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Abstract: This study is an attempt to suggest a new state system of permafrost monitoring, primarily
for energetic infrastructure, based on past approaches and achievements in Russia for over a hundred
years of Arctic studies. The methodology of this study is based on general theoretical methods of
scientific research. Historical (retrospective analysis of the development of the monitoring system of
long-term permafrost in Russia) and logical (inductive generalization) methods were applied. The
structure and methods of permafrost monitoring in the Soviet Union and new technologies used
nowadays to establish permafrost monitoring systems, taking into account modern Arctic energetic
development, have been analyzed.

Keywords: climate warming; permafrost; monitoring; thaw; damage; energetic infrastructure;
Russian Arctic

1. Introduction

The regions of Russia located in the Arctic and Subarctic play a key role in the country’s
fuel and energy complex. This is because 13% of the world’s oil reserves, 30% of natural
gas, and 20% of gas condensate are located in the Russian Arctic [1]. Russia’s Arctic
sector contains about 41% of the region’s total oil reserves and 70% of its gas reserves [2].
The energy infrastructure of the Russian Arctic, which includes oil and gas deposits and
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pipelines, plays an important role in the supply of hydrocarbons, not only to Russia,
but also to many European countries. Therefore, the stable development of the Russian
energy complex today has strategic importance for the economy in the scale of the whole
Eurasian region.

One of the main threats to the stable development of the fuel and energy complex
in Russia is climate change [3–5]. Over the past thirty years, from 1990 to 2020, the air
temperature has been growing in all regions of the Russian Arctic. In total, the average
annual temperature of the Arctic Region has increased by 2.4 ◦C over 30 years (or by
0.8 ◦C over 10 years) [6]. The temperature of the permafrost rises more slowly than
the air temperature (up to 0.5 ◦C over 10 years) [7]. Analysis by region gives slightly
smaller gradients: approximately 0.4 ◦C over 10 years by air and 0.3 ◦C over 10 years by
permafrost [4].

According to predictions based on various scenarios, we can assume that the high
rates of warming will continue to increase in some regions of the Arctic [8,9]. There is a
loss-bearing capacity in the foundations of engineering structures already in the Arctic [10];
on average, up to 40% of them are deformed to one degree or another [7]. Our estimate
predicts potential damage of up to USD 132 billion (total) and ~USD 15 billion for residential
infrastructure alone for the Russian Arctic [4]. Most of the available data on the state of
permafrost, including oil and gas field areas and transport communications, are outdated
and need updating. With an increase in temperature and thawing of permafrost, the
entire overlap between surface and ground water can change [11]. Epidemiological and
environmental threats have increased in the developed areas of the Russian Arctic [12].

This study includes the using of the following nomenclature. Permafrost—that section
of frozen ground, below the active layer, which remains permanently below the freezing
point; permafrost monitoring—system of observations for control of permafrost condi-
tion and dynamics, mostly by measuring soil temperatures and earth surface changes;
background monitoring, or BM—permafrost monitoring in natural conditions; geotechni-
cal monitoring, or GTM—permafrost monitoring in built-up areas; energy Infrastructure
falls into two general categories—energy production and energy transportation; energy
infrastructure—a constellation of the basic facilities for generation and transport of energy,
including electricity, oil, natural gas and coal; bearing capacity of a foundation—the maxi-
mum load that can be applied on a foundation, before failure or uncontrolled deformations
occur; permafrost table—the more or less irregular surface in the ground that marks the
upper limit of the permafrost; the active layer—the top layer of soil that thaws during the
summer and freezes again during the cold period above the permafrost table; layer of zero
annual amplitudes—a layer between the surface of the ground and the point below the
surface where the ground is not affected by the temperature oscillations over a year.

Permafrost is the basis of the landscape and natural environment in the Arctic. There-
fore, permafrost monitoring is important to assess its current state and development trends,
given the prevalent warming scenario. A permafrost monitoring system with a sufficient
duration of observation series allows assessing the cyclicality and trends of permafrost
processes. Following the climate warming, the degradation of natural landscapes has been
observed in the European North and Siberia: temperature of frozen soils rises and an
increase in the depth of seasonal thawing is observed [11,13]. Permafrost monitoring is a
comprehensive system of interaction with permafrost, including the observations, analysis,
assessment and forecasting of changes in its state, as well as management (if necessary and
possible). Alexander Pavlov [14] proposed the name and basic principles of such moni-
toring in its modern form, although its foundations were laid by generations of Russian
scientists, starting with Mikhail Lomonosov, Alexander Middendorf and Mikhail Sum-
gin [15,16]. Lomonosov, in the 18th century, defined permafrost as a natural phenomenon.
Mindendorf, in the middle of the 19th century, established the spatial coverage of the
permafrost zone and estimated the power of frozen grounds. Sumgin, at the beginning of
the 20th century, conducted a systematic survey of the permafrost zone in Russia.
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Permafrost resistance to external impact, including climate variability or human factor,
depends primarily on the temperature of soils, and on the content and the spread of
underground ice in them. The development of cryogenic processes, which are a powerful
relief-forming factor, can change natural landscapes in a short time [11].

In this context, it would be prudent to a establish permafrost monitoring system,
which should collect the experience and achievements of the USSR researchers, as well as
modern research methods and features in the development of the Russian Arctic.

2. Background and Basics

Our research is based on the analysis of open and un-published sources, written mostly
in Russian, which are not accessible outside of the country. We used our own experience
of studies and construction in the Arctic, mostly related to the oil and gas industry. The
methods applied include an analysis of the techniques and construction experience of the
Soviet Union, as well as modern approaches and technologies. A brief history of the Soviet
monitoring system is also presented.

Attention was paid to the integration of studies dedicated to natural permafrost
processes. It included, on the one hand, distribution, content and properties of per-
mafrost and its dynamics. On the other hand, permafrost interaction with the foundations
was discussed.

Prior to the design of the state permafrost monitoring network, we considered modern
methods and technologies, the possibilities of their use for frozen soils, ways of integrating
various systems of background (in natural conditions) and geotechnical (in disturbed areas)
monitoring, into a system of observations, analysis, forecast and technical solutions, to
ensure the stability and safety of infrastructure in the Arctic.

The methodology of this study is based on general theoretical methods of scientific
research. Historical (retrospective analysis of the development of the monitoring system
of long-term permafrost in Russia) and logical (inductive generalization) methods were
applied. The main stages of development of geocryological monitoring in Russia were
identified. Descriptive and comparative methods were applied—the principles of orga-
nizing geocryological monitoring in modern Russia, the USSR, and foreign countries are
described and compared in detail. Using analytical methods, key shortcomings in the exist-
ing, background and geotechnical monitoring in Russia were identified—fragmentation
and the absence of interdepartmental interactions. Based on obtained results, the need to
create a modern system of state geocryological monitoring in Russia is logically justified,
its conceptual description is given and the structure is proposed. The method of using
expert assessments of leading specialists of the Russian geocryological scientific and in-
dustrial community was also applied. Based on geographical zoning data, the location
of observational geocryological landfills and their required number of key characteristics
are justified.

3. Organization of Monitoring
3.1. Existing Practice and Experience
3.1.1. Experience of Monitoring Permafrost in the Russian Arctic

Russian systematic permafrost observations began about 100 years ago and were
made in various regions of the Arctic. Michael Sumgin, the founder of permafrost research,
considered monitoring and permafrost stations to be the necessary tools for studying
permafrost (Figure 1). In 1929, together with Vladimir Vernadsky, he submitted a memo-
randum to the USSR Academy of Sciences on the need for extensive permafrost studies.
This resulted in establishing the Commission for the Permafrost Study, even amid extreme
scarcity of resources. At the same time, permafrost stations were built both for studying
permafrost in the regions and for solving practical problems of engineering. Later, in the
1940s, the Institute of Permafrost was opened in Moscow. In the USSR, between 1927 and
1980, more than 10 permafrost stations were in operation, for instance, in Skovorodino,
Igarka, Anadyr, Vorkuta, Yakutsk, Aldan, Norilsk, Amderma and other locations. Vorkuta
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station was organized for studies of coal mining in permafrost areas. They monitored
permafrost in natural conditions (background monitoring, or BM) and in built-up areas
(geotechnical monitoring, or GTM).
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Figure 1. Shergin’s mine, Yakutsk. One of the first temperature measurements of permafrost was
carried out here from 1844 to 1846, as part of Alexander Middendorf’s expedition. https://sakhaday.
ru/news/kakoj-budet-dalnejshaya-sudba-shahty-shergina (accessed on 3 April 2022).

In the 1950–70s, permafrost stations were operating in the European North, in Western
and Eastern Siberia. Field expeditions were studying permafrost in newly opened oil and
gas field areas. Special monitoring sites were organized just at the points where it was
planned to create key oil and gas infrastructure facilities. For that period, the dynamics
of climatic conditions and permafrost response were not discussed. The environment and
permafrost conditions prevailing at that time were generalized by medium-scale (1:100,000)
mapping in the 1970s. It was done by production organizations and research institutions.
For instance, the Institute for Hydrogeology & Engineering Geology VSEGINGEO, In-
stitute for Engineering Research, “Fundamentproekt”, “YuzhNIIgiprogaz”, Lomonosov
Moscow State University, etc. About half of the studies were done by the USSR Ministry of
Geology [17–24].

Back then, researchers intended to find permafrost trends through repeated mapping
over 20 years, but they did not conduct it in sufficient volume because of the situation
in the country. However, the obtained data of limited repeated mapping supported by
local monitoring showed that there was a positive permafrost temperature trend and
activation of cryogenic processes [25–28]. The reasons for this are natural and technogenic.
The experimental testing area was the territory of the Urengoy hydrocarbon deposit [25].
However, this was not the first experiment in geocryological monitoring.

During the First International Geophysical Year (1882–1884), the St. Petersburg
Academy of Sciences sent a group of researchers to the northern part of the Lena River delta
to organize year-round observations. From 1951 to 1953, researchers from the Permafrost
Institute studied permafrost conditions, including regime measurements of temperature
and depth of soil thawing at the islands of the Yansky Bay, Yana, Lena and other rivers. The
studies became a base for the design of the first hydropower stations on permafrost. The
Permafrost Department of Lomonosov Moscow State University has been monitoring the
Yenisei valley for more than 20 years, at the crossing point of the Messoyakha and Norilsk
gas pipeline. A number of monitoring sites were functioning in the north of Western Siberia,
where oil and gas fields have been discovered [27,28]. For that period, manual methods of
measuring the radiation–thermal characteristics and physical properties of soils were used.
Therefore, long-term observations could be organized at permafrost stations, for instance

https://sakhaday.ru/news/kakoj-budet-dalnejshaya-sudba-shahty-shergina
https://sakhaday.ru/news/kakoj-budet-dalnejshaya-sudba-shahty-shergina
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in Igarka, Yakutsk, etc. Permafrost stations outside large settlements worked for a short
time (1–3 years), since it was expensive to keep staff in remote areas all year round.

Permafrost thawing causes surface subsidence and building damage. In the previous
work of the authors [4], on the basis of their original methods, an assessment of the likely
damage from the melting of long-term permafrost in the municipalities of the cryolithozone
of the Russian Arctic until 2050 was made. According to the calculations, the expected
damage for buildings and structures of the economy, as well as housing stock, in 2020
prices will be USD 132 billion (15 billion of which for residential infrastructure). The work
of [5] considered in more detail the electric energy funds of the Russian Arctic, which are
situated in the areas of maximum risk of the permafrost melting. Calculations showed
that by 2050, the total damage to buildings and structures of the electric power industry,
if warming continues and the bearing capacity of the bases decreases, may range from
USD 1.8 to 3.4 billion (depending on the warming scenario). Therefore, from 35% to 66%
of all energy buildings and structures will be destroyed. Despite the fact that the damage
to energy funds in the worst-case scenario of warming will only be about 3% of the total
expected damage, the critical importance of energy infrastructure, the dependence on it of
all the vital activities of the population in the Arctic and the functioning of all other sectors
of the economy makes this damage the most significant and entails the largest share of
indirect damage.

Extensive industrialization of the Russian North, mostly the oil and gas industry,
required new methods of construction, and one of them was ensuring the stability of
structures by keeping the ground base frozen. It began to be used worldwide once N.
Tsytovich had developed necessary studies in 1928 [29]. The method included ventilated
cellars under floors and was implemented in Yakutsk in 1937 [30] for the construction
of a new power station, which is still operational. A large number of buildings and
engineering structures were successfully constructed in the North and the Russian North-
East (cities of Vorkuta, Norilsk, Yakutsk, with hundreds of thousands of civilians, etc.).
Large oil and gas fields in Western Siberia were in operation and about 200,000 km of main
pipelines were constructed. The construction was supported by a network of permafrost
monitoring stations funded by the government. The network was functioning until about
1980 when it seemed that all problems with permafrost were basically solved; it seemed
that the construction industry in the Russian North, and mostly all around the world, was
completely supplied with technologies and materials. Accordingly, the permafrost stations
were closed, and scientific studies were gradually reduced. At this time, everything was
fine, because this period was also cold. However, climate warming began later, and more
rapidly than on average in the Northern Hemisphere (Figure 2).
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3.1.2. Modern Monitoring of Permafrost in Nature

Nowadays, automatic measuring instruments of natural physical processes are widely
used [32,33]. The development of automatic devices, such as temperature data loggers for
recording and storing large volumes of physical characteristics (temperature, humidity,
etc.), increased the efficiency of permafrost monitoring. Long-term year-round research in
remote regions has become possible. Observers were limited to a short time presence in the
summer for taking data and servicing automatic equipment.

Russia took part in two international programs for the study of permafrost: TSP (the
Thermal State of Permafrost) and CALM (the Circumpolar Active Layer Monitoring) [26].
It allowed, partly, the restoration of monitoring at some sites (measuring the permafrost
temperature at a depth of zero seasonal amplitudes (~10 m); measuring the depth of
seasonal soil thawing, as well as partly to recover damaged wells, to drill new ones, and
even to establish new sites.

The Institute of the Earth Cryosphere RAS (Russian Academy of Sciences) has several
permafrost monitoring sites in Western Siberia. “Tarko-Sale” is located in the northern
taiga (left bank of the Pur River, 18 km west from Tarko-Sale (a town), in discontinuous
permafrost), “Nadymskaya” near the Nadym-Punga compressor gas pipeline to monitor
its impact. “Talnakh” (R32; 69◦26′ N, 88◦28′ E) is located in the forest tundra.

Three sites were built in the mid-1970s on the territory of the Urengoyskoye oil and gas
condensate field, in the forest tundra and the southern tundra. They are located near the
center of the planned gathering and treatment points for gas from production wells (Gas
Processing Facility). After 45 years, the infrastructure of the GPF has gradually crept up to
the sites, but the conditions can still be partially considered background. “The Urengoy-
northern forest-tundra” site is located 180 km north from Novy Urengoy (a town) (R50B;
67◦28.5′ N, 76◦41.5′ E). Soil temperature there has increased over 45 years from 5–6 ◦C to
3–4 ◦C.

The Permafrost Department of Lomonosov Moscow State University conducts moni-
toring in the Vorkuta coal mining region and on the coast of the Baydaratskaya Bay. In 1974,
the Institute of Agrochemistry and Soil Science of the USSR Academy of Sciences, together
with VSEGINGEO, near Chokurdakh (a town), in the lower reaches of the Indigirka River,
equipped monitoring sites to study the thermal regime of permafrost, thaw depth and
dynamics of cryogenic processes. At some of the sites, the permafrost parameters are still
being measured.

The Abyisky heat-balance station at the Permafrost Institute of the Siberian Branch of
the USSR Academy of Sciences was built in the Abyisky region of the Yakut Autonomous
SSR in 1984–1986. It researched the heat balance and permafrost conditions of soil in the
regions of drained lakes in order to create forage meadows for animal husbandry. In the
early 1990s, within the framework of the CALM project, 29 CALM experimental sites were
built in the Arctic zone of Eastern Siberia and Yakutia, from the Yenisei River to the Kolyma
River, 19 of which are still working.

From 1992 to the present, the Permafrost Institute, Siberian Branch of the RAS, together
with a number of international scientific organizations, has held monitoring studies in
the vicinity of Tiksi (a town). In 2007, a series of wells equipped with temperature data
loggers were drilled in the lower reaches of the Kolyma River, and the monitoring is still
being held there. In 2010, the Samoilovsky Island Research Station was built in the Lena
River delta to develop research into the Arctic natural environment. Thermal conditions
are observed in a series of temperature wells. On the territory adjacent to the station,
permanent sites are equipped to monitor the rate of coastal destruction due to thermal
erosion and thermal abrasion.

In recent years, the staff of the Permafrost Institute has equipped new monitoring
points in the border zone of the North Siberian lowland and the Putorana plateau (between
the Kystyktah and Ondodomi rivers), in the coastal part of the Khatanga Bay area of the
prospective oil industry, in the interfluve of the Lena and the Olenka rivers, near Zhigansk
(a town) (lower reaches of the Lena River). In terms of global warming, results extrapolation
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led to the identification of areas with a lowering of the permafrost table within the southern
forest tundra, and in the northern forest tundra, larch sparse forests move northward.

An increase in the mean annual air temperature (MAAT) and winter precipitation
has led, in recent decades, to significant changes in the temperature mode of permafrost.
Soil temperature in the upper layers for the last 30 years has increased by more than
1.5/2.5 ◦C in some arears of the Russian Arctic (Figure 3). In the tundra of the European
territory of Russia, the permafrost temperature rose to −0.2/−1 ◦C. In the forest tundra
and southern tundra of Western Siberia, at conditions of discontinuous and continuous
permafrost, the temperature has increased by more than 1.5 ◦C over the past 20 years. In
Eastern Siberia, the mean annual ground temperature (MAGT) in the Arctic zone during
the monitoring increased by an average of 1.5/1.9 ◦C. Over the past 35–40 years, the
background temperature values of the upper part of the permafrost in the coastal lowlands
of Western Siberia have increased by 2.0 to 4.0 ◦C, depending on the geomorphological
level. At the same time, an increase was recorded not only in the layer of zero annual
amplitudes (10–15 m), but also significantly lower, in depths of 25–30 m.
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However, in total, permafrost monitoring remains largely local. Permafrost monitoring
in the Central Siberian and Yakutsk sectors of the Russian Arctic are insufficient. There
are only five sites for regular control: Igarka, Tiksi, Samoilovsky Island, Chersky and
Zhigansk, and none of them are close to areas of oil and gas development. The temperature
of permafrost is continuously monitored in three wells located in Anadyr and its environs.
Cryogenic processes, the dynamics of seasonal thawing, and the temperature of the active
layer are monitored at five sites 100T (100 × 100 m and automatic temperature recording)
CALM. Two sites are located in the vicinity of Lavrentiya and Lorino, and three more sites
are located in the typical landscapes of the Anadyr lowland.

The system of BM (in undisturbed areas) is represented in various ministries and
departments with a limited number of stations and sites of periodic visits. There are only
two monitoring objects in the system of the Ministry of Natural Resources—the Vorkuta
test site and the Marre-Sale station in Yamal. The Marre-Sale station was built by the
VSEGINGEO Institute in 1978 to serve large Russian oil and gas producers and has worked,
until lately, as the functions of a field center for approbation of new methods and technical
means for monitoring the Arctic permafrost, including the coast and shallow shelf of the
Kara Sea. The Russian Academy of Sciences has approximately 20 sites and about 85 wells.
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The USA, in Alaska, the territory of which is almost 10-times smaller and less oil and
gas rich, has more wells. Canada has the same number of them, but the development of the
northern territories, as well as the total permafrost area, is lesser. Switzerland has had the
state program for permafrost monitoring and dozens of wells for more than 30 years, as
well as Norway (in Svalbard, which the latter runs), and its operator is a research institute.
In the United States and Canada, the well-equipped and trained geological services of these
countries together with state universities conduct monitoring. In China, the State Scientific
Institute monitors about 1000 wells in Tibet.

3.1.3. Modern Permafrost Monitoring at Civil and Industrial Facilities

Various enterprises and organizations monitor the condition of buildings and engineer-
ing structures, including production wells, main pipelines and power plants. Geotechnical
monitoring (GTM) usually includes measurements of soil temperatures and deformations
of buildings and facilities only. GTM is most fully represented at the facilities of the gas
industry, more so than in any other spheres of industry, including transport and mu-
nicipal facilities. Larger companies have already implemented an extensive monitoring
(Gazprom—over 12,000 temperature boreholes; Transneft—close to 7000; Novatek—more
than 3500).

The pioneer in the organization of the modern permafrost GTM is “Gazprom”. Earlier
than others, back in 2003, “Gazprom” realized the need for GTM implementation for
managing the gas transmission systems built on frozen grounds. Now, it is mandatory for
all enterprises in the company.

The oil and gas industry in the Arctic, with the modern level of knowledge and
technology, is one of the largest areas of activity in terms of the degree of transformation
in the natural permafrost environment, primarily its conditions [34]. The development of
hydrocarbon resources is inevitably accompanied by transformations of permafrost and
the natural course of the evolution of northern geosystems. Emergencies caused by the
loss of stability of permafrost are associated with a decrease in the bearing capacity of
frozen foundations and the expansion of deformations of foundations of structures and
technological equipment. In contrast to deformations in objects built on thawed soils,
deformations in structures on frozen foundations continue over time, due to the permafrost
behavior to man-made impacts.

Failures in the oil and gas complex located in the permafrost zone have shown that
most problem situations emerge in the first 2–3 years of operations. The man-made impacts
on permafrost are one of the main causes of emergency situations, regardless of the stage
of the life cycle of facilities. For instance, at the operating gas production facilities of the
Yamburgskoye and Medvezhye fields, the permafrost table at the base of the gas air coolers,
depending on the initial cryogenic conditions and operation time, decreased from 1.5–2 m
to 7.5–8 m, which sometimes exceeds the piling depth and leads to a loss of the bearing
capacity in the foundations.

Main pipelines with a product temperature different from the temperature of the
enclosing soils suffer from significant deformations. Man-made taliks are formed around
pipelines with a positive temperature of the transported product (+10 ◦C and more), de-
pending on the methods of thermal insulation, as well as the composition, cryogenic
structure and temperature regime of soils in natural conditions, with surface subsidence
processes, local thermokarst, thermal erosion along the pipe and often leads to the ascent
of the gas pipeline to the Earth surface. Geotechnical problems are relevant for the old
production wells, which were constructed amid the absence of sufficient experience in
the permafrost zone and without proper methods of thermal insulation of tubing strings.
The high positive temperature of the produced gas (up to +36 ◦C for Cenomanian de-
posits of Medvezhye Gas field and Urengoyskoye Oil and Gas Condensate field) has a
significant warming effect on the permafrost, amid the formation of significant cylindrical
thawing halos around the wellbores and the formation of near-mouth craters, but also
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by the development of thermokarst subsidence at significant areas around the clusters of
production wells.

Quite typical is the situation where the increase in the temperature of soils occurs under
the influence of excessive man-made influence, for example, under numerous technological
fillings. At the same time, the seasonality of thawing and freezing cycles is violated, and
the thawing depth itself increases, capturing the underlying natural soil. As a result,
thermokarst phenomena and rapid deformations in engineering objects begin [35].

Studies show that the number of deformed buildings and facilities in the permafrost
zone now reaches about 40% (Table 1), although criteria for “damaged buildings” vary, as
the data are approximate and need to be continued.

Table 1. The share of buildings in Russian cities and towns in permafrost regions experiencing
deformation. Authors data and [36,37].

City/Town Buildings’ Deformation (%)

Chita 60

Pevek 50

Amderma 40

Dudinka 35

Dixon 35

Yakutsk <20

Tiksi 22

Anadyr 20

Salekhard >10

Labytnangi >10

Vorkuta >50

GTM is carried out not only at oil and gas facilities, but at some thermal and hydro-
electric power plants, large mining enterprises, roads and railways, as well as in cities, such
as Yakutsk and Salekhard.

However, as a rule, there is no background monitoring (BM) combined with GTM. It
reduces the effectiveness of monitoring and its use results as a basis for the design of new
facilities and reconstruction of operating ones. There is also currently no coordination and
exchange of information between BM and GTM operators.

3.2. Permafrost Monitoring Development Concept
3.2.1. Principles of Monitoring

The permafrost station is the basis for a permafrost monitoring network, both BM
and GTM. Monitoring sites or points are built, where natural (background) territories are
studied, as well as disturbed, “man-made” ones. Not only soil temperatures need to be
measured, but also soil moisture, the active layer depth, cryogenic processes (heaving, frost
cracks, slope soil displacement, etc.), and snow and vegetation cover, which affect the state
of permafrost. The important feature of permafrost monitoring is its duration, usually
measured in years and decades, due to the trends of changes in soil temperatures, their
freezing and thawing becoming traceable. The permafrost monitoring should start before
and finish long after the oil and gas field, pipelines and power stations operate.

The monitoring network is based on the construction of observation wells for a
comprehensive study of the geological (geocryological, hydrogeological, etc.) section and
arrangement of the well for regular monitoring of the temperature of soils. Observation
wells, as a rule, are equipped with autonomous measuring systems based on loggers,
with temperature recording intervals of one to four, or more, times a day. Geophysical
and other remote sensing methods are essential as a part of monitoring. Thermal logs or
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thermometric data observations in a borehole, in the main types of landscapes and types of
frozen deposits, allow researchers to estimate the state and dynamics of the thermal regime
of frozen soils at different depths in annual and multi-year cycles. Remote video filming
for the study of thermoerosion and thermoabrasion is provided both with helicopters and
radio-controlled models of unmanned aerial vehicles.

It is known that the temperature regime of the permafrost table is determined by the
radiation balance of the underlying surface, the amount and regime of atmospheric precipi-
tation, especially snow, circulation processes in the atmosphere, humidity of the surface air
and other climatic factors, vegetation cover, thermal properties of the ground, etc.

By the beginning of the 1990s, 110 meteorological stations in the northern regions of
the country, including 48 stations in Eastern Siberia, monitored the temperature of soils
and their upper layers. However, the maximum depth of soil temperature measurement
at meteorological stations (1.6 and 3.2 m) is insufficient to solve theoretical and applied
geocryological problems and to make a thermal forecast, and should be increased to at
least 10 m or 15 m, i.e., to the depth of annual fluctuations of ground temperature. In
addition, the locations of wells, for the installation of exhaust thermometers, are selected
without taking into account landscape and hydrogeological conditions. For example, in the
taiga zone, they are in treeless open areas, and do not correspond to the typical landscape
conditions of this zone. During especially humid times, at some meteorological stations,
underground waters of the seasonally thawed layer are formed, which cause not only
transformation in the soil temperature regime, but also processes of waterlogging and
flooding at meteorological stations.

It is necessary to make observations of the active layer dynamics, soil moisture,
chemical composition and water table of the suprapermafrost waters of the seasonally
thawed layer, and thermal properties of snow and vegetation cover. Back in the 1940s,
in the 20th century, Vyacheslav Koloskov pointed out the importance of providing such
observations at meteorological stations, especially in permafrost conditions. The list should
now be expanded. Greenhouse gas content (CH4 and CO2) at the top of the frozen soils
section needs to be assessed.

Representativeness of data taken from meteorological stations is also an issue. In
Yakutia, for example, 45 meteorological stations, at 23, of them meteorological sites were
transferred to other places (at 4 of them, twice), measured the soil temperature. Meteoro-
logical sites at 18 stations in Yakutia were subjected to serious man-made impacts (flooding
by inundation and suprapermafrost waters, waterlogging, fires, etc.). Further, 11 meteoro-
logical stations had breaks in soil temperature monitoring with different durations. Thus,
at the 45 registered meteorological stations in Yakutia, measuring the temperature of the
soil, the data from only 22 meteorological stations are representative. Of these, at present,
geothermal observations are continued at only 11 meteorological stations.

There are 20 meteorological stations in the Arctic zone of Yakutia, but only 8 held
monitoring of the soil temperature at depths of 1.6 and 3.2 m. On one hand, the location of
meteorological stations, as a rule, does not allow background monitoring (BM), because
the sites are in partly altered, disturbed conditions. On the other hand, monitoring at
mereological stations does not allow one to obtain proper data related to the development
area and buildings and engineering structures bases.

The well-studied territories of the Russian permafrost are a kind of “key area” for
extrapolation and interpolation of information. Research institutions provide regular
monitoring of the active layer in the European North and Western Siberia at several sites,
located so as to cover all natural and climatic zones. The duration of the systematic
observations series of the ground temperature is 25–45 years.

At the beginning, observations on the thickness of the active layer were carried out
unsystematically and separately, and they were brought together into a single system
after the establishment of the international network “Circumpolar Active Layer Moni-
toring” (CALM). The duration of the CALM protocol observation series does not exceed
10–20 years. However, CALM data do not include a number of important parameters.
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It is relevant to observe other parameters, which are necessary for the permafrost
state analysis. Such parameters, besides meteorological ones, soil temperature at different
depths up to 30 m and more, deformations of the Earth’s surface and structural elements of
buildings and facilities, are the characteristics of snow and vegetation cover, soil moisture
in the active layer, moisture conditions on the surface, and thermal properties of the
snow, vegetation, soils and grounds. Without these parameters, it is often impossible
to determine the cause of the change in the temperature regime of soils and to forecast
permafrost conditions.

Considered above, background monitoring of undisturbed areas (BM) is important
for understanding the general trends of permafrost, but geotechnical monitoring (GTM)
has an unconditional priority. GTM is a system for monitoring, forecasting and managing
buildings and engineering structures’ conditions to ensure operational reliability, at all
stages of the life cycle. In this case, the concept of geotechnical systems includes a set of
interconnected natural objects and technical structures that interact with each other and
influence each other, as a result of the functioning of a technical object depending on a
natural one, and vice versa.

To control the permafrost state of the geotechnical systems is vital, since permafrost
is the leading factor in the development of northern geosystems, and at the same time, it
is their most dynamic and unstable component. The reliability of the functioning of the
engineering facilities erected on them largely depends on the state of the permafrost. A
cumulative effect appears as a result of the combination of modern climate warming and
large-scale man-made impacts on permafrost. The consequences of the cumulative effect
have already led to the loss of stability of frozen grounds, major accidents of natural and
technical systems, ecological disasters and, in general, to an increase in the risk of nature
management in the permafrost regions, including the shelf of Arctic seas [38].

The principles of organization and structure in geological and technical measures
are largely determined by the specifics of the industry and operating facilities. However,
it is necessary to pay attention primarily to the geological structure of the territory and
the nature of the environment, as well as monitoring a set of parameters, which makes it
possible to carry out a quantitative forecast of the state of the permafrost.

The main goal of geological and technical measures is to ensure the reliability of the
functioning of geotechnical systems and the trouble-free operation of engineering facilities.
This goal can be achieved in the process of identifying potential areas of geotechnical risk
and developing measures to eliminate the causes of critical incidents. Gas production
enterprises in the West Siberian fuel and energy complex are often city forming and, along
with the administrations of settlements in the Yamalo-Nenets Autonomous Okrug, are
interested in trouble-free, long-term and stable operation of not only field engineering
facilities, but also civilian facilities. Therefore, services in the geological and technical
measures include housing facilities in their area of responsibility or providing methodolog-
ical support in monitoring the condition of houses and public utilities in Nadym, Novy
Urengoy, Salekhard, Labytnangi and other settlements.

3.2.2. Structure of Monitoring

We describe the structure of permafrost monitoring that best matches the experience
of the USSR and Russia in this sphere. The new approach aimed to create a system of
permafrost sites, as the highest level of monitoring, combining BM stations and GTM
facilities of industrial structures, transport systems, urban and municipal entities. The
observational network of BM and GTM of permafrost includes: sites, stations, regional
profiles and points of periodic visits. The disturbed territories are provided with materials
of small–medium-scale integrated engineering–geological and hydrogeological surveys.

Permafrost sites are built both in the territory of prospective economic development,
and in the areas of operating industrial and energy complexes, which poses a serious threat
to the ecological situation in the region.
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The observation network at the test site combines BM and GTM. In general, the terri-
tory of the test site is determined by the boundaries of extrapolation and representativeness
of the observed regional parameters of the geological environments.

The construction of observation sites involves certain requirements, the main of which
are: the prospects for the development of the region as a large industrial and economic
facility; the study of the territory or its individual parts, for performing a preliminary
typification of the landscape–climatic and permafrost–geological conditions of the region
on a small and medium scale; the presence of natural hazards during the development of
the territory and, as a consequence, the need for a detailed study of geological conditions
on the basis of monitoring observations and research, and the prospects of using scientific
and methodological studies and observation results for other regions (Figure 4).

Energies 2022, 15, x FOR PEER REVIEW 13 of 18 
 

 

 

Figure 4. Permafrost monitoring structure. 

Regional permafrost stations are the basis of the observational network for BM 

[42,43]. They are built at the stage of advanced permafrost study in the region or at the 

beginning of the prospecting and appraisal stage of geological exploration, at the rate of 

one or two stations per landscape subzone. The stations should be located in the largest 

types of natural complexes in the rank of a landscape (physical–geographical) region or 

sub-province and include several types of localities (permafrost). Regional stations should 

be aimed at an operating period at least of 30–40 years, in order to cover the long-period 

rhythm of permafrost and hydrogeological conditions (Figure 5). 

Observation objects in the permafrost station are systems of wells, observation plat-

forms and profiles for studying the thermal and water regime of permafrost layers in an-

nual and multiyear cycles, with an assessment on the influence of the natural factors.  

The studied parameters (in the monitoring system at the stations) include: the com-

position and properties of soils in the frozen and thawed state, and the moisture regime. 

The total number of boreholes at the station is about 25, 10 of which are deep (up to 80–

120 m), and 2 penetrate the entire thickness of the permafrost (Figure 4). The rest of the 

wells are drilled to a depth of approximately 2–3-times the capacity of the annual heat 

turnover (30–40 m). Observation sites study the composition and properties of soils, and 

ground covers (vegetation, snow). 

Figure 4. Permafrost monitoring structure.

Observation sites should have been created at least 5–7 years before the start of
intensive development of the region and the installation of major capital-intensive facilities.
The recommended lifetime of landfills should be at least 30–35 years. The territory of the
landfill should be sufficient to characterize one (less often two) permafrost zones (subzones),
taking into account the variability of nature-forming parameters under the influence of
latitudinal zonation and continentality. The territory of the test site should be provided
with hydrometeorological information with the longest possible series of observations.
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Elements of the observation network of a lower hierarchy (stations, profiles, sites,
wells, etc.) function within sites. Additional observation points are built. Routes of ground
and remote surveying of the most complex and dynamic monitoring objects are carried
out. A feature of the monitoring site is the organization and conduct of observations of the
regime of permafrost on regional profiles located in latitudinal and meridional directions.
The creation of a permanent spatial-temporal model of a large territory becomes possible,
as a rule, not fully provided (or not provided at all) with materials of state geological,
hydrogeological and engineering–geological surveys of medium scale [39–41].

The scale of regional surveys and maps of permafrost (hydrogeological-engineering-
geological) should be at least 1:500,000 with key areas at a scale of 1:100,000 (1:50,000). The
site includes one station (for each map sheet at a scale of 1:500,000), a regional profile of
12–16 deep wells, and observation points fixed on the ground. Of the total number of deep
wells, at least 2–3 wells are hydrogeological and are passed to the first subpermafrost aquifer,
and the rest, 80–120 m deep, are traversed within the main types of terrain (permafrost
regions), at all geomorphological levels.

Regional permafrost stations are the basis of the observational network for BM [42,43].
They are built at the stage of advanced permafrost study in the region or at the beginning
of the prospecting and appraisal stage of geological exploration, at the rate of one or
two stations per landscape subzone. The stations should be located in the largest types
of natural complexes in the rank of a landscape (physical–geographical) region or sub-
province and include several types of localities (permafrost). Regional stations should be
aimed at an operating period at least of 30–40 years, in order to cover the long-period
rhythm of permafrost and hydrogeological conditions (Figure 5).
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Observation objects in the permafrost station are systems of wells, observation plat-
forms and profiles for studying the thermal and water regime of permafrost layers in
annual and multiyear cycles, with an assessment on the influence of the natural factors.

The studied parameters (in the monitoring system at the stations) include: the compo-
sition and properties of soils in the frozen and thawed state, and the moisture regime. The
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total number of boreholes at the station is about 25, 10 of which are deep (up to 80–120 m),
and 2 penetrate the entire thickness of the permafrost (Figure 4). The rest of the wells are
drilled to a depth of approximately 2–3-times the capacity of the annual heat turnover
(30–40 m). Observation sites study the composition and properties of soils, and ground
covers (vegetation, snow).

Maps of the station territory are made with factual material (with a diagram of the
observational network) and geocryological zoning on a scale of 1:10,000. These maps show
the thermophysical and geoecological models of the territory of the station.

The choice of the station location should be based on the materials of regional studies,
taking into account the accessibility of the study area, the proximity of settlements and
hydrometeorological stations, the availability of electricity, etc. These territories should
cover both the most typical I and C complex (including the dominant type) and an I and C
complex with the maximum development of permafrost processes.

The geotechnical monitoring observational network is designed by subsoil users, in
accordance with the technological features of mining and processing industries, and taking
into account the information requirements included in the license agreements for subsoil
use. According to our estimates, the deployment of the monitoring system in the Russian
Arctic requires about RUB 10–12 billion.

4. Discussion

The system of permafrost background monitoring (BM) is currently represented
in Russia in various ministries and departments, by a limited number of stations and
sites of periodic visits. Comparison of the Russian BM with other countries shows that
northern countries are developing permafrost monitoring on the basis of research and
geological institutions [4,44]. The USA and Canada made it on the basis of the Geological
Surveys; Switzerland and Norway, on the basis of universities under the state program,
and China, on the basis of the Academy of Sciences, jointly with manufacturing enterprises.
Observations of undisturbed areas are undoubtedly useful, but they do not reflect the state
of permafrost in the area of development or subsoil use [45].

The geotechnical monitoring (GTM) network in Russia is functioning at many indus-
trial, transport and civil facilities. It significantly reduces the risks associated with the
interaction of engineering facilities and permafrost. In addition, it prevents the emergence
of incidents and significantly reduce operating costs due to timely decisions made on the
management of the state of frozen grounds. Meanwhile, the mandatory requirements of
such monitoring are far from always being met [4].

In addition, the disadvantage of the existing geological and technical measures system
is the lack of background sites in the geological and technical measures network for study-
ing the temperature regime of permafrost in nature and the dynamics of the development
of exogenous processes. Despite the arrangement of geotechnical monitoring at a number
of large facilities, as well as in some cities (Yakutsk, Salekhard), the absence of simultaneous
background monitoring reduces the efficiency of both [45,46].

A common disadvantage of the existing BM and GTM is the absence of observations
in the hydrological and hydrogeological regime in the territory, the state and characteristics
of snow and vegetation, soil moisture in the active layer, and other important indicators of
geosystems. Without them, a quantitative forecast on the state of the eternal permafrost, as well
as the decision-making process of ensuring the sustainability of facilities, is impossible [46].

Now, the global permafrost network, authorized by the World Meteorological Or-
ganization (WMO) and its associates, consists of two observational components: the
Circumpolar Active Layer Monitoring (CALM) and the Thermal State of Permafrost [47].
International requirements for space-based monitoring of permafrost observables were
defined within the IGOS Cryosphere Theme Report at the start of the IPY in 2007 [48]. In
our opinion, there is still the need to review the requirements for permafrost monitoring
and to update these requirements as necessary. For example, land surface temperature,
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snow depth, and snow water equivalent, soil moisture, vegetation type and height are
included as parameters, but its distribution in terms of depth and thermal properties is not.

An integral part of monitoring is not only about observations, but about the analysis
of all available data, and primarily, on the foundations of buildings and facilities, and
the development of technical solutions for the engineering protection of economic and
social facilities; otherwise, they are irrelevant. Such technical solutions are possible only
on the basis of a quantitative, scientifically grounded permafrost forecast. Observations,
permafrost forecast and development of technical solutions should be carried out on the
basis of uniform and tested methods and equipment. However, they have not yet been
developed. Besides, the monitoring system still has no structures responsible for forecasting
the state of permafrost, and no centers for developing technical solutions to ensure the
stability of buildings and engineering facilities on permafrost.

5. Conclusions

Changes in the thermal state of permafrost under the influence of climatic variations
have occurred over the years, but have not reached their maximum. This circumstance
significantly increases the risks in fuel and energy complex stability. Everywhere in the
Russian Arctic, there is a loss of the bearing capacity in the bases of buildings and structures.
The vast majority of the permafrost data are outdated and need to be actualized in the
formation of a unified monitoring system.

The development of the fuel and energy complex in the Russian Arctic complements
the impact of background climate change. As a result of the joint effect of climate warming
and large-scale man-made impacts on permafrost, a cumulative effect arises. Its conse-
quences critically accelerate the loss of the stability of frozen foundations, which leads to
major accidents of natural–technical systems.

However, nowadays in Russia, there is no single center for the collection and analysis
of permafrost information. Even gas and oil companies do not exchange permafrost data.
This has resulted in ignorance of the current permafrost processes, at the federal and
regional levels, as well as in built-up areas, in cities and towns, in the foundations of
engineering facilities. The existing funding of the monitoring network is insufficient for a
general assessment of emerging trends, especially amid assessments of possible damage by
the mid-century, as a result of an increase in permafrost temperatures.

The establishment of a new state permafrost monitoring system is a timely, econom-
ically justified and important national task. It is clear that the developed territories and
foundations of buildings and facilities have the highest priority above nature. A number of
industrial enterprises (Gazprom, Rosneft, Transneft, Rushydro and others), municipalities
(Salekhard, Yakutsk and others), and scientific institutions in the Russian Academy of
Sciences and the Ministry of Science are already conducting both background and geotech-
nical monitoring; therefore, the priority today is to organize interagency cooperation and
create a joint coordination and analytical center.
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