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Abstract: The diagnostics of natural landscapes geoecological state in the course of the permafrost zone
economic development should be based on the assessment of the destructive cryogenic processes formation. It
is expedient to consider it in terms of landscapes resistance to cryogenic processes increase. The choice of
lithocryogenic stability parameters is substantiated. These are: permafrost distribution over the area, its
annual mean temperature and ice content, protective properties of the vegetation and etc. Cryogenic
processes activation is estimated with regard to their area, development rate and attenuation, natural
landscapes damage, hazard for engineering facilities operation. The assessment procedure, and the way of
improving expert numerical scores are shown. At Geography Faculty of Lomonosov Moscow State
University, the authors have developed a number of the approved methods of making evaluation maps of
different scales applying the methods of landscape indication, modern methods of space images decoding,
methods of expert scores, the method statistical calculations and methods of spatial GIS-analysis. The
technique of Atlas geo-information mapping on the landscape basis has been introduced in seven atlases at
scales from 1:3 000 000 to 1:20 000 000. These maps are widely used in design and survey organizations and in
education.
Keywords: geoecological situations, permafrost zone, cryolithozone, cryogenic processes, landscapes stability,
geoinformation mapping.

_________________________________________________________________________________

1. Introduction
The diagnostics of geoecological situations in the cryolithozone demands the analysis of the following
main parameters of the permafrost: the distribution area, the annual mean temperature and ice content
degree. The permafrost area shapes the geography of geoecological hazards emergence (north - south; west east). The annual mean temperature influences the stability of permafrost and cryogenic landscapes. The
lower the temperature, the less the geoecological hazard, other things being equal. The development hazard is
directly proportional to the ice content degree of permafrost. With its increase, the geoecological
consequences of the economic development grow.
While assessing geoecological situations in the north territories, the following parameters are important:
the permafrost distribution on area and profile, its annual mean temperature and thickness , the cryogenic
structure of the upper part of the permafrost, cryogenic forms of the relief, the layer of seasonal thawing and
freezing. Of importance is the position of permafrost limits as boundaries of permafrost quality changes, its
unstable states.
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2. Materials and Methods

2.1 Basic mapping materials
As sources for making small-scale maps for the cryolithozone territory, four permafrost maps should
be used. These are: Geocryological Map of the USSR (scale 1: 2.5 million (1997)) [1], Geocryological Map of
the USSR (scale 1: 5 million (1970)) [2], Circum Arctic Map of Permafrost and Ground Ice conditions (scale 1:
10 million (1997)) [3], Cryolitological Map of the USSR (scale 1: 4 million (1985)) [4]. The most comprehensive
source of detailed characteristics of permafrost conditions all over Russia is the Geocryological Map of the
USSR (scale of 1: 2.5 million) [1]. From this map we used the data on the permafrost temperature and its
thickness, lithological composition, genesis, cryogenic structure and ice content of permafrost that were
coordinated with a landscape map.
For displaying the natural background in which various geoecological situations are being formed, it is
necessary to analyze a number of small-scale permafrost maps, made on a uniform landscape basis, on a
geosystems grid of various ranks. In geographical atlases of the recent two decades [5-11], the landscape map
(scale 1:15 000 000 (fig. 1)),

Figure 1. Landscape map of the Permafrost zone in Russia

i.e. the generalized Landscape Map (scale 1:4 000 000) for the territory of Russia edited by A.G. Isachenko
[12] was the main landscape information source. In legend to this map (fig. 2), the landscape zone types are
shown in horizontal ranks.Vertical columns correspond to landscape kinds, i.e. to genetic types of a relief and
lithological differences of rocks. The tabular legend facilitates the selection of landscapes characteristics
separate components on the lithogenic basis, relief, vegetation in zone and sector aspects that are necessary
for permafrost situation understanding.
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Figure 2. Legend to the landscape map of the Permafrost zone in Russia
Let us consider two basic maps of the section "Permafrost" published in the Ecological Atlas of Russia [5].
These are maps of scale 1:20 000 000: "Permafrost of Russia" and "Seasonal freezing and thawing".
On the Permafrost map of Russia (fig. 2), four main types of permafrost distribution are shown:
continuous, discontinuous, massive-island and island.

Figure 2. Map fragment "Permafrost of Russia", scale 1:20 000 000
Within each type, the territories with different values of annual mean temperature of permafrost are
allocated due to the distribution area. The temperature on plains and plateaus increases first of all from the
north to the south. In mountainous landscapes the temperatures are lower, than on the adjacent plains. The
greatest variety of temperatures is in the continuous permafrost zone: from – 11° C to – 3° C.
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In the discontinuous permafrost zone, it is difficult to differentiate the permafrost temperature field
within the map scale. This type of permafrost is most widespread in mountains and uplands of the south and
east of the Russian cryolithozone. Massive-island and island permafrost types are characterized by the
temperatures not below – 1 ° C, and the thawed areas have temperature 1-2° C here. The map shows three
main permafrost types due to the ice content degree. Thus, the low-icy permafrost (<20%) is mainly observed
in the cryogenic eluvium of the highlands and plateaus, in the upper part of the fractured rocks and the sands.
The mid-icy permafrost (20-40%) is represented by sandy and loamy differences within denudation plains.
The highly icy permafrost (>40%) is most often observed within low accumulative plains with loamy and
sandy ground. The signs indicate the areas of monomineral ice massifs distribution, such as polygonal-vein
ice massifs, the kernels of frost heave mounds and ice beds [13,14].
The second important map, necessary for geoecological research, is the Seasonal Freezing and Thawing
Map (fig. 3). For its making not only the Landscape Map by A.G. Isachenko [12], but also the Geocryologic
Map of the USSR, scale 1: 2 500 000 [1] were used to the full extent along with the results of regional research
of seasonal freezing and thawing from publications, funds data, the authors’ personal archive.
It is worth mentioning that the layer of seasonal freezing and/or thawing (so-called "active layer") is the
first permafrost horizon from the surface, in which ecologically hazardous cryogenic processes take place. The
change of its thickness is integrated in the manifestation of cryogenic processes and serves as an indicator of
their activation. During engineering research and calculations, this parameter has paramount importance and,
along with ground temperature, their ice content (or humidity), is used for ensuring reliability of buildings,
facilities, communications operation/maintenance during the solution of specific engineering-geological
objectives.
The peculiarity of the map Seasonal Freezing and Thawing is in the fact that within the borders of the
cryolithozone of Russia not only seasonal permafrost thawing is evaluated, but seasonal freezing in taliks too.
The area of the latter increases with the approach to the southern permafrost limit. Taliks are almost absent in
the continuous permafrost, and in the south of cryolithozone permafrost occupies no more than 5-10% of the
area. Therefore, in the discontinuous permafrost within the same landscape, small-scale maps display both
depths: of seasonal thawing and of seasonal freezing.

Figure 3. Legend and map fragment Seasonal freezing and thawing
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The allocation of two large fields of the seasonal freezing and thawing distribution is the basis for the
creation of the legend (fig. 3) and graphic design of a map. The scale is carried out for each of them. The
influence of a relief is shown by creating separate scales for their different constituents: plains, mountains,
river valleys. The whole depth range of seasonal freezing and thawing is subdivided into three types: small
(up to 0,5 m) where the majority of factors interferes with the processes of seasonal freezing and thawing;
average (to 1.0-1.5m) with relative compensation of the factors fostering and interfering the process; deep
(more than 1.5 m) where the most part of factors fosters the process. The degree of the geoecological hazard
increases from the deep active layer to the shallow one, as in this direction the hazard of damaging natural
environment under anthropogenic impacts increases [15].
The diagnostics of geoecological situations is based on geographical features of active layer depths
distribution. In continuous permafrost zone, only the depth of seasonal thawing is mapped, which in general
is subject to latitudinal and altitudinal zonation. The thawing of less than 0.5 m is shaped by severe climatic
conditions of the Arctic and is observed in the polar deserts of the Arctic Ocean islands and on the loaches of
ridges of the Northeast of Russia. The thawing from 0.5 to 1.0 m is characteristic of peats and peaty soils of the
lake and marsh landscapes elsewhere. The average thawing due to the depth (intervals of 1.0-1.5 m and 1.52.0 m) is found in the associated soils of tundra and forest-tundra landscapes within the European North,
Western Siberia peninsulas, in the north of the Taimyr Lowland, the seaside lowlands of the Northeast of
Russia. The deep, more than 2 meters, thawing is localized in the sandy landscapes created by ancient sea,
alluvial, and lake -glacial sediments. In the mountains, according to the landscape zonation and reduction of
absolute heights, the depth of thawing increases.
2.2 Methodology of estimating research and mapping
The geosystems stability is one of the fundamental concepts of physical geography and geoecology. The
cryogenic landscapes resistance to surface damage is understood as the ability to resist to anthropogenic
activation of cryogenic processes that may lead to irreversible deterioration of the environmental situation
and unacceptable deformations of engineering structures [16]. Cryogenic processes is the key indicator of
northern landscapes reaction to external influences [17].
The mechanical damage arising during the engineering facilities functioning and mining are widespread
in the cryolithozone. It is also necessary to refer the typical anthropogenic influence of the North, , as
overgrazing of reindeer pastures , as well as deforestation and burning. All these violations intensify the
development of thermokarst, solifluction, deflation, foster the expansion of the boggy areas.
The concept of geo-ecological research is based on the leading factors identification of the landscapes
lithocryogenic state, that influence the landscape stability decrease and, as a result, cryogenic processes
activation [16]. Thus, for making the Map of landscape stability of Western Siberia cryolithozone, scale 1: 4
000 000 [18], six factors influencing directly the potential activation of cryogenic processes, connected with
phase transitions of water, were selected: dissected relief; ground composition; permafrost temperature; ice
content (humidity) of the ground; the degree of vegetation recoverability; relative change in the active layer.
In the works [15,17, 18] their choice is explained.
The evaluation procedure includes:
 selecting the main factors that influence landscapes resistance to loadings (cryogenic processes
activation);
 drawing up the table of factors ranging;
 assigning numerical scores to each landscape in accordance with the table;
 ranking of all landscapes due to vulnerability to the economic development, taking into account the
calculated indexes;
 evaluative mapping.
With this technique, the so-called engineering permafrost (lithocryogenic) stability maps are made on a
landscape basis. Depending on the regional specifics and the scale of the research, the number and spectrum
of the estimated factors may varies.. For example, for Central Yakutia it is necessary to consider a number of
bioclimatic factors [19], crown density of a forest stand, etc. [15]. Owing to the developed traditions in geoecological estimations, expert scores are widely used for the comparative characteristic of the objects. They are
simply summed up or arithmetic mean values (rarely -the geometric mean values) are calculated. The
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calculation-statistical method of miltifactorial landscape biotic and lithocryogenic basis properties correlation
analysis can also be used.
At first, the integral impact of all landscape stability factors was estimated by total score [17]. Summing
points may be used in the regional survey research, though it has serious limitations due to the fact that points
lack dimensionality [20]. But it is easily solved if the points are appointed against the background of a uniform
interval 100 cent scale [15,21].

Figure 4. The ratio of the estimated factor scales, affecting the intensity
of cryogenic processes manifestation (Western Siberia)
In this case, the values of six indicators in cents due to which not the sum, but the geometric mean, that
can be called hazard coefficient Co, is calculated, correspond to each landscape. The less the value of Co, the
more steady the landscape should be considered. Thus, for splitting all landscapes into clusters due to
stability, two techniques were tested: simple points summing and calculating the geometric mean value in
cents.
Graphic figure 4 shows that of the greatest vulnerability for the economic development in this region ( in
terms of destructive exogenous processes manifestation) are the landscapes with the values of six factors in the
right part of the figure. These are plain slightly dissected landscapes with the annual mean ground temperature
from 0° to – 1 °C, made of peat, with more than 50% of ice content degree, with low recoverability of vegetation
(projective covering of less than 20%) in which the thickness of seasonal freezing-thawing layer may increase
more than twice in case of mechanical damage of their surface.
Applying the landscape basis and the database with particular values, each factor can be displayed as a
separate thematic layer (ice content degree, ground temperature, etc.) and further to use overlaying. It is rather
complicated and is not always justified. To simplify mapping, the express assessment of diverse factors with
integrated indexes calculation is carried out: permafrost stability coefficient - PSC ,coeffi ecological hazard
coefficient – EHC , hazard coefficient Co and others [13]. In large-scale research, it is expedient to use the
multiple-factor correlation analysis of the estimated factors which, first, allows us to estimate the importance of
a particular factor and, secondly, brings closer the quality standard to the quantitative one.
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2.3 Evaluation of geoecological situations at local level
For the assessment of the formation of various geoecological situations, the table matrix (fig. 5) is
developed, on the horizontal axis there are groups of stability according to gradation of the calculated indices,
and on the vertical axis there are load categories [22,23].

Fig. 5 Evaluation of Geoecological Situations Shaping
The categories of anthropogenic loading are ranged due to the types and sorts of mechanical damage,
residual deer capacity, vegetation recovery rate, a share of the damaged lands, etc. The type of a possible
situation is determined by the score in each cell of a matrix. As a result, all cells unite in four groups, forming
the types of geoecological situations according to regulatory documents of the Ministry of Natural Resources
and Environmental Protection of the Russian Federation on nature conservation: from rather satisfactory to
crisis [15,23].
Each situation is characterized by a set of exogenous processes of different intensity. Thus, typical
processes of a crisis stage in the forest-tundra of Western Siberia are: in peatlands – vein ices thawing out,
deep thermokarst on polygonal -wedge ices, peat block subsidence, intensive thermal erosion in cracks, ice
thawing out in frost mounds and their turning into lakes. In bogs with low-center polygons - progressive
swamping, thermokarst, seasonal and long-term frost heave. Frost cracking - thermal erosion - is activated in
cracks, and intensive deflation is developed with the formation of deflation basins in tundras on icy and icerich dusty sands with topsoil cover removed [22].
For making the maps of geoecological situations (fig. 6) the map of landscapes permafrost stability is
compared to the map of anthropogenic loading via overlaying [22].
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Figure 6. Segment of the map of geoecological situations of the Yamburg deposit
.
The duration of geoecological situations existence (and, therefore, the degree of cryogenic processes
activation) depends on the stages of territory development. The scheme (fig. 7) shows that rather satisfactory
and intense situations last from 3-5 to 10 years in accordance with the time when survey and construction
works are taking place. Critical and crisis situations arise during the deposit operation. Further destruction of
the natural complex and activation of the processes occur within the first 5-10 years of commercial production
of hydrocarbons. Then, there comes their gradual attenuation both for the natural reasons, and because of the
taken engineering and meliorative measures [24].
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Figure 7. Types of geoecological situations depending on the stages of development

and intensity of cryogenic processes manifestation
2.4 Factors of cryogenic processes activation
The main complex of ecologically dangerous cryogenic processes is comprised of two groups: the periods
which are becoming more active in summer and in winter respectively [23]. It is important for diagnostics of
geoecological situations as in summertime the vegetation ground cover is mainly investigated, in winter snow
cover is considered. The first group of the processes is formed in the summer as a result of permafrost
thawing. These are thermokarst, thermoerosion, thermoabrasion and solifluction, which under the increase of
soil humidity moves into mass dislodging. The second group of the processes consists of in the autumnwinter period when water turns into ice, further cooling of soil takes place, so frost heave and frost cracking
are observed. These processes combinations allow us to diagnose the emerging geoecological situations, to
estimate the degree of their hazard both for the environment, and for anthropogenic facilities.
The assessment of the processes activation degree is based on the analysis of the following factors (Fig.8):
cryogenic structure (or ice content) and temperature regime of the ground in the upper part to the depth,
corresponding to the layer of annual heat transfer. Out of the "non-permafrost" components of nature the
leading place belongs to vegetation and geological-geomorphological conditions [15].
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Figure 8. The main factors intensifying the cryogenic processes activation
The vegetation damage is a universal type of the heat exchange change on the surface and in this
meaning it is most often "a trigger" for cryogenic processes activation. Its role is double: under natural
conditions it is one of the main stabilizers of permafrost conditions, performing the heat-insulating and fixing
functions (a protective role of vegetation). After anthropogenic damage, the rate of vegetation cover
restoration impacts permafrost processes attenuation [15,25].
The predictive evaluations of their damaged areas, the rates of their development and attenuation along
with the remediative, meliorative, environmental and engineering activities are used to stop these processes.
The gradation of particular characteristics of the processes is based on quantitative or qualitative (points)
indicators for carrying out their numerical comparison. A total score of these indicators is the extent of their
activation in the territories under development. Indicators ranging should be brought in a number of tables,
some of them are given below (Fig. 9-12).
The paramount indicator is the area of cryogenic processes damage which is estimated on five categories:
from less than 5% (1 point) to more than 75% (9 points) of the territory under development.
The second important indicator is the processes development rate (Fig.9). It is clear, that the lower the
rate, the less geoecological danger of economic development is.
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Figure 9. Development rate and recurrence of cryogenic processes
The permafrost processes, except for area distribution and The speed of development, influence the shape
of a landscape in general, that can be estimated only qualitatively (Fig. 10). The first place in the
transformation of natural landscapes into the inconvenient areas of land is won by thermoerosion because of
the deep surface fragmentation, then the solifluction goes, turning landscapes into the impassable sites
because of the pluvoon ground.

Figure 10. The impact of cryogenic processes on landscapes
The assessment of the work safety degree at engineering facilities (including accident rate) is shown in
figur 11.

Figure 11. The accidents emergence danger
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Almost all processes which are listed in this table, except frost cracking and kurum formation,
predetermine high accident rate of engineering facilities under considerable anthropogenic impacts[26].
The integrated assessment of geoecological situations has to include the attenuation rate of dangerous
processes along with the efficiency of environmental activities for the protection against them owing to
making competent engineering, remediation, etc. decisions (Fig. 12).

Figure 12. Cryogenic processes attenuation rate and
availability of engineering protection protection
The natural attenuation can be connected with the consumption of their main resource, i.e. ice, along with
the low negative temperatures, rapid vegetation restoration, relief alignments [25].
2.5 The assessment and mapping of geoecological situations at regional level
At the overview-regional scale of research, the evaluation and mapping of ecological situations are based
on the identification of territories in accordance to permafrost, climatic, landscape conditions of processes
activation and anthropogenic loading degree. The potential danger of cryogenic processes manifestation in
the territory of Russia cryolithozone is defined by the extent of their activation and a combination of the most
typical processes within various natural complexes [15, 25].
On the colour small-scale map of the permafrost zone of Russia (fig. 13), five groups of potential
processes activation are allocated: from weak to very strong. The assessment of the extent of permafrost
processes activation varies for plain and mountainous territories. On the plains, the whole area of a landscape
is estimated. For highlands, the activation of the processes is considered separately within a mountainous
terrain and in valleys [5,6,7,15].
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Figure 13. The map of cryogenic processes activation
The distribution of various combinations of the main cryogenic processes is presented on the map (fig.
14). These combination groups are united in 11 groups according to the zonal and regional varieties of the
permafrost, landscape and climatic conditions. They are characterized by different variations of eight most
ecologically and technologically dangerous and typical cryogenic processes. In the legend to this map, the first
six groups characterize the processes peculiar for plain landscapes, and the groups from the 7th to 11th are for
mountains, foothills, including the river valleys dividing these territories [15].
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Figure 14. The map of combinations of the main cryogenic processes

GIS-analysis of these groups of processes (fig. 15.) leads to the following conclusions.

Figure 15. The combinations groups of the cryogenic processes
The first group occupies a quarter of the permafrost zone (fig. 16) where the combination of mountainous
and valley processes take place, i.e. thermokarst, thermoerosion, frost heave, icing formation, solifluction,
kurums, that are spread in a mountainous-highland belt of Central Siberia, the Far East, Baikal and the
Transbaikal ridges [14,27]. It corresponds to the fact that highlands occupy the most part of the permafrost
zone. The development of these territories is highly localized, though there are a lot of problems with the
construction, but they rather rarely occur. The territories of the first group have small environmental hazard.
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Figure 16. The first group of processes combinations
The second group (fig. 17) includes three groups of processes combinations which occupy the greatest
part of the permafrost zone - 39% (fig. 15). These are highlands too, but different in morphology. There are
highlands and loaches of the northern low mountains where the slope processes and icing in the valleys are
typical. The development is insignificant here, the problems of construction are very rare. The territories of
the second group of processes have moderate environmental hazard.
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Figure 17. The second group of processes combinations
The third group (fig. 18) is comprised of the processes each of which occupies less than 10%, but their
total area is 36% of the Russian cryolithozone (fig. 15).
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Figure 18. The third group of processes combinations
Their diagnostics is the most difficult, as this group is the most numerous in the number of combinations
entering it (numbers from 1 to 7). In terms of geomorphology, they are plains and mountain hollows. It is here
that there is an active mastering of the territory not only due to the mineral wealth, but also to rather
convenient conditions for development. Respectively, the activation of cryogenic processes manifests itself to
the utmost. They occupy the largest areas, their rates are large, the combinations are various, the threats to
engineering facilities are also diverse [27].
Discussion
Thus, the diagnostics of geoecological situations in the permafrost zone in the overview-regional research
is based on the assessment of the anthropogenic cryogenic processes activation of through studying the area
affected by them, their rate of development, natural landscapes damage, threats to the functioning of
engineering structures.
At the overview scales of the research, the most significant permafrost factors are:
 the area of the permafrost distribution in %% from continuous to island;
 the annual mean temperature of the permafrost from below – 11 o C up to 0 o C with separate scale for
plains and mountains;
 the ice content of the permafrost with the intervals for weakly, mid- and strongly icy types, including
monomineral ice.
The hazard severity of the situations increases with the growth of the area and the ice content degree of
the permafrost, their approach to 0 o C.
The basis for the diagnostics and mapping of geoecological situations are landscapes, and the instrument
of diagnostics is the thawing depth. The latter is chosen by us as the most sensitive indicator of the situations
change in space and time.
At the local level of the research, the range of estimative factors is wider. It is the ice content degree and
temperature of the permafrost, the depth of seasonal thawing or freezing, the relief, the heat-insulating
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properties of the vegetation and the rate of its self-recovery, the bioclimatic indicators etc. During the process
of evaluative mapping of the permafrost contents, various techniques are used: methods of statistical
calculations, indicative signs, maps-indicators, scientific hypotheses, extrapolations, etc. The ecological
indicators are generally defined on the basis of expert estimates and rely on the long-term experience of
regional research. On the basis of the analysis of the chosen factors, the integrated indicator of their
cumulative influence is calculated. It can be either the simple sum of factor points or their geometric mean, or
the calculated coefficient developed in the multiple regression equation. For the determination of points
dimension it is proposed to use a cent scale.The graphic-analytical method of assigning scores against the
background of the interval 100-cent scale allows us to commensurate numerical scores on difficult-to-match
scales, as well as to supplement traditional points with an estimate of their own weight. The latter technique
of the calculation of the total score, undoubtedly, will interest the reader.
Conclusions
The ecological component of the majority of geocryologic research consists in the assessment of the
cryogenic processes manifestation of observed in nature. The paper reveals the experience of carrying out
diagnostics and mapping of the permafrost-ecological state based on the identification of the areas of
anthropogenically provoked cryogenic processes, ranging the extent of their activation and the combinations
of the most typical processes within various landscapes. Scientific and methodological approaches of this
avaluation find application in engineering geocryology, at predesign stages of the research, in the nature
protection institutions for the elaboration of the competent strategy of the cryolithozone development.
The paper reveals the experience of permafrost-landscape mapping in different scales of research: from
atlas to large-scale. The atlas maps, designed on a common landscape basis, have universal value, allowing us
to arrange, analyze and generalize the information about the permafrost zone landscapes. Their content, the
chosen indicators, classifications, gradation of values are developed taking into account the possibility of their
further application for geoecological estimates, for taking administrative decisions. They are actively used in
the educational process as visual aids.
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