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Рассматривается пространственно-временная изменчивость характеристик Полярной фронтальной зоны (ПФЗ) 
в Баренцевом море в поверхностном слое за теплые сезоны с 2002 по 2020 гг. Кроме этого, проводится анализ повторя-
емости малых вихревых структур в области фронтальной зоны в разные годы и описывается связь характеристик ПФЗ 
с глобальными атмосферными процессами. Положение и характеристики ПФЗ в поверхностном слое Баренцева моря 
определялись на основе кластерного анализа, выделялись по данным спутниковых измерений. Вихревые структуры 
в области ПФЗ детектировались по изображениям радиолокаторов с синтезированной апертурой (РСА) Envisat Asar 
и Sentinel-1A/B. Для оценки влияния атмосферных процессов на характеристики ПФЗ использовались индексы NAO, 
EA, EA/WR и SCAND. Установлено, что внутригодовые значения горизонтальных градиентов температуры и солено-
сти в области ПФЗ оставались стабильными в течение теплого сезона и составляли 0.05 °C/км и 0.02 ‰/км, соответ-
ственно. Изменчивость межгодовых характеристик градиента температуры ПФЗ составила от 0.02 °C/км до 0.08 °C/км, 
солености от 0.01 до 0.03 ‰/км, площади — от 120 до 425 тыс. км2. Установлено, что максимальные среднемесячные 
значения площади ПФЗ отмечались в 2007 г., а минимальные — в 2003 г. Полученные результаты показали, что по-
сле 2010 г. величина горизонтальных градиентов температуры и солености ПФЗ в поверхностном слое уменьшилась, 
что, вероятно, связано с процессом «атлантификации» Баренцева моря. Максимальное количество малых вихревых 
структур в области ПФЗ отмечалось в 2009 г. Показано, что индекс SCAND за предшествующий зимний сезон можно 
использовать в качестве предиктора для прогноза характеристик ПФЗ в летний период.

Ключевые слова: температура поверхности моря, соленость поверхности моря, спутниковые наблюдения, кластерный 
анализ, Полярная фронтальная зона, малые вихри, NAO, EA, EA/WR, SCAND, Баренцево море.
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The article considers the spatial and temporal variability of the Polar Frontal Zone (PFZ) characteristics in the Barents Sea 
during the warm season from 2002 to 2020. In addition, the occurrence of small eddy structures in the PFZ region in different 
years is investigated, and the relationship of the characteristics of the frontal zone with global atmospheric processes is described. 
The position and characteristics of the PFZ were derived from satellite measurements using the cluster analysis method. Eddy 
structures in the PFZ region were detected from images of Envisat Asar and Sentinel-1A/B synthetic aperture radars. The NAO, 
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EA, EA/WR and SCAND indices were used to assess the influence of atmospheric processes on the PFZ properties. It was found 
that the intra-annual values of temperature and salinity gradients in the PFZ region remained stable during the warm season and 
reached 0.05 °C/km and 0.02 %/km, respectively. The variability of the interannual estimates of the PFZ properties ranged from 
0.02 °C/km to 0.08 °C/km in temperature, from 0.01 to 0.03 %/km in salinity, and from 120,000 to 425,000 km2 in area. The max-
imum monthly mean values of the PFZ area were observed in 2007, while the minimum — in 2003. The obtained results clearly 
showed that the intensity of the PFZ decreased after 2010, which is presumably related to the “Atlantification” of the Barents Sea. 
The maximum number of small eddy structures in the PFZ region was identified in 2009. It is shown that the SCAND index for 
the previous winter season can be used as a predictor for predicting the characteristics of the PFZ in the summer period.

Key words: sea surface temperature, sea surface salinity, satellite observations, cluster analysis, Polar frontal zone, small eddies, 
NAO, EA, EA/WR, SCAND, Barents Sea.

1. Introduction

In recent decades, significant changes have been observed in the Arctic region [1], which are reflected in the 
decrease in the area of the ice cover [2] and the “Atlantification” of polar waters [3]. This variability also affects the 
position of the frontal zones, the meandering of the frontal sections and the formation of eddy structures [4, 5].

Frontal zones and eddy structures in the World Ocean are an important part of horizontal turbulent mixing, 
transferring energy through a cascade of scale from large-scale movements to small-scale turbulence [6]. In recent 
years, special attention has been given to the study of eddy formation and frontogenesis at the meso- and submeso-
scale boundary in the Arctic seas [7, 8].

The climatic Polar Frontal Zone (PFZ) is located in the Barents Sea, the study of which is most often carried 
out according to contact observations [9, 10], because it is best observed on subsurface horizons. It is formed due to 
the advection of warm and salty Atlantic Water of the North Cape and Svalbard currents and their mixing with cold 
and desalinated Arctic Water [10, 11]. In the works [12, 13] this frontal zone is correlated with modified Barents Sea 
waters. It was found that the bottom topography plays an important role in the position of the PFZ [14–16]. The 
frontal zone in most works is defined only by temperature data [10, 17, 18], much less by salinity [4]. According to 
oceanographical measurements [17–19], the greatest thermal and salinity gradients inside the PFZ are observed in 
the area of Bear Island, which is associated with the closest contact of the Atlantic Water and Arctic Water. The study 
of the relationship between the position of the PFZ and the characteristics of the Arctic ice cover showed that in the 
years of minimum ice cover, the PFZ is much more northerly [5] than in the years when the ice cover of the Barents 
Sea is above average [20]. In work [21], a study of the long-term seasonal variability of the Polar front and its branches 
over many years, based on reanalysis data, showed the presence of intra-seasonal cycles of its spatial variability. At 
the time, most of the studies of the PFZ are fragmentary, which is due both to the difficulties of interpreting its syn-
optic and intra-monthly variability, and to the inhomogeneous of spatial distribution of gradients within the front. 
In addition, according to data [9], the availability of measurements of the eastern part of the Barents Sea in different 
seasons is much lower than the western one, making it impossible to fully describe the contribution of the PFZ to the 
hydrological regime of the entire Barents Sea. The use of modeled data and reanalysis does not always allow a qualita-
tive description of the hydrophysical variability of the waters of the Barents Sea [22]. In this regard, a comprehensive 
study of the long-term variability of the PFZ using remote sensing data remains relevant.

A specific aspect is the choice of a methodological tool for the identification of frontal zones in the Arctic seas. 
The variety of techniques for identifying frontal zones in different parts of the World Ocean is associated with both 
regional features of frontogenesis and the data type used. In work [23], the frontal zone is defined as an area that is 
distinguished by a significant excess of the horizontal gradient over the background distribution. However, the in-
stability of external boundaries and the highly variable gradient of frontal zones in the Arctic seas do not allow for a 
qualitative determination of the main characteristic and their variability at significant intervals. In addition, difficult 
weather conditions and ice cover, observed both in the warm [24] and in the cold period of the year [25], reduce the 
possibility of conducting regular assessment of the variability of the characteristic of the frontal zones of the Arctic 
by traditional methods such as oceanographical measurements. It should be noted that the PFZ in the Barents Sea 
is most pronounced in the 30–50 m [17] layer, while in the surface layer it is not always unambiguously detected. 
The solution may be the integration of satellite measurements of temperature and salinity of the sea surface with the 
identification of the frontal zone using the cluster analysis method [26].

At the boundaries of frontal zones, a variety of volatility mechanisms often create eddy structures of varying scales 
[27, 28]. It provides significant amounts of water transfer through the frontal zone. As a result, the frequency of times 
of occurrences of eddy structures indirectly reflects the intensity of water exchange between different areas. Satellite 
radar measurements (SAR) make it possible to effectively investigate the surface manifestations of small eddy struc-
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tures at the borders and inside the frontal zones of the Arctic seas [19, 29]. However, the question remains as to how 
large-scale processes affect the intensity and spatial distribution of small eddy structures in the PFZ area. This is very 
important for understanding the features of water interaction processes in the frontal zone.

Atmospheric circulation over the North Atlantic and Barents Seas contributes significantly to the formation 
of thermohaline characteristics of waters in the region [30]. The work [30, 31] describes the relationship between 
Atlantic Water temperature in the Barents Sea and atmospheric oscillations. However, to date, no assessment has 
been made of the degree of correlation of the PFZ parameters in the surface layer with the indices of atmospheric 
fluctuations.

Thus, the purpose of this work is to study the spatial and temporal variability of PFZ characteristics in the surface 
layer of the Barents Sea between 2002 and 2020 and their correlation to the various processes in the atmosphere and 
the ocean.

2. Materials and methods

For the identification of surface PFZ, sea surface temperature (SST) data from the treatment level L3 [32] from 
May to September from 2002 to 2020 were used from MODIS (Moderate Resolution Imaging Spectroradiometer) 
satellite radiometers Aqua and Suomi NPP VIIRS (Visible Infrared Imaging Radiometer Suite) with a spatial reso-
lution of 4 km [33, 34].

As data describing the variability of the salinity of the sea surface (SSS) inside the PFZ, data from the L3 process-
ing level [35] of the NASA SMAP (Soil Moisture Active Passive) satellite for the period from June to September from 
2016 to 2020 were taken with a spatial resolution of 0.25° in latitude and longitude [36].

After receiving the data, according to the methodology presented in work [37], the horizontal gradients of tem-
perature and salinity characteristics were calculated. Further, the SST, SSS data and their gradients were combined 
into common matrices and brought to a single spatial grid using the linear interpolation method with a minimum step 
of 0.25° in latitude and longitude.

Matrices in which the number of omissions was more than 20 % were not used in further calculations.
To identify the PFZ on the surface of the Barents Sea, a cluster analysis [26, 38] of the combined data by the 

k-means method was performed. The standardization of each characteristic was done by dividing by the maximum 
value. The determination of the optimum number of classes was carried out by the Ward methods and tested by the 
criterion of minimization of the intra-class and inter-class distance ratios. For the class corresponding to the PFZ, 
the average values of SST, SSS and their gradients as well as the occupied area, were determined on the monthly and 
annual variability internal. To determine the position of the main Polar front inside the PFZ, the method of compos-
ite gradient maps with isolines SST and SSS described in detail in work [39], was used.

To record surface manifestations of eddy structures in the Barents Sea, 818 SAR Envisat Asar radar were analyzed 
in C-band and Wide Swath Mode (WSM) and Image Mode Precise (IMP) for August 2007 (197 images), 2009 (458 
images) and 2011 (163 images). In August 2018, the analysis of 233 SAR Sentinel-1A and 1B radars in C-band and 
Interferometric Wide Swath (IW) and Extra Wide Swath (EW) was performed. The analysis of satellite radar and the 
separation of eddy structures were carried out according to the methodology described in the work [7]. To analyze 
the influence of wind on the manifestations of eddy structures the average monthly data on near-water wind speeds 
of GLOBAL OCEAN WIND L4 REPROCESSED MONTHLY MEAN OBSERVATION [40] were used, corre-
sponding to front areas.

To assess the influence of large-scale atmospheric processes on the characteristics of the PFZ (such as: the pre-
vailing directions of air mass transfer over the North Atlantic; the movement of synoptic-scale baric formations and 
their blocking processes over Europe), monthly average data were used of the indices of the North Atlantic Oscil-
lation (NAO), East Atlantic Oscillation (EA), Scandinavian Oscillation (SCAND) and fluctuations of the Eastern 
Atlantic — Western Russia (EA/WR) [41] for the period from 2002 to 2020.

The estimate of the indices was averaged by the seasons of the year, and to determine the degree of relationship 
between the characteristics of the PFZ and atmospheric indices, the method of correlation analysis presented in the 
work was used [38].

3. Results

Polar frontal zone. Figure 1 shows as an example the results of cluster analysis based on monthly average satellite 
data in the Barents Sea for August 2018. According to the obtained static criteria (Fig. 1, a), the division of data into 
three classes is the most appropriate.
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a)

b)

Fig. 1. Results of cluster analysis of average monthly SST, SSS and their gradients 
in August 2018.: a — dendrogram for determining the optimal number of classes 
obtained by the Ward method; b — classification obtained by k-means method: 1 

class — PFZ region, 2 class — Arctic Water, 3 class — Atlantic Water.

The obtained clustering results when compared with other studies in term of thermohaline characteristics of 
the waters of the Barents Sea [9–11, 18, 42] show that the first-class correlates with the position (Fig. 1, b) and 
parameters (Table 1) PFZ: maximum SST gradient observed, the characteristics of SST and SSS are generally 
higher than their average values for the Barents Sea. The second class corresponds to the Arctic Water, with es-
timates comparable to the work [42]. For this water mass, the SSS gradient is elevated and the SST gradient is 
small. The third class is related to the Atlantic Water described in work [18] with maximum values of SST and 
SSS (Table 1).

As can be seen from Fig. 1, the PFZ originates near Bear Island, closer to the Svalbard archipelago. Here the PFZ 
is observed almost all year round, and in its region the maximum values of temperature and salinity are detected, due 
to flooding of warm and salty waters of the Svalbard Current [43, 44]. Then the zone goes around about Bear Island 
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and passes northeast along the Bear Island to 25° E. The direction of distribution of surface PFZ, depending on the 
year, can be divided into types: northern, when the PFZ is observed above 76° N and southern, when the area is below 
72° N. The width of the region is subject to significant interannual variability.

The estimates of intra-annual variability of PFZ characteristics average over 2002–2020 are presented in Table 2. 
The table shows that the gradients of SST and SSS remain stable throughout the period under review. The tempera-
ture and salinity of the waters reflect the general trend of the annual course with a maximum in July–August. The sur-
face area of the PFZ increases during the warm season, and a sharp increase is observed at the beginning of the season.

During the warm season, the SST in the PFZ region ranges from 1.5 °C in May to 8.5 °C in August (Fig. 2, see 
Inset), and SSS from 34.7 ‰ in June to 35.3 ‰ in October. The general temporal variability of SST is characterized 
by lower temperatures from 2003 to 2010, and after 2010, on the contrary, a warming trend is visible. On average, 
the difference between the first and second decades can reach 0.5–1.0 °C, which correlates with global trends in the 
changing climate in the Arctic [45].

The years with the minimum values of the SST gradient coincide with the periods in which intensive temperature 
anomalies of different signs were observed. In the first decade, the SST gradient was generally higher, and after 2010 
there was a general downward trend in intensity with general warming in PFZ (Fig. 3). The maximum difference 
between decades is reached 0.04 °C/km and has tended to increase. It should also be noted that the maximum SST 
gradient values are cyclical, averaging 3–4 years.

The inter-annual variability of the SSS and the SSS gradients in the PFZ region is characterized by the maximum 
in 2018 and the minimum in 2020. No clear links with other PFZ parameters were found. It should also be noted, 
however, that the negative anomaly reported by SST in 2019 also appears in the lower SSS values.

PFZ area values are highly variable over decades. It can be seen that in the first decade of the 21st century, when 
SST values were on average lower, the PFZ covered a large part of the Barents Sea (Fig. 3), but after 2010, when total 
warming was observed, it was reduced by 50,000–80,000 km2. The greatest positive anomalies in time in the area of 
the PFZ were observed in the warm seasons of 2008 and 2009, after 2007, when the area of the Arctic ice cover was 
much smaller than the average annual one [2]. In general, it should be noted that the maximum gradient values are 
observed when the area of PFZ is minimal and, conversely, when the area of the zone is maximum, the SST gradient 
in it is minimal. It can be seen that in the second decade of the 21st century there was a turning point in the variability 
of the PFZ area — it has decreased and its annual course ceased to have clear trends.

The maximum values of the gradient were more common in the first decade of the 21st century (Fig. 3). For ex-
ample, the maximums were noted in 2002, 2003, 2006, 2010. The PFZ area is also characterized by maximums in the 
period from 2002 to 2010. Cold years with the gradient well below average can be attributed to 2005, 2008, 2016. The 

Table 1

Intra‑class monthly average estimates of the quantitative  
characteristic of SST, SSS and their gradients for August 2018:  

₸ — SST, ∆₸ — SST gradient, S — SSS, ∆S — SSS gradient, s — area.

Characteristic 1 class 2 class 3 class
₸, °C 7.2 4.7 10

∆₸, °C/km 0.07 0.05 0.06
S, ‰ 35.1 34.4 35.2

∆S, ‰/km 0.016 0.034 0.007
s*103, km2 311 338 268

Table 2

Intra‑annual estimates of the quantitative characteristics of the PFZ  
for the period from May to September

Month T, °C ∆T, °C/km S, ‰ ∆S, ‰/km s*103, km2

May 2.61 0.05 245
June 3.71 0.05 34.91 0.02 288
July 5.75 0.05 35.02 0.02 313

August 6.74 0.04 34.97 0.02 331
September 5.97 0.05 34.92 0.02 341
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analysis of the data shows that after 2010 the values of the SST gradients decreased markedly, which affected both the 
area of the frontal zone and the magnitude of its gradients. This is probably due to the “Atlantification” of the waters 
of the Barents Sea [3, 4], as a consequence of which the intensity of development on the surface of the PFZ decreases.

Eddies structures in the PFZ region. The number of eddy structures in the PFZ area by years can be estimated 
according to the data in Table 3, and Fig. 4 shows the spatial variability of eddies in the PFZ area in the years of their 
maximum and minimum occurrence in the water area.

It can be seen from Table 3 that the PFZ characteristics for the months are presented in Fig. 2. For example, with 
the minimum PFZ area in 2018, the maximum SST gradient is observed, and with the maximum area in 2009, the 
minimum. In addition, the variability between decades can be clearly traced according to the PFZ area data — in the 
first (2007, 2009) it is much higher than in the second (2011, 2018). Thus, August allows, in general terms, to trace 
the dynamics of the PFZ during the periods of its maximum variability.

According to Table 3, the number of registered eddy structures differs from each other by years in the sea as a 
whole and the frontal zone. A clear criterion for the occurrence of eddies is the radio of the number of eddies inside 
the PFZ and the number of eddies in the remaining area of the Barents Sea. The close value of the criterion to 0 shows 
that eddies prevail in the Barents Sea, and at a value close to 1, that eddies prevail in the PFZ area. The criterion 
shows the frequent occurrence of eddies in the PFZ in 2009 and very low in 2007 and 2018. However, this criterion 
does not allow for an understanding under the influence of which factors in the PFZ region eddies appear. Note that 
in those years when the average monthly wind speed in the PFZ did not exceed 6 m/s the eddy structures inside the 
PFZ were recorded much more frequently compared to years with higher average wind speeds.

Fig. 3. Average annual estimates of the SST and the PFZ area.

Table 3

Main characteristics and statistical criteria of eddy structures in the PFZ  
and characteristics of wind speeds in the PFZ region.

Year 2007 2009 2011 2018
Number of eddies, units 366 613 194 665
Average diameter, km 2.3 6.5 2.7 3.1
Number of eddies in the PFZ region, units 12 113 25 29
The ratio of the number of eddies to the number of SAR (repeatability) 1.85 1.33 1.19 2.98
The ratio of the number of eddies inside the PFZ and outside the PFZ units/1*103 km2 0.06 0.61 0.43 0.14
PFZ width, thousand km2 345 380 328 312
Maximum gradient, °C/km 0.05 0.04 0.04 0.07
Median, °C/km 0.032 0.027 0.026 0.034
Maximum wind speed in the PFZ area, m/sec 6.62 5.92 5.05 7.26
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a) b)

Fig. 4. Composite maps of the PFZ according to SST, SSS and eddy structures for August: a — 2009; b — 2018.

Figure 4 illustrates the inhomogeneity of the distribution of eddies in the Barents Sea in different years. In 2007 
and 2018, the main areas of occurrence are located in the northern part of the sea, closer to the Svalbard and France 
Josef Land archipelagos, in 2009 and 2011, many eddy structures are located in the central and southern parts of the 
Barents Sea. It is also should be noted structures are often found in areas with significant variability in bottom topog-
raphy (for example, near the Central Bank).

An analysis of the obtained results shows that the maximum eddy formation from the presented years in the field 
of PFZ was observed in August 2009. This is probably due to the small values of the SST gradient, which increases the 
probability of the development of baroclinic instability [6] in the PFZ. This is also confirmed by statistical criteria: 
small values of dispersion and median, which show that the variation in the SST gradient is insignificant. In addition, 
moderate wind exposure can contribute not only to the intensification of dynamic processes, but also to better iden-
tification of the PFZ eddy patterns in satellite imagery.

Atmospheric oscillations. A comparison of the temporal variability of PFZ characteristic indices showed that an 
increase in the SST of the Barents Sea is observed in the same years as an increase in the NAO and EA indices. In 
some years, there are simultaneous maxima of the SCAND indices and SST gradients. There are also feedbacks when 
in the first decade PFZ values are maximal, NAO, EA and SCAND indices are generally lower. There is no clear 
correlation between the time variability of EA/WR indices and PFZ characteristics.

The resulting statistical estimates of the correlation between the seasonal characteristics of PFZ and the indices 
of global atmospheric processes are presented in Table 4.

According to the results obtained, the greatest connection is observed between SCAND and the characteristics 
of the PFZ with a shift of six months. The change in the Scandinavian fluctuation in winter can describe up to 47 % 
of the variability of the PFZ characteristics in the next summer season (Table 4). With positive values of the index, an 
increase in anticyclonic activity occurs [46–48], which enhances energy exchange with the atmosphere. As a result of 
an increase in heat transfer from the ocean to the atmosphere in the winter season, convective processes in the active 
layer of the Norwegian Sea are intensified. In the future, these waters are transported to the Barents Sea and, being 
colder, they sink faster and form a smaller area on the surface, but more pronounced gradients in the PFZ region.

Significant correlation coefficients of winter EA/WR indices are observed only with the parameters of the PFZ 
area. This may be due to the zonal transfer of warm air masses from Eurasia, which may indirectly affect the heat 
content of waters in the Barents Sea and, as a result, increase the area of the PFZ [49, 50].

No significant correlation between atmospheric circulation indices and PFZ characteristic were found in the 
spring period. Summer atmospheric circulation indices EA correlate with SST characteristics in the PFZ region. 
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The reverse character of the latter relationship is possibly explained by the fact that, with the intensification of the 
meridional circulation over the northern part of the Atlantic Ocean, there is an intensification of the transfer of cold 
air masses and a decrease in the SST in the PFZ region [51].

The values of the correlation coefficients between the characteristics of PFZ and NAO presented in Table 4 are 
comparable with the estimates from work [52]. The size of the shift and the correlation coefficients of the SCAND 
index are similar to the results of work [48], where its influence on the change and formation of the ice cover of the 
Barents and Kara Seas is described.

The results allow the possibility of using a winter index to be considered as a predictor for predicting the char-
acteristics of the surface PFZ for the next summer season. At the same time, the absolute values of the correlation 
coefficients are generally not large, which shows the importance of regional atmospheric and hydrological processes 
in the formation of the PFZ in the Barents Sea.

4. Conclusion

In the course of this work, the spatial and temporal variability of PFZ characteristics in the Barents Sea for the 
period from 2002 to 2020 was investigated. The analysis of the interannual variability of eddy structures repeatability 
near the frontal zone and the connection of characteristics of PFZ with global atmospheric processes is performed.

An analysis of the annual average characteristics of the PFZ showed that the gradients of the SST and the SSS 
were quite stable, while its area experienced significant changes at the beginning of the summer season. The maxi-
mum value of the SST was in 2013, the PFZ gradient in 2003 and the PFZ area in 2007. The minimum values of SST 
characteristics and PFZ area were observed in 2003 and the SST gradient in 2015. The inter-annual and seasonal 
variability of PFZ characteristics showed that its intensity in the first decade was on an order of magnitude higher than 
in the period 2011–2020. This is confirmed by the estimates of the SST gradient and the area of the PFZ, which so 
far show a negative trend. This trend is likely related to the increased flooding of warm Atlantic Water in the Barents 
Sea, which creates positive SST anomalies while destabilizing the sustainability of the PFZ.

Analysis of PFZ eddies shows that the maximum number of eddy structures was observed in August 2009. In oth-
er years, there is no similar spatial distribution of eddies in the PFZ region. This is probably due to the development of 
a more intense barocline instability this year, resulting from the weakening of the performance gradients in the PFZ. 
This assumption is confirmed by the small value of the median and dispersion of the SST gradient. It is also important 
to note here that the possible reasons for the registration of a larger number of eddies in satellite data in August 2009 
may be a better provision of observations (a larger number of radar images obtained in the PFZ region) and more 
favorable wind conditions under which the identification of eddies in radar images is optimal.

The results of the analysis of the statistical correlation between the characteristics of the front and the seasonal 
indices of atmospheric circulation show that the variability of the PFZ characteristics in the summer season is best 
described by the SCAND index for the previous winter. It is shown that an increase in anticyclonic activity over the 
Scandinavian Peninsula can affect an increase in SST gradients and a decrease in the area of the surface PFZ. The 
results obtained will further allow to develop a new approach to predicting the characteristics of the PFZ.

Table 4

Correlation coefficients between PFZ characteristics and NAO, EA, EA/WR  
and SCAND indices by seasons for 2002–2020. Correlation coefficients significant 

at the 95 % level are highlighted in bold.

Parameter NAO EA EA/WR SCAND
Winter indexes — summer characteristics of PFZ

T̅ 0.26 0.18 –0.01 –0.42
∆T̅ –0.39 0.06 –0.05 0.47
s 0.20 –0.20 0.42 –0.44

Spring indexes — summer characteristics of PFZ
T̅ 0.39 0.13 0.33 –0.15

∆T̅ –0.04 –0.01 0.14 0.16
s 0.13 –0.07 0.06 –0.24

Summer indexes — summer characteristics of PFZ
T̅ 0.36 –0.43 0.01 0.11

∆T̅ 0.23 –0.11 –0.25 0.33
s –0.08 –0.33 0.11 0.13
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Further work will focus on the internal structure and synoptic variability of PFZ characteristics in years with 
different climatic conditions.
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Fig. 2. Characteristic of the PFZ for the period from July 2002 to October 2020: a — SST; b — SST gradient; 
c — the area of PFZ.
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