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Remote sensing methods of retrogressive thaw slumps (RTS) – also called thermocirques (TC) – study 
include identification of them on vast territories. The satellite imagery mosaics from the Yandex.Maps service 
covering the Yamal and Gydan peninsulas was innovatively used for this purpose. All RTS (TC) that occurred 
at the lake coasts were classified as either active or stabilized, the orientation of each RTS (TC) was determined. 
We identified 86 active and 20 stabilized RTS in the Yamal peninsula and 224 active and 109 stabilized RTS in 
Gydan. The distribution of RTS orientation was found to be not random. Multiple comparisons of RTS orienta-
tion over cardinal compass points showed a statistically significant predominance of the Northern RTS orienta-
tion over the Eastern, as well as the Western orientation over the Eastern. At the same time, none of the orien-
tations showed statistically significant predominance over the others. No statistically significant relationship 
between RTS orientation and RTS activity was found.

Keywords: thermodenudation, thermocirques, retrogressive thaw slumps, remote sensing, statistics, Yamal, 
Gydan, Yandex.Maps.

INTRODUCTION

Thermodenudation is a complex of slope and 
erosion processes associated with the thawing of ex-
posed permafrost or ground ice [Kizyakov, 2005].

Continuous distribution of permafrost and the 
presence of tabular ground ice [Baulin et al., 1967; 
Romanenko et al., 2001], in combination with the dy-
namics of the active layer [Leibman, Egorov, 1996], 
contribute to the development of thermodenudation 
and formation of specific negative landforms [Voskre
sensky, 2001; French, 2017]. In English-language lit-
erature, thermodenudation landforms, as well as the 
process contributing to their development, are de-
scribed by the term retrogressive thaw slump (RTS) 
[Burn, Friele, 1989; French, 2017]. Thermodenudation 
developing inland differs from that on the seashores 
by coastal thermoerosion added [Khomutov, Leibman, 
2008]. In this work, the subject of this study is ther-
modenudation landforms located inland and confined 
to lakeshores: thermocirques (TC) or in other words 
retrogressive thaw slumps (RTS), which, according 
to the classification of M.O. Leibman and A.I. Ki-
zyakov [2007], formed by a complex of cryogenic 
earth flows of different ages.

RTS or TC have the shape of a crescent depres-
sion in the slope, developing polycyclically through 
activation and stabilization stages, and becoming 
more active at intervals of several years [Burn, 2000]. 

A characteristic element of the active RTS morphol-
ogy is the presence of a sub-vertical headwall with ice 
or ice-rich permafrost exposure, as well as flows of 
wet material [Lewkowicz, 1987; Lantuit, Pollard, 
2005]. During the stabilization stage, RTS (TC) sta-
bilize and overgrow [Burn, Friele, 1989], while the 
outline of the headwall of once active RTS is visible 
in the relief [Brooker et al., 2014].

RTS (TC) are under study by both field and re-
mote-sensing methods. Due to their polycyclic na-
ture, it is important to study the long-term dynamics 
of RTS [Lewkowicz, Way, 2019].

An important area of RTS (TC) research me-
thod using remote sensing is their inventory: identi-
fication of all RTS found in the imagery and the 
 parameters such as orientation, activity status, size, 
polycyclicity, etc. Multispectral satellite imagery 
[Kokelj et al., 2013; Lacelle et al., 2015], as well as 
aerial photographs, are used to look for RTS [Segal 
et al., 2016]. Among the methods of direct identifica-
tion of RTS using imagery, the following can be high-
lighted:

– visual manual digitization based on character-
istic features [Kokelj et al., 2013; Ramage et al., 2017; 
Lewkowicz, Way, 2019];

– automated interpretation of satellite imagery
(tasselled cap) [Brooker et al., 2014];

– deep learning method [Huang et al., 2020].
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For further study of identified RTS, regression 
analysis is often used [Lacelle et al., 2015; Segal et al., 
2016; Ramage et al., 2017] as well as correlation anal-
ysis [Balser et al., 2014] testing the influence of vari-
ous environmental controls on the formation and 
polycyclic behaviour of RTS. In some works, different 
activity stages are also considered [Balser et al., 2014; 
Ramage et al., 2017]. A limited number of studies pro-
vide data on the RTS orientation or the orientation of 
the slope with RTS [Kokelj et al., 2009; Lacelle et al., 
2015; Wang et al., 2016].

There is no database of RTS (TC) distribution in 
the Arctic, and there are no large-scale maps of the 
tabular ground ice distribution in the north of West 
Siberia, while tabular ground ice is a key factor in 
RTS occurrence in West Siberia. Satellite imagery 
makes it possible to cover vast areas, identify a large 
number of RTS and perform statistical processing of 
their distribution and various parameters. At the 
same time, the application of satellite imagery not 
only as commonly used raster files but also as a mo-
saic of satellite imagery in the background of avail-
able online cartographic services has great potential.

This study is aimed at making an inventory of 
RTS located inland of the peninsulas (RTS on the 
seacoasts were not considered here) and occurring at 
lake catchments. It is based on the only freely avail-
able mosaic of high-resolution satellite imagery of 
2016–2018, presented on the Yandex.Maps online 
service (http://yandex.ru/maps). Additionally, pri-
mary statistical analysis of the relationship between 
the number of RTS, their activity and orientation 
was performed. The Yamal and Gydan peninsulas 
were selected as the study area, field observations of 
RTS being undertaken at the key sites, while their 
large-scale inventory was never performed.

STUDY AREA

The study covers the north of West Siberia with-
in an area between 68–72° N and 66–83° E. The study 
area is an accumulation plain. Further from the coasts 
in the north of the peninsulas elevations of 35  m 
above sea level are observed. A significant part of cen-
tral Yamal is a flat and rolling hills surface with eleva-
tions up to 67 m above sea level. The Yuribey Upland 
along the Gydan coast has elevations up to 87  m 
above sea level. The Gydan ridge stretches in its cen-
tral part from southwest to northeast, with elevations 
up to 127 m above sea level [Ecological atlas..., 2018]. 
The peninsulas are characterized by ravine-gully and 
small river networks complicated by thermoerosion 
and thermokarst landforms [Romanenko, 1997; 
Gubarkov, Leibman, 2010]. There are plenty of bogs 
and lakes. The majority of the lakes are classified as 
thermokarst and oxbow [Romanenko, 1997]. Recent 
studies have stated the possibility that some lakes re-
sult from intense gas emissions [Dvornikov et al., 
2019].

The territory is characterized by continuous per-
mafrost distribution, permafrost thickness reaches 
450 m [Ershov, 1989]. The specificity of the studied 
peninsulas is the widespread tabular ground ice [Stre
letskaya et al., 2002] and its shallow occurrence, 
which determines the presence of numerous RTS 
[Khomutov et al., 2012].

MATERIALS AND METHODS 
OF RTS (TC) IDENTIFICATION

The work includes identification of RTS (TC), 
the status of their activity, RTS orientation, and sta-
tistical analysis.

Identification of RTS (TC)  
and their activity status

The identification of the RTS (TC) located in-
land and occurring at the lake coasts on the Yamal 
and Gydan peninsulas was done manually on the Yan-
dex.Maps online service (http://yandex.ru/maps) by 
creating a point with a spatial reference. We used vi-
sual interpretation signs. For each point, information 
on RTS activity status and orientation was added.

Satellite data for imagery mosaics, available at 
the online service Yandex.Maps were processed by 
the SCANEX company using databases: World-
View-2 Data (DigitalGlobe, Inc.), IKONOS Data 
(Geo Eye, Inc.), TerraColor Data (Earthstar Geo-
graphics), IRS Data (ANTRIX Corporation Ltd.), 
European Space Imaging GmBH data, DigitalGlobe, 
Inc. and Airbus DS. These databases contain imagery 
from WorldView-2, IKONOS, Landsat-7, Sentinel, 
SPOT-1-5 and many others.

The Yandex.Maps service does not provide infor-
mation on the time and date of the survey, as well as 
on the satellite model used for specific satellite imag-
ery from the mosaics. This limits the possibilities of 
detailed analysis, as well as the study of the spectral 
characteristics of objects, but did not exclude the 
possibility of identifying RTS by visual interpreta-
tion signs. Therefore, the lack of detailed information 
about the time and date of the survey and satellite 
model does not seem crucial. At the same time, the 
People’s Yandex.Maps service, which shows the same 
mosaic of satellite imagery as on the Yandex.Maps 
service, provides information on the month and year 
of the survey. Satellite imagery of the study area was 
taken mainly in July 2017, partially in July 2016, Sep-
tember 2016, June 2017 and September 2017. Our 
work was carried out after updating the mosaic of sat-
ellite imagery presented in the database covering the 
study area in 2018.

It should be highlighted that objects identified 
as RTS, were retrieved using imagery presented in 
the Yandex.Maps service with different spatial resolu-
tion ranging from 0.4 to 15 m, mainly up to 2 m. In 
this regard, only relatively large RTS (with a length 
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and width of at least 20 m) were considered, their 
identification was doubtless.

RTS (TC) were divided into two groups accord-
ing to their activity: active and stabilized. Examples of 
an active and stabilized RTS (TC) on the photos tak-
en from an unmanned aerial vehicle are shown in 
Fig. 1. Typical visual interpretation signs of active 
RTS (TC) on satellite imagery are: a crescent shape of 
a pronounced edge, the presence of a headwall with 
exposures of permafrost and tabular ground ice, a 
snowpack or shadow that outlines headwall, flows of 
thawed material, and the absence of vegetation [Bal
ser et al., 2014; Brooker et al., 2014; Segal et al., 2016]. 
Stabilized RTS (TC) are visually characterized by the 
absence of a headwall with exposures of permafrost 
and tabular ground ice (shadow from the scarp), the 

absence of flows of thawed material (grey colour), the 
presence of vegetation (green colour), while the relief 
of the former exposure is noticeable [Balser et al., 
2014; Brooker et al., 2014]. The interpretation signs of 
active and stabilized RTS on the mosaic of satellite 
imagery of the Yandex.Maps service are shown in 
Fig. 1, c, d. Partially stabilized RTS with some signs of 
activity (for example, flows) are classified as active.

To assess the effectiveness of the use of visual in-
terpretation signs, the authors superimposed RTS 
marked on very-high-resolution satellite imagery 
available for some areas to RTS on Yandex.Maps ser-
vice image and received a satisfactory result (Fig. 2).

Further visualization and analysis of the ob-
tained georeferenced point data were performed in 
the ArcGIS 10.3 program.

Fig. 1. Examples of RTS (TC) and their visual interpretation signs:
a – an active RTS, a photo taken from an unmanned aerial vehicle (photo by A.V. Khomutov); b – stabilized RTS, a photo taken 
from an unmanned aerial vehicle (photo by A.V. Khomutov); c – an active RTS in a mosaic of satellite imagery from Yandex.Maps; 
visual interpretation signs: 1 – a specific crescent shape, 2 – snow and (or) shadow, outlining RTS headwall, 3 – a flow of thawed 
grey material (outlined by a dotted line) [Segal et al., 2016], 4 – increased water turbidity and a tail of thawed grey material (out-
lined by a dotted line); d – a stabilized RTS in a mosaic of satellite imagery from Yandex.Maps; visual interpretation signs: 5 – RTS 
colour similar to the colour of the surrounding tundra vegetation; 6 – a noticeable edge of the former headwall (outlined by a dot-
ted line).
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Fig. 2. Examples of an active RTS (a, b) and a stabilized RTS (c, d) in the WorldView-2 satellite imagery 
dated July 10, 2018 (a, c) and a mosaic of satellite imagery from the Yandex.Maps service, 2018 (b, d).

RTS orientation and statistical analysis
There is no generally accepted idea of what is 

RTS orientation. In some studies, RTS orientation is 
defined as the slope orientation [Lacelle et al., 2015], 
the orientation of the headwall [Wang et al., 2016], or 
as the direction of the normal to the line between two 
points of intersection of RTS edges with the shoreline 
of the lake [Kokelj et al., 2009]. The authors accepted 
the last one from [Kokelj et al., 2009]. The chosen 
method allows us to compare our results with the re-
sults obtained in the north of Canada (Fig. 3).

RTS orientation initially was determined along 
16 points of the compass. For further comparison of 
the obtained results with the data in [Kokelj et al., 
2009], orientations were combined into cardinal com-
pass points: N, S, W, and E.

To determine whether the distribution of RTS 
orientation is random, we used the Pearson’s good-
ness-of-fit test (chi-squared test for equal propor-
tions), which was also applied in [Kokelj et al., 2009]. 
Pearson’s goodness-of-fit test is used to assess the 
correspondence of an empirical distribution to a theo-

Fig. 3. Visualization of the method for determining 
RTS orientation [Kokelj et al., 2009].
The “X” symbol denotes the point of intersection of RTS edges 
with the shoreline of the lake, the dashed line connects the two 
points of intersection, and the arrow is perpendicular to this line 
(the direction of the arrow is accepted for the RTS orientation).
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retical one [Stepanov, Shavrin, 2005]. In our case, the 
theoretical is a uniform distribution. Any statistically 
significant deviation of the distribution of RTS orien-
tations from the theoretical one is considered uneven, 
thus, not random.

To determine the regularity of the distribution of 
RTS orientations over cardinal compass points, and 
to detect the predominance of one of them over the 
others, a multiple (pairwise) comparison of exposures 
with each other was carried out using a test for equal 
proportions. As a result, Fisher’s z-test was calculat-
ed. This allowed us to calculate the p-value with a 
threshold value of 5 %.

To determine the relationship between activity 
status and RTS orientation, Pearson’s goodness-of-fit 
test was applied as well.

All statistical tests were performed using RStu-
dio v.1.2.5001 software.

RESULTS AND DISCUSSION

On the Yamal and Gydan peninsulas, 439 RTS 
were identified on a total area of ~88 thousand km2, 
i.e., about 5 RTS per 1000 km2. On Yamal with a total 

area of 122 thousand km2, 106 RTS are located on an 
area of ~40.8  thousand  km2, i.e., less than 3 per 
1000 km2. On Gydan with a total area of 160 thou-
sand km2, 333 RTS are found on an area of ~47.2 thou-
sand km2, i.e., more than 7 per 1000 km2.

On Yamal, we have identified 86  active and 
20 stabilized RTS. On Gydan, 224 RTS active and 
109 stabilized RTS were found (Fig. 4).

Since only relatively large RTS were identified, 
we initially underestimated the total number of RTS 
of different sizes on both peninsulas. Other resear-
chers also note the likelihood of underestimating the 
number of RTS during the manual procedure on 
the imagery of medium spatial resolution [Lewkowicz, 
Way, 2019].

The northernmost RTS on Yamal is located at 
70°56′14″  N, the southernmost – at 68°00′55″  N. 
On  Gydan, the northernmost RTS is located at 
71°56′25″ N, the southernmost at 69°25′09″ N. The 
area of RTS distribution is located within the zone 
where tabular ground ice was observed and described 
(Fig. 4) [Streletskaya et al., 2002], which, along with 
ice-rich permafrost and ice wedges, determines the 
occurrence of thermodenudation landforms in this 

Fig. 4. Distribution of the identified RTS on the Yamal and Gydan peninsulas.
1 – active RTS; 2 – stabilized RTS; 3 – sites of tabular ground ice occurrence, indicated in the publications of the “Massive ice” 
database [Streletskaya et al., 2002]. The pie charts show the number of identified RTS of the different activity statuses on the Yamal 
and Gydan peninsulas.
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Fig. 6. Distribution of RTS orientation by cardinal compass points in Yamal (a) and Gydan (b).
For legend see Fig. 5.

Fig. 5. Distribution of RTS orientation by cardinal 
compass points in Yamal and Gydan.
Number of RTS: 1 – active, 2 – stabilized, 3 – total active and 
stabilized.

region. The presence of tabular ground ice in the 
north of the Yamal Peninsula does not lead to the de-
velopment of RTS due to a significant decrease in the 
terrain elevations there.

The predominance of active RTS on both penin-
sulas shows that in 2016–2018 thermodenudation 
processes were actively progressing in the study area 
(Fig. 4). This is consistent with the results of field 
studies in this area [Khomutov et al., 2017].

The distribution of RTS orientation for Yamal 
and Gydan is shown in Fig. 5.

In general, for both peninsulas, the statistical 
test showed that at the 5 % significance level, the dis-
tribution of RTS orientations over cardinal compass 
points is not random. This conclusion is consistent 
with the results obtained in the study by S. Kokelj et 
al. [2009] discussing the distribution of 530 RTS 
(both active and stabilized) in the highlands east of 
the Mackenzie River (northern Canada). In our 
study, none of the RTS orientations was determined 
as statistically predominant over all the others. It 
should be highlighted that multiple comparisons of 
RTS orientations showed a statistically significant 
predominance of northern orientation over eastern, 
as well as a western orientation over eastern. There is 
also no correlation at the 5 % level of significance be-
tween the RTS orientation in total on both peninsu-
las and the status of RTS activity.

From the given sample on each of the peninsulas, 
differences in the distribution of orientations of ac-
tive and stabilized RTS were revealed. Despite the 
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similar distribution of orientations of all RTS on both 
peninsulas (Fig. 6), active RTS on Yamal have pre-
dominant northern, western, and southern orienta-
tions, and on the Gydan Peninsula – southern and 
western. For the stabilized RTS on Yamal, there is no 
prevailing orientation, and for Gydan, it is clearly de-
fined to face the north.

Similar studies showed that in northwestern 
Canada (Richardson Ridge and Peel Plateau), east-
ern orientations prevail for 212  RTS observed 
[Lacelle et al., 2015]. In northwestern Canada (the 
Mackenzie River delta), the prevailing orientation of 
RTS was identified as northern [Kokelj et al., 2009], 
and a study of 18 RTS located in northern Canada 
demonstrated that RTS development was not related 
to slope orientation [Wang et al., 2016].

Such ambiguous results concerning the preva-
lence of any RTS orientation with different activity 
statuses are probably related to the presence of other 
driving factors that were not considered in this paper. 
Such factors can be geological and geocryological fea-
tures (ice content in permafrost, depth to the tabular 
ground ice, distribution of active layer thickness on 
slopes of different orientations); climatic controls 
(thickness of snow on slopes of different orientations, 
duration of sunshine, wind direction); geomorpholo-
gy (predominance in the particular orientation of 
slopes in the study area); biogeographic characteris-
tics (shrub height) of RTS sites. All these factors are 
to be considered in a further much more detailed 
study of the RTS distribution in the north of West 
Siberia.

CONCLUSION

In this work, the method of visual identification 
of RTS (TC) based on a mosaic of publicly available 
satellite imagery of the Yandex.Maps cartographic 
service was successfully applied for the first time to 
the area of the Yamal and Gydan peninsulas.

As a result, 439 RTS were discovered: 106 RTS 
located on Yamal (86 active and 20 stabilized), and 
333 RTS located on Gydan (224 active and 109 sta-
bilized). 

The northernmost and southernmost RTS iden-
tified on the Yamal Peninsula are located at 
70°56′14″ N, and 68°00′55″ N, respectively, and iden-
tified on the Gydan Peninsula, at 71°56′25″ N, and 
69°25′09″ N, respectively.

The revealed predominance of active RTS is con-
sistent with the results of the field studies of the au-
thors who reported the intensification of thermode-
nudation in recent years in connection with the ex-
treme climatic events of 2012 and 2016.

The primary statistical analysis of RTS orienta-
tion showed: 1) non-random distribution of RTS ori-
entations with a significance level of 5 %, while none 
of the directions was noted as prevailing over all the 

others, in other words, there was no dominant RTS 
orientation found; 2) the absence of a statistically sig-
nificant relationship between RTS orientation and 
the status of their activity.

The results are partially consistent with the re-
sults of studies in the north and northwest of Canada, 
where thermodenudation processes are widespread, 
and the differences are probably related to the region-
al geological-geomorphological, geocryological, cryo-
lithological, environmental and climatic characteris-
tics of the study area.

The results obtained demonstrate the wide-
spread distribution of RTS in the study area, and 
their successful inventory based on publicly available 
remote sensing materials provides a basis for their 
further multifactorial research.
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