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Results of mathematical modeling and predicting of the sizes of the thermokarst lake fi elds in West-Sibe-
rian permafrost till the end of the twenty-fi rst century are presented. The geo-simulation-regression model of 
the dynamics of thermokarst lake fi elds is described. Properties of the model are determined on the basis of 
statistical distribution of coordinates and sizes of lakes, obtained experimentally using Landsat space images 
during the period of 1973–2009. The model takes into account the relationship between thermokarst and climate 
changes, established on the basis of multivariate regression analysis of the experimental data. Prediction of the 
dynamics of thermokarst lake fi elds in West-Siberian permafrost has been completed with the help of computer 
experiments based on the model taking on account the known forecasts of changes in mean annual temperature 
for the study area. It is demonstrated that an increase in temperature will be accompanied by a decrease in the 
sizes of thermokarst lakes in the permafrost zone of Western Siberia.

Thermokarst lakes, global warming, geoinformation modeling, forecast, remote sensing data, permafrost, 
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INTRODUCTION

It is known that global warming leads to in-
creased accident rates in oil and gas pipelines and 
other structures in northern territories. Reduction of 
the permafrost strength caused by acceleration of 
thermokarst processes due to warming is accompa-
nied by the growth of the scope of economic and en-
vironmental damage in the Russian oil and gas indus-
try facilities, as most of the gas fi elds and a large part 
of the oil fi elds in Western Siberia are situated in the 
permafrost zone. Taking measures to reduce the dam-
age incurred by the oil and gas companies is impossi-
ble without predicting the dynamics of the morpho-
logical structure of the thermokarst lake plains [Vik-
torov, 2006]. In order to obtain these estimates, it is 
necessary to use mathematical modeling of the dy-
namics of thermokarst processes in the permafrost 
territories under conditions of climatic changes.

Due to the high extent of bogging and low acces-
sibility of the permafrost territories, these studies are 
conducted both in Russia and abroad by using remote 
sensing. As some of the most suitable geomorphologi-
cal indicators of permafrost changes caused by global 
warming, thermokarst lakes, which can be easily in-
terpreted by satellite images, are used [Dneprovskaya 
et al., 2009; Kravtsova, 2009], the issues of predicting 

changes in the sizes of thermokarst lakes are impor-
tant. 

In our studies [Polishchuk Yu. and Polishchuk V., 
2011a,b], a model of the thermokarst lake areas has 
been developed, allowing consideration of important 
regularity in the pattern of changes in these areas 
(gradual reduction of the areas of thermokarst lakes 
in the permafrost zone), confi rmed by a large amo-
unt of remote sensing surveys, for example [Kirpotin 
et al., 2008; Kravtsova and Tarasenko, 2010]. Based on 
this model, we [Polishchuk  Yu. and Po li shchuk  V., 
2013] predicted changes in the areas of thermokarst 
lakes in the permafrost zone of Western Siberia till 
2300, using materials on the mean annual air tem-
perature obtained by linear extrapolation of reanaly-
sis data. 

However, as the estimates of temperature values 
for the northern parts of Western Siberia till 2300 
have shown [Klimenko et al., 2007; Khrustalev et al., 
2008], the trend of the time variations in the mean 
annual temperature values in the long-term perspec-
tive diff ers from the linear dependence. Therefore, it 
is interesting to forecast changes in the areas of ther-
mokarst lakes of the permafrost of Western Siberia 
till 2100, using the predictive estimates of tempera-
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ture changes obtained by V.V. Klimenko and co-au-
thors [Klimenko et al., 2007; Khrustalev et al., 2008], 
which became the objective of this work.

1. BRIEF DESCRIPTION
OF THE GEOSIMULATIONREGRESSION

MODEL OF DYNAMICS OF THERMOKARST 
LAKE FIELDS AND ITS EXPERIMENTAL

SUBSTANTIATION

A model of thermokarst lake fi elds suitable for 
predicting their dynamics has been developed in our 
publications using a geo-simulation approach [Polish-
chuk Yu. and Polishchuk V., 2011b]. The main param-
eters of the model were determined empirically by 
analyzing remote sensing data. Experimental studies 
were conducted in the permafrost zone of Western 
Siberia, where 29 test sites were selected (TA), the 
location of which shown in Fig. 1. To conduct the 
studies, 106 cloudless Landsat satellite images were 
chosen for the period of 1973–2009. The results of 
these studies are described in detail in [Polishchuk V. 
and Polishchuk Yu., 2014].

Based on the analysis of the experimental data 
[Polishchuk Yu. and Polishchuk V., 2012], it was de-
monstrated that a circle could be chosen as a shape of 
the shores of the modeled thermokarst lakes. In this 
regard, the model of the spatial structure proposed in 
[Polishchuk Yu. and Polishchuk V., 2011a] is a set of 
random circles, each of which describes an individual 
thermokarst lake in the model. Analysis of the histo-
grams of distribution of the lake center coordinates 
on the plane has shown [Ibid.] that the experimental 
laws of distribution of the lake center coordinates by 
criterion χ² [Kremer, 2003] correspond to the law of 
uniform density with a 95 % probability rate. Accord-
ing to the data by [Polishchuk Yu. and Polishchuk V., 
2011a; Polishchuk V. and Polishchuk Yu., 2014], ther-
mokarst lakes are distributed by their areas in accor-
dance with the exponential law. Therefore, distribu-

tion of the circles by areas in the model will also obey 
the exponential law with the density of probabilities 
presented as

 ( )   e ,sf s −λ= λ  (1)

where λ is the distribution parameter; and s is the lake 
fi elds.

To model the dynamics of the lake fi elds, it is im-
portant to reveal the dependence of parameter λ on 
climatic parameters. In order to investigate the rela-
tion between climatic and gecryological changes, the 
location of meteorological stations and of the test 
sites should coincide or at least they should be close. 
Examining the schematic map of the location of the 
meteorological stations on the territory under study 
overlapping the schematic of the test sites (Fig. 1), 
we can see that the locations of the meteorological 
stations and of the test sites do not usually coincide. 
Indeed, in the diffi  cult-to-reach permafrost areas, me-
teorological stations are usually located on the banks 
of rivers or in settlements, whereas the thermokarst 
lakes are located in the areas of intense thermokarst 
activity. Such diff erence in the locations of the test 
sites and of meteorological stations may become the 
cause of signifi cant errors in revealing the interrela-
tion between climatic and geocryological changes in 
the area under study. Therefore, the study we con-
ducted [Polishchuk V. and Polishchuk Yu., 2013] which 
was meant to determine the interrelation between 
changes in the areas of thermokarst lakes and clima tic 
parameters (the mean annual air temperature and the 
amount of precipitation) required that data should be 
obtained about the air temperatures and the precipi-
tation rates using the reanalysis technique, which al-
lows the values of climatic parameters in the territo-
ries of the test sites to be determined. 

Reanalysis (repeated meteorological analysis 
[Meteorological reanalysis, 2011]) allows meteoro-
logical information to be obtained at the targeted 
points of the territory under study. The main idea of 
reanalysis consists in the fact that, based on analysis 
of the data from diff erent archives of meteorological 
observations accumulated over several decades, sets 
of meteorological data are generated, represented as 
fi elds of meteorological parameters, thus allowing the 
climatic characteristics of the territories of the test 
sites to be determined. There are diff erent projects of 
the reanalysis systems [APHRODITE’s SCOPE, 2011; 
European Center…, 2011]. In this study, the data of the 
Reanalysis ECMWF ERA-40 and ERA-INTERIM pro-
jects и APHRODITE JMA were used to determine the 
climatic characteristics. 

Reanalysis data were used in the monograph 
[Polishchuk V. and Polishchuk Yu., 2013] to make ta-
bles of data on the mean annual air temperatures and 
the annual precipitation amount over the period in 
question at the chosen test areas. This information 
became a basis for carrying out statistical analysis in 

Fig. 1. A schematic map of test areas and of the 
meteorological stations network.
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order to determine dependence of parameter λ on 
time and climatic characteristics as a multiple linear 
regression equation [Kremer, 2003]:

 0 1 1 2 2 3 3c c z c z c zλ = + + + , (2)
where c0 is the free member of the regression equation; 
ci are the coeffi  cients of the regression equation; zi are 
independent variables of the regression equation: time 
(i = 1), temperature (i = 2), and precipitation (i = 3).

In addition to changes in the climatic character-
istics, diff erences in the geocryological conditions of 
different test sites affect the value of parameter λ. 
However, the regression equation (2) describes the 
behavior of parameter λ not in certain areas but on 
average for the set of the investigated test sites, re-
fl ecting their common interrelations of parameter λ 
and climatic characteristics. 

Shown below are the following basic assump-
tions which, in accordance with the data provided by 
[Polishchuk V. and Polishchuk Yu., 2013], determine 
the essential properties of the geosimulation-regres-
sion model of a spatial-temporal structure of the ther-
mokarst lake fi elds:

1. Shapes of the lake shores are represented by a 
circle equation with the coordinates of centers xi, and 
yi and the area si (i is the circle number);

2. Spatial changes of the coordinates of circle 
centers and of their areas are statistically indepen-
dent;

3. Random distribution of each of the coordi-
nates of circles xi, yi is determined by the uniform 
density law;

4. Random distribution of the number of the cir-
cles by their areas is determined by the exponential 
distribution law as (1) with parameter λ;

5. Dependence of the statistical characteristics of 
the model of the dynamics of thermokarst lake fi elds 
on time, temperature and the precipitation rate is cal-
culated by equation (2).

Due to the above, the general model of the dy-
namics of the thermokarst lake fi elds describing spa-
tial and temporal changes is presented as a set (tem-
poral series) of particular geo-simulation models of 
the spatial structure of the lake fi elds we have pro-
posed [Polishchuk Yu. and Polishchuk V., 2011b]. As 
dependence of the properties of the general model on 
time and climatic parameters is determined by a re-
gression equation, we will further designate the mo-
del of the dynamics of the thermokarst lake fi elds as a 
geo-simulation regression model (GSRM). 

 2. ANALYSIS OF THE IMPACT
OF CHANGES IN THE PRECIPITATION RATE

ON THE PREDICTED ESTIMATES
OF GEOCRYOLOGICAL CHANGES

In accordance with equation (2), the model pa-
rameter λ depends on time, temperature, and the pre-

cipitation rate. To obtain the estimates of the dynam-
ics of thermokarst lake fi elds in the permafrost zone 
till 2100, it is possible to use regional series of the 
mean annual temperatures for the northern regions of 
Western Siberia presented by V.V. Klimenko and co-
authors [Klimenko et al., 2007; Khrustalev et al., 2008]. 
Unfortunately, there are no forecasts in literature for 
changes in the precipitation rates for Western Siberia 
for the period till 2100. Therefore, it is important to 
investigate the relevance of the impact of the precipi-
tation rate on the results of predicting changes in the 
thermokarst processes to predict the dynamics of the 
thermokarst lake fi elds under conditions of climatic 
changes. For this purpose, we shall compare the re-
sults of predicting the dynamics of thermokarst lake 
fi elds obtained on the basis of using the geo-simula-
tion regression model both considering the precipita-
tion rate and without it.

First we shall consider the results of the analysis 
and prediction of temperature changes conducted at 
Voyeykov Chief Geophysical Observatory [Strategic 
Prediction…, 2005] and shown in Fig. 2 as a plot of 
time variation of the near-ground air temperature in 
the territory of Russia, calculated for the ensemble of 
the hydrodynamic climate models for diff erent sce-
narios of development of the global economy till 
2030. According to [Strategic Prediction…, 2005], 
these data on average agree with the predicted esti-
mates of the Intergovernmental Panel on Climate 
Change (IPCC) [Climate Change, 2007]. As seen 
from Fig. 2, the temperature values in the predicted 
period of 2000–2030 on average agree with extrapo-
lation of the linear trend of the time variation of tem-
peratures, obtained in the preceding period of obser-
vations (1970–2000). It is known [Chetyrkin, 1977] 
that extrapolation of the time series, i.e., extension of 

Fig. 2. Estimated growth of near-ground air tem-
perature for Russia for the period of 2000–2030 
(based on [Strategic Prediction…, 2005]).
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a past trend into the future is one of the most com-
mon prediction methods. Extrapolation of dynamic 
series trends is comparatively widely applied in the 
prediction practice due to its simplicity and the pos-
sibility of implementation on the basis of a relatively 
small amount of information. 

Therefore, by analogy with [Strategic Predic-
tion…, 2005], in order to obtain the estimates of tem-
perature values and of the precipitation rates in mod-
eling the dynamics of thermokarst lakes till 2030, we 
will use extrapolation of the linear trends of the time 
series of mean annual temperatures and of the annual 
amount of precipitation obtained by the reanalysis 
results for the studied permafrost territory of West-
ern Siberia. The dynamics of thermokarst lakes was 
predicted by way of a computer experiment on the 
model in accordance with the following scenario.

Scenario  1.  Predicting the dynamics of the 
thermokarst lake fi elds on the basis of a geo-simu-
lation regression model and of extrapolation of the 
linear trends of changes in the air temperatures 
and the precipitation rates for the period of 2010–
2030.

This scenario presupposes the use of time series 
of the mean annual temperature of near-ground air 
and of the annual amount of precipitation, formed 
with the ERA-40 and APHRODITE JMA reanalysis 
systems, respectively. The procedure of obtaining 
data on changes in the temperature and in the pre-
cipitation rates on the basis of reanalysis is descri-
bed in more detail in the monograph by [Polishchuk V. 
and Polishchuk Yu., 2013]. Fig. 3 and 4 demonstrate 
extrapolation of the linear trends of the time series 
of the indicated climatic parameters obtained by the 
reanalysis data for the permafrost zone of Western Si-
beria.

Using the temperature and precipitation esti-
mates for each test site (Fig. 1), the values of param-

eter λ for the period of 1973–2030 were calculated in 
accordance with formula (2). Then the values ob-
tained were averaged for all the 29 test sites of the 
studied permafrost zone of Western Siberia. 

In accordance with Scenario 1, modeling of the 
dynamics of the thermokarst lake fi elds in the perma-
frost zone of Western Siberia for the period from 2010 
to 2030 was conducted as computer experiments with 
the GSRM on 29 model sites, the coordinates of the 
location of which correspond to the location of the 
real test sites (Fig. 1). The methodological issues, al-
gorithms and software of modeling the dynamics of 
the lake fields have been considered in detail by 
V. Polishchuk and Yu. Polishchuk [2013]. 

Numerical modeling of the dynamics of thermo-
karst lake fi elds assumes computer generation of the 
triple sets of pseudorandom numbers (x, y, s), respec-
tively refl ecting the values of coordinates of circle 
centers and areas. In accordance with the above, sta-
tistical distribution of the coordinates of the circle 
centers corresponds to the uniform density law, while 
distribution of the circle areas corresponds to the ex-
ponential law as (1) with parameter λ, allowing con-
sideration of climatic changes in the model. 

Modeling resulted in developing a model fi eld of 
the lakes at certain model sites. A fragment of such a 
model is shown in Fig. 5. To study the dynamics of 
the thermokarst lake fi elds, sets of model lake images 
are generated for diff erent moments of time, which 
are time series of the images of lake fi elds. The exam-
ples of such series of model lake field images are 
shown graphically in our works [Polishchuk V. and 
Polishchuk Yu., 2013, 2014].

Interpretation and analysis of the images of the 
model fi elds are carried out similarly to interpretation 
of satellite signals. Areas of modeled circles are calcu-
lated, and for each modeled area the total areas of the 
modeled lakes, the mean values of the lake areas are 

Fig. 3. Extrapolation of a linear trend of the time 
series of the mean annual air temperature according 
to reanalysis data for Western Siberia.

Fig. 4. Extrapolation of a linear trend of the time 
series of the annual precipitation amount according 
to reanalysis data for Western Siberia.
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calculated; histograms of the distribution of the mo-
de led lakes by areas are generated, etc.

The results of predicting the dynamics of the 
thermokarst lake fields in the permafrost zone of 
Western Siberia for the period of 2010–2030, ob-
tained by modeling thermokarst lake fi elds on the ba-
sis of the GSRM considering extrapolation of the lin-
ear trends of the mean annual air temperatures and of 
the annual precipitation rates, are shown in Fig. 6 
(black dots connected by straight lines designate the 
mean values of the lake areas, a solid line represents a 
polynomial trend of the time series). The prediction 
interval (dashed lines in Fig. 6) was calculated here 
and later with the 95 % probability rate by using a 
package of applied software STATISTICA [Vukolov, 
2004]. In accordance with [Confidence intervals…, 
2011], unlike the confi dence interval, which provides 
information about the expected (mean) value of the 
dependent variable, the prediction intervals of ex-
trapolation show the limits of changes in the predic-
ted estimates, calculated with prescribed certainty. 
The prediction interval for the predicted value of the 
dependent variable indicates the range of possible 
values located in the vicinity of the “true” mean value 
of the dependent variable with a given level of confi -
dence [Confi dence intervals…, 2011]. 

The assessment of materiality of the impact of 
precipitation on the results of predicting the dynam-
ics of the thermokarst lake fi elds was determined by 
comparing the modeling data of the dynamics of the 
lake fi elds both considering the precipitation and not. 
The results of predicting the mean values of the lake 
areas in the predicted period without precipitation 
are shown in Fig. 7 (black dots connected by straight 
lines). For comparison, the plot of the time variations 
of the mean areas of the thermokarst lakes consider-

ing precipitation is shown (triangles), presented 
above in Fig. 6. 

The prediction plots (Fig. 7) of the time varia-
tions of the mean areas of the thermokarst lakes, de-
termined both considering precipitation and not, 
practically coincide. This is a reason for making a 
conclusion regarding irrelevance of the contribution 
of the changes in the level of precipitation to the re-
sults of predicting the dynamics of the thermokarst 
lake fi elds in the permafrost zone of Western Siberia, 
compared to the contribution of the changes in the 
mean annual air temperature. Hence, further when 
predicting the dynamics of the thermokarst lake fi elds 
for the period till 2100, the impact of precipitation 
may be neglected, with only the air temperature 
changes taken into consideration.

Fig. 5. A fragment of a model fi eld of thermokarst 
lakes.

Fig. 6. Time variation of model mean values of lake 
areas. 
1 – prediction interval boundary; 2 – trend line; 3 – modelled 
mean values of lakes areas.

Fig. 7. Comparison of estimated time variations of 
the mean areas of thermokarst lakes considering 
precipitation and without it. 
1 – prediction interval boundary; 2 – trend line; 3 – modeled 
values considering precipitation; 4 – modeled values without 
precipitation.
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3. MODELING AND PREDICTION
OF THE DYNAMICS OF THE THERMOKARST 

LAKE AREAS TILL 2100

To predict the dynamics of the areas of the ther-
mokarst lakes in the permafrost zone of Western Sibe-
ria till the end of the current century, it is necessary 
to have prediction estimates of the climatic changes 
in the territory in question. The data of the weather 
forecasts for the northern parts of Western Siberia till 
2300 are given in [Klimenko et al., 2007; Khrustalev et 
al., 2008], whereas, according to the above, there are 
no predictions for changes in the levels of precipita-
tions for the period till 2100 in literature. As shown in 
the preceding section, in predicting the dynamics of 
the thermokarst processes in the permafrost zone of 
Western Siberia, the impact of changes in the levels of 
precipitations may be neglected. Therefore, in this 
section prediction of the dynamics of the thermokarst 
lake fi elds is conducted using the data of the predic-
tion of the mean annual air temperatures for the 
north of Western Siberia [Khrustalev et al., 2008] 
made on the basis of computer experiments with 
GSRM in accordance with Scenario 2. 

Scenario  2.  Predicting the dynamics of the 
thermokarst lake fi elds based on the GSRM using 
the predicted estimates of the air temperature 
changes in the north of Western Siberia for the pe-
riod till 2100.

Shown in Fig. 8 is the plot of the air temperature 
forecast till 2100, borrowed from the publication of 
L.N. Khrustalev and co-authors [2008] (with modifi -
cations as applied to the objectives of this paper), 
which demonstrates the trends of changes in the 
smoothened mean annual values of air temperature 
anomalies for the north of Western Siberia, obtained 
in accordance with two climatic scenarios: with the 
climatic model developed in the Moscow Energy In-
stitute (MEI) (the MEI scenario) and with the IPCC 
scenario. According to Khrustalev and co-authors 
[2008], the diff erence between these two scenarios is 
related to diff erent presumptions regarding the role 
of the anthropogenic factor, which depend on the 
number of the population of the earth and the growth 
of the consumption of the energy resources. The cli-
matic scenario of the MEI is more moderate. 

As seen from Fig. 8, the temperature rise, which 
started after 1970, may continue till the end of the 
current century. According to the IPCC scenario, 
nearly linear growth of the mean annual air tempera-
ture is predicted till 2100, with its rise at the end of 
the century by 3.5 °С, compared to the present-day 
values. In accordance with the more moderate MEI 
scenario (Fig. 8), the maximum global warming may 
be equal to 2 °С by the end of the predicted period, 
compared to the present time.

The result of predicting the dynamics of the 
thermokarst lake fi elds in Western Siberia till the end 

of the 21st century is shown in Fig. 9 as a plot of time 
dependence of the mean area of the thermokarst 
lakes. The historical period of the plot is represented 
by the model values of the mean lake areas (empty 
circles), obtained using the geo-simulation model of 
the dynamics of the lake fields. Calculation of the 
model parameter λ was made in accordance with the 
multiple regression equation (2) without considering 
the precipitation level on the basis of the mean an-
nual air temperature, determined in accordance with 
the reanalysis data.

For the predicted period of 2010–2100, the re-
sults are shown as averaged for 10-year intervals pre-
dicted values of the mean areas of the thermokarst 
lakes for two scenarios of the climatic forecast: the 
empty rhombi indicate the model values of the MEI 
scenario, the black dots stand for the values of the 
IPCC scenario. The predicted values of both scenari-
os do not leave the limits of the prediction interval, 
thus allowing a conclusion to be made regarding 
proximity of the predicted dynamics of the thermo-
karst lake fields, irrespective of certain differences 
between the scenarios of climatic changes (Fig. 9). 

The most signifi cant result of analyzing the pre-
dicted estimates shown in Fig. 9 is a conclusion re-
garding continuing reduction of the mean area of the 
thermokarst lakes of the permafrost zone of Western 
Siberia. It can be inferred from Fig. 9 that at the end 
of the predicted period the mean area of the lakes may 
decrease to 12 hectares (the presumed changes in the 
lake area sizes vary from 10.2 to 13.8 hectares). Thus, 
the lake areas in the permafrost zone of Western Si-
beria may on average get reduced by approximately 
30 %, compared to the present time. Another impor-
tant conclusion from the analysis of the predicted es-
timates (Fig. 9) consists in the decrease of the reduc-
tion rate of the lake areas. According to our data [Po-
lishchuk  V. and Polishchuk  Yu., 2013], predicted 
reduction of the mean lake area for the 20-years pe-
riod (2010–2030) may be 9.6 %. As seen from Fig. 9, 
for the 20-years period (2080–2100), the possible 
reduction in the mean lake areas by the end of the 
period under review is estimated to be around 6 %. 
Hence, the reduction rates of the lake areas by the 
end of the prediction period may go down 1.5–2 
times, compared to the present time.

Thus, if the mean annual air temperature contin-
ues to rise till the end of the current century, it will be 
accompanied by average reduction of the areas of the 
thermokarst lakes of the permafrost zone of Western 
Siberia, which may be caused by permafrost degrada-
tion and decrease in the permafrost thickness. This 
fact may be explained by the following: acceleration 
of the thermokarst processes as a result of the con-
tinuing reduction in the permafrost thickness will 
cause, in addition to the thermal erosion processes, 
accelerated formation of new thermokarst lakes 
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[Bryksina and Polishchuk, 2015], the small sizes of 
which will contribute to reduction of the value of the 
mean sizes of the lakes. 

CONCLUSION

The developed geo-simulation regression model 
of the dynamics of the thermokarst lake fi elds, consid-
ering the regional interrelations between geocryo-
logical and climatic changes, allowed prediction of 
the changes in the sizes of the thermokarst lakes un-
der conditions of climatic changes till the end of the 
current century. Long-term prediction of the dynam-
ics of thermokarst lake fi elds using the said model has 
shown that, as the mean annual near-ground air tem-
peratures grow, the areas of the lakes in the perma-
frost zone of Western Siberia will decrease on average 
by approximately 30 % by the end of the prediction 
period. 

The predicted reduction of the mean lake areas 
in the future decades may be attributed to the fact 
that activation of the thermokarst processes resulting 
from continuing reduction of the permafrost thick-
ness under conditions of the expected global warming 
of the climate will cause, in addition to the thermal 
erosion factors, accelerated growth of the number of 
newly-formed thermokarst lakes [Bryksina and Po-
lishchuk, 2015], the small sizes of which will contrib-

Fig. 8. Changes in the mean annual air temperatures 
in the area of Surgut (in deviations from the mean 
value in 1951–1980), according to [Khrustalev et 
al., 2008].
1, 2 – results of instrumental observations (1 – annual observa-
tions, 2 – smoothened by the 10-years moving average); 3, 4 – 
results or model calculations расчетов by the MEI and IPCC 
scenarios, respectively.

Fig. 9. Predicting the dynamics of the mean annual 
value of thermokarst lake areas in the permafrost 
zone of Western Siberia.
1 – prediction interval boundary; 2 – trend line; 3 – modeled 
values of lake areas; 4 – predicted values according to the MEI 
scenario; 5 – predicted values according to the IPCC scenario.

ute to reduction of the mean area of the lakes as an 
indicator of permafrost degradation caused by cli-
mate warming. This has to be taken into account in 
designing infrastructure facilities and other engineer-
ing structures in the permafrost territories. 
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