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1. IN TRO DUC TION

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 phenome-
non: 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 thermo-
cirques 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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1. What is the vari a tion of the main pa ram e ters char ac ter iz ing the ther mal state of per ma frost (sea sonal
thaw depth and ground tem per a ture)?

2. How do the fluc tu a tions of dif fer ent cli ma tic pa ram e ters (av er age an nual, win ter, and sum mer air
tem per a ture, sum mer and winter precipitation sums as well as intraannual vari a tions and com bi na tions of
these pa ram e ters) in flu ence the thaw depth and ground tem per a ture?

3. How does the dy nam ics of the parameters characterizing ther mal state of per ma frost af fect the ac ti va -
tion of the an a lyzed cryo genic pro cesses?

2. RE GION AND OB JECTS UNDER STUDY

The pres ent study con sid ers cryo genic events in Cen tral Yamal: GEC formed since 2012 and drama-
tically ac ti vated 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 particu-
lar, 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 sta-
tion (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 an a lyzed to solve the prob lems of GEC for ma tion. Ground tem per a ture
is monitored within the TSP (Ther mal State of Per ma frost) pro gram [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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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.   



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. RE SULTS AND DIS CUS SION

3.1. Dy nam ics of Sea sonal Thaw Depth and Ac ti va tion of Ther mal De nu da tion

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 fig ure, the max i mum thaw depth and the high est interannual am pli tude are ob served
on sandy sur faces 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 char ac ter ized by both smaller thaw depth and by the nar -
rower range of vari a tions in dif fer ent years. Nev er the less, all types of sur face in 2012 and 2013 are char ac -
ter ized by the sig nif i cant in crease in the thaw depth as com pared with the pre vi ous pe riod 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
dra matic in crease in the thaw depth oc curred, by 24–37% as com pared to 1993–2011. Such changes are ba -
si cally as so ci ated with air tem per a ture rise in sum mer (Fig. 2b) as well as with the in crease in sum mer to tal
pre cip i ta tion (in 2012 and 2016, both the highest thaw index and the larg est sum mer to tal pre cip i ta tion
were reg is tered).

Thus, the con sid er able in crease in the thaw depth due to the warm ing in 2012 led to the ac tive de vel op -
ment of cryo genic pro cesses as so ci ated with the thaw ing of the up per part of ground ice and with the for ma -
tion of neg a tive land forms (thermocirques). Ac cord ing to our ob ser va tions, the min i mum depth of tabular
ground ice exposed in thermocirque walls is 2 m; un der cer tain con di tions on the slopes, in par tic u lar, un der 
the frost cracking of the sur face, the sea sonal thaw ing can reach this depth dur ing the warm est years. The
rate of de vel op ment of ther mal de nu da tion which in creased more in the sum mer of 2016 [23] cor rob o rates
the sig nif i cance of thaw depth for the ac ti va tion and de vel op ment of this pro cess. 

3.2. For ma tion of GEC and Ground Tem per a ture Dy nam ics

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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Table 1. Metadata for the thermometric boreholes with the most complete observation series

Borehole Depth of tem per a ture sen sors, m Ob ser va tion pe riod

AG19-3
VD Wil low
CALM
CALM_10 m
VD-1
VD-2
VD-3

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

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



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 begin-
ning 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 tem per a ture is most strongly af fected by win ter air tem per a ture and win ter to tal pre cip i ta tion
(Fig. 2b). From 1947 to 2013, there was a trend to wards an in crease in the freeze index, with the max i mum
in 2012; no trend in win ter to tal pre cip i ta tion is ob served, i.e., the con tri bu tion of snow cover to the for ma -
tion of ground tem per a ture trend co mes only to dif fer ent con di tions of snow re dis tri bu tion de pend ing on
ter rain and microrelief [4]. 
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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 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 tem-
perature 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 re-
vealed between ground temperature at the bottom of the active layer and the freeze index (the correlation
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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). 



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. 

Un for tu nately, VD-1 and VD Willow boreholes have the short est se ries of in situ ob ser va tions (2014–
2017), and the re gres sion mod els for them are the least re li able. 

The low est trend to wards the ground tem per a ture rise is ob served for the boreholes on the shrub-
covered sur faces: the rise has amounted to 0.2–0.3°C since 1947 (0.003–0.005°C/year). The great est trend
(1.1 and 0.02°C/year) is reg is tered in VD-3 borehole which is lo cated on the poorly vegetated sand sur face
and most highly cor re lates with air tem per a ture fluc tu a tions whose prop a ga tion is not im peded by the
heat-insulating veg e ta tion cover. 

Note that the an nual trend in ground tem per a ture over the ob ser va tion pe riod of 2008–2017 (0.04–
0.20°C/year) is much higher than the an nual trend over the whole pe riod of cal cu la tions (1947–2013,
0.003–0.020°C/year). This is caused by the sig nif i cant in crease in ground tem per a ture 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. CON CLU SIONS

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 pe-
riod). 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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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

Tper over the obser-       
vation pe riod                
of 2008–2017

(2014–2017), °C 

   Tper over the pe riod
of calculations          

of 1947–2013, °C

Trend over the ob ser -
va tion pe riod              
of 2008–2017

(2014–2017), °C

Trend over the pe riod
of calculations              

of 1947–2013, °C

AG19-3
VD Wil low
CALM
VD-1
VD-2
VD-3

0.1 
(0.3)
–5.2 

(–4.5)
–4.2 
–4.2 

–0.2
  0.0
–6.2
–5.4
–4.8
–5.6

0.4
(0.4)
2.2

(1.1)
0.8
0.9

0.3
0.2
0.7
0.7
0.5
1.1



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 dra matic in crease in av er age an nual tem per a ture in the ac tive layer was reg is tered in 2012 and 2016
as well as the con sid er able ground tem per a ture rise at the depth of 10 m in 2017 re sult ing from the air tem -
per a ture growth in 2016. Be sides, the re gres sion anal y sis re vealed that from 1947 to 2013 av er age an nual
ground temperature rose by 0.2–0.3°C in the shrub-covered ar eas and by 1.1°C at sandy, poorly vegetated
sites. 

Ev i dently, the pres ence of gas accumulations in side the per ma frost caused by the in crease in av er age
ground tem per a ture since 1947 pre de ter mined the re lease of gas formed dur ing the dissosiation of gas hy -
drates, with the for ma tion of the gas emis sion crater. 

Fur ther stud ies in clud ing the anal y sis of the ef fect of ground tem per a ture field and tem per a ture wave
prop a ga tion will help to de ter mine the depth and rate of pen e tra tion of temperature fluctuations observed in 
the up per lay ers of geological section. The con sid er ation of such fac tor as snow depth and its re dis tri bu tion
in dif fer ent land scapes will al low a more de tailed es ti ma tion of changes in the ther mal state of per ma frost. 
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