

and deep (Olga Basin) northern parts of the region, as well as around BI and over the deeper water 

further east (Figure 9a). 
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Figure 9. Locations (a), probability (b) and maximum diameters (с) of OW eddies identified in 

spaceborne SAR data in 2018. 

The locations of high probability of OW eddies differ much from MIZ eddies (Figure 9b). Main 

eddy formation hot-spots are found in Storfjorden and south of it, east of HI and along the sloping 

bottom along the eastern flank of SB. In similarity to MIZ eddies, the central part of SB has very low 

eddy activity. In terms of eddy diameters, large OW eddies (d > 20 km) were recorded very rarely 

and mostly in the southern part of the study region (Figure 9c). The mean range of diameters of the 

largest eddies detected per grid cell is about 8-12 km. 

Figure 10 shows further statistics on relation of eddies to bottom topography. About 34% of OW 

eddies (561 eddies) were recorded at depths < 100 m, while almost 50% of them were observed at 100-

200 m depth range (Figure 10a). As seen from Figure 10b, locations of most eddies correspond to 

dimensionless slope ranging from 1 to 8*10^-3. 

The range of OW eddies’ diameters varied from 0.4 km to 21 km being twice narrower than that 

of MIZ eddies. About 70% of the total number of eddies had a diameter value not exceeding 4 km 

(Figure 11a). Larger eddies with a diameter value above 10 km were recorded only in 3% of cases. At 

least half of all detected OW eddies can be formally regarded as submesoscale as their radii are 

comparable or smaller than the first baroclinic Rossby radius being 2-3 km in the study area [Nurser, 

Bacon, 2014]. 

 

Figure 10. Histogram distributions of the number of OW eddies as a function of depth (a) and 

dimensionless slope (b), values corresponding to the location of eddy centers. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 May 2024                   doi:10.20944/preprints202405.0235.v1

https://doi.org/10.20944/preprints202405.0235.v1


 12 

 

OW eddies were recorded throughout the year except April. The normalized number of OW 

eddies shows an increase in eddy detections in summer (75% of all signatures) with a clear peak in 

August (482 eddy signatures) and a minimum value in March (Figure 11b). It corresponds to 

quantitative estimates of the total (i.e., non-normalized) number of eddies shown in Table 3. The 

mean value of C/AC ratio is about 4 which is higher than that for MIZ eddies (Figure 11b and Table 

3). Moreover, it has much higher seasonal variability from 1.5 in January peaking up to 12 in October 

(Figure 7b). 

 

Figure 11. Histogram distributions of (a) the number of OW eddies as a function of their diameters 

and (b) monthly normalized number of eddies. Black and white colors in (a) correspond to C and AC, 

respectively. Blue line on (b) is a ratio of C and AC eddies. 

The average diameter of OW eddies for the entire year 2018 is 3.5 km. The average diameter of 

ACs was slightly larger than that of Cs (4.1 km versus 3.4 km). The average diameter for all OW 

eddies was less than 4 km in summer and more than 7 km from January to March (Table 3). 

Table 3. Summary of the open water eddy detection in spaceborne SAR data in 2018. 

Month 

SAR-

images, 

pcs 

Number of Eddies Mean Diameter (min-max), km  

C AС Total C AС All 

Jan 267 20 13 33 7.6 (3 - 16.4) 6.1 (2.4 - 13.8) 7.0 

Feb 244 13 3 16 7 (2.9 - 13.7) 12.2 (9.2 - 15.1) 8.0 

Mar 266 3 1 4 8.8 (6.6 - 10.9) 2.0 7.1 

Apr 261       

May 180 29 10 39 5.8 (1.3 - 14.9) 4.1 (1.4 - 9.5) 5.4 

Jun 255 317 56 373 3.5 (0.4 - 12.6) 3.3 (0.6 - 7.8) 3.5 

Jul 264 279 91 370 3.6 (0.6 - 21) 4.9 (1.1 - 14.5) 4.0 

Aug 251 373 109 482 2.7 (0.5 - 20) 3.5 (0.7 - 18.4) 2.9 

Sep 255 172 30 202 2.5 (0.6 - 10.6) 2.8 (0.6 - 10) 2.6 

Oct 268 73 6 79 3.7 (1.1 - 9.5) 5.6 (2.9 - 10.6) 3.9 

Nov 281 10 2 12 4.3 (1.8 - 7.8) 7.8 (3.9 - 11.7) 4.9 

Dec 278 17 4 21 4.8 (0.7 - 17) 5.6 (0.8 - 19.7) 5.0 

Total 3070 1306 325 1631 3.4 4.1 3.5 

To infer potential eddy generation mechanisms, below we consider main physical factors that 

could be linked to eddy generation in the study area. This is done for August 2018, i.e., the month 

with the highest number of OW eddy detections. Figure 12 presents spatial maps of depth gradient 

(Figure 12a), surface current speed (Figure 12b), near-surface wind speed (Figure 12c), and SST 

gradient (Figure 12d) for August 2018 superposed by locations of OW eddies for the same month. 
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The map of SST gradient in Figure 12d is also overlain with the climatic position of the PF at 50 m 

depth characterized by SST gradient of about 0.1°C/km [Fer, Drinkwater, 2014]. 

In August 2018, the mean wind speed, defining the overall visibility of eddies in SAR data, was 

rather low, about 1.5-3 m/s, favoring the observations of eddies over the entire study domain (Figure 

12d). A large group of eddies is found in Storfjorden and south of it - a true hot spot of their generation 

(Figure 9b). Here, eddies tend to accumulate in the central and deeper part of the bay characterized 

by relatively weak surface currents of 0.05-0.08 m/s compared to the alongshore regions with more 

intense current regime [Vivier et al., 2023]. 

Two other large eddy groups are found east of HI and BI. East, northeast and southeast of HI, 

eddies are concentrated over the eastern slope of SB between 100 and 200 m isobaths. Here, the eddies 

are also found in a rather calm environment (surface currents <0.05 m/s) between two branches of 

enhanced current speed of 0.08-0.1 m/s. One possible mechanism of eddy formation here could be 

detaching of eddies from the unstable mean flow. 

The region around BI at the southern SB boundary is characterized by more complex 

topography, stronger currents (~0.15 m/s) and SST gradients (>0.1 °C/km). However, the eddies also 

tend to accumulate here in the quieter regions at some distance from the highest property gradients. 

Many of them, about 25% (20%) of all eddies detected in August (July) 2018, were found inside the 

PF marked by white lines in Figure 12d. Most of them were cyclonic with an average diameter of 3–

4 km. 

 

Figure 12. Spatial fields of dimensionless slope (a), surface current speed (b), near-surface wind speed 

(c) and SST gradient (d) for August 2018. Magenta circles show locations of eddies registered in SAR 

data in August 2018. White lines in (d) mark the boundaries of Polar Front. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 May 2024                   doi:10.20944/preprints202405.0235.v1

https://doi.org/10.20944/preprints202405.0235.v1


 14 

 

4. Discussion 

Our results confirm the earlier findings obtained only for the summer periods of 2007 and 2011 

that eddies are generated in abundance in the northwestern Barents Sea [Atadzhanova et al., 2018; 

Atadzhanova, Zimin, 2019]. Nevertheless, the year-long observations in 2018 importantly show that 

eddies are not only detected almost over the entire study domain, but are also present in all seasons.  

In contrast to the interior Arctic basin [Meneghello et al., 2021], we observe strong eddy activity 

in the surface ocean layer not only in summer, but also during winter when the region is ice-covered. 

A decreasing number of open water eddies in winter is replaced by an active eddy generation in the 

MIZ, showing approximate parity in eddy generation intensity between winter and summer (Figure 

5). 

Interesting to note, that a well-pronounced seasonality of SAR-derived eddy intensity (in terms 

of the number of detected eddies shown in Figure 5) correlates well with the seasonality of eddy 

kinetic energy (EKE) in the surface layer of the Eurasian Arctic [Mueller et al., 2024] having maximum 

in summer and minimum in late winter (i.e., March-April). 

In agreement with other similar studies [Karimova, 2012; Karimova, Gade, 2014; Xu et al., 2015; 

Ni et al., 2021], our results clearly show an obvious dominance of cyclones over anticyclones both for 

ice-free and MIZ regions. However, the C/AC ratio possess a strong seasonal variability and different 

width of the ratio range for OW and MIZ eddies. For MIZ eddies, the ratio range is rather narrow, 

1.5-3.4, with maximum (minimum) in April (November) averaging at 2.3, while for OW eddies it 

spans from 1.5 in January to 12.2 in October averaging at 4. 

About 60% of all detected eddies have diameters of 0.2-4 km. A qualitative assessment of eddy 

lifetimes at such horizontal scales showed that their surface imprints were present longer than an 

hour, but less than a half day, given that repeatability of Sentinel-1 A/B data is about 1 and 10 hours. 

State-of-the-art numerical models currently work at ~1 km horizontal resolution and resolve 

mesoscale dynamics in the Arctic Ocean pretty well [Manucharyan, Thompson, 2022; Wang et al., 

2020; Mueller et al., 2024]. However, they are primarily confined to deep Arctic regions where eddy 

scales and Rossby numbers are higher compared to the shelf regions. Obviously, an adequate 

diagnosis of numerous eddies generated on the Arctic shelves would certainly demand to expand 

model resolution. 

The study site in the northwestern Barents Sea is a very dynamic region with strong seasonality 

[Koenig et al., 2024] fostering the eddy generation owing to different mechanisms. The observed 

overlap of main eddy observation sites during ice-free and ice-covered periods (compare Figures 6 

and 9) suggests that eddy generation mechanisms in winter and summer are partly identical and 

include baroclinic instability of main currents, topographic/orographic and frontal generation. Below 

we briefly discuss these mechanisms and schematically depict them in Figure 13. 

One of the most common mechanisms of eddy generation in the study region is related to 

instabilities of the mean flows spreading along sloping bottom. Hundreds of eddies are observed 

over 100-200 m depths along the SB flanks, especially over the eastern one that is a true hot-spot of 

eddy generation (Figure 13b).  

Another mechanism is generation of eddies behind the islands and capes, regularly observed 

near Hopen and Bear Islands [Kowalik, Proshutinsky, 1995] (Figure 13c). In such case, the blocking 

effect of an island or cape generates a wake on the opposite side of the flow, and the eddies develop 

downstream [Caldeira et al., 2005]. In case of the Spitsbergen Bank, the flow is dominated by the tidal 

currents amplified by shallow topography. The flow becomes trapped and intensified around islands 

[Kowalik, Marchenko, 2023; Marchenko, Kowalik, 2022], creating eddies of various polarity and 

direction on different tidal phases (Figure 8). This mechanism is efficient throughout the entire year 

and results in eddy formation both during ice-free and ice-covered periods. 

Eddies are also often formed due to instabilities of outcropping surface fronts [Manucharyan, 

Timmermans, 2014; Sullivan, McWilliams, 2018]. In our region, this mechanism is efficient near the 

Polar Front (Figure 13d) due to the sharpening of horizontal density gradients favoring the formation 

of meanders and coherent vortices of various scales, as was also reported in other Arctic frontal 

regions [Brenner et al., 2020; Koenig et al., 2020]. In summer, about 20-25% of all detected eddies are 
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observed in the vicinity of the PF (Figure 12d) where their occurrence might trigger an enhanced 

biological activity [Fer, Drinkwater, 2014]. Short-term variability and modification of the PF, 

including the changes in its structure, position, and reduction of available potential energy is also 

largely governed by eddies, stimulating along-isopycnal mixing here [Porter et al., 2020; Kolas et al., 

2023]. 

 

Figure 13. Schematic depicting main eddy generation mechanisms over the Spitsbergen Bank in the 

northwestern Barents Sea owing to (a) interaction of currents with sloping bottom, (b) island wakes, 

(c) frontal generation, (d) dynamic processes in the MIZ. Magenta and green markers in (a) represent 

cyclones and anticyclones. 

When the ice cover is present, dozens of eddies are also formed in the MIZ (Figure 13e) 

characterized by strong lateral buoyancy gradients and energetic atmosphere–ice–ocean interactions. 

Here, eddy formation mechanisms include  

barotropic and baroclinic instability of an ice edge jet along the MIZ, topographic generation and 

trapping, and wind-induced differential Ekman pumping along a meandering ice edge [Johannessen 

et al., 1987]. Though widely present, this group of eddies is still the most challenging for ocean 

modeling and pan-Arctic assessments of KE and EKE distribution in the Arctic Ocean [Wang et al., 

2020; Manucharyan, Thompson, 2022; Liu et al., 2024; Mueller et al., 2024]. 

5. Conclusions 

In this work we analyzed the properties of ocean eddies in the ice-free and marginal ice zone 

regions of the Spitsbergen Bank using high-resolution spaceborne Sentinel-1 A/B SAR data from 

January to December 2018. Year-round satellite observations enabled to trace the intra-annual and 

spatial variability of eddies and document their properties. 

Analysis of 3070 SAR images enabled to register 1758 eddy manifestations in the marginal ice 

zone (MIZ) and 1631 signatures in the open water (OW). Eddy features were registered over the SB 

region throughout the entire year peaking during the first (January to March) and third (July-

September) quarters of the year. The total numbers of the MIZ and OW eddies was approximately 

equal. 

Despite the fact that the size of the eddies varied from hundreds of meters to almost 40 km, most 

often (about 75% of occurrences) the diameter of eddies didn’t exceed 6 km. The diameter range of 

MIZ eddies was twice larger than that of OW eddies. We also note a strong seasonal variability of 
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eddy diameters and the ratio of C to AC. The average diameter of ACs was larger than that of Cs both 

for the MIZ and OW eddies. 

Enhanced eddy activity was detected in Storfjorden, south of Edge Island and along the entire 

eastern SB slope starting from Bear Island along the 100-m isobath toward Hopen Island and further 

north to 78° N. Very low eddy activity was observed in the central part of the bank. 

The MIZ eddies were most often recorded in February, yielding about one third of all 

observations. The minimal number of MIZ eddies was detected when the ice cover was maximal in 

April and just forming in November. Spatial distribution of MIZ eddies was limited by the 200-m 

isobath. The average diameter of the MIZ eddies was 4.8 km with an average diameter of anticyclones 

being slightly larger than that of cyclones. The predominance of cyclones over anticyclones was about 

70% to 30%. 

The OW eddies were recorded throughout the year and were more dispersed over the study 

region tending to accumulate in regions of relatively weak surface currents. The maximum 

probability of their occurrence was observed in August. The average diameter for the OW eddies was 

less than 4 km in summer and more than 7 km from January to March. In summer, about 20-25% of 

them were observed within the Barents Sea Polar Front. 

As eddies were widely present in the region throughout the entire year, the future studies should 

focus on investigation of eddy-related water mass transport and mixing, as well as their evolution. 
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