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Abstract—The issues of modeling the fields of thermo-

karst lakes by the geo-simulation approach are consid-

ered. The permafrost zone is a zone of interest. The fea-

tures of obtaining experimental data on the properties of 

real fields of thermokarst lakes from satellite images in 

the Arctic zone of Western Siberia are briefly described. 

Data on the distribution of random coordinates of the 

lakes centers and the distribution of lakes by their size are 

presented. Algorithmic issues of the geo-simulation mod-

eling of lake fields are considered. The uniform distribu-

tion of the coordinates of the lakes centers is taking into 

account. It should be noted lakes sizes have lognormal dis-

tribution. The structure of the software package for mod-

eling fields of thermokarst lakes is described. This is a set 

of software modules that provide input of model parame-

ters, formation of pseudorandom numerical sequences 

and output of simulation results. The software package is 

implemented in Python 3.8. It allows displaying the results 

of modeling lake fields using modern geographic infor-

mation systems. A fragment of the model field of thermo-

karst lakes is presented. It was obtained as a result of a 

computational experiment with the software package. 

Keywords—geo-simulation, software package, perma-

frost, thermokarst lakes, global warming, lognormal distri-

bution law 

I. INTRODUCTION 

One of the main problems of our time has become 
the warming of the climate, creating global challenges 
to the world community in recent decades. The World 
Climate Summit held in connection with this (Paris, 
2015) adopted recommendations to all countries of the 
world on the development of measures capable of pre-
venting an increase in the average annual temperature of 
the Earth by more than 2°C until 2050. However, the 
development of measures to prevent a temperature in-
crease in Russia, more than 60% of which is located in 
the permafrost zone, is impossible without the formation 
of well-grounded forecasts of changes in methane and 
carbon dioxide emissions, the development of which is 
necessary knowledge of the dynamics of fields of ther-
mokarst lakes in permafrost. In this regard, the rele-
vance of developing a geographic information technol-
ogy for assessing and predicting the dynamics of fields 
of thermokarst lakes in permafrost zones is not in doubt. 

The modeling issues of thermokarst lakes were con-
sidered in the works of West and Plow, Subin and Riley, 

Duguet, Hostetler, etc. [1]. Such models are convenient 
for studying processes in solitary lakes. However, they 
are not suitable for studying the spatiotemporal changes 
in the fields of thermokarst lakes. From the point of view 
of modeling the fields of thermokarst lakes on the terri-
tory of interest are methods of mathematical landscape 
morphology [2, 3]. Such methods are focused on the use 
of analytical models for modeling the dynamics of ther-
mokarst territories. Methods and models of landscape 
mathematical morphology can be used to assess geoe-
cological risks in the development of thermokarst pro-
cesses in the permafrost areas. However, these are also 
not intended for the study of spatiotemporal changes in 
the fields of thermokarst lakes in a changing climate. In 
this regard, it becomes necessary to develop methods 
and tools for mathematical modeling of the dynamics of 
thermokarst processes for predicting changes of thermo-
karst lakes fields by means of computer experiments. 
Also we should to taking into account climatic changes. 

Therefore, the use of simulation models [4] is 

CONSIDERED promising, allowing us to study the dy-

namics of the thermokarst lakes fields under modern 

global warming. Last years, within the framework of the 

methodology of simulation modeling, one of the new di-

rections of computer modeling has been formed - geo-

simulation modeling [5, 6]. This should be understand-

ing as simulation of complex objects with a spatial struc-

ture by using methods and means of geoinformatics [7]. 

In [8], a geo-simulation model of the field of thermo-

karst lakes in the form of a set of random circles was 

proposed. The properties of this take into account the 

main statistical characteristics of real thermokarst lakes 

fields, determined from the experimental data of satel-

lite measurements. In particular, in these studies it was 

found that the size distribution of lakes obeys an expo-

nential law, which was taken into account when devel-

oping this model. 

However, the model developed in [8, 9] was based 
on the results of remote studies of the properties of fields 
of thermokarst lakes from satellite images of medium 
resolution (30 m) Landsat, on which lakes of relatively 
large sizes (above 0.5 ha) are visible. In our more recent 
investigations of thermokarst lakes [10–13] using im-
ages of high (1–10 m) and ultrahigh resolution (less than 
1 m), the presence in real fields of thermokarst lakes in 
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permafrost (on the example of Western Siberia) of huge 
the number of small-sized lakes that are not found in 
medium resolution images. The methodology for inte-
grating data from medium and high / ultra-high resolu-
tion images developed in [10, 11] made it possible to 
construct synthesized histograms of the distribution of 
lakes by area over a very wide range of sizes (from units 
m2 to tens of km2). An analysis of these histograms 
showed [12, 13] that the distribution of real lakes in the 
permafrost zone does not satisfy the exponential, but the 
lognormal law. 

In connection with the above, it became necessary to 
modify the model and improve the system of geo-simu-
lation modeling of fields of thermokarst lakes, aimed at 
taking into account the lognormal law of their size dis-
tribution. However, the issues of the program-algorith-
mic implementation of the system of geo-simulation 
modeling of thermokarst lakes fields taking into account 
the lognormal law are currently not considered enough, 
which determined the purpose of this work. 

II. EXPERIMENTAL DATA ON LAKES DISTRIBUTION 

LAWS 

The information basis for the experimental study of 
the properties of fields of thermokarst lakes is the data 
of remote measurement of the areas and perimeters of 
lakes from satellite images of the studied territory. The 
studies were conducted on the territory of all three per-
mafrost zones (sporadic, discontinuous, and continuous) 
in Western Siberia based on satellite images of medium 
and high resolution. All images were taken in a rather 
short period of the summer season (end of June - Au-
gust) in order to minimize the influence of seasonal fluc-
tuations in the water level in the lakes. During this pe-
riod, the ice cover on the lakes completely disappears, 
which does not allow them to be distinguished when de-
crypting the images. 

Creating a geo-simulation model of the thermokarst 
lakes fields requires knowledge of the basic properties 
of these fields, which can be obtained experimentally 
from satellite images. An analysis of histograms of the 
distribution of the coordinates of the location of the cen-
ters of the lakes according to the data from the Landsat 
satellite showed [8,9] that the empirical histograms of 
the distribution of the coordinates of the lakes centers 
correspond, according to the χ² criterion, to the law of 
uniform density with a probability of 95% [14].  

One of important problems for creating a geo-simu-
lation model of the thermokarst lakes fields is the con-
structing histograms of the distribution of lakes by size. 
It would be taking into account all lakes in a wide range 
of sizes - from tens of meters to tens of kilometers. The 
issues of constructing such a histogram were considered 
in [11, 12], where it was proposed to select partial inter-
vals of the histogram with irregular steps (according to 
the logarithmic law), namely: 20-50 m2, 50-100 m2, 
100-200 m2 and etc. up to 200 km2. This made it possi-
ble to fairly compactly present data on the distribution 
of lakes in the intervals of their sizes in a very wide 
range of changes in the area of lakes. 

We formed a synthesized histogram of the lakes dis-
tribution over areas in a very wide range of there sizes. 
It should be noted this was formed by using the method-
ology developed in [11] for integrating data on the num-
ber and area of water bodies obtained from satellite im-
ages of both medium and high resolution based on the 
combination (synthesis) of lakes data such as their num-
ber and sizes. In accordance with this technique, the syn-
thesized histogram of the distribution of lakes by sizes 
was obtained by “stitching” two initial histograms, the 
first of which is based on data from medium resolution 
images (30 m) of Landsat-8 and represents large lakes 
(size from 0.5 to 20,000 ha). The second baseline histo-
gram, obtained from data from high resolution images 
(2 m) of Canopus-B in 78 test plots in the permafrost 
zone, includes small lakes. A synthesized histogram of 
the size distribution of lakes, obtained above in the man-
ner described above based on the results of studies in the 
permafrost zone of Western Siberia, is presented in [13]. 

According to [14], the probability density for the 
lognormal law of the distribution of the area of lakes (s) 
is determined by the equation: 

𝑓(𝑠) =
1

√2𝜋𝑠𝜎
𝑒𝑥𝑝 (−

(ln 𝑠−𝜇)2

2𝜎2 ),             (1) 

where μ is the mean, σ is the standard deviation. 

Estimates of the parameters μ and σ of the theoreti-
cal log-normal law of the size distribution of lakes ob-
tained in [13] from sample data for the permafrost zone 
of Western Siberia take the values of mathematical ex-
pectation and variance 6.88 and 3.24, respectively. A 
verification of the correspondence between empirical 
and theoretical distributions using Pearson criterion [13] 
showed that the calculated χ2 value is 0.23. Therefore, 
the synthesized histogram of the distribution of lake ar-
eas in a wide range of their sizes can be accepted corre-
sponding to a lognormal law with a high probability of 
0.99. 

A correlation analysis of a multidimensional array of 
experimental data on changes in the coordinates of the 
lake centers and the areas of thermokarst lakes obtained 
from satellite images was carried out. The analysis 
showed that the cross-correlation coefficients between 
all the above indicators are quite small. This means [9] 
the statistical independence of the above indicators of 
the thermokarst lakes fields in the studied permafrost 
territory of Western Siberia. 

III. MODELING ALGORITHMS 

The implementation of a mathematical model of the 
thermokarst lakes fields involves the creation of a gen-
erator of pseudo-random numerical sequences of triples, 
the first two of which are distributed according to a uni-
form law, and the third according to a log-normal law. 
In general, the mathematical model of fields of thermo-
karst lakes can be represented as follows: 

𝑓(𝑥, 𝑦, 𝑠),                            (2) 
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where 𝑥 and 𝑦 are the coordinates of the centers of the 
lakes, 𝑠 is the area of the lakes. 

Therefore, the set of circles is represented by the set 
of triples of random variables (x,y,s).To develop a mod-
elling algorithm, it is necessary to take into account the 
absence of a statistical relationship between changes in 
the coordinates of location and sizes of lakes. The anal-
ysis carried out in [15] shows that random spatial 
changes in the areas and coordinates of the centers of 
lakes, as well as between the coordinates of the centers 
of lakes, are statistically independent. Therefore, to sim-
ulate the fields of thermokarst lakes, the joint probabil-
ity density (3) can be represented as: 

𝑓(𝑥, 𝑦, 𝑠) = 𝑓(𝑥) × 𝑓(𝑦) × 𝑓(𝑠),         (3) 

where 𝑓(𝑥) and 𝑓(𝑦) are the probability densities of the 
uniform distribution, 𝑓(𝑠) is the probability density of 
the lognormal distribution law. 

According to [14], the probability density for the 
lognormal law of the size lake distribution is determined 
by equation (1). In our case, estimates of mathematical 
expectation (𝑀) and variance (𝐷) for the lognormal dis-
tribution of lake areas in Western Siberia can be ob-
tained from sample data in the form: 

𝑀 = ∑ (ln 𝑠𝑖 × 𝑤𝑖
𝑚
𝑖=1 ),                (4) 

𝐷 = ∑ ((ln 𝑠𝑖)
2 × 𝑤𝑖)

𝑚
𝑖=1 − 𝑀2,           (5) 

where 𝑚 is the number of partial intervals of the empir-
ical histogram, 𝑖 is the number of the interval. 

 

 
Fig. 1. Diagram of the algorithm for numerical modeling of 

thermokarst lakes fields. 

Taking into account equation (3), a sequence of ran-
dom numbers that determine the characteristics of the 
location of the circle centers is generated using a 
pseudo-random number sensor distributed according to 

the law of uniform density. To model the lakes with ran-
dom sizes, the lakes areas are distributed by the law cor-
responding to equation (1). We will use the generation 
of a sequence of random numbers distributed according 
to the lognormal law according to the equation: 

𝑠𝑖 = exp(𝜇 + 𝜎 × 𝑟𝑖),             (6) 

where 𝑟𝑖 is a random number distributed according to 
the normal law and calculated by the formula: 

𝑟𝑖 = ∑ 𝑞𝑖𝑗 − 6
12

𝑗=1
,                       (7) 

where 𝑞𝑖𝑗  is a random variable uniformly distributed on 

the segment [0,1]. 

In accordance with the above, the algorithm for the 
numerical simulation of the fields of the thermokarst 
lakes can be represented as the following sequence: 

step 1. sets the number of simulated circles 𝑁; 

step 2. the value of the lognormal distribution pa-
rameter 𝜇 is set; 

step 3. the value of the parameter of the lognormal 
distribution 𝜎 is set; 

step 4. a pseudo-random value is generated, distrib-
uted according to the normal law (7); 

step 5. using the given parameters and the calculated 
pseudo-random value, the pseudo-random value 
of the circumference, distributed according to the 
log-normal law (6), is calculated by the formula; 

step 6. a pair of pseudo-random numbers is gener-
ated, distributed according to a uniform law, de-
termining the location of the center of the circle 
on the screen; 

step 7. using the triple of numbers obtained in the 
previous steps 5 and 6, a circle is formed; 

step 8. if the number of circles obtained is less than 
the number determined in step 1, then the algo-
rithm repeats from step 4, otherwise the algo-
rithm is completed. 

Also, the algorithm for numerical modeling of fields 
of thermokarst lakes is shown in the form of a block di-
agram (Fig. 1). 

IV. SOFTWARE IMPLEMENTATION OF MODELING 

SYSTEM 

The structural diagram of the software package of 
geo-simulation modeling is presented in Fig. 2. The 
software package for geo-simulation modeling of ther-
mokarst lakes fields was developed. It is a set of soft-
ware modules providing input of model parameters, for-
mation of pseudorandom numerical sequences and der-
ivation of simulation results.  
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Fig. 2. A generalized scheme of a software package for geo-simulation 
modeling of thermokarst lakes fields. 

 

In Fig. 2 diagram of the program complex is pre-
sented in the form of the following components: 

 The graphical interface is intended for the user to 
select model parameters, the distribution law and 
the type of presentation of simulation results; 

 The block of modules for generating pseudoran-
dom variables is the main component of the sim-
ulation software package and is designed to gen-
erate random numerical sequences when imple-
menting algorithms for the numerical simulation 
of fields of thermokarst lakes; 

 The module for presenting simulation results is 
intended for converting simulation results into 
one of the following formats: Microsoft Excel 
(*.xlsx), vector format (*.shp), raster format 
(*.jpeg).  

 

 

 

Fig. 3. A fragment of the model field of thermokarst lakes distributed 
according to the lognormal law. 

 

Presented in the form of a diagram (Fig. 2), the soft-
ware package is implemented in a high-level language 
- Python [16]. Python is an interpreted programming 
language. This means that the source code is converted 
in parts to the machine in the process of reading it by a 
special program - the interpreter. Python is a full-value 
and universal programming language which is widely 
used. The main, but not the only paradigm supported by 
it is object-oriented programming. In fact, the range of 
roles that Python can play as a multi-purpose program-
ming language is virtually unlimited in scope. It can be 
used to implement, including software systems. Python 
interpreters are distributed freely under a license simi-
lar to the GNU General Public License [17]. 

To demonstrate the operation of the software pack-
age in Fig. 3 shows a fragment of the model field of 
thermokarst lakes. Numerical values of model parame-
ters used for modeling: 𝑀 = 6,88, 𝐷 =  3,42 и 𝑁 =
3000. 

V. CONCLUSION 

It is known [1] that thermokarst lakes in the Arctic 
regions are considered as one of the main sources of 
natural methane emissions. Of these, the most active 
methane generators are small lakes with sizes less than 
500-1000 m2. The methane concentration in the small 
lakes, according to [15, 18-19], is more than an order 
of magnitude higher than the methane concentration in 
larger lakes. Therefore, the use of the lognormal distri-
bution law in the model makes it possible to take into 
account small lakes in modeling, what makes the devel-
oped geo-simulation modeling system a convenient 
tool for estimating methane reserves and emissions in 
thermokarst lakes. A geo-simulation modeling system 
can also be used to obtain predictive estimates of the 
dynamics of methane emissions from thermo-karst 
lakes for the coming decades. 
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