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Abstract. Studies of the present-day Arctic climate are becoming increasingly relevant and in high demand
in the light of the observed global warming and the expansion of long-term programs for the development of
the Arctic regions. A quantitative assessment of changes and variability in surface air temperature (SAT) is
presented for the climate norm period of 1991-2020, based on data from 31 meteorological stations (MSs),
which reflect the diversity of climatic conditions in the area studied. Average monthly SAT values were taken
as indicators of changes in the thermal regime, and the standard deviations (SD) of average monthly SAT
were used as indicators of the thermal regime variability. The annual course of SAT (one maximum and one
minimum) mainly reflects the radiation factor. The annual course of SD (in the northern part of the area — one
maximum and one minimum, in the southern part — two maxima and two minima) reflects the patterns of the
atmospheric and ocean circulation and the type of the underlying surface. The assessment of the changes and
variability in the thermal regime of the surface atmosphere was based on a comprehensive analysis of the annual
cycle of indicators on the SAT-SD plane using closed SAT-SD curves characterizing annual and seasonal cycles.
31 SAT-SD curves were classified, and the corresponding regions of the Barents and Kara Seas were identified.
A typical SAT-SD curve was obtained for each region. The boundaries of natural climatic seasons (NCS) were
determined based on a comparative analysis of the seasonal cycle of SAT-SD indicators and the absolute SAT-SD
values characteristic of different seasons within each region. Zoning and determining the duration of the NCS
refine the general understanding of the climate of the Western sector of the Arctic.
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Introduction

The development prospects of the Russian Arctic zone largely depend on the current
and expected climatic conditions. Increasing the accuracy of assessing changes and
variability of the Arctic climate by taking into account natural climatic seasons (NCS) is
necessary for the development of strategic programs for the Arctic regions.

The basic principles for determining the internal structure of the year, the selection
of criteria for dividing a year into natural climatic seasons (NCSs) (unlike calendar
seasons), as well as the definition of the very concept of NCS were formulated back in
the middle of the last century. For example, NCS was understood as a period characterized
by a uniform course of meteorological processes and a certain thermal regime [1]. Air
temperature in itself should be considered as a synthetic indicator reflecting the impact
of all the components of climate formation: solar radiation, atmospheric circulation, and
the type of the underlying surface [2].

Previously, the annual course of air temperature, cloudiness, and atmospheric
pressure was analyzed to identify climatic seasons in the Arctic seas. The summer season
was limited to the dates of the transition of the average monthly minimum temperature
through 0 °C, the beginning of winter was determined by the time of a sharp decrease in
lower cloudiness (the physical basis for this was associated with a change in atmospheric
circulation), the beginning of spring — by the change of a trough of low pressure to an
area of high pressure [3]. However, as has been noted, the criterion of transition through
0 °Cis not suitable for the Arctic because in most of the Arctic, negative air temperatures
are observed even in summer [4]. The main criterion for establishing climatic seasons
and their boundaries was the annual course of the average monthly air temperature, while
the annual course of atmospheric pressure and cloudiness were secondary criteria [4].
Using the example of the Murmansk region, it was shown that the identification of climatic
seasons depends on the choice of a meteorological criterion that would take into account
temperature contrasts between land and sea, temperature fluctuations associated with
fluctuations in the radiation regime, and with features of atmospheric circulation [5].
The best criterion is assessment of the variability of the average daily air temperature [5].

In the work of Z.M. Prik [6], the climatic zoning of the Arctic was determined by
the features of the circulation of the atmosphere and the ocean, and the type of the underlying
surface. It was indicated that the influence of these factors varied in different seasons.
The author identified seven large climatic regions and provided their climatic characteristics.
Prik’s zoning was entrenched in the fundamental Atlas of the Arctic [7] and is actively
used by modern researchers [8]. It is also worth noting the zoning of individual Arctic seas
based on the characteristics of ice conditions. For example, this was done for the Greenland
and Barents Seas [9] and for the Kara Sea [10]. In general, a limited number of studies
are devoted to the climatic zoning of the Arctic [6-8]. At the same time, the zoning was
carried out based on physical and geographical conditions without identifying the NCS.

According to Terziev et al., the most valid criteria for dividing a year into NCSs
were the characteristics of atmospheric circulation [11].

Modern studies of the Arctic climate, including its thermal regime, are mainly based on
estimates obtained for calendar seasons and average annual temperatures [12—17]. At the same
time, a number of studies use the concept of “winter season”. For example, in one study,
“winter” was the period from December to March inclusive[18], and in another one,the year
was divided into two equal periods: winter (November—April) and summer (May—October) [19].
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Previously, the authors of this work, in a joint analysis of the indicators of change
and variability of the thermal regime of the surface atmosphere, determined the duration
of the NCS for the conditions of Franz Josef Land [20]. Further, the NCSs were identified
for the Barents Sea region, based on the data of 4 MSs (Barentsburg, Teriberka, Malye
Karmakuly, and the E.T. Krenkel Observatory) for the period of the present-day climate
norm of 1991-2020 [21]. The NCSs identified corresponded to the physical and
geographical conditions of the location of the MSs used.

The aim of this study is to identify the NCS in a large Arctic region using the Barents
and Kara Seas as an example. The 1991-2020 climate norm period was chosen as
a significant time interval, reflecting the current climate characteristics of the study
region [22]. Based on the aim, the following objectives were set:

— assessing changes and variability in air temperature in the Barents and Kara Seas
for the period 1991-2020;

— zoning the region through a comprehensive analysis of the annual cycle of average
monthly temperature and its variability;

— identifying the NCS.

Materials and methods

The materials for the study were observation data from 31 MSs, located in the region
of the Barents and Kara Seas (see Fig. 1), and the database (DB)'.

To assess changes in SAT, monthly average SAT values were used as quantitative
indicators. Standard deviations (SD) from the mean are typically used as a measure of variability
(dispersion). For non-stationary processes, it is assumed that the total variability is divided
into the variability explained by the trend of the mean and the residual variability associated
with deviations from the trend. Residual variability is estimated as a SD from the trend [23].
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Fig. 1. Location of the 31 MSs in the Barents and Kara Seas region
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' Ivanov B., Karandasheva T., Demin V., Ilyushchenkova I., Revina A. Database: Characteristics
of current trends in surface air temperature in the Western sector of the Russian Arctic (CLIMATE),
2024. Patent No. 2024622557.
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Fig. 2. Zoning of study region.

Nbar/Nkar — the north of the Barents and Kara Seas; NWbar — the northwest of the Barents Sea; SWbar —
the southwest of the Barents Sea; SEbar — the southeast of the Barents Sea; NEkar — the northeast of the Kara
Sea; SWkar — the southwest of the Kara Sea

Puc. 2. PaifornpoBaHne HCCIIETyeMOro peruoHa.

Nbar/Nkar — cesep bapentesa u Kapckoro mopeit; NWbar — ceBepo-3anan bapenuesa mopst; SWbar — roro-
3anan bapenuesa mopsi; SEbar — roro-Boctok bapennesa mopsi; NEkar — ceBepo-BocTok Kapckoro mopsi;
SWkar — roro-3amnaj Kapckoro mopst

The characteristics of the linear trends of monthly average SAT value series for
the MSs used were presented previously [24]. In this study, the SD was calculated in
two ways: as the SD from the mean and as the SD from the trend. Preliminary analysis
showed that, for a statistically significant trend of p > 0.20, the SD calculated from the
SAT trend differs from the SD calculated from the mean SAT value by no more than 3 %.
Therefore, for time series with statistically significant trends (p < 0.20), the SD from the
trend was calculated, and for other series, the SD from the mean SAT value was calculated.

At the first stage, a 30-year time series of monthly average SAT values and
characteristics of linear SAT trends for 31 MSs for the period 1991-2020, obtained by
the authors earlier [24], were used. For each MS, average SAT values were calculated for
each calendar month and, depending on the statistical significance of the linear SAT trend,
the corresponding SD of the SAT trend or SD of the average SAT values was obtained.
Further, for each MS, a closed curve of the annual SAT-SD indicators was constructed
on the SAT-SD plane. The resulting curves differed in shape, timing of maxima/minima,
maximum/minimum values, and amplitude of the SAT and SD indicators.

At the second stage, an expert method was used to analyze the shapes of the curves
obtained, the number and time of occurrence of the maxima and minima of the SAT
and SD, and the amplitudes of the annual variation of these indicators. Taking into
account the identified differences in the curve shapes and the features of the annual and
seasonal cycles, 6 characteristic groups were identified. Each selected group of curves
naturally corresponded to the geographic location of the MSs, according to the data from
which they were constructed. As shown in Fig. 1, the MSs for which the SAT and SD
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indicators were calculated are located mainly on the coast of the Barents and Kara Seas.
In the open part of the sea waters, the boundaries of the areas were drawn taking into
account the features of the thermal regime of the surface atmosphere and the surface
layer of the sea, the wind and ice regime of the seas in modern climatic conditions [25].
The straight lines dividing the selected areas and drawn through open water (see Fig. 2)
largely correspond to the boundaries of the ice regions of the Barents and Kara Seas,
validated by E.U. Mironov [9] and V.P. Karklin et al. [10].

Then, for each identified area, average SAT values were calculated for the year
and calendar months (as the arithmetic mean of the corresponding SAT values based
on the MSs data for each area). For each area, linear trends in average monthly and
average annual SAT values were calculated, estimates of the SD from the trend and from
the average SAT value were obtained, and typical SAT-SD curves were constructed. Thus,
we have zoned the sea areas using SAT-SD curves.

At the third stage, a comparative analysis was carried out of the SAT and SD values
and the rates of their increase/decrease were carried out, which allowed us to identify
and determine the duration of the NCS for each region. The winter and summer seasons
were characterized by low and high values of the average monthly SAT, respectively, with
relatively small changes in the average monthly SAT. At the same time, the winter season
was characterized by high SD values, and the summer season was characterized by low
SD values. In the transitional seasons (spring and autumn), relatively rapid changes in
the values of the average monthly SAT and SD were observed.

The magnitude of the velocity of a point with coordinates (¢; 6) on the plane of
the SAT-SD was adopted as a complex indicator of the rates of change of the SAT and SD:

V=6 +(0,-0,,)"
where V is the velocity of the point in the i — the calendar month, ¢, and o, are the values
of the SAT and its SD in the current calendar month, 7, and o, are the SAT and SD
values in the previous calendar month.
Thus, for each area studied, the rates of change of the SAT-SD-indicator from month
to month during the year, the ranges of SAT and SD values characteristic of winter/spring/
summer/autumn, and the duration of the NCS were estimated.

Results

A comparative analysis of the closed SAT-SD curves characterizing the annual and
seasonal SAT cycles obtained for all MSs revealed 4 characteristic shapes of these curves,
typical of the region studied. Examples of such curves are shown in Fig. 3 (a, b, e, f).
The shape of the figure formed by the closed SAT-SD curve is determined by the annual
variation of the SAT and SD indices (see Fig. 3: ¢, d, g, h).

Certain patterns are observed in the annual variations of the SAT and SD indices.
In the annual SAT variations, one maximum and one minimum were observed at all
MSs. In the annual SD variations, two minima and two maxima were observed at most of
the MSs (see Fig. 3¢, b, ), while the remaining MSs exhibit one minimum and one maximum
(see Fig. 3g). Accordingly, based on the shape of the SAT-SD curves and the number and timing
of SAT and SD minima/maxima, the set of SAT-SD curves was divided into four groups.

Geographically, it looks as follows: the northwest of the Barents Sea (3 MSs),
the north of the Barents and Kara Seas (3 MSs), the northeast of the Kara Sea (4 MSs),
and the southern part of the Barents and Kara Seas (21 MSs). In the last group, there were
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Fig. 3. Four characteristic shapes of the SAT-SD curves (a, b, e, f) and the annual cycle of SAT and
SD (from January to January inclusive) (c, d, g, h).

(a, ¢) — Barentsburg MS (northwest of the Barents Sea); (b, d) — E.T. Krenkel GMO (north of the Barents and
Kara Seas); (e, 2) — E.K. Fedorov OGMS (northeast of the Kara Sea); (e, g) — Teriberka MS (south of the Barents
Sea). The Roman numerals indicate months. The point on SAT-SD curve corresponds to the 15th day of the month

Puc. 3. Yersipe xapakrepusie popmsl [ITB-CKO-kpuBsIx (a, b, e, f) 1 ronoBoit xox (¢ stHBaps 10O
SIHBAaph BKIIIOUUTEILHO) (¢, d, g, h) [ITB u CKO.

(a, ¢)— MC BapennOypr (ceBepo-3anazn bapenuesa mopsi); (b, d) — I'MO um. D.T. Kpenkenst (ceep bapeniiesa n
Kapcxoro mopeti); (e, g) — OI'MC um. E.K. ®enoposa (ceBepo-Boctok Kapckoro mops); (e, g) — MC Tepubepka

(tor BapenieBa mops). Pumckumu mpdpamu 0603HaueHb1 Mecsisl. Touka Ha [TTB-CKO-kprBoii COOTBETCTBYET
15 uncny mecsna
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significant differences in the amplitude of the annual cycle of the SAT (from 15 °C to
35 °C) and SD indicators (from 1 °C to 4.5 °C). Therefore, this group, based on the
location of the MSs, was divided into three subgroups (6, 9 and 6 MSs in each) with
different amplitudes of the SAT and SD indicators, respectively: 1) from 15 to 23 °C and
from 1 to 2.5 °C; 2) from 20 to 30 °C and from 2.5 to 4.0 °C; 3) from 25 to 35 °C and
from 3.5 to 4.5 °C.

Thus, we classified the SAT-SD curves for all MSs and identified the regions
of the Barents and Kara Seas corresponding to this classification. In the northern
part of the study region (see Fig. 2), three characteristic SAT-SD curve shapes were
observed (the NWhbar, Nbar/Nkar, and NEkar regions), while in the southern part, one
shape was observed (the SWbar, SEbar, and SWkar regions).

For each area, the average SAT values and linear trend indicators were calculated
for the year and calendar months. All linear trends calculated for the average annual SAT
values were statistically significant at the p < 0.01 level. The statistical significance of
the linear SAT trends for calendar months varies within a fairly wide range (see Table 1).
The majority (89 %) of the linear trends were statistically significant at the p < 0.20 level,
and for these cases, the SD from the trend was calculated to exclude the influence of
the trend. Statistically insignificant trends (p > 0.20) were observed mainly in the southern
Barents Sea (the SWBar and SEBar areas) in January—March and June. For cases of
statistically insignificant trends, the SD from the mean was calculated.

Quantitative estimates of the SAT and SD, reflecting seasonal changes and variability
of air temperature for 6 regions, are presented in Table 2.

Table 1
Surface air temperature linear trend indicators
Tabruya 1
Iloxa3arenu JUHEeHHBIX TPEH/10B IOBEPXHOCTHOM TeMIlepaTyphbl BO31yXa

Area NWhbar Nbar/Nkar NEkar SWhar SEbar SWkar
a p< a p< a p< a p< a p< a p<

I 0.228 | 0.01 [0.367 | 0.01 |0.246 | 0.01 |-0.042| 0.45 | 0.060| 0.50 | 0.140 | 0.15
1I 0.221 | 0.01 |0.403| 0.01 |0.262 | 0.01 [0.046| 0.50 | 0.126 | 0.20 [ 0.200 | 0.10

111 0.023 | 0.75 [0.138 | 0.10 | 0.143 | 0.10 [ 0.041 | 0.40 | 0.064 | 0.45 | 0.098 | 0.35
v 0.083 | 0.20 |0.181| 0.01 |0.238 | 0.01 {0.081| 0.05 | 0.116 | 0.05 [0.159 | 0.10
A% 0.093 | 0.01 |0.089| 0.01 |0.087| 0.10 [0.088| 0.01 | 0.083| 0.05 | 0.063 | 0.15
VI 0.045| 0.01 [0.028 | 0.01 |0.074| 0.01 [0.045| 0.20 | 0.028 | 0.45 | 0.083 | 0.05
VII 0.045| 0.01 [0.015| 0.10 | 0.046 | 0.05 [0.082| 0.05 | 0.095| 0.05 |0.122 | 0.01
VII |0.022] 0.20 | 0.047 | 0.01 [0.086| 0.01 |0.046| 0.10 |[0.064 | 0.05 | 0.062| 0.10
IX 0.074 | 0.01 [0.125| 0.01 |0.161 | 0.01 [0.088 | 0.01 | 0.087| 0.01 |0.093 | 0.05
X 0.157| 0.01 |0.441| 0.01 |0.324| 0.01 [0.067| 0.10 | 0.087| 0.10 | 0.136 | 0.05
XI 0.155| 0.01 |0.344| 0.01 |0.219| 0.01 [0.113| 0.01 | 0.166| 0.01 [0.137 | 0.10
XII 0.199 | 0.01 [0.349| 0.01 |0.224 | 0.01 {0.064| 0.15 | 0.136| 0.05 [0.172 | 0.10
Ton 0.112 | 0.01 [0.211| 0.01 |0.176 | 0.01 {0.060| 0.01 |0.093| 0.01 |0.122 | 0.01

Note. a — slope of the linear trend, °C/year; p — level of statistical significance.
IIpumeuanue. a — yrioBoil kod3pPUIHEHT auHeiHOTO TpeHaa, °C/rox; p — YpOBEHb CTATUCTHYECKOM
3HAYUMOCTH.
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Table 2

Average annual and seasonal characteristics of changes (surface air temperature)
and variability (standard deviation) of air temperature for 6 regions

Tabruya 2
CpeaHerooBbie M Ce30HHbIC XaPAKTEPHCTUKH H3MEeHeHH i
(MoBepXHOCTHAs TeMIlePaTypa BO31yXa)
H H3MEHYHBOCTH (CPeHEKBAAPaTHYECKOe OTKJIOHEeHHE)
TeMmneparypbl Bo3lyxa /i/Isi 6 paiionon
Areas SAT SD
t,°C| 4,°C min/max c ., Cld,°C max/min
NWhbar -2.6 14 I-111/ VII-VIII 0.9 2.9 I/ VI-VIIL; XII
Nbar/Nkar| —10.5 | 21 II-111/ VII-VIII 1.3 4.0 1/ VI=VIII; XII
NEkar -122 | 29 [-11/ VII-VII 1.1 2.9 I/ vIi-vil
SWhbar 1.3 19 [-11/ VII-VIII 0.7 1.7 |11, VII/ IV-VI; VIII-IX
SEbar -14 24 =11/ VII-VIII 1.1 2.9 11, VII / VI; VIII-IX
SWkar —6.9 30 I-11/ VII-VIII 1.5 3.8 II, VII/ VI; VIII

Note. Lo °C — average annual SAT value; 4, °C — amplitude of annual SAT variation; min/max —

coldest/'warmest months; 6, °C — SD of average annual SAT values; 4 , °C — amplitude of annual
SD variation; max/min — months with maximum and minimum SD values (or months with maximum/
minimum SAT variability).

Ipumeuanue. L, °C — cpenneronosoe 3nauenue [1TB; 4 ,°C — ammmuryna rogosoro xona I[1TB; mun/
MaKC — CaMBIi XOJIOIHBINA/CAMBII TEIUIBI MECSIIBL; O, °C — CKO cpenneronosbix 3nauennii [1TB;
A, °C — ammuryna rogosoro xona CKO; Makc/MHUH — MecsIbl ¢ MAaKCUMaJIbHBIM U MUHHMAJIbHBIM
3HaueHreM CKO (mmm Mecsibl ¢ MaKCHMalIbHOH/MUHUMaIIBHOI n3MeHYnBOCThIO [ITB).

Typical SAT-SD curves, constructed using average monthly SAT values and
corresponding SD values, are shown in Fig. 4.

In the region studied, the average annual SAT value decreased significantly from
southwest to northeast: from 1.3 °C (SWhbar) to —12.2 °C (NEkar). The amplitude of
the annual SAT cycle increased from west to east, from 14 °C (NWbar) and 19 °C (SWhbar)
to 30 °C (NEkar, SWkar) (see Table 2 and Fig. 4a, d and c, ).

The SAT minimum a were shifted to the time of the Sun's appearance above the horizon
after the polar night: in the southern regions, the minima were observed in January—February,
while in the northern regions they were observed later — in February—March (see Table 2 and
Fig. 4). The shift of the SAT minimum to March in the northern regions was also due to the
fact that anticyclonic circulation begins to predominate over the Arctic, and heat transfer
from the ice-covered sea significantly decreases [11]. The maxima were observed after
the summer solstice — in July—August (see Table 2 and Fig. 4).

SD values in the northern regions were within a relatively narrow range: 0.9-1.3 °C.
In the southern regions, SD values increased significantly (almost doubling) from west to
east: from 0.7 °C (SWhar) to 1.5 °C (SWkar) (see Table 2 and Fig. 4).

The smallest annual amplitude of the SD (1.7 °C) was observed in the southwest
of the region (SWhbar) (see Table 2 and Fig. 4d). In this area, frequent changes in air
masses (temperate and arctic) should have led to significant variability in air temperature,
but this was prevented by the relatively rapid transformation of air masses over the non-
freezing water surface. In other regions, the annual amplitude of the SD was significantly
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Fig. 4. Annual cycle of SAT-SD indicators for 6 regions of the Barents and Kara Seas.
The point on SAT-SD curve corresponds to the 15th day of the month
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Touxka na [ITB-CKO-kpuBoii cooTBeTcTBYeT 15 unciry mecsia

larger, (about 3—4 °C)(see Table 2 and Fig. 4). This could be explained, firstly, by frequent
winter temperature inversions and a sharp increase in SAT as a result of the destruction
of the inversion layer (increased wind strength, cloud formation, advection of air masses).
Secondly, by the influence of cold air masses of continental origin formed in the Siberian
anticyclone (SEbar) and warm air masses transported by cyclones (eastern trough of
the Icelandic low) (SWkar). Third, by ocean circulation: a complex system of alternating
warm and cold currents (NW and SE currents), and the influx of warm Barents Sea waters
through the Kara Strait and Yugorsky Strait (SWkar). This leads to thermal heterogeneity
of the underlying surface (open water, ice of varying concentrations).

The main winter maximum of the SD occurred during the period of the most intense
atmospheric circulation and was also formed under the influence of the radiation regime
during the polar night: in the northern regions (NWbar, Nbar/Nkar) — in January, in NEkar
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and in the southern regions — in February (see Table 2, Fig. 4). In the southern regions,
in July, against the background of the summer decrease in the SD, a small secondary
summer maximum of the SD was observed, associated with the alternation of cold Arctic
and warm continental air masses in the region of the Arctic front [11].

The spring-summer minimum of the SD was caused by the seasonal decrease in
atmospheric circulation intensity and the melting of sea ice and snow on the coast and
islands. Melting processes prevent a rapid increase in air temperature during the influx
of warm air masses and a sharp decrease in temperature during the influx of cold air
masses (due to the latent heat released during refreezing) [11]. The earliest spring-
summer minimum of the SD was observed in April-June in the southwest of the study
region (SWhbar), the latest in June-August in the northern regions (NWbar and Nbar/Nkar),
and in other regions in June-July (see Table 2 and Fig. 4).

In the southern regions (SWbar, SEbar, SWkar), the summer-autumn minimum in
SD was still observed in August-September (see Table 2 and Fig. 4d—f). The main reason
for the low air temperature variability in autumn is the intense heat transfer from the sea
surface, as water heat content of sea reaches its maximum value at this time.

In the north of the study region (NWBar, Nbar/Nkar), a slight minimum in SD was
observed in December. The physical origin of the decrease in air temperature variability in
December is still unclear, but under current warming conditions (for the period 1985-2015),
a similar decrease in other meteorological parameters (mean monthly wind speed, average
monthly precipitation) was recorded at the beginning of winter (November) in the Barents
and Kara Seas [25].

To identify the NCS, we propose considering both the change in air temperature (SAT),
whose annual cycle in polar regions is determined by the radiation factor, and its
variability (SD), whose annual cycle, as shown above, reflects the characteristics of
atmospheric/oceanic circulation and the type of the underlying surface. By winter and
summer seasons, we mean periods of time during which SAT and SD values change
relatively slowly and within narrow ranges, while during transitional seasons (spring,
autumn), these values change relatively rapidly and within wide ranges. Quantitative
estimates of the rates of change in SAT and SD for various seasons are presented in Table 3.

Table 3
Ranges of the module of the complex indicator of the velocity of change
of surface air temperature and standard deviation (V, °C/month)
for the natural climatic seasons
Tabnuya 3

Jluana3zoHbl MOy ISl KOMILIEKCHOI'O OKA3aTeJIsl CKOPOCTel H3MEeHEeHHs
NpPU3eMHON TeMIepaTyphbl BO3/lyXa U CpellHeKBaApaTHYecKoro orkionenus (V, °C/mec)
JJISl €CTeCTBEHHBIX KIMMATHYeCKHX Ce30HOB

Areas Winter Spring Summer Autumn
NWhbar 1-2 4-5 0-3 34
Nbar/Nkar 0-5 6-9 0-2 6
NEkar 1-6 8-9 0-3 8-9
SWhbar 1-3 4 14 5
SEbar 04 5-6 14 6
SWkar 1-5 8 1-6 7-9
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Table 4
Ranges of values of surface air temperature and standard deviation (°C)
for natural climatic seasons
Tabnuya 4
Jlnana3oHbl 3Ha4eHU i IOBEPXHOCTHOI TeMIepaTypbl Bo31yXa
U CpeIHeKBa/paTHYecKoro oTkjioHeHus (°C)
JUISl €CTECTBEHHBIX KIIMMATHYECKHX Ce30HOB
Areas Winter Spring Summer Autumn
SAT SD SAT SD SAT SD SAT SD
NWbar —9..—4 3.4 -7..2 1...3 2...5 1 —4..3 1...3
Nbar/Nkar [-21...-13| 3...4 —16...—1 1...3 —1...1 0...1 -13...-1 1...4
NEkar -26...—18| 3...4 —18...0 1..3 0...3 1...2 -18...0 2.3
SWhbar =7..72 2.3 -3...5 1...2 5...11 1...2 —2...5 1...2
SEbar -13...-7 3..4 =7...4 2.3 4...11 1...2 =7...4 2.3
SWkar -21...-12| 3...5 -12...3 2.4 3...9 1...2 -12...4 2.3
Table 5
Duration of NCS for the study region
Tabruya 5
Iponosxurenbnocts EKC 1uist pernona ucciegoBanuii
Regions Months
1| o [m | v [ v [ vi]vi]|vi] | x | xt | xu

NWhbar
Nbar/Nkar Winter
NEkar Spring
SWhbar Summer
SEbar ‘ ‘ Autumn |
SWkar | | | |

In the north and northeast of the study region (Nbar/Nkar and NEkar), in summer,
lower V; values than in winter were observed; in other areas, summer and winter Vvalues
were comparable During the transitional seasons, V; values were significantly h1gher in
spring compared to winter and in autumn compared to summer, 1.5 to 2 times. The highest
V. values were observed in the Kara Sea regions.

The observed relatively low/high SAT values and relatively high/low SD values
for the winter/summer seasons, as well as the intermediate SAT and SD values for the
transitional seasons, are presented in Table 4.

In winter, negative SAT values were observed in all regions, with the lowest values in
Nbar/Nkar and NEKkar, and the highest in SWbar. SD values in winter in most of the regions of
the Barents and Kara Seas were within a narrow range of 3—4 °C. In spring, SAT values crossed
0 °C in all the regions, with the exception of Nbar/Nkar and NEkar, and SD values decreased.
However, in the northern regions, the range of SD values increased, while in the southern
regions, it remained the same. In summer, positive SAT values and the lowest SD values were
observed in almost all the regions. In autumn, SAT values crossed 0 °C in most regions. SD
values increased significantly, with the range of SD values increasing in the northern regions
(with the exception of NEkar), while in the southern regions, it remained the same.

The time boundaries of the NCS are presented in Table 5.
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“Spring” began earliest in the southern Barents Sea (SWbar, SEbar), and half a month
later in the other areas of the study region. The duration of spring was the same in all
the areas — two months. The longest summer (4 months) was observed in the southern
Barents Sea (SWbar, SEbar), while in the other areas, summer was shorter and of equal
duration (3 months). In most of the areas, autumn began in the second half of September; in
the southern areas of the Barents Sea (SWbar, SEbar), it began in October. In the southwest
of the region (SWbar), autumn was short (1.5 months), while in the other areas it was
longer (2 months). Winter began in the second half of November, and in the SEbarin
December. In the northern regions (NWhbar, Nbar/Nkar, NEkar) and in the southwest
of the Kara Sea (SWkar), “winter” lasted 5 months, in the south of the Barents Sea:
4.5 months (SWhbar) and 4 months (SEbar).

The identified temporal boundaries of the NCS refine the description of seasonal
ice processes in the Barents and Kara Seas [25, 26]. The temporal boundaries of the NCS
correspond to the ice regime characteristics of the study region, with ice extent extremes
occurring 1-2 months later than SAT extremes. Thus, minimum SAT values in the study
region were observed in January-March (see Table 2), and maximum ice extent was
observed in March-April. Maximum SAT values were observed in July-August, and
minimum ice extent was observed in September. Moreover, the directions of both
increasing SAT and decreasing ice extent, and decreasing SAT and increasing ice extent,
coincided. Thus, during relatively warm periods (May—September), the seasonal process
of decreasing ice coverage begins in the southwest of the study region and, gradually
encompassing other areas, moves northeast. During relatively cold periods (October—
February), the seasonal process of increasing ice coverage begins in the northeast of the
study region and gradually moves southwest.

Thus, the NCSs determined using the principle of joint analysis of air temperature
changes and variability in six regions of the Barents and Kara Seas correspond to
the physical and geographical conditions of the study region.

Discussion

The zoning of the Barents and Kara Seas and the determination of the duration of
the NCS carried out in our work based on the characteristics of the SAT-SD curves are
in good agreement with the climatic zoning of the Arctic carried out by other researchers.

For example, according to the zoning proposed by Prik, three regions were
distinguished in the Barents and Kara Seas, as part of the Atlantic climatic region [6, 7].
The extreme northeastern Kara Sea was classified as part of the Siberian climatic region.
In our study, the zoning was performed with a higher spatial resolution, and six distinct
regions were identified.

In the previous study, the temporal boundaries of the NCS for the Barents Sea were
established based on changes in atmospheric circulation patterns with an accuracy of one
month: “winter” (November—April), “spring” (May—June), “summer” (July—August), and
“autumn” (September—October) [11]. In our study, the Barents Sea was divided into four
regions, and the NCS boundaries were determined with a higher temporal resolution
and refined. For example, in the Barents Sea areas that we identified, “winter” began
later and ended earlier, while “summer” began earlier and ended later. The duration of
the transition seasons in these areas and in the Barents Sea as a whole was almost identical,
lasting two months. It should be noted that the NCS time boundaries for the Barents Sea
were established using data prior to 1990 (including MSs observations for the period
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1936-1980), i.e., for the period that included the “cold 1960s”. Our study was conducted
for the period 1991-2020, which reflects present-day sustained warming. This could explain
the shorter “winter” and longer “summer” in our case compared to the previous study [11].

In the work of Korolkova, the temporary boundaries of the NCS and the zoning
of the Arctic were determined primarily based on the analysis of the annual variability
of SAT [4]. In our study, the MSs, whose data Korolkova used to identify the NCS in
the western Barents Sea (2 MSs) and in the Kara Sea (1 MS), were assigned to the NWbar
and SWkar regions. A comparison of the results shows that our estimates of the NCS
temporal boundaries in these regions coincided with Korolkova’s estimates within
the accuracy of determining the NCS boundaries (half a month). In addition to the annual
variability of SAT, Korolkova also considered the annual variability of the frequency of
overcast sky. In some cases, this indicator confirmed the temporary boundaries of the NCS
identified based on SAT; in others, it did not, or data on the frequency of overcast sky were
simply unavailable. Therefore, in working with SAT time series it seems appropriate to
use not only the annual SAT cycle but also an additional characteristic—namely, the SD.

Among recent studies, the climatic regionalization performed by Johannessen and
coauthors [12] is noteworthy. Using ERA-40 and Nansen SAT reanalyses, the authors
identified six regions in the Northern Hemisphere from 40° to 90°N and analyzed changes
in SAT for both the year and for calendar seasons.

Since transition from one type of climatic conditions to another occurs gradually,
the boundaries of climatic regions and the duration of the NCS can be determined with
a sufficient degree of approximation, based on explicit and implicit knowledge (expert
methods). In climate zoning and defining NCS boundaries, various experts use both
qualitative (strong/weak influence of cyclonic/anticyclonic circulation, the influence of
warm/cold currents, ice cover/open water) and quantitative criteria (characteristics of
the annual course of SAT and SD). In our study, zoning was conducted using qualitative
(SAT-SD curve shapes) and quantitative (characteristics of the annual course of SAT and
SD.) criteria. The NCSs for each region were identified through a comparative analysis
of a complex indicator—the rate of change of SAT and SD values within each area and
the absolute values of SAT and SD characteristic of different seasons within a given area.

Thus, the zoning of the Barents and Kara Seas that we carried out and the identified
boundaries of the NCS not only do not contradict the results of previous studies, but also
significantly complement and detail our understanding of the climate of the Western Arctic.

Conclusions

For the period of the present-day climate norm 1991-2020, based on the data of
31 MSs(Russian and Norwegian) located in the Barents and Kara Seas, as a result of
a comprehensive analysis of changes (annual course) in the average monthly values of
SAT and its variability (SD), zoning of the study region has been performed, and the time
boundaries of the NCS for the zones have been identified.

1. To assess the changes and variability, the monthly average values of SAT and
its SD were used as quantitative indicators. A new approach was applied: 31 closed
curves of the annual cycle of the SAT-SD indicators were constructed on the SAT-SD
plane, characterizing the annual and seasonal cycles of the thermal regime of the surface
atmosphere. Based on qualitative (curve shape) and quantitative (maximum/minimum
values, number and time of occurrence of the maxima/minima, annual amplitude of SAT
and SD) features, 6 groups of SAT-SD curves were distinguished. Each group of curves
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corresponds to the location of certain MSs, and, thus, the boundaries of 6 large climatic
regions were determined. In the Barents Sea, there were three of them: northwest (NWbar),
southwest (SWhbar), southeast (SEbar). In the Kara Sea, two: southwest (SWkar) and
northeast (NEkar). The northern part of the study region comprises one common area:
the northern Barents and Kara Seas (Sbar/Skar). For each area, a typical closed SAT-SD
curve was constructed using combined and averaged data, and quantitative estimates of
SAT changes and variability were provided.

2. The NCSs were identified based on a combined analysis of SAT changes,
the annual cycle of which in Polar Regions is determined by the radiation factor, and SAT
variability (SD), the annual cycle of which reflects the features of atmospheric/oceanic
circulation and the type of the underlying surface. By winter and summer seasons, we
mean time periods during which the SAT and SD values change relatively slowly and
within narrow ranges, while in transitional seasons (spring, autumn), these values change
relatively rapidly and within wide ranges. To identify the temporal boundaries of the NCS,
the modulus of the SAT-SD indicator movement velocity from month to month on the SAT-
SD plane and the SAT and SD values themselves were used as quantitative indicators.
“Winter” in most of the study region lasted 5 months (the second half of November —
the first half of April), in the southern Barents Sea, “winter” began later and ended earlier,
and lasted 4—4.5 months. Summer lasted three months in most of the study region (from
the second half of June to the first half of September). In the southern Barents Sea, summer
began earlier and ended later, lasting four months. The transition periods (spring/fall)
lasted two months throughout the study region.

3. The zoning carried out in this work and the temporal boundaries of the NCS
correspond to the physical and geographical conditions of the Barents and Kara Seas.

4. The use of calendar seasons allows a rough comparison of climate change
patterns across different territories. However, when they are applied to specific regions
with varying climatic conditions, it is difficult to expect that these seasons will accurately
reflect the changes. For a more detailed study of regional climate, it is advisable to
identify the NCS. This is currently relevant not only to the further development of Earth
sciences but also to supporting economic activities, and to other activities in the Arctic.
The proposed accuracy of defining the NCS’s temporal boundaries, half a month, appears
sufficient for long-term development planning for Russia’s Arctic regions.
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Pacmmmpennsliii pegepar

B cBs13u ¢ HabMronaeMbIM yCTOHUMBBIM OTEMIIEHHEM H pa3pabOTKOM NEPCIIEKTHBHBIX IPOrPAMM Pa3BUTHS apKTH-
YEeCKHX PETHOHOB KpaifHe aKTya bHBIMU U BOCTPEOOBAHHBIMHY ABIISIOTCS HCCIET0BAHMS COBPEMEHHOTO KIIMMaTa
Apxruxu. {ns neprozna coBpeMeHHoH kmnmarudeckoi HopMbl 1991-2020 rr. mo JanHbM 31 MeTeoponornyeckoit
craruu (MC), oTpaxaronmmM MHOT000pasne KITMMaTHYeCKHX ycIoBuii pernona bapennesa u Kapckoro mopeii,
JlaHa KOMMYECTBEHHAS OlICHKA H3MEHEHHH 1 N3MEHIHBOCTH MPU3eMHOI Temmepatypbl Bo3ayxa ([1TB) kak oqHoro
U3 DIaBHBIX MHIMKATOPOB IOTEIUICHU: KiMMaTa. B kadectBe nokasarens usmenenuii IITB ucnonssyrores ee
cpeqHeMecsYHbIe 3HAYCHHUS, I3MEHYNBOCTH — cpenHekBaapatnyeckue otkiaoneHns (CKO) cpenHeMecsaHbIX
sHadeHnit [1TB. Tomosoii xon IITB (oamH MakcuMyM W MHHHMYM) 0OYCIOBIEH paJHALIHOHHBIM (HAKTOPOM.
Tonogoii xon CKO (B ceBepHOIt 4acTH perrnoHa OAUH MaKCUMyM H MHHHUMYM, B F0)KHOH — J[Ba MAKCUMyMa U
MUHHMYMa) XapaKkTepu3yeT 0COOCHHOCTH MUPKYIALHUH aTMOC(epbl/OKeaHa i COCTOSHUS MOACTIIIAIONIEH Mo-
BepxHocTu. [Ipumenen HoBbIi moxxox: Ha miockoctu [ITB-CKO nocrpoena 31 3aMkHyTast KpHBast TOZOBOTO
xoma [1TB-CKO-noka3areneil, XapakTepu3yiomias ToI0BbIe W CE30HHbIC LIUKIBI TEPMUYECKOTO PEKUMA MPHU-
3emHoO# atmMocdepsl. [1o kagecTBeHHBIM (opMa KpHBOIT) i KOMMYECTBEHHBIM (MaKCHMabHbIE/ MHHIMATbHBIC
sHadeHus [ITB u CKO, xonnyecTBo 1 BpeMs HACTYIUICHUS MX MAKCHMYMOB/MHHUMYMOB) TIPH3HAKAM TIPOBE-
nena tummsaist [ITB-CKO-kpuBbix 1 BeIIeneHo 6 Tpymi. Kax ol rpymie cooTBETCTBYET MECTOTIONOKEHHE
onpezneneHHbIXx MC, TakuM 00pa3oM, ObLITH yCTAHOBICHBI TPAHHIIBI 6 KITMMATHYECKHX pailoHOB. [ Kaxaoro
paiioHa mo 0ObeJMHEHHBIM H OCPETHEHHBIM TaHHBIM TocTpoeHa TiioBas [1TB-CKO-kpuBas u naHb! Kojide-
CTBEHHBIE OLIEHKH M3MeHeHuil 1 u3MeHunBocTy [1TB. [l kaxaoro paitona mpu cpaBHUTENEHOM aHATN3€ MOTYIIS
cxopoctu aBmkenus [1TB-CKO-nokazarens u 3Hadenusm [1TB u CKO ycraHOBIEHBI BpeMEHHBIE TPAaHUIIBI
ecTecTBeHHbIX KmMatndeckux ce30HoB (EKC). [Tox 3uMHEM 1 IETHHM CE30HAMH MBI IOHIMaeM IPOMEKYTKH
BpeMeHH, B TedeHne kotopsix 3HadeHus [ITB u CKO n3MensoTess 0THOCHTEIPHO MEUICHHO U B Y3KHUX JHa-
Ta30HaX, & B IEPEXOJHBIE CE30HbI (BECHA, 0CECHB) YKA3aHHbIE 3HAYCHNS H3MEHSIOTCS OTHOCUTEIBHO OBICTPO U B
IIMPOKHUX JMana3oHax. «3MMay Ha O0NMbIIeH YacTH HCCIeyeMOTo PETHOHa JUTATCS 5 MECANEB (BTOpast IOJTOBHHA
HOsI0psl — IepBasi MONOBHHA anpedis), Ha fore bapenneBa Mops OHa HAYMHAETCS MO3/HEE, 3aKAHINBAETCS PaHbIIIE
u mates 4-4,5 mecsna. «Jletoy Ha OonbIIel YacTH HCCIeyeMoro pernoHa JUTes 3 Mecsa (BTopast TOOBHHA
MIOHS — TIepBast IONIOBHHA CEHTIO0P), Ha fore bapennesa MOpst OHO HAYMHACTCS PAaHbIIE, 3aKAHIHBACTCS O3]
Hee 1 anuTes 4 Mecsia. [IpoaomKuTenbHOCTh MEPEXOIHBIX CE30HOB («BECHA»/«OCEHBY) BO BCEM HCCIETyeMOM
peruone coctapiseT 2 Mecsna. PaiionupoBanue u onpenenenue npogomkutensHocT EKC yroynstor obmee
TpeCTaBIeHHe O KIMMaTe 3amagHoro CeKTopa APKTHKH.

KutroueBbie ciioBa: Bapenueso mope, Kapckoe Mope, H3MEHEHHS M H3MEHUYHBOCTH TEMIIEPATypbl BO3/yXa,
€CTECTBEHHBIC KIMMATHYECKHE CE30HbI, PAOHUPOBAHHE
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