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Abstract

:

Climate warming in the Russian Arctic over the past 40 years shows a variety of patterns at different locations and time periods. In the second half of the 20th century, the maximum rates of warming were characteristic of the subarctic permafrost regions of Russia. But in the 21st century, the locations of the greatest rates of climate warming moved to the Arctic zone of Russia. It was one of the reasons for a sharp increase in permafrost temperatures, an increase in the depth of seasonal thaw, and the formation of closed taliks. It was found that as a result of climate change, the differences in permafrost temperatures between different cryogenic landscapes in the area of continuous and discontinuous permafrost distribution have decreased, and in the area of sporadic permafrost distribution are now practically absent. The thermal regime of the ground shows dramatic changes everywhere with a pronounced reduction in the depth of zero annual amplitude.
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1. Introduction


The study of the state of permafrost is an important aspect of environmental monitoring in Polar regions. The main characteristics of the state of permafrost are the distribution and temperature regime of permafrost, the depth of seasonal thawing and freezing, and the development of periglacial processes. In addition, observations at monitoring sites include studies of climatic characteristics (air and ground-surface temperature, precipitation, etc.), the state and dynamics of ground covers (snow and vegetation), and the recovery rate of disturbed sites [1]. The ground thermal regime in permafrost regions is characterized by the mean annual ground temperature (MAGT) within the active layer, the mean annual temperature of permafrost, the amplitude of temperature fluctuations at different depths throughout the year, and by the depth of zero annual amplitudes (DZAA). The depth of zero annual amplitude is the depth at which the ground temperature changes throughout the year do not exceed 0.1 °C [2].



In recent decades, the problem of permafrost degradation during climate warming in the Arctic has become a priority. Permafrost plays an important role in global climate change, carbon balance, and environmental changes in Arctic regions [3,4]. In-situ evidence shows a warming climate over the past 40–50 years and an increase in MAGT in northern permafrost regions, including the western sector of the Russian Arctic (WRA) [5,6]. Climate warming in the WRA has been recorded since the late 1960s [7,8]. Favorable conditions for permafrost degradation have developed all-over this permafrost region in the 21st century. There is an increase in MAGT, deepening of the permafrost table and replacement of seasonal thawing by seasonal freezing with a development of a residual thaw layer (talik) [9,10,11]. These processes are more pronounced in areas of anthropogenic intervention [12,13,14]. Climate changes also manifested themselves in a gradual northward movement of ecological zones [15,16].



The state of permafrost is studied at specialized monitoring sites, profiles, stations, boreholes and outcrops. The duration of observation at many stations in the permafrost region of Russia reaches 30–40 years, and at a number of sites systematic measurements are carried out over 50 years. Currently, monitoring of permafrost in Russia is developing and expanding the number of observation sites within the framework of the International Circumpolar Active Layer Monitoring (CALM) program and the International Thermal State of Permafrost Project (TSP) [17]. The monitoring data are transferred to the International Database, analyzed, and published annually [3,4,18,19]. Based on the monitoring observations in WRA, extensive factual material was collected and organized into available data archives and GIS packages. The data analysis made it possible to carry out permafrost-climatic cyclic relationships and trend assessments with a high degree of reliability and to obtain several new insights on the evolution and current state of permafrost. These results have been published in regional permafrost assessments [11,15,20,21,22,23,24,25,26,27]. The permafrost monitoring data prove extremely useful in studying the changes in the permafrost regions under climate change and anthropogenic impacts [10,14,28].



The article summarizes long-term data of permafrost monitoring in WRA and shows spatiotemporal variability of patterns in the thermal regime. The multi-scale maps of permafrost dynamics for specific regions were developed based on field data, which validate the existing cartographic representations of recent changes in permafrost regions [18,29,30,31,32].




2. Materials and Methods


The monitoring of natural changes in the state of permafrost is mostly carried out at observational stations and at periodically visited survey sites. The results are extrapolated and interpolated based on landscape maps produced using remote sensing methods. The article discusses the results of observations of the permafrost thermal regime and active layer obtained at reference stations and sites in different bioclimatic zones of the WRA permafrost region (Figure 1, Table 1).



A representative database of the state of permafrost currently exists for WRA, including 13 specialized active layer monitoring sites and 64 boreholes equipped for monitoring the ground thermal regime across a range of landscape conditions. A more detailed landscape and geocryological characterization of the reference stations is given in [5,11]. At each station in the dominant landscapes, year-round observations of the ground thermal regime in boreholes from 3 to 30 m are conducted using automated ground temperature loggers HOBO-U12 and HOBO-U23 (Onset Computer Corp., Bourne, MA, USA). The reported accuracy of the Hobo temperature sensors is ±0.20 °C; however, an ice bath calibration was carried out prior to sensor installation, improving the accuracy for temperatures near 0 °C to approximately 0.02 °C [33]. All observations of the permafrost temperature in the boreholes were carried out following the protocol of the international GTN-P project [34] and by the same technical means for all boreholes.



At sites with a regular grid of measurements, which are a part of the international CALM network [17], the position of the permafrost table down to a depth of 2.0 m was monitored using a metal probe. In talik areas with greater depths to the top of permafrost, ground penetrating radar (GPR) and seismic methods have proven to be effective [35,36,37,38,39]. The accuracy of determining the permafrost table position by geophysical methods is 0.1–0.2 m.



Data on changes in the state of permafrost was correlated with climatic data obtained at weather stations of WRA, which were located near the permafrost research stations and sites. The locations and names of weather stations are shown in Figure 1. The most complete and verified array of climatic parameters, such as mean annual, mean monthly and mean daily air temperatures, soil temperature, and precipitation, are freely available [http://meteo.ru/data], accessed on 20 January 2022. Annual Roshydromet reports on climate characteristics in the territory of the Russian Federation were also used [16,40,41]. In addition, some geocryological stations are equipped with their own climate observatories located at the boreholes to monitor the local air and soil surface temperatures typical to these landscape conditions.



The existing stations and sites allow us to compare the features of latitudinal, sectoral and landscape variability of geocryological conditions, and the multi-year series of continuous observations allow us to assess the patterns of their temporal variability over many decades in the past.




3. Climate


According to Roshydromet’s classification, the western sector of the Russian Arctic (WRA) lies within a single quasi-homogeneous climatic region [41]. The general trends of climate change in the European part of Russia and north of Western Siberia are very similar and unidirectional and differ only in the magnitude of changes in individual parameters. Climate warming trends varied spatially and temporally during recent decades in the Russian Arctic [11,23,24,42]. According to weather stations there, the present-day mean annual air temperature (MAAT) increased relative to the climatic norm (the thirty-year period from 1961 to 1990) by 1.4 °C, on average. The thawing index (the sum of positive monthly mean air temperatures during the warm period) increased by 6 degree-months on average and the values of frost index grew by 14 degree-months, i.e., both the warm and the cold seasons warmed up by ~10% (Table 2).



Trends of MAAT were estimated as angular coefficients of linear regression. Change between the modern and standard reference 30-year periods has a noticeable 2–4 times increase in the warming rate (Figure 2).



Seasonal amplitudes of air temperature variations were calculated for each year by measuring the difference between the mean temperature of the warmest and coldest month. These amplitudes had no pronounced tendency to de-crease or increase, although they vary from year to year within a wide range of up to 20 °C at certain weather stations (Figure 3).



The duration of a warm period is an important factor that influences the state and dynamics of permafrost and the development of cryogenic processes, permafrost temperature, and active layer depth. Daily air temperature data showed that the duration of the warm period in a year has increased on average by 10–14 days in recent decades in the WRA because the transition through 0 °C arrives about 1 week earlier in the spring and delays by 1 week in the autumn if compared with the standard reference period (data not shown).



The rates of MAAT changes on the territory of the Russian permafrost region were mapped to assess the spatial and temporal patterns of climate warming for the standard reference period (1961–1990) and the modern period (1991–2020) including data from all weather stations. (Figure 4a), a low trend of MAAT was typical during the 1961–1990 period for vast areas of the Arctic (European part of Russia, Western and Middle Siberia, Far East). In most parts of the subarctic, there was a medium trend of MAAT. Areas with high rates of MAAT change (>0.05 °C/year) were observed locally in the subarctic and occupied less than 10% of the Russian permafrost region. The MAAT trend average across weather stations in the Russian permafrost region was 0.031 °C/year.



During the 1991–2020 period, the MAAT trends increased everywhere. Their spatial distribution patterns have changed significantly. The spatially averaged MAAT trend has increased up to 0.052 °C/year for the Russian permafrost region. High rates of climate warming are typical for almost the entire Arctic, average trends are observed in the subarctic, and low trends are characteristic only for the south of the Russian permafrost region (Figure 4b). Such relocation of the center of climatic warming to the Arctic coast was one of the reasons for intensification of degradation of permafrost in the 21st century including a significant increase in permafrost temperature, increase in the depth of seasonal thawing, and partial thawing of permafrost from the surface with formation of taliks.



Soil moisture content and thermal properties of the seasonally thawed layer change during the summer months mainly due to atmospheric precipitation. The total annual amount of atmospheric precipitation in the 21st century in the western sector of the Russian Arctic has increased on average by 50–100 mm compared to the period of the climatic norm, which corresponds to a trend of 1–3 mm/year [11]. Such values coincide with the predicted estimates of climate models [43]. In the territory with a continental climate, the annual precipitation increase is slightly higher than on the Arctic coast with a temperate maritime climate.



MAGT is significantly influenced by snow cover. Snow cover in the study area begins in the first ten days of October, reaches its maximum in April and thaws completely in late May-early June. The snow cover is thickest in the forest tundra and northern taiga. The modern normal maximum—snow depth in Novy Urengoy area was 114 cm, and in Nadym it was 85 cm. In the typical tundra and shrub tundra, snow cover thickness was much less. On Cape Bolvansky normal average snow depth was about 58 cm, and 33 cm in Marre-Sale. Snow depth has greatly increased in the tundra by 1.8 cm/year in the 21st century. In the forest tundra and northern taiga of Western Siberia, the maximum snow thickness trend was 0.6 cm/year [20]. In general, increasing snow depth contributes to the higher rates of ground warming. However, interannual fluctuations in snow thickness may reach 30–60 cm in different years and, accordingly, have a multidirectional effect on the thermal regime of the active layer and permafrost.



Thus, in general, changes in climatic parameters (increase in air temperature, precipitation, and snow cover thickness) have a negative impact on the stability of permafrost. However, a random combination of fluctuations in climatic parameters may result in short periods (a few years in duration) of permafrost stabilization.




4. Results and Discussion


4.1. Active Layer Thickness (ALT)


Modern climatic changes have an immediate impact on the thermal regime of the seasonally thawed layer (STL) and on the maximum depth of the seasonally thawed layer also called the active layer thickness (ALT). Inter-annual variability of ALT at the monitoring sites is substantial and in certain cases exceeds 15–20% of the long-term mean ALT. There is a relatively stable relationship between ALT and the thawing index [44]. Since there is an increase in the sum of above-zero air temperatures and the duration of the warm season, we observe, in general, a multi-year positive trend in ALT at all CALM sites. However, the trend differs significantly across regions and landscape conditions, and the correlation between the increasing thaw depth and thawing indices does not always remain high [12,15,16,20,22,44]. This is related to the effect of other climatic factors on thawing (amount of atmospheric precipitation, characteristics of snow cover, etc.) and to the adaptability of cryogenic landscapes to climatic changes, including growth of mosses, formation of an ice-rich intermediate layer at the base of STL and intra- and interannual variability of the ground thermal properties [11,45].



Observations of the seasonal thaw depth are carried out at 11 monitoring sites in the western sector of the Russian Arctic (see Figure 1). The records of more than 30 years long are available for sites R1, R3, R24, R50A, and R50B. Sites R24A, R56, R57, R58 were established in the last decade. ALT monitoring allowed us to obtain average values for each site, as well as to trace regional and local characteristics in the distribution of this parameter.



At the CALM R1A Nadymsky long-term observational site located on a flat peat plateau (peat thickness up to 0.6 m), the thawing depth could be measured with a metal probe at almost all grid points in 2010. The average STL depth was 114 cm. However, over the last 10 years, the number of points with STL depth of less than 2 m has decreased. In 2015, the probing allowed to measure only 50 out of 121 points of the grid, in 2019—30 points, and in 2020 only 9 points. The average depth of thawing at these 9 points was 160 cm. In the rest of the grid area, the permafrost table descended below 2 m. To find out the actual depth of the permafrost table at these locations, a geophysical survey was carried out. According to the results of seismic profiling, it was established that within the peatland the permafrost table is located at the depths from 2 to 7.5 m, and in waterlogged troughs this depth was more than 8 m. That is, almost the entire area of the CALM R1 grid is underlined by a closed thermal talik above permafrost. A residual thaw layer is now present year-round below the seasonally frozen active layer and above the permafrost table.



Site CALM R50A Urengoy-South is located in the forest tundra and has a heterogeneous landscape structure. Peatlands with peat thickness of 0.5–1 m alternate with sandy hummocky moss-lichen tundra with fragments of larch woodland. The average ALT was 77 cm in 2010. Since then it has gradually increased. In the peatland areas, the average depth of thawing in 2020 reached 129 cm, and in the areas formed with sand from the surface, the thawing depth exceeded 2 m. According to the results of seismic profiling, the permafrost table in the sands descended to a depth of 4–6 m by 2020. Thus, a closed talik was formed on part of the CALM R50A site.



At the CALM site R50B Urengoy—North, located in the southern tundra on the drained watershed with sandy soil, the average depth of thawing in 2010 was 80 cm. Since 2010, the site has been partly disturbed from the process of developing new gas production wells. ALT increased sharply at the site of backfills and along the underground pipelines. By 2012 a closed talik has formed, its depth has not yet been surveyed by geophysical methods or drilling. At the undisturbed part of the site (68 observation points), the thawing depth increased to 102 cm by 2020.



Site CALM R24 Bolvansky is located in the shrub tundra of the European part of Russia in an area of well-drained patchy medallion tundra with soils composed of sandy loam. In the depressions of the local topography, thickets of dense willow have developed. In the western part of the site old off-road vehicle tracks are located. ALT was 104 cm in 2010. Over the last decade, the thawing depth has increased. In the warmest years (2012, 2016, 2020), the thawing depth exceeded the length of the probe in local willow patches and on the old vehicle tracks. In 2020, the thawing depth was measured only at 74 nodes (out of 121 grid points) and was already 120 cm.



On the other CALM sites, the thawing depth is measured at all points of the grid. The thawing depth was also increasing but can still be measured with a metal probe.



Table 3 shows the average values of thaw depth for the monitoring sites under study [calm.gwu.edu]. The trend of ALT over the last decade was calculated for measurements made with the metal probe. The smallest trends were characteristic of sites located in the undisturbed tundra. The maximum thawing depth trend of 8.8 cm/year was observed at the site CALM R53 Harp, and trend of 7.3 cm/year at the site CALM R58 Erkuta, where ALT was measured since 2016 which coincided with a significant increase in air temperature in the last three years. The high thawing trend (6.8 cm/year) at the Nadymsky station cannot be considered reliable, since a closed talik was formed at this site. For the Urengoy-South station (R50A) in the forest tundra, the positive trend of 4.1 cm/year was typical only for the peatland areas, and in the sands a closed thermal talik was formed. At the Labytnangy site (R56) in the forest tundra with 8 years of observations, the thawing trend was 4.7 cm/year. A relatively high trend (3.7 cm/year) was recorded at the Kashin Island (R24A) site, which is located in the shrub tundra, but in interzonal conditions of the Pechora River delta. Thus, against the background of climatic warming, increasing trends in thaw depth were observed everywhere, with the greatest remarkable changes occurring in the forest tundra and northern taiga. In specific landscape conditions or under human-induced disturbances, the thawing rate sharply increases even at sites in the shrub tundra subzone (Figure 5).



The study of the lithological composition and landscape conditions of the CALM sites showed that thawing of permafrost from the surface and the formation of closed taliks begin to occur in landscapes where permafrost ice content is low. These include well-drained areas located on hilltops composed of sandy loams or sands. The presence of peat with strong insulating properties and high ice content in the upper part of the soil column significantly reduces the depth of permafrost thawing and slows down the descending rate of the permafrost table. The minimum values of the seasonal thawing depth in all natural landscapes were observed under the moss layer developed on thick peatlands (polygonal, peat plateaus, palsas, etc.), where ALT does not exceed 60–80 cm and the trends of this depth increase are insignificant regardless of the climatic warming. Peat thickness of less than 25 cm decreases the thawing depth, however during the anomalously hot summers the role of this peat is not that significant.



The study of the lithological composition and landscape conditions of the CALM sites showed that the thawing of permafrost from the surface and the formation of a residual thaw layer occurs in landscapes where the ice content of permafrost is low. These include well-drained areas located on hilltops composed with sandy loams or sands. The presence of peat with strong insulating properties and ice-rich sediments significantly reduces the depth of permafrost thawing and slows down the rate of descending of a permafrost table. The minimum values of the seasonal thawing depth in all natural landscapes were observed under the moss layer developed on thick peatlands (polygonal, peat plateaus, palsas, etc.), where ALT does not exceed 60–80 cm and the trends of this depth increase are insignificant regardless of the climatic warming. A peat thickness of less than 25 cm in the STL decreased thawing depth; however, this was not significant during anomalously hot summers.




4.2. Thermal State of Permafrost


Monitoring data provide an assessment of the current thermal state of permafrost and allow us to evaluate the response of permafrost to climatic changes across different bioclimatic zones and cryogenic landscapes. Generalized data for different environmental settings within the permafrost regions of WRA were obtained by calculating the changes in decadal averages of MAGT for all sites with long periods of observations (Figure 6). There is an unidirectional increasing trend of MAGT in all regions of the Arctic, but with different rates for different environmental conditions. Generally, the rates of ground warming are higher for the regions with cold continuous permafrost and smaller for the warm permafrost areas. As a result, the overall range of the MAGT for different landscapes is reducing.



In the northern taiga and forest tundra of Western Siberia within the area of discontinuous permafrost distribution (stations R1 Nadymsky, R50A South Urengoy, and around Labytnangi and Salekhard), MAGT at 10 m depth varies presently from 0 to −1 °C in all cryogenic landscapes with temperature differences between different landscapes not exceeding 1 °C (Figure 6). The depth of zero annual amplitude of temperature variations (DZAA) lies at 3–6 m. Below this depth, the temperature fluctuations do not exceed ±0.1 °C and the thermal regime of the ground is close to quasi-stationary. Thickening and lateral expansion of thermal closed taliks continue, but the thermal state of the residual thaw layers remains transitional. In warm years, the thickness of the taliks increases. Monitoring of the ground temperature in the active layer and geophysical studies confirm the presence of closed thermal taliks and an increase in the area of their distribution [36,37,38].



In shrub tundra, there is a decrease in the amplitude of seasonal temperature fluctuations in permafrost. DZAA is currently 3–7 m here.



In the north of the European part of Russia (station Bolvansky, continuous per-mafrost) MAGT increased from 1984 to 2020 by 1 to 1.5 °C at the depth of 10 m in all cryogenic landscapes, while the range of MAGT spatial variations across landscapes decreased by almost twice. By 2020, in most cryogenic landscapes of the European North the average MAGT at 10 m depth varied between 0 and −2 °C, which means that with further climate warming permafrost may degrade and thaw from the surface [22,23,24]. Closed thermal taliks have already started to form in depressions and within shrublands on the watersheds. According to geophysical data, drilling, and thermal monitoring of the ground, the thickness of such taliks varies from 2 to 5–6 m [36,37]. Comprehensive geophysical monitoring made it possible to assess the spatial and temporal variability of the depth to the permafrost table using reference profiles at the CALM R24B Kumzha site. According to the results of geophysical studies at the site of a closed thermal talik in sandy soil of the 1st alluvial-marine terrace in the Pechora River delta, there was a stable tendency of deepening of the permafrost table. Depending on the surface and ground conditions, the permafrost table deepened by 0.4–1.8 m at different locations during 2015–2021, with the average rate of 0.23 m/year [36].



In Western Siberia (station Urengoy-North, R50B, shrub tundra) from 1975 to 2020 MAGT increased by 1.9 °C on average and is now in the range of −1 to −3 °C over a large area. Temperature differences between different landscapes have also decreased. Thermal taliks started to form at the sites with human-induced disturbances.



The effect of climate warming on thermal regime of permafrost began to manifest itself in the typical tundra of Western Siberia in the continuous permafrost zone (Marre-Sale station). The thermal regime of all cryogenic landscapes is changing. The watersheds with low permafrost temperatures (originally from −5 to −7 °C) shows the most pronounced changes in MAGT. Nevertheless, permafrost still remains stable with low temperature varying between −3.0 and −5.2 °C. In tundra landscapes with initial temperatures of permafrost from −2 to −4 °C, a decrease in annual amplitudes of ground temperatures down to DZAA was observed. This decrease in the annual amplitudes should inevitably lead to a decrease in DZAA, as has already been recorded in the regions with discontinuous permafrost.



Thus, in all cryogenic landscapes of the western sector of the Russian Arctic, a unidirectional process of increasing in MAGT takes place at different rates, which results in a decrease in the range of permafrost temperatures across different cryogenic landscapes of WRA.




4.3. Sensitivity of Permafrost Region to Climate Change


The thermal state of permafrost and environmental conditions play a significant role in the response of the permafrost region to climate change. In order to quantify this response, a dimensionless coefficient of permafrost landscapes sensitivity to climate change Kα was proposed [47]. The Kα coefficient is calculated as the ratio of the rate of permafrost temperature (MAGT) increase (αg) in different cryogenic landscapes to the rate of the mean annual air temperature (MAAT) increase (αa) for a certain period:


Kα = (αg)/(αa).



(1)







Previously A.V. Pavlov and G.V. Malkova [47] considered variations in the linear trends of MAGT for 1965–2005 for different Russian permafrost regions. The average MAGT rate of increase (αg) for this period was 0.03 °C/year, and the rate of the mean annual air temperature increase (αa) was 0.044 °C/year. The Kα coefficient varied within a very wide range (from 0.1 to 1.19), averaging 0.68 for the entire permafrost region, i.e., with an increase in MAAT by 1 °C one could expect an increase in MAGT by about 0.7 °C. Since climate change was very substantial over the last 15 years, we recalculated the trends and coefficients for the period from 1990 to 2020, Table 4. The rates of increase in MAAT (αa) were calculated from the data of the nearest weather station. The increase rates αa for the six reference weather stations ranged from 0.06 °C/year to 0.13 °C/year, with an average value of αa = 0.09 °C/year. MAGT from the boreholes located in different landscape conditions near each station were used to calculate the rates of increase in MAGT αg. The minimum value of αg varied from 0.001 °C/year at the Nadymsky station, to 0.032 °C/year at the Marre-Sale station. The maximum value of αg changes from 0.017 °C/year in Labytnangi to 0.074 °C/year at the Urengoy-North station. For the entire region, the average value of αg in 1990–2020 was 0.032 °C/year. The sensitivity coefficient Kα calculated using equation (1) varies from 0.11 to 0.47, and the average value of Kα is 0.33.



Thus, in the period 1990–2020, the rates of change in MAAT have doubled and the average rate of change in MAGT remained almost the same as for the previous period [48], resulting in halved Kα coefficient. Despite intensive climate warming, the permafrost temperatures turn out to be less sensitive. A conditional increase in MAAT by 1 °C increases the MAGT by only 0.3 °C on average. The smallest changes in MAGT are found in areas where permafrost temperature is close to zero in the northern taiga and forest tundra (stations Nadymsky and Labytnangi). At permafrost temperatures close to 0 °C, high MAAT increasing trends do not lead to synchronous high increasing trends in MAGT due to significant heat consumption for phase transitions during thawing.



The calculated rates of increase in MAGT and the sensitivity coefficients of permafrost regions were used to develop maps of the dynamics of the thermal state of permafrost across various time intervals.




4.4. Dynamic Maps of Temperature of Permafrost


The spatial and temporal patterns of changes in permafrost temperature were analyzed using regional maps of WRA based on a geosystem approach [48,49]. Classification of natural geosystems in the rank of landscapes and ecotypes was carried out using a GIS package based on the interpretation of high-resolution space images. Following the geosystem concept, the landscape base was used to create analytical maps and thematic layers of different content such as lithology, soil water content, ALT, ground temperature, and others including considering temporal changes in these parameters [50]. The geosystem approach made it possible to develop multiscale models of the thermal state of permafrost for several subregions of WRA based on the field data obtained at the reference monitoring sites from the 1970s to the present. Spatiotemporal GIS-models were developed for two time slices of 1980 and 2020 for three regions of WRA:




	
typical tundra around Marre-Sale station, western Yamal (Figure 7);



	
shrub tundra around the Bolvansky station, European territory of Russia (Figure 8);



	
forest tundra and shrub tundra on the territory of the Urengoy field, including Urengoy-South and Urengoy-North stations, Western Siberia (Figure 9).








Maps were constructed using the single legend, including the same colors for each MAGT interval, which facilitates visual comparison of changes in ground temperatures.



In the western Yamal, the MAGT increased and the areas with low temperatures of permafrost (−5 to −7 °C) disappeared completely. In 2020, the cryogenic landscapes with permafrost temperatures from −3 to −5 °C has expanded, and areas with permafrost temperature from −1 to −3 °C appeared inland (Figure 7). Figure 8 clearly shows that in the north of the European part of Russia the range of MAGT changes has decreased from between 0 and −5 °C in the 1980s to between 0 and−2 °C (and at some locations up to −3 °C) at present. On the map from 1980, localized areas of taliks distribution were confined to the wetlands in drained lake depressions and there were very few of them within the selected map fragment (Figure 8).



By 2020, new closed thermal taliks occurred in depressions including khasyreys, runoff troughs, thermokarst gullies and on the shrub covered slopes, where the thickest snow cover is formed, preventing winter cooling. Modern closed thermal taliks occupy about 25% of the total area of watersheds. On the map they are highlighted with a gray shading over the red color. As a rule, they have formed in landscapes where MAGT ranged from 0 °C to −2 °C in the 1980s. Where peat is present in the upper part of the soil column the permafrost continues to remain relatively stable and the MAGT has not yet crossed the 0 °C threshold.



The longest latitudinal span of the map of the thermal state of permafrost was produced for the Urengoy field (Figure 9). In the 1980 s, the lowest MAGT was found mostly in shrub tundra and, locally, in the northern forest tundra. To the south, in the southern forest tundra and northern taiga the permafrost had temperatures mainly in the range from 0 to −3 °C. There were local areas with ground temperatures between +1 and −1 °C where isolated patches of permafrost and closed thermal taliks alternated. These areas were confined to the river and creek valleys, as well as to forested drained terrace slopes composed by sands. The lowest permafrost temperatures in the southern part of the territory were confined to peat plateaus and to frost mounds and ridges.



In 2020, the temperature differences between different landscape types decreased, similarly to other regions described above. The landscapes with temperatures of permafrost from −5 to −7 °C in shrub tundra and northern forest tundra was no longer found. They were replaced by permafrost with temperatures between −3 and −5 °C, which typically is found on flat elevated watersheds occupied by peatlands or on top of the hills and ridges occupied by tundra with thin peat layers. In the central part of the territory cryogenic landscapes of the northern forest tundra with MAGT between −1 and −3 °C are most widely distributed. In the southern forest tundra and northern taiga, landscapes with ground temperatures between +1 and −1 °C are present almost everywhere. Landscape extrapolation of the permafrost temperature monitoring results made it possible to identify on the 2020 map the vast areas with closed thermal taliks in the southern half of the territory. In the northern forest tundra, the beginning of the closed thermal talik formation was recorded primarily in those watersheds where larch forests were advancing northwards. Such areas on the 2020 map are shown with gray shading on the background of colored contours (Figure 9).



The developed permafrost thermal state dynamics models in certain regions of WRA reflect the recent changes in the upper permafrost thermal state and stability. These empirical models can be used to verify the results of physically based numerical permafrost forecasting models which are in development right now for this permafrost region.





5. Conclusions


Extensive data of long-term monitoring has been collected and organized into accessible databases and GIS packages. The obtained observational data allows both to assess the past and current states of permafrost, an important component of the Arctic environment, but also to develop an understanding of different responses of permafrost to climate change within different bioclimatic zones and in different cryogenic landscapes.



Climate changes at a high rate in the western sector of the Russian Arctic (WRA). The rate of MAAT increase varied from 0.08 to 0.16 °C/year over the last 30 years. The duration of the warm period has increased by 2 weeks. Annual precipitation has increased by 50–100 mm/year. The trend of maximum snow depth varied from 0.6 cm/year in the forest tundra and northern taiga of Western Siberia to 1.8 cm/year in Yamal and the north of the European part of Russia.



The ongoing climate change contributed to increase in moisture content in the upper soil horizons resulting in increased heat consumption for phase transitions in the seasonally thawed layer and altered thermal regime of underlying permafrost. Following the background climate warming, positive trends in thaw depth were observed everywhere, but the greatest changes in the active layer occurred in the forest tundra and northern taiga, where closed thermal taliks have started to form. The thawing rate in the southern tundra have increased on sites with favorable landscape conditions or under the impact of human-induced disturbances.



Long-term monitoring of the thermal state of permafrost indicated permafrost temperature increase rates from 0.01 to 0.06–0.07 °C/year across cryogenic landscapes of WRA. Mean annual ground temperature increases unidirectionally, but at different rates. High rates are typical for cold permafrost and low rates for warm permafrost, which decreases the spatial variation in permafrost temperatures of cryogenic landscapes.



A quantitative assessment of the cryogenic landscapes’ response to climate change was carried out using the coefficient of permafrost sensitivity Kα. While the regional average rate of increase in MAAT for the 1990–2020 time period was 0.09 °C/year, the average MAGT increase rate was only 0.032 °C/year for the same time period, i.e., the MAGT increase rate is three times lower than the increase rate of MAAT. At the same time, the sensitivity coefficient Kα varied from 0.11 to 0.47, and its average value was 0.33, which is half of the value for the period of 1965–2005. Moreover, the most stable MAGT was associated with permafrost of a near-zero temperature in the northern taiga and forest tundra (stations Nadymsky, Labytnangi, and Salekhard). At permafrost temperatures close to 0 °C, the high rates of increase in MAAT did not lead to a synchronous high rate of increase in MAGT due to considerable heat consumption for phase transitions during a partial thawing of permafrost.



The dynamic maps of permafrost temperature allowed an estimation of spatiotemporal changes in the thermal regime of permafrost for the representative areas of WRA. The monitoring results of the permafrost temperature dynamics, the dynamics of seasonal thawing, and talik formation presented here indicates that partial degradation of permafrost in WRA and Sub-Arctic has already begun. A deepening of the permafrost table and an occurrence of residual perennial thaw layer in areas of developing thermal taliks has already been observed since the early 21st century in the forest-tundra and northern taiga landscapes in the surroundings of the Urengoy field, Nadym station and Salekhard. However, only recently this process has started in the shrub tundra of the European part of Russia and within watersheds of the northern part of Urengoy area.
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Figure 1. Layout of monitoring facilities and reference meteorological stations of Roshydromet. Sites included in this study: Kashin (1), Bolvansky (2), Shapkina (3), Belyy (4), Marre-Sale (5), Erkuta (6), Oktyabrsky (7), Labytnangy (8), Nadymsky (9), Urengoy-South (10), and Urengoy-North (11). 
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Figure 2. Changes in mean annual air temperature at weather stations in the western sector of the Russian Arctic. 
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Figure 3. Changes in the annual amplitude of air temperature by weather stations in northern Russia. 
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Figure 4. Spatial and temporal changes in the trend of mean annual air temperature in the Russian cryolithozone. 
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Figure 5. Interannual variability of average thaw depth at CALM sites [46]. 
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Figure 6. Mean annual ground temperature in boreholes averaged over decades at a depth of 10 m in typical cryogenic landscapes at geocryological stations. 
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Figure 7. Changes in the mean annual ground temperature for two time intervals, Western Yamal, Marre-Sale station, typical tundra: (A) in the 1980s and (B) the modern period, 2020. 
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Figure 8. Changes in the mean annual ground temperature in southern tundra of the Russian European North for two time intervals: (A) in the 1980s and (B) the modern period, 2020. 
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Figure 9. Changes in the mean annual ground temperatures for two time intervals: (A) the 1980s, and (B) the modern period, 2020. North of Western Siberia, the territory of the Urengoy field, transect from northern taiga to southern tundra. 
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Table 1. Metadata of monitoring observations in the western sector of the Russian Arctic.
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# In Figure 1

	
Operational Stations and Coordinates

	
Bioclimatic Subzone

	
Distribution of Permafrost

	
Number of Boreholes, Observation Period

	
CALM Sites,

Observation

Period






	
Russian European North




	
1

	
Kashin

	
Southern tundra

	
Island

	
10 (2012–present)

	
R24A & R24B (100 × 100 m)

(2010–present)




	
N 68°14′




	
E 53°51′




	
2

	
Bolvansky

	
Southern tundra

	
Continuous

	
6 (1983–present)

	
R24 (100 × 100 m),

(1999–present)




	
N 68°17′




	
E 54°30′




	
3

	
Shapkino

	
Southern tundra

	
Discontinuous

	
4 (1983–2019)

	
-




	
N 67°34′




	
E 55°07′




	
Western Siberia




	
4

	
Belyy

	
Arctic tundra

	
Continuous

	
5 (2009–present)

	
R55 & R55A




	
N 73°20′

	
(100 × 100 m)




	
E 70°05′

	
(2009–present)




	
5

	
Marre-Sale

	
Typical tundra

	
Continuous

	
6 (1978–present)

	
R3




	
N 69°43′

	
(1000 × 1000 m),




	
E 66°49′

	
(1995–present)




	
6

	
Erkuta

	
Southern tundra

	
Continuous

	
-

	
R58




	
N 68°15′

	
(100 × 100 m),




	
E 69°04′

	
(2017–present)




	
7

	
Oktyabrsky

	
Forest tundra

	
Discontinuous

	
-

	
R57




	
N 66°58′

	
(100 × 100 m),




	
E 67°10′

	
(2013–present)




	
8

	
Labytnangy and Harp

	
Forest tundra

	
Discontinuous

	
3 (1967, 1977, 2021)

	
R56 & R53




	
N 66°40′

	
(100 × 100 m),




	
E 66°24′

	
(2013–present)




	
9

	
Nadymsky

	
Northern taiga

	
Island

	
15 (1975–present)

	
R1A & R1B




	
N 65°18′

	
(100 × 100 m),




	
E 72°51′

	
(1995–present)




	
10

	
Urengoy-South

	
Forest tundra

	
Discontinuous

	
7 (1975–present)

	
R50A




	
N 66°19′

	
(100 × 100 m)




	
E 76°54

	
(2008–present)




	
11

	
Urengoy-North

	
Southern tundra

	
Continuous

	
7 (1975–present)

	
R50B




	
N 67°28′

	
(100 × 100 m)




	
E 76°42′

	
(2008–present)
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Table 2. Climatic indicators for reference weather stations.
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The Name of the Station

	
Mean Annual Tair, °C MAAT

	
Freezing Index,

°C-Month

	
Thawing Index,

°C-Month




	
1961–1990

	
1991–2020

	
1961–1990

	
1991–2020

	
1961–1990

	
1991–2020






	
Nar’yan-Mar

	
−3.8

	
−2.4

	
−83.0

	
−72.0

	
37.9

	
43.0




	
Konstantinovsky

	
−5.2

	
−3.6

	
−90.0

	
−77.4

	
28.4

	
33.8




	
Vorkuta

	
−6.7

	
−2.7

	
−104.4

	
−94.3

	
32.0

	
38.1




	
Belyy

	
−11.1

	
−9.5

	
−145.4

	
−129.9

	
10.2

	
15.8




	
Marre-Sale

	
−8.5

	
−6.9

	
−119.7

	
−107.4

	
18.4

	
24.3




	
Salekhard

	
−5.9

	
−4.4

	
−113.8

	
−101.6

	
42.6

	
48.3




	
Nadym

	
−6.0

	
−4.5

	
−113.8

	
−101.8

	
42.6

	
48.7




	
New Urengoy

	
−7.3

	
−6.1

	

	

	

	




	
Tazovsky

	
−9.2

	
−7.4

	
−144.1

	
−129.5

	
34.3

	
40.8
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Table 3. Seasonal thawing depth values averaged for each site [46].
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	NN
	CALM

/Lithology
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020
	Trend in

2010–2020

cm/Year





	R1A
	Nadymsky */peat, sand
	114
	129
	134
	136
	164
	163
	186
	148
	178
	176
	160
	6.8



	R3
	Marre-Sale/peat, sand
	98
	102
	127
	115
	102
	122
	136
	108
	107
	121
	135
	2.0



	R24
	Bolvansky */sandy loam
	104
	107
	120
	117
	102
	110
	119
	104
	110
	104
	120
	0.3



	R24A
	Kashin Island/peat, sand
	58
	64
	88
	87
	65
	80
	109
	76
	84
	83
	123
	3.7



	R50A
	Urengoy-south *

/peat, sand
	77
	72
	87
	70
	76
	85
	74
	69
	111
	103
	129
	4.1



	R50B
	Urengoy-north *

/loam
	80
	82
	95
	92
	84
	93
	96
	93
	101
	102
	
	2.1



	R53
	Harp, Polar Urals */loam
	
	
	
	
	
	
	99
	94
	100
	111
	134
	8.8



	R55
	Belyy Island

/silt loam
	50
	53
	60
	55
	41
	59
	68
	57
	53
	54
	65
	0.8



	R55A
	Belyy Island/sandy
	90
	98
	114
	112
	91
	111
	130
	115
	107
	109
	131
	2.5



	R56
	Labytnangy

/loam
	
	
	
	63
	96
	100
	115
	83
	97
	100
	123
	4.7



	R57
	Oktyabrsky

/loam
	
	
	
	44
	61
	56
	62
	40
	57
	60
	68
	1.7



	R58
	Erkuta

/peat, sand
	
	
	
	
	
	
	
	81
	83
	96
	101
	7.3







Note: * Sites with missing probe measurements.













[image: Table] 





Table 4. Linear trends of changes in the mean annual air temperature and the permafrost for 1990–2020 according to all temperature boreholes.
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Location

	

	
Temperature Trend, °C/Year

	
Kα




	
αa,

Average

	
αg,

Minimum

	
αg,

Maximum

	
αg,

Average






	
R1A Nadymsky

	
0.08

	
0.001

	
0.027

	
0.009

	
0.11




	
R3 Marre-Sale

	
0.13

	
0.032

	
0.067

	
0.050

	
0.39




	
R24 Bolvansky

	
0.08

	
0.010

	
0.052

	
0.038

	
0.47




	
R50A Urengoy-South

	
0.08

	
0.006

	
0.053

	
0.031

	
0.38




	
R50B Urengoy-North

	
0.10

	
0.008

	
0.074

	
0.050

	
0.47




	
Labytnangi

	
0.06

	
0.004

	
0.017

	
0.011

	
0.18
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