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Abstract—Various climatic parameters (average annual, winter, and summer air temperature, winter
and summer total precipitation) and their temporal variability are analyzed to explain the activation of
cryogenic processes in Central Yamal. The effect of fluctuations of these parameters on the thaw depth
and ground temperature is analyzed. The regression analysis is carried out to reconstruct ground temperature during earlier periods of time in the years preceding the activation of thermal denudation and
the formation of gas emission craters.
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1. INTRODUCTION
Abnormal weather conditions in the recent years activated cryogenic processes in Central Yamal caused
by the thawing of ground ice [23]. In particular, the thermal denudation is related to significant increase in the
active layer thickness and to the seasonal thaw depth reaching the tabular ground ice top. In the present paper,
the thermal denudation is the set of gravitational and erosional processes which jointly develop on the slopes
during the permafrost thawing and lead to the slope flattening [2, 3, 5]. As a result, thermocirques were
formed; these are specific negative landforms (amphitheater-shaped hollows in the slope [20]) resulting
from the material drift down the slope and from the explosures with ground ice. They are the indicators of
the considerable thermal impact of positive air temperature trends on the thermal state of permafrost even in
the continuous permafrost [9]. The weather anomalies also led to the occurrence of a new natural phenomenon: the zone of gas emission craters (GEC) which, in the authors’ opinion, were formed as a result of the
methane release in the upper permafrost layers [6, 25].
Temporal variations in the thaw depth and ground temperature are the base parameters for the complete
assessment of permafrost dynamics. An approach was developed to the evaluation of the probable activation
of cryogenic processes and factors affecting it in the analyzed region of northwest Siberia. It is associated
with the presence of tabular ground ice, saline clayey deposits, and gas saturation (of deposits and tabular
ground ice) in the geological section [7, 13, 16]. The authors proceeded from the assumption that thermocirques were formed as a result of dramatic increase in the depth of the active layer during the warm summer
of 2012 and actively developed due to its ongoing deepening in the next years (2013 and 2016). The GEC
were formed due to methane release from permafrost and ground ice, evidently partly or fully by the
dissosiation of relict gas hydrates under the influence of the directed change in ground temperature [25].
The problem of activation of cryogenic processes (thermal denudation and GEC formation) as a result of
the changing thermal state of permafrost requires the following questions to be answered:
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Fig. 1. The location of the key region of Vaskiny Dachi station, GEC-1, and experimental sites of the station. (1, 2) The
sites for the thaw depth monitoring (1) without and (2) with the borehole; (3) individual borehole; in the inset: (4) Vaskiny
Dachi station; (5) GEC-1.

1. What is the variation of the main parameters characterizing the thermal state of permafrost (seasonal
thaw depth and ground temperature)?
2. How do the fluctuations of different climatic parameters (average annual, winter, and summer air
temperature, summer and winter precipitation sums as well as intraannual variations and combinations of
these parameters) influence the thaw depth and ground temperature?
3. How does the dynamics of the parameters characterizing thermal state of permafrost affect the activation of the analyzed cryogenic processes?
2. REGION AND OBJECTS UNDER STUDY
The present study considers cryogenic events in Central Yamal: GEC formed since 2012 and dramatically activated thermocirques.
The analyzed region is situated in the bioclimatic zone in the subzone of typical tundra. The territory
represents the combination of tundra surfaces with various heights (plains and terraces with the absolute
altitude from 5 to 55 m) which are strongly dissected by lakes and streams. The main objects under study
are located within Vaskiny Dachi station or at a small distance from it; therefore, monitoring data from the
experimental sites of the station are used to analyze the basic parameters of the active layer and permafrost
(Fig. 1). For the key area, the climatic parameters were calculated from data of Marre-Sale weather station
[21, 22] located less than 100 km west of Vaskiny Dachi station and 50 km west of the GEC-1.
The dynamics of thaw depth is analyzed to find the reasons for the activation of thermal denudation. The
observations of thaw depth dynamics have been conducted by many researchers for rather long. In particular, this is favored by the CALM (Circumpolar Active Layer Monitoring) international program [8, 11, 18,
27]. The thaw depth dynamics was studied within Vaskiny Dachi geocryological station in Central Yamal.
The monitoring of the depth of the active layer in Central Yamal is carried out every year at the end of the
warm season. The present study utilizes data from four sites located in the key area of Vaskiny Dachi station (see Fig. 1, [24]) which are characterized by different landscape conditions: the CALM site with the
size of 100 ´ 100 m (121 points) and VD-1, VD-2, and VD-3 sites with the size of 50 ´ 50 m (55 points each).
The observations at CALM site started in 1993 within the international monitoring program [17], VD-1–3
sites were founded in 2007. The long observation series allows revealing the regularities of thaw depth
dynamics, in particular, under the conditions of climate change in the recent years.
Data on ground temperature are analyzed to solve the problems of GEC formation. Ground temperature
is monitored within the TSP (Thermal State of Permafrost) program [17, 26].
The ground temperature monitoring is conducted using the thermometric cables equipped with loggers
at various depths (0.9 to 10 m at the depth from 0–6 cm (under the vegetation cover and below with an
increment of 0.5 m)) in the boreholes located in different geomorphological, landscape, and geological
conditions. Due to the unstable operation of loggers, the continuous series of observations for all levels over
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Table 1. Metadata for the thermometric boreholes with the most complete observation series
Borehole
AG19-3
VD Willow
CALM
CALM_10 m
VD-1
VD-2
VD-3

Depth of temperature sensors, m
0; 0.10; 1.00
0; 0.40; 0.90; 1.40
0.03; 0.50; 1.00; 1.50
0; 0.50; 1.00; 1.50; 10.00
0; 0.25; (0.50; 0.90)
0.03; 0.25; (0.50; 1.00)
0; (0.25; 0.50); 1.00

Observation period
2008–2017
2014–2017
2008–2017
2012–2017
2008–2017 (2014–2017)
2008–2017 (2011–2017)
2008–2017 (2008–2016)

the whole year were obtained not for all boreholes that complicated the calculation of average annual values.
Therefore, the boreholes presented on the map and the levels with the fullest observation series were chosen
for the analysis (see Fig. 1, Table 1). In landscape terms, the area of GEC-1 is best represented by the VD
Willow borehole that is located in the landslide cirque. Here, as well as in the vicinity of GEC-1, high
willows grew on the surface. Clay sediments dominate in the section, and saline clays are found in the
active layer.
3. RESULTS AND DISCUSSION
3.1. Dynamics of Seasonal Thaw Depth and Activation of Thermal Denudation
As the thermal denudation accompanied by the formation of thermocirques is developed on a slope under
the influence of gravity, the dynamics of thaw depth on the slope surface should be considered in more
detail. It should be compared with the hilltops for which longer observation series are available. Several
types of surfaces are separated within CALM site. They can be united into two main groups, hilltop and
slope surfaces. They differ both in the inclination and in the vegetative coverage. Active layer deposites
change from sandy ones at the peak to sandy-loamy and clayey ones on the slope. VD-1 and VD-2 sites are
vegetated hilltops with sandy-clayey the active layer deposits, and VD-3 site is a poorly vegetated flat
surface of the terrace with sandy deposits. Thus, the studies covered the main types of terrain. The interannual
variability of the site-averaged thaw depth for two main groups of terrain is presented in Fig. 2a.
As clear from the figure, the maximum thaw depth and the highest interannual amplitude are observed
on sandy surfaces at CALM hilltop and VD-3 sites. At the same time, the completely vegetated hilltops at
VD-1 and VD-2 sites and CALM Slope site are characterized by both smaller thaw depth and by the narrower range of variations in different years. Nevertheless, all types of surface in 2012 and 2013 are characterized by the significant increase in the thaw depth as compared with the previous period of 1993–2011
(from 12% on the slope and at VD-1 and VD-2 to 20% on the hilltop of CALM site). In 2016, a still more
dramatic increase in the thaw depth occurred, by 24–37% as compared to 1993–2011. Such changes are basically associated with air temperature rise in summer (Fig. 2b) as well as with the increase in summer total
precipitation (in 2012 and 2016, both the highest thaw index and the largest summer total precipitation
were registered).
Thus, the considerable increase in the thaw depth due to the warming in 2012 led to the active development of cryogenic processes associated with the thawing of the upper part of ground ice and with the formation of negative landforms (thermocirques). According to our observations, the minimum depth of tabular
ground ice exposed in thermocirque walls is 2 m; under certain conditions on the slopes, in particular, under
the frost cracking of the surface, the seasonal thawing can reach this depth during the warmest years. The
rate of development of thermal denudation which increased more in the summer of 2016 [23] corroborates
the significance of thaw depth for the activation and development of this process.
3.2. Formation of GEC and Ground Temperature Dynamics
To assess the effect of the ground temperature field on the GEC formation, temperature variations at
different depths are considered. Also, an attempt is made to determine ground temperature at the depth
corresponding to the known position of GEC-1 bottom for the expected date of the beginning of formation
of the mound, the crater predecessor [1], and ground temperature fluctuations before the date of GEC-1
formation in 2013.
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Fig. 2. (a) The interannual dynamics of thaw depth (1) on the slope and (2) on the hilltops, at (3) VD-1 and (4) VD-2 sites on
loamy deposits (vegetated) and (5) at VD-3 site on sandy deposits (poorly vegetated) as well as (b, c) the interannual
dynamics of climatic parameters derived from Marre-Sale weather station data: (b) sum of (6) summer and (7) winter
precipitation; the sum of (8) freeze and (9) thaw indexes; (c) mean annual air temperature; the straight lines are linear trends.

The conditional “hydrological” year starting from September 1 (the date is the closest to the dates of the
measured thaw depth which is also close to the maximum thawing) was taken to compute the mean annual
ground and air temperature: for example, for 2009 the hydrological year is from September 1, 2008 till
August 31, 2009.
The analysis of temperature series in the Vaskiny Dachi station well revealed the following. There is a
positive trend in average annual air temperature over the period from 1947 (the supposed year of the beginning of gas release from permafrost and of the mound growth) (Fig. 2c): during the period between the
beginning of the mound growth and the date of the crater formation (66 years), it rose by 1.7°C (the
variation rate is 0.03°C/year).
Ground temperature is most strongly affected by winter air temperature and winter total precipitation
(Fig. 2b). From 1947 to 2013, there was a trend towards an increase in the freeze index, with the maximum
in 2012; no trend in winter total precipitation is observed, i.e., the contribution of snow cover to the formation of ground temperature trend comes only to different conditions of snow redistribution depending on
terrain and microrelief [4].
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Fig. 3. The interannual variability of mean annual ground temperature in the boreholes at the following sites: (a) VD-1; (b)
VD-2; (c) VD-3; (d) CALM hilltop; (e) AG19-3 (in shrubs); (f) VD Willow (in shrubs); (g) CALM_10 m (within the active
layer); (h) CALM_10 m (at the depth of 10 m). The depth (cm) is given in the designations of the curves in figures (a)–(g).

The growth of ground temperature during the warmest years 2012 and 2016 can also be observed across
the whole active layer. This is corroborated by data on ground temperature in thermometric boreholes with
the depth from 0.9 to 1.5 m (Figs. 3a, 3b, 3c, 3d, 3e, 3f, and 3g).
In the CALM borehole (Fig. 3h), a constant increase in average annual temperature at the depth of 10 m
since the borehole drilled may be noted (its growth per 5 years amounted to 0.5°C). It is clear that the
warmest year over the period of observations (2016) was followed with significant ground temperature rise
at the depth of 10 m in 2017.
Modern ground temperature in the area of GEC-1 is from –1 to –5°C [19]. Ground temperature at the
depth of 10 m in the boreholes in the area of GEC-1 measured in August 2015 was from –4.3°C on the
vegetated near-top slope to –2.7°C in the drained lake, to –1.6°C in the shore of the thermokarst lake, and to
–1.2°C in immediate proximity to the crater edge. It was compared with mean annual ground temperature at
the bottom of the active layer measured in the Vaskiny Dachi station boreholes in the same year (proceeding
from the considerations that the temperature gradient does not exceed 0.2°C per 10 m and taking into
account the temperature measurement accuracy equal to 0.1°C, ground temperature at the bottom of the
active layer and at the depth of 10 m can be considered identical). It was 0.2°C for AG-19 and Willow
boreholes, –5.5°C for CALM, –5.1°C for VD-1, and –4.4°C for VD-2 and VD-3.
To estimate temperature on the ground surface (under the vegetation cover) and at the bottom of the
active layer for the period of hypothetical formation of the mound-predecessor, the regression analysis was
carried out using Statistica 10.0 software package. For this purpose, the mean annual values of ground temperature in the boreholes were taken as dependent variables, and the mean annual air temperature and freeze
index were taken as independent variables. The regression analysis was carried out with the confidence of
0.05, the linear model was obtained of connection between the variables. High direct correlations were revealed between ground temperature at the bottom of the active layer and the freeze index (the correlation
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Table 2. Average ground temperature at the bottom of the active layer for different periods and temperature
trends for these periods revealed from the regression analysis

Borehole

AG19-3
VD Willow
CALM
VD-1
VD-2
VD-3

Tper over the observation period
of 2008–2017
(2014–2017), °C
0.1
(0.3)
–5.2
(–4.5)
–4.2
–4.2

Tper over the period
of calculations
of 1947–2013, °C
–0.2
0.0
–6.2
–5.4
–4.8
–5.6

Trend over the observation period
of 2008–2017
(2014–2017), °C

Trend over the period
of calculations
of 1947–2013, °C

0.4
(0.4)
2.2
(1.1)
0.8
0.9

0.3
0.2
0.7
0.7
0.5
1.1

coefficient r = 0.80–0.92) as well as between ground temperature on the surface and mean annual air
temperature (r = 0.80–0.93) with the statistically significant level of confidence p < 0.05. The coefficients
of determination R2 = 0.64–0.90 for temperature at the bottom of the active layer and R2 = 0.64–0.85 for
surface temperature also demonstrate that the model predicts the dependent variable (ground temperature)
with sufficient correctness. The smallest coefficient of determination R2 = 0.64 for the boreholes at AG19-3
and VD Willow sites covered with shrubs indicates the effect of the thick snow cover retained by shrubs.
The regression analysis was used to reconstruct average annual ground temperature for the period from
1947 for every year till the date of the beginning of observations in the boreholes. The linear trend line from
1947 to 2013 was utilized to calculate the ground temperature rise in each borehole during the period from
the beginning of the mound growth till the date of GEC-1 formation. The results of the regression analysis
are presented in Table 2.
Unfortunately, VD-1 and VD Willow boreholes have the shortest series of in situ observations (2014–
2017), and the regression models for them are the least reliable.
The lowest trend towards the ground temperature rise is observed for the boreholes on the shrubcovered surfaces: the rise has amounted to 0.2–0.3°C since 1947 (0.003–0.005°C/year). The greatest trend
(1.1 and 0.02°C/year) is registered in VD-3 borehole which is located on the poorly vegetated sand surface
and most highly correlates with air temperature fluctuations whose propagation is not impeded by the
heat-insulating vegetation cover.
Note that the annual trend in ground temperature over the observation period of 2008–2017 (0.04–
0.20°C/year) is much higher than the annual trend over the whole period of calculations (1947–2013,
0.003–0.020°C/year). This is caused by the significant increase in ground temperature in 2012 and 2016.
Proceeding from the assumption that the ground temperature gradient in the region is ~2.3°C per 100
m [14], ground temperature at the depth of formation of high pressure in the crater (>50 m, probably, to 70 m
[10]) is from –3.8°C at cold hilltops to 0.2°C on the slopes covered with shrubs. However, taking into
account that, according to geophysical data, the permafrost thickness in the area of GEC currently reaches
190 m [12], the temperature gradient is smaller here (from –1°C at the depth of 10 m to 0°C at the depth of
190 m) and equals to ~1°C per 100 m; then, temperature at the depth of 70 m would be –0.5°C. The
regression analysis revealed that in the shrub-covered areas mean annual ground temperature has risen by
~0.4°C since 1947 (see Table 2). Therefore, in 1947 temperature at the depth of 70 m was close to –1°C
that, according to our observations, corresponds to the preservation of ice inclusions in the saline clay. The
ground temperature rise in clay to –0.5°C evidently provoked an increase in the content of unfrozen water,
the permeability of clayey deposits for migrating gases and the gas accumulation below the bottom of
tabular ground ice.
4. CONCLUSIONS
It was found that the thaw depth in the considered area of Central Yamal has increased by 20% since
2012 as compared to the previous period (1993–2011); an especially significant increase in the depth of the
active layer was registered in the extremely warm summer of 2016 (up to 37% relative to the preceding period). It was associated with the air temperature rise in the summer of 2012 and 2016 and with the greatest
amount of summer precipitation over the whole observation period registered in those years.
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It was revealed that the thaw depth increase in 2012 and 2013 was the reason for the activation of thermal
denudation associated with the fact that the seasonal thawing reached the top of tabular ground ice and
thermocirques were formed. In 2016, the growth of thermocirques speeded up. Thus, the increase in the
thaw index affected the formation of thermocirques through the thaw depth increase.
The dramatic increase in average annual temperature in the active layer was registered in 2012 and 2016
as well as the considerable ground temperature rise at the depth of 10 m in 2017 resulting from the air temperature growth in 2016. Besides, the regression analysis revealed that from 1947 to 2013 average annual
ground temperature rose by 0.2–0.3°C in the shrub-covered areas and by 1.1°C at sandy, poorly vegetated
sites.
Evidently, the presence of gas accumulations inside the permafrost caused by the increase in average
ground temperature since 1947 predetermined the release of gas formed during the dissosiation of gas hydrates, with the formation of the gas emission crater.
Further studies including the analysis of the effect of ground temperature field and temperature wave
propagation will help to determine the depth and rate of penetration of temperature fluctuations observed in
the upper layers of geological section. The consideration of such factor as snow depth and its redistribution
in different landscapes will allow a more detailed estimation of changes in the thermal state of permafrost.
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