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Abstract

The article is devoted to obtaining long-term physical and geographical characteristics of the River Plume frontal zone as a
separate hydrological structure that forms at the boundary of the fresh surface layer of the Ob and Yenisei Rivers. The primary
data for identifying the frontal zone are satellite measurements of surface temperature (MODIS Aqua, Suomi NPP-VIIRS),
surface salinity (NASA SMAP) and sea level (AVISO) for the period from July to October from 2002 to 2020. The position and
characteristics of the River Plume frontal zone were determined using cluster analysis, which was applied for the first time to an
integrated set of remote satellite sensing data in this region. The results of the study showed that in the warm period of the year, the
average long-term surface temperature gradient of the River Plume frontal zone was 0.08 °C/km, the surface salinity gradient was
0.1 PSU/km, and the area was 155,000 km?. During the ice-free period of the second decade of the 21st century, the temperature
gradient of the frontal zone weakens by 0.04 °C/km, and the area decreases by 100,000 km2. The correlation analysis showed
that the temperature and salinity gradients, as well as the area of the River Plume frontal zone, were determined by the volumes
of the river discharge of the Ob and Yenisei and ice parameters in the warm period of the year. The article presents the obtained
estimates of the relationship between the characteristics of the frontal zone and the volume of river discharge, ice cover and wind
parameters, as well as the value of the atmospheric indices of the Scandinavian oscillation (SCAND).
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AHHOTAIS
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KOTOpBIi BIIepBbIe ObLT MPUMEHEH K 00001IEHHOMY HA0OPY MaHHBIX TUCTAHIIMOHHOTO CITyTHUKOBOIO 30HAMPOBAHUS
B 9TOM PEeruoHe. YCTaHOBJIEHO, YTO B TEIUIBII IIEPHMOM TOa CPEIHMI MHOTOJETHUM TeMIIepaTypPHbIil TTOBEPXHOCTHBIN
rpangueHT CTOKOBOI (hpoHTanbHOM 30HBI cocTaBisieT 0,08 °C/kM, rpanueHT noBepxHocTHoM cojeHoctu 0,1 PSU/kwM,
a [Iolanb — 155 Thic. KM2. BhISBIEHO, UTO 3a 6e3eqHblil nepuos BToporo aecatuwietust XXI Bexa rpagueHT TeMIepa-
Typbl PPOHTAIBLHOI 30HBI ocaabeBaeT Ha 0,04 °C/kM, a mowanb yMmeHblnaetcs Ha 100 Toic. kM2, [okazaHo, 4TO TeM-
TepaTypHBINA U COJICHOCTHBIN I'paAreHThl, a TakKe IIomanb CTOKOBOI (PpOHTAILHOM 30HBI OIIPENEIISTIOTCS 00beMaMu
peuHoro ctoka O6u 1 EHucest u mapameTpaMu JbI0B B TeTUIbII Tiepuros roaa. [1osyyeHbl OlIEeHKU CBSI3U XapaKTePUCTUK
(GpOoHTaTBLHOI 30HBI ¢ 00bEMa PEYHOTO CTOKA, TTapaMeTpaMi JISMSTHOTO TIOKpOBa U BETpa, a Takke BEJIMUMHOM aTMOC-
depHbIx nHIeKCOB CKaHAMHABCKOTO KOJIeOaHMUsI.

Kumouessie ciioBa: ¢hbpoHTaIbHasi 30Ha, pEYHOI TITIOM, MOpcKoii sien, CkaHIMHaBCcKoe KonebaHue, Kapckoe mope

1. Introduction

The Kara Sea is one of the marginal seas of the Arctic Ocean. The sea is limited from the west by archipelago
Novaya Zemlya, from the south by the Siberian coast and from the east by the Laptev Sea (Fig. 1). An important
factor in the formation of water masses in the Kara Sea is the continental discharge of large Siberian rivers, the
total volume of which is 1,350 km?/year [1, 2]. The large rivers Ob (430 km*year) and Yenisei (650 km*year)
make the largest contribution to the formation of a large river plume.

In the Kara Sea four main water masses (water types) are distinguished in the surface layer. Barents Sea
waters are observed in the west of the Kara Sea [3—5]. The Arctic waters are located in the northern part of
the Kara Sea [6]. Kara Sea waters are observed in the south and east of the sea [1—2, 7] and river waters are
observed near the confluences of large rivers (the Ob, Yenisei, etc.) [1, 8—9]. River waters, spreading over the
water area, form a large freshened surface layer (FSL) (Fig. 1) with an average thickness of about 10 m, which
has a significant effect on many physical and biological processes in the Kara Sea [7—11]. The FSL field can
reach an area of 200,000—250,000 km?[7, 12]. Depending on the configuration of the FSL on the sea surface are
distinguished “western”, “central”, and “eastern” types of the FSL distribution [1, 10]. The waters in the FSL
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Fig. 1. Geographical objects and the scheme of formation of the river

plume frontal zone (RPFZ) in the Kara Sea: black dots show hydro-

graphic posts on the Ob (Salekhard) and Yenisei (Igarka) Rivers, and
black arrows show the scheme of middle currents [1] in the Kara Sea
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area are relatively warm and vary from 4—5 °C in September to 10 °C in July [1, 3, 7]. As a result of the mixing
of sea and river waters, significant fluctuations in salinity are recorded in this area, which can range from 8 to
17 PSU for the period from June to September [7]. It should be noted that such spatial fluctuations are reflected
not only in the hydrophysical characteristics of waters, but also in the hydrochemical and biological processes
ofthe sea [11, 13].

The boundary area between the waters of marine and river genesis is characterized by significant instability
[8—9]. The interaction between the FSL and sea waters leads to the formation of a barrier or frontal section,
where vertical mixing is significantly weakened. According to the classification presented in [14] this boundary
can be called the River Plume Frontal Zone (RPFZ). The RPFZ is a zone between river and sea waters char-
acterized by sharp salinity and temperature gradients. In separate studies [11, 14, 15], quantitative estimates of
the positions and characteristics of the RPFZ were obtained in certain years. At present, irregular ship salinity
measurements are most often used to determine the position of frontal zones in the Kara Sea [7—9]. In most of
these studies the entire FSL area is considered and the RPFZ which is its outer boundary remains unexplored.
Thus, there are currently no representations about the physical and geographical characteristics of the RPFZ
and their variability, which actualizes its study in a changing climate.

It seems that to identify the RPFZ on a regular basis, it is possible to use constantly arriving data from
satellite measurements of salinity in combination with temperature and sea level, as was done in work [16].
However, it is currently believed that the errors in determining the characteristics of surface salinity in the cold
and fresh waters of the Kara Sea from satellite measurements are very large [17]. At the same time, in order to
analyze the large-scale variability of the salinity fields not enough of individual hydrographic stations, which are
presented in most studies [7—9]. That’s why the use of satellite data to identify the frontal zone requires their
validation based on large-scale oceanographic measurements. The results of such validation are given in [12]
which shows the possibility of using satellite measurements to determine the physical and geographical charac-
teristics of the frontal zones in the seas of the Arctic.

According to studies [11, 18—19] the formation of the FSL is influenced by many regional factors: the
volume of river discharge, the direction and stability of the near-water wind, and the characteristics of sea ice
conditions in the water area. As noted in [2, 20] the global atmospheric circulation over the Kara Sea makes a
significant contribution to the formation and variability of its hydrophysical characteristics. Accordingly, the
spatial dynamics and characteristics of the RPFZ are formed under the influence of regional and global pro-
cesses of interaction between the ocean and the atmosphere. However, until now separate comprehensive de-
scription of the long-term variability of the RPFZ parameters in the Kara Sea and the factors influencing it has
not been carried out.

Even in the presence of constantly incoming satellite data the lack of information about the RPFZ is asso-
ciated with the problem of choosing a methodological tool for studying frontal zones in the Arctic region [2, 4,
9]. According to the concept presented in [14], the frontal zone is the area where the horizontal gradient of the
characteristic significantly (by an order of magnitude) exceeds its background distribution. In the seas of the
Arctic region, as a rule, there are no significant gradients on the surface [21, 22]. For this reason, it is difficult to
determine the spatial dynamics and characteristics of the frontal zones. Analysis of hydrological fields of several
characteristics will increase the accuracy of determining the position of the frontal zone. One of the approaches
that allows to identify areas with large gradients of different characteristics is the use of cluster analysis.

Thus, the purpose of this study is to study the spatiotemporal variability of the RPFZ characteristics in the
Kara Sea for the period from 2002 to 2020 and analysis of the degree of its connection with processes of different
scales.

2. Data

To determine the dynamics and parameters of the RPFZ, monthly average satellite measurements of tem-
perature, salinity and sea level were used from July to October from 2002 to 2020, presented in Table 1.

To identify the thermal characteristics of the RPFZ, we used sea surface temperature (SST) data from
high-resolution infrared radiometers MODIS Aqua and Suomi NPP VIIRS with a spatial step of 0.05° [23].
The use of NASA SMAP radiometric data with a spatial resolution of 1/4° made it possible to determine the
characteristics of the sea surface salinity (SSS) of the RPFZ [24]. Level fluctuations in the RPFZ were analyzed
using absolute dynamic topography (ADT) data from the AVISO data set with a spatial step of 1/4° [25].
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Table 1
Types and parameters of data
Sensor/ Data set Data type Time Level

MODIS SST 07.2002—10.2011 L3
NPP VIIRS 07.2012—10.2020 L3
SMAP SSS 07.2015—10.2020 L3
Aviso ADT 07.2002—10.2020 L4

Arctic rivers River 05.2002—10.2020 -

discharge
CMEMS Wind 07.2002—10.2020 L4
AMSR-E 07.2002—10.2011 L3
Sea ice

AMSR-2 07.2012—10.2020 L3

To analyze the influence of regional processes on the dynamics and parameters of the RPFZ, we used
data on river discharge obtained at the hydroposts closest to the Kara Sea on the Ob in Salekhard and
the Yenisei in Igarka (Fig. 1). In addition, 6-hour surface wind speed data (east and north components)
were used with a spatial resolution of 1/4° of the data set SIW-IFREMER-BREST-FR obtained from the
Copernicus Marine Environmental Monitoring Service!. Sea ice conditions (area and state in the study
area) were described using data from the AMSR-E and AMSR-2 radiometers prepared by the University
of Bremen [26].

Analysis of influence of global atmospheric transport over Northern Eurasia on the change in the parame-
ters of the RPFZ in the Kara Sea was carried out using atmospheric circulation indices obtained from the site
Climate Prediction Center2. The study used the Scandinavian (SCAND) and Polar (POL) oscillation indices
[27]. The SCAND index shows the change in atmospheric pressure over Scandinavia and, at positive values, is
characterized by an increase in the blocking of zonal air mass transfers, and at negative values, their weakening
over the Scandinavia peninsula [28]. The POL index describes the atmospheric pressure variability between the
Arctic and Eurasia [28—29]. Positive values of the index characterize an increase in the intensity of cyclonic
activity in the Arctic and an increase in meridional transfers, while negative values characterize a weakening of
cyclones and transfers.

3. Methods
3. 1. Determination of the RPFZ waters on the surface of the Kara Sea

The SST, SSS, and ADT data were loaded for determining the spatial position and quantitative estimates of
the frontal zones. If field data were missing or the number of gaps, for example, due to a large amount of sea ice
on the surface or cloud cover, exceeded 20 %, then they were not used further.

The main criterion for determining the frontal zone is an increased gradient of the characteristics of hy-
drological fields, the value of which is two times higher than the background gradient of the Kara Sea [21—22].
Therefore, further, we calculated the horizontal gradients of temperature and salinity according to the method
presented in [22].

Then regular two-dimensional region was created in software MATLAB using the function «griddata». The
coordinates of the grid boundaries corresponded to the central part of the Kara Sea: 69—78°N and 55—95°E.
The step of grid nodes was 1/4°. Linear interpolation of satellite data of SST, SSS, their gradients and ADT was
performed on the constructed grid. The obtained data array was used to identify the surface water masses of the
Kara Sea by cluster analysis using the Statistica 10.0 software package. The main task of the analysis was to split
the data into homogeneous groups that are stable in time and location.

I CMEMS, https://doi.org/10.48670/moi-00185 (accessed 01.10.2022)
2 https://www.cpc.ncep.noaa.gov (accessed 04.10.2022)
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All data in the combined matrix was standardized: each characteristic (SST, SSS, their gradients and ADT)
was divided by its maximum value before starting the calculation of clusters. At the first stage, a hierarchical
clustering algorithm based on the Ward method with the Euclidean metric was used for exploratory analysis.
Using the obtained dendrograms for different months and years, a preliminary assessment was made of the
optimal number of classes and subclasses that can correspond to different types of water. The number of classes
obtained using Ward’s method was used as a priori constraints for the final partitioning of the data using the
interactive k-means method.

Based on the results of the cluster analysis, monthly maps of the distribution of the identified class positions
were built with an emphasis on the RPFZ. The resulting maps of the positions of the main water classes were
analyzed for each individual month. For the class corresponding to the RPFZ, at monthly and annual intervals,
the average values of the zone characteristics were calculated: SST, SSS, their gradients, ADT and area.

3.2. Methods for analyzing the impact of regional and global processes on the characteristics of the RPFZ

Cross-correlation analysis was used to determine the degree of connection between regional and global
processes and the RPFZ characteristics.

Comparison of the characteristics of the frontal zone with data on river discharge, wind, sea ice cover area
and state were carried out on a monthly interval with a shift of up to 12 months. For these indices of atmospheric
circulation, a correlation analysis was carried out with average seasonal estimates of the characteristics of the
frontal zone in the time interval with a shift from 0 to 3 seasons. The obtained coefficients were tested using
Student’s t-test. The paper describes only the coefficients significant at the 95 % level.

4. Results and discussion
4.1. Results of cluster analysis

The prepared data for August 2019 were used as an example to determine and obtain the characteristics
of the RPFZ. The results of clustering by the Ward algorithm are shown in Figure 2, a. On the dendrogram,
two main classes were clearly distinguished, which suggests the presence of significant differences between the
characteristics of the waters. These classes can be interpreted as marine and freshened waters. By reducing
the threshold distance by an average of three times, each of the classes can be divided into two subclasses.
The class identified as marine waters was more clearly divided into subclasses than freshened. From physical
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Fig. 2. The results of cluster analysis based on satellite data in August 2019 in Kara Sea: a — dendrogram obtained by

Ward’s method. Black vertical lines and numbers indicate the main classes of waters; b — is the classification obtained by

the k-means method: class 1 (blue) — is the Kara waters, class 2 (green) — Barents waters, class 3 (turquoise) — is the outer
boundary of the FSL — RPFZ, class 4 (orange) — is the inner part of the FSL
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considerations, it is known [1, 2, 8, 11] that sea waters in this area are divided into Barents Sea waters and Kara
Sea waters. River waters, as a rule, are represented as a single class [7], which is quite logical, if you set a formal
level of division into classes that is the same as sea waters (Fig. 2, a). However, the presented dendrogram shows
that the class of river waters also had a clear division into two subclasses, which will be referred to as the waters
of the inner part of the FSL and the waters of the RPFZ. In the studies [7, 9] often noted the presence of frontal
sections in the FSL area, the water characteristics in which differ from the bulk of the waters of the lens of fresh-
ened waters. Accordingly, the results of cluster analysis by the Ward method allow us to conclude that in river
waters, as well as in sea waters, there is a clear division into waters with different characteristics. As a result, in
this region, the most optimal from a physical and statistical point of view will be the allocation of four classes of
water. Further detailed division into classes is not advisable.

The resulting number of classes was used in the k-means clustering method, the results of which are shown
in Figure 2, . Quantitative estimates of the resulting clustering are presented in Table 2. It can be seen from this
table that the classification made allows us to quite clearly correlate the obtained classes with waters of different
genesis that are observed in the Kara Sea.

According to [1-3, 5—6], the Kara Sea waters are located near the Yamal Peninsula and archipelago No-
vaya Zemlya in the west, as well as in the north and east of the Kara Sea near the Taimyr Peninsula. The spatial
position of class 1 (Fig. 2, b) completely coincides with the description of the climatic position of this water
mass, the average temperature of which is 6—8 °C, and salinity is 24—28 PSU [1, 2, 7]. It should be taken into
account that the Kara Sea waters constantly interact with other types of waters, which affects its hydrological
characteristics [1, 3]. In this regard, there may be differences between the received and climatic thermohaline
estimates, especially in salinity characteristics. However, the estimates of surface temperatures and salinity are
close to the indices corresponding to the Kara Sea waters.

The Barents Sea waters enter the Kara Sea from the west, north of Cape Zhelaniya, and spread to the
east through the Novaya Zemlya straits in a southern way [3—5]. The climatic description of the position is
partially similar to the location of the second class (Fig. 2, b). This water mass is characterized by a relative-
ly high temperature in the southwestern part of the Kara Sea (up to 8—10 °C) and a low temperature in the
northeast of the sea (4—5 °C) [4]. The average salinity of the waters is 30—32 PSU, which is much higher in
comparison with other water masses in this region [4—5]. Thus, the average long-term estimates of the indices
of the Barents Sea waters coincide with the quantitative estimates of the 2nd class obtained in the course of
the clustering.

The position of waters of classes 3 and 4 shown in this example (Fig. 2, b) corresponds with the “central”
type of distribution of waters in the FSL, which is quite common [10]. FSL, according to [7], is characterized
by low salinity (~15 PSU) and high temperatures (~8 °C), which is also similar to the classes 3 and 4 estimates
(Table 2). However, earlier expeditionary studies [7—9] and satellite data analysis [10] note the presence of sev-
eral separate frontal sections on the «western», «eastern», and «central» boundaries of the FSL. This makes it

Table 2
Quantitative estimates of the characteristics of SST, SSS, ADT and their gradients based
on the results of clustering in August 2019: 7 — SST; VT — SST gradient;
H — ADT; § — SSS; VS — SSS gradient; s — class area

Parameters 1 class 2 class 3 class 4 class
T,C 5.9 4.7 7.8 8.6
vT ,°C/km 0.05 0.04 0.06 0.04
H,cm —6.9 —20.4 1.6 7.5
S,PSU 28.0 32.6 19.5 12.8
VS , PSU/km 0.07 0.06 0.11 0.08
5*103, km? 378 168 96 138
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possible to assume that class 3, which differs in the maximum value of the SST and SSS gradients, belongs to the
frontal sections identified earlier at the outer boundary of the FSL. The fourth class, characterized by reduced
salinity and SSS gradients (Table 2), is the internal of the FSL waters (Fig. 2, b).

The position of waters of the 3rd class, obtained from the results of clustering, is similar to the study
[8—9], where the positions of fronts were considered of different genesis associated with the FSL region.
The waters of this class have an average salinity of 19 PSU and occupy an intermediate position between
the Kara Sea waters (28 PSU) and the internal lens of the FSL water (12 PSU). Class 3 has maximum SST
and SSS gradients, which, according to the classification [14], confirms its identification with the frontal
zone. An analysis of the results obtained allows us to attribute this class to the waters of the RPFZ, which
are formed at the boundary between the Kara Sea waters (class 1) and the internal lens of the FSL water
(class 4).

Thus, within the framework of the conducted clustering and its analysis, it was possible to distinguish four
types of waters: the Barents Sea, the Kara Sea, the RPFZ, and the internal lens of the FSL.

4.2. Average long-term variability of the RPFZ

The implementation of the cluster analysis made it possible to obtain long-term quantitative estimates of
the variability of the characteristics of the RPFZ during the ice-free period. Table 3 presents the averaged long-
term parameters for the warm season by months (July, August, September, October) for the period from 2002
to 2020, as well as the average characteristics of the RPFZ for the entire study period.

The average long-term SST estimates for each month reflect the general annual course with a maximum in
August. The magnitude of the SST and SSS gradients during the warm season is on average two times higher
than the background gradients of the Kara Sea [1], the maximum of the gradients is recorded in July. The mini-
mum ADT values are observed in July, and the maximum values are reached in October. The area of the surface
the RPFZ during the warm season increases, reaches a maximum in September and then declines. The zone of
elevated gradients associated with the RPFZ occupies up to 15 % of the area of the Kara Sea. It should be noted
that for October it was not possible to obtain average long-term estimates of the salinity of the RPFZ due to the
lack of data in most of the years under consideration.

The analysis of spatial variability showed the presence of a seasonal variation in the dynamics of the
RPFZ. In July, the RPFZ is located in the central part of the sea and has a rather narrow distribution area.
The northern boundary of the zone is located at the archipelago Novaya Zemlya, and the southern borders
at the Yamal and Taimyr Peninsulas. In August, the area of the zone increases significantly, and its northern
boundary shifts closer to the Siberian coast. The area of the frontal zone increases especially strongly in the
east. September is characterized by a complete shift of the RPFZ zone to the east. The area of the zone does
not decrease much, however, the RPFZ extends to the east up to 95 °E. In October, the area of the RPFZ
decreases significantly, and the zone itself is completely located along the eastern part of the Siberian coast.
It is important to note that the western part of the RPFZ in all months of the study is located near the Yamal
Peninsula.

Table 3

Average long — term monthly and average for the entire period of the study quantitative characteristics of the RPFZ.:
T — SST; VT — SST gradient; H — ADT; § — SSS; VS — SSS gradient; s — area of the RPFZ

Month T,°C vT ,°C/km H,cm S, PSU VS , PSU/km s*103, km?
July 5.4 0.10 —0.8 18.6 0.14 130
August 6.3 0.06 1.2 22.6 0.10 159
September 4.3 0.08 5.9 25.7 0.10 175
October 2.8 0.08 9.3 — 0.06 157
Average 4.7 0.08 3.9 22.3 0.10 155
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Fig. 3. Average RPFZ positions from July to October for the period from 2002 to 2020

4.3. Interannual variability of the RPFZ

The variability of the temperature characteristics and its gradient in the RPFZ for the entire period under
consideration is shown in Figure 4. It can be seen that from 2002 to 2020 the SST in the RPFZ ranges from 1 °C
in October to 9.9 °C in August. Most often, the maximum values of surface temperature are recorded in August,
the minimum SST values are observed in October. Between 2002 and 2010 the SST parameters in each season
correspond to the annual temperature variation in the Kara Sea: the minimum values are observed in autumn,
and the maximum values are observed in summer. However, from 2011 to 2020 pronounced positive and nega-
tive anomalies of SST characteristics are observed in the RPFZ. For example, in August 2014 and 2018 The SST
is 3.1 °C, which is almost two times lower than the average estimates obtained over the entire study period (Ta-
ble 3). At the same time, in the last five years there has been a positive trend of surface temperature in the RPFZ,
the magnitude of which is influenced by highs in August 2015 (7 = 8.8 °C) and 2020 (T =9.9 °C).
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Fig. 4. The SST parameters (a) and the SST gradients (b) in the RPFZ for the period from July to October 2002—2020
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The magnitude of the SST gradient in the RPFZ for the period from 2002 to 2020 characterized by signifi-
cant heterogeneity. On average, the temperature gradient in the RPFZ varies from 0.03 °C/km in August 2020 to
0.17 °C/km in July 2013. The long-term variability of the SST gradient showed that maximums are most com-
mon in July and September, while the minimums are in August and October. Thus, the value of the gradient for
an individual month may differ from the average long-term value of the RPFZ gradient by more than two times
(Table 3). In some months, there is an inverse relationship between the parameters of the SST gradient and the
values of the surface water temperature: in July 2013 (7 =2.9°C; VT =0.17 °C/km), August 2015 (T =8.5°C;
VT =0.05°C/km) and September 2019 (T =4.5°C; VT = 0.17 °C/km). It is also important to note that in
the second decade of the 21st century, the temperature gradient decreased on average by 0.04 °C/km.

Due to the relatively late start of operation of the NASA SMAP satellite compared to other systems (Table 1),
data on surface salinity in the RPFZ are available only for the period from 2015 to 2020 (Fig. 5, a). The characteris-
tics of the SSS change from a minimum in July (S = 17 PSU) to a maximum in September (S =29 PSU). In July,
freshened waters are observed in most years, the surface salinity of which does not exceed 17—19 PSU. In August,
a gradual increase in SSS values begins, and the value reaches its maximum values in September. In general, there
is a gradual decrease in SSS in the RPFZ by an average of 3—5 PSU. However, there are no significant deviations
in the obtained interannual estimates when compared with the average values of the SSS in the RPFZ (Table 3).

Fluctuations in SSS gradients (Fig. 5, b) over the study period range from 0.08 PSU/km in September
to 0.19 PSU/km in July 2016. The maximum variability of surface salinity gradients is observed in August
and September. A relatively stable gradient value is observed in July and October. August 2015 and August
2018 stand out against the background of general variability by anomalously low values of the SSS gradient
(AS =0.09 PSU/km). This negative anomaly is reflected in the characteristics of surface temperature and
SST gradients (Fig. 5). The heterogeneity of the parameters of the surface salinity gradient complicates its
comparison with the average value presented in Section 4.2 (Table 3).

The variability of ADT characteristics in the RPFZ is shown in Fig. 6, a. The minimum ADT value was reg-
istered in August 2004 ( H = —7.1 cm), and the maximum in October 2007 ( # = 18.1 cm). An intra-seasonal
course is observed, which is characterized by minima in the summer months and maxima in the autumn. The
obtained calculations show the presence of negative (2004, 2008, 2015, 2017) and positive (2013, 2016) ADT
anomalies. However, the positive average level for the period from 2002 to 2020 (Table 3) is comparable with
the results of the interannual variability of the ADT parameters.

The change in the RPFZ area based on the results of the analysis is shown in Fig. 6, . The minimum
value of the RPFZ area is observed in July 2016 (s = 55,000 km?), and the maximum in September 2007
(s = 340,000 km?). It is important to note that the intra-seasonal course of the RPFZ area is characterized
by great heterogeneity. For example, in 2011, the monthly value of the area practically did not change and
averaged 200,000—210,000 km2. Concurrently, in 2009, for four months, the area varied from 50 000 to
160 000 km2. An analysis of long-term variability shows that in the first decade of the 21st century, on average,
the area was 4 times larger compared to the period of 2012—2020. A turning point in the variability of charac-
teristics occurred in 2012, when the area decreased from 220,000 to 89,000 km?2. Between 2012 and 2020 there
is a negative trend, the area of the RPFZ is significantly reduced.

a) SSS, PSU b) VSSS, PSU/km
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Fig. 5. The parameters of the SSS (a) and the SSS gradients (b) in the RPFZ for the period from
July to September 2002—2020
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The analysis of intra-seasonal and inter-annual spatial variability revealed several types of spatial distribu-
tion of the RPFZ and the inner region of the FSL, which are shown in Fig. 7.
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Fig. 6. The parameters of the ADT (a) and the area (b) of the RPFZ for the period from July to October 2002—2020
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Fig. 7. Types of spatial variability of the main water masses and RPFZ (3th class) according to the results of cluster analysis:
a — western type on the example of July 2007; b — central type on the example of August 2015; ¢ — eastern type on the
example of September 2009; d — atypical type on the example of August 2011
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The “western” type (Fig. 7, a) is characterized by the position of the RPFZ in the region of 55—65 °E. at
the western part of the archipelago Novaya Zemlya. It can be seen that the inner part of the FSL also stands
out to a greater extent in the west, and the Barents Sea waters almost completely occupy the southwestern
part of the sea. The “central” type (Fig. 7, b) is characterized by the location of the RPFZ in the area between
65—85 °E. The western and eastern border of the RPFZ near of the Ob and Yenisei rivers is thin, and increases
closer to the center. The inner area of the FSL is located in the RPFZ and is connected to the estuarine sections
of the rivers. With this position of the frontal zone, the predominance of the Kara Sea waters on the sea surface
is also observed. The “eastern” type (Fig. 7, ¢) of distribution is characterized by the location of the RPFZ along
the Siberian coast: from the Yamal Peninsula to the eastern tip of the Taimyr Peninsula. With a relatively large
propagation length (from 65 to 95° E), the RPFZ is rather narrow. The inner region of the FSL turns out to be
pressed against the mouth sections of the rivers and the coast. The “atypical” type (Fig. 7, d) of the RPFZ is
observed when the frontal zone completely surrounds the inner area of the FSL, which is divided into a number
of isolated sections. The main feature of this type of distribution is that the lens of the inner region of the FSL is
detached from the mouth sections of the rivers. With such a distribution, the RPFZ is located on the periphery
of the internal region of the FSL and occupies a large area.

4.4. The influence of river discharge and sea ice cover on variability of the RPFZ parameters

Seasonal variability of characteristics. The most important regional feature of the Kara Sea, which affects the
formation of the FSL and the RPFZ, is the variability of the river discharge of the large Siberian rivers Ob and
Yenisei [1—2, 30]. In addition, the characteristics of the surface water layer of the sea as a whole are influenced by
the features of sea ice conditions [1, 31]. Average long-term estimates of these processes are presented in Table 4.

The average long-term variability of the total river discharge of the Ob and Yenisei is characterized by a pro-
nounced maximum in June (~100,000 m3/s) and a minimum in October (~25,000 m3/s), which is associated with
the onset of spring floods and autumn low-water periods of the rivers [30]. In May, the maximum area and state of
the sea ice cover is also observed, which sharply begins to decrease in June. Further, there is a gradual decrease in the
discharge of rivers in the middle of summer and the almost complete liberation of the central part of the Kara Sea
from sea ice. The minimum level of discharge for the warm season is observed in the autumn period. The minimum
area and state of the sea ice cover is observed in September, after which their gradual increase is noted in October.

Comparison of the average long-term parameters of the RPFZ (Table 3) and river discharge showed that
in July, due to the impact of a large volume of river waters, the maximums of SST and SSS gradients and the
minimums of the SSS and ADT values are observed in the RPFZ. Concurrently, the area of the RPFZ is min-
imal in this month, which is associated with the processes of intensification of mixing against the background
of increased river discharge and insufficient radiation heating. The decrease in the surface temperature and sa-
linity gradient and the increase in SST in the RPFZ in August are probably associated with the minimization of
inhomogeneous temperature and salinity zones due to a significant reduction in the area of influence of sea ice
melting and an increase in the influx of solar radiation [1, 7]. A decrease in the volume of warm river waters of
the Ob and Yenisei in August leads to stabilization of the frontal zone and an increase in the values of SSS, ADT
in the RPFZ, as well as an increase in its area. In September, a sharp decrease in the volume of river discharge

Table 4
Average long-term estimates of the river discharge of the Ob and Yenisei,
the area of the ice cover and its concentration from May to October for 2002—2020
Month Discharge of the Ob, m3/s| Discharge of the Yenisei, m?/s Sea ice area, km?%*103 Sea ice state, %
May 19465 36572 532 87
June 32307 66095 332 60
July 21166 49959 188 23
August 16548 37928 25 7
September 13612 31639 13 3
October 10797 15041 204 22
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and the absence of the effect of sea ice melting in this area determine the continuing increase in the values of
ADT, SSS, and the area of the RPFZ. The magnitude of the SST gradient increases and the values of the surface
temperature in the RPFZ decrease. This is probably due to a decrease in the influx of solar radiation and the
onset of cooling processes [ 1] in the Kara Sea. At the same time, the magnitude of the SSS gradient in the RPFZ
does not change compared to the previous months. In October, the maximum ADT value in the RPFZ is noted,
which is associated with the beginning of the autumn low-water period for the Ob and Yenisei rivers [30]. As a
result of intensive cooling of the entire water column of the Kara Sea, formed by negative air temperatures [3],
the parameters of the SST and the area of the RPFZ are significantly reduced. However, due to the increase in
the area and state of sea ice [1, 3], there are more and more inhomogeneities arise in the fields of thermohaline
characteristic, which leads to a relatively large value of the temperature gradient of the RPFZ.

Interannual variability of characteristics. Estimates of river discharge characteristics, area and state of sea
ice cover by years are presented in Fig. 8. Nevertheless, positive ones are observed (2002—61 000 m3/s; 2007—
58 000 m3/s; 2014—56 000 m3/s; 2015—57 000 m3/s) and negative anomalies (2012—35 000 m3/s) of the total
discharge. The area and state of the sea ice cover have a general negative trend, which is especially pronounced in
some years (2011—136 000 km?2, 23 %; 2012—133 000 km?, 26 %; 2016—153 000 km?2, 20 %, 2020—120 000 km?,
19 %). It is important to note that in some years (from 2011 to 2014; from 2014 to 2016), the total river discharge
and the area with sea ice state change quasi-synchronously.

Comparison of the interannual parameters of discharge and sea ice with the characteristics of the RPFZ
showed that the overall increase in the surface temperature of the RPFZ (Fig. 4, a) over the period from 2002 to
2020 is formed against the background of negative values of the area, state of the sea ice cover and river discharge.
It should be noted that the relatively low SST in the RPFZ (4.7 °C) in 2010 coincides with small values of the area
and state of the sea ice cover. A sharp increase in the volume of river discharge of the Ob and Yenisei rivers, the
area and state of the sea ice cover coincides in time with the minimum SST values in the RPFZ in 2011 and 2018.
The increase in SST values in the RPFZ in 2016, 2019—2020 corresponds with a decrease in sea ice state and sea
ice area. In this way, the large variations in the surface temperature of the RPFZ in the second decade of the XXI
century with declining sea ice area and sea ice state, reflect global climate change in the Arctic [32].

The large SST gradient in the RPFZ, recorded in 2002 and 2013, coincides with the year of increased river
discharge against the background of increased values of sea ice state. An increase in the temperature gradient in
these years is likely due to an increase in temperature contrasts between a large volume of warm river water and
ice-cooled sea water. Small values of the SST gradient in the RPFZ occur against the background of a small area
and sea ice state, which reduces the temperature contrast between sea and river waters.

The change in surface salinity in the RPFZ generally corresponds with the change in the river discharge of the
Ob and Yenisei: a low salinity value is noted at the end of the spring flood, and an increase at the beginning of the
autumn low-water [30]. The same processes are also reflected in the magnitude of the SSS gradient in the RPFZ.

Long-term level fluctuations (Fig. 6, @) in the period from 2002 to 2010 are generally stable, which is asso-
ciated with a small amplitude of river discharge variability in this period. A significant decrease in the volume of
the river waters of the Ob and Yenisei in 2011 is reflected in the observed positive ADT anomaly.
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Fig. 8. Interannual estimates (2002—2020) of river discharge Ob and Yenisei, sea ice cover
area and its state in the study area
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The maximum values of the area of the RPFZ in the first decade of the 21st century (2006, 2007) correspond
with the large volumes of the river discharge of the Ob and Yenisei, which increase the area of distribution of riv-
er waters in the Kara Sea. Between 2011 and 2020 the size of the area decreases significantly, but the amplitude
of its variability increases. The small value of the area of the RPFZ in 2012 and 2016 is noted at the minimum
values of river discharge and sea ice characteristics. Probably, the homogenization of waters that occurs against
the background of relatively stable SST and SSS values leads to the minimization of heterogeneous zones, and,
as a result, the area of the RPFZ.

Correlation analysis showed that the volume of river discharge of the Yenisei has a significant correlation
coefficient for July (= 0.61) and August (» = 0.51) with the values of the RPFZ area in September. Probably,
large volumes of river discharge in the first months of summer form a significant area of the FSL, which then
intensively mixes with sea waters in September, which is reflected in the increase in the area of the RPFZ in
subsequent months. The area and state of sea ice for October of the previous year correlates with the July tem-
perature values (= —0.72) and the August values of the SST gradient (= 0.58) in the RPFZ. A possible reason
for this relationship is the fact that the area of sea ice formed in October is an indicator of the heat reserve of sea
waters [31] formed during the warm season. As a result, the value of the heat reserve affects the decrease in sea
temperature during the formation of the frontal zone, which, as the surface layer warms up, is reflected in the
intensification of the temperature gradient of the RPFZ.

4.5. The influence of wind on the variability of the RPFZ characteristics

One of the key factors influencing the surface dynamics of the waters of the Kara Sea is the wind effect [1,
3]. To analyze the relationship between wind dynamics and the position of the frontal zone, composite maps
were built, shown in Fig. 9.
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Fig. 9. Composite map of wind speed and direction over the Kara Sea and RPFZ positions according to the average multiyear
data of 2002—2020: @ — July, b — August, ¢ — September, d — October
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Fig. 10. Wind speed and direction (a), and types of RPFZ propagation (b) for the period from July
to October from 2002 to 2020

In July, under the influence of the north wind, currents of the southeast direction arise in the near-surface
layers of the sea. As a result, the RPFZ extends from the Yamal Peninsula to the northern tip of archipelago
Novaya Zemlya. A similar pattern is observed in August, however, the RPFZ moves slightly southward and
shifts to the center of the Kara Sea. In September, the wind speed increases, which enhances the influence of
surface wind currents and entails a change in the position of the RPFZ, which is characterized by a shift of the
zone towards the Siberian coast. The strengthening of southwestern winds against the background of negative
air temperatures [15] and a significant decrease in river discharge in October (Table 4) leads to an even greater
shift in the position of the RPFZ to the south towards the Siberian coast.

Comparison of the wind characteristics (Fig. 10, a) with the characteristics of the RPFZ area (Fig. 4, b)
showed that during the periods of its maxima (2006—2007) a westerly wind with an average force of up to 6
m/s is observed, and minimums (2012, 2016) occur under the influence of southerly and eastern winds with an
average speed of more than 6 m/s.

From Fig. 10, b it can be seen that the most common “eastern” type of the RPFZ propagation is observed
during southern and southwestern winds with a speed of more than 6 m/s. This wind intensifies the movement of
the lens of freshened waters along the Siberian coast, which is formed under the influence of the Coriolis force.
The “central” type of the RPFZ is characterized by northerly winds with a speed of more than 6.5 m/s, the strength
of which weakens the main geostrophic current along the coast. This leads to the displacement of the FSL to the
west from the Siberian coast to the central part of the Kara Sea. A rare “western” type of the RPFZ propagation is
formed by easterly winds with a speed of more than 6 m/s. It is likely that the increase in the Ekman transport shifts
the surface cyclonic circulation in the central part of the Kara Sea [1], which leads to the deviation of the fresh
water lens to the west. The conditions for the emergence of a “non-standard” type of the RPFZ propagation are
characterized by the predominance of northern winds with a speed of just over 6 m/s. A small wind force weakens
the Ekman transfer, which leads to the formation of extensive frontal zones, the separation of the waters of the
internal lens of the FSL water into parts, and the formation of a “non-standard” type of the RPFZ propagation.

4.6. Influence of Atmospheric Circulation over Northern Eurasia on the Characteristics of the RPFZ

The Kara Sea is predominantly influenced by the polar climate [3]. As a result, the influence of air mass
transfer processes associated with global atmospheric circulation on the climate of this sea is quite large [1]. The
average indices SCAND (reflects zonal transport) and POL (reflects meridional transport) were involved in the
analysis. The time course of the indices is shown in Fig. 11.
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Fig. 11. Interannual dynamics of the averaged summer atmospheric circulation indices of
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The variability of the SCAND fluctuations as a whole is characterized by negative values. The minimum value
(—0.67) of the SCAND fluctuations is noted in 2020, and the maximum (0.18) in 2010. The average interannual
amplitude is 0.9—1.0. Since 2019, a negative phase has been observed, which is reflected in the weakening of the
zonal transport of warm Atlantic air and the processes of blocking cyclones passing from west to east. The variabil-
ity of the POL index (black line) is mainly characterized by positive values. The minimum of the index (—1.04) is
observed in 2010, and the maximum (0.78) in 2020. The range of interannual fluctuations is 1.8—2. Between 2019
and 2020 this index is characterized by a positive phase, which reflects an increase in the meridional transport of
cold Arctic air from the Arctic and an increase in the number of passing cyclones from north to south.

Mutual analysis of the interannual variability of the RPFZ parameters and global atmospheric circulation
indices showed that the large SST gradients in the RPFZ in 2010, 2016, and 2019 observed during the negative
phase of the POL indices. Probably, against the background of the weakening of the meridional transport of
cold air from the Arctic to Eurasia [29] cooling of sea waters intensifies, while river waters remain warm, which
further affects the intensity of the SST gradient in the RPFZ. Minimum values of SST gradients in the RPFZ in
2010, 2018 and 2020 are registered with the growth of the SCAND indices. Most likely, this is due to the inten-
sification of zonal atmospheric circulation [29], which increases the inflow of warm air from the Atlantic and
minimizes the inhomogeneity of the SST gradient. The maximum values of the RPFZ area in 2006 correspond
with the growth of both indices of atmospheric circulation. Minimum values of the RPFZ area in 2012 and 2016
registered in the negative phase with indices SCAND and POL. It is possible that a decrease in the intensity of
global transport against the background of significant melting of the sea ice cover affected the intensity of water
heating, which affected the area of the RPFZ.

The correlation analysis of the atmospheric circulation with the RPFZ parameters showed that there is a
relationship between the summer SCAND index (= 0.65) and the summer area of the RPFZ. A possible reason
for this relationship is the enhancement of zonal transport [28], which affected the regional wind circulation
that determines the distribution of surface waters of the RPFZ.

5. Conclusion

One of the most important results of this work is the obtained long-term estimates of the spatiotemporal
variability and parameters of the RPFZ in the Kara Sea as a separate hydrological structure of waters.

For the first time for this region, when determining the physical and geographical characteristics of the
RPFZ, a universal methodology was applied, which was based on the use of cluster analysis based on complex
satellite remote sensing data. The method is quite simple to use and suitable for identifying frontal zones in
various seas of the Arctic region.

The paper calculated and presented the average long-term and interannual quantitative characteristics of
the surface manifestations of the RPFZ. The long-term SST gradient in the frontal zone over the entire study
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period was 0.08 °C/km, SSS was 0.1 PSU/km, and the area was 155,000 kmZ. The average long-term positions
of the RPFZ in the warm period of the year were described. The variability of interannual estimates of the SST
gradient in the RPFZ ranged from 0.03 to 0.17 °C/km, the SSS gradient from 0.06 to 0.19 PSU/km, and the
area from 50,000 to 340,000 km?. Significant anomalies of different signs were observed in almost all parameters
of the RPFZ in the second decade of the 21% century. This is especially strongly reflected in the surface tem-
perature gradients, which are, on average, twice as high as the background values. The temperature gradient of
the surface of the RPFZ over the second decade of the 21st century has weakened by 0.04 °C/km, and its area
for the same period on average decreased by 100,000 km2. The results obtained indicate a significant variability
of the RPFZ over the past 20 years against the background of global changes in the climate of the Arctic [32].

An analysis of correlation estimates showed the presence of statistically significant relationships between
regional and global processes and the parameters of the RPFZ waters. It has been established that the greatest
contribution to the variability of the quantitative characteristics of the RPFZ is made by the river discharge of
the Yenisei and the characteristics of the sea ice cover (area and state). A large value of the SCAND index is
reflected in an increase in the area in the RPFZ, which may be due to the blocking of zonal transport and an
increase in precipitation in the catchment area of the Ob and Yenisei rivers in different periods of the year.

Thus, the results of a long-term analysis of the RPFZ in the Kara Sea over the first two decades of the 21st
century showed that global climate changes affect the characteristics of the frontal zone. The identified features
of the long-term variability of parameters may be typical for other Arctic rivers (Lena, Kolyma, Mackenzie).
The following works will be aimed at studying the synoptic variability of the RPFZ and creating a model for
predicting its parameters.
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