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Permafrost degradation is one of the most pressing issues in the modern cryosphere
related to climate change. Most attention is paid to the degradation of the top of the active
permafrost associated with contemporary climate. This is the most popular issue because
in the subsurface part of it there is usually the greatest accumulation of ground ice in direct
relation to the changes taking place. The melting of ground ice is the cause of the greatest
changes related to subsidence and other mass-wasting processes. The degradation of
the subsurface permafrost layer is also responsible for the increased emission of CO, and
methane. However, this is not a fully comprehensive look at the issue of permafrost
degradation, because depending on its thickness, changes in its thermal properties may
occur more or less intensively throughout its entire profile, also reaching the base of
permafrost. These changes can degrade permafrost throughout its profile. The article
presents the basic principles of permafrost degradation in its overall approach. Both the
melting of the ground ice and the thermal degradation of permafrost, as manifested in an
increase in its temperature in part or all of the permafrost profile, are discussed. However,
special attention is paid to the degradation characteristics from the permafrost base. In the
case of moderately thick and warm permafrost in the zone of its sporadic and
discontinuous occurrence, this type of degradation may particularly contribute to its
disappearance, and surficial consequences of such degradation may be more serious
than we expect on the basis of available research and data now. A special case of such
degradation is the permafrost located in the coastal zone in the vicinity of the Hornsund
Spitsbergen, where a multidirectional thermal impact is noted, also causing similar
degradation of permafrost: from the top, side and bottom. Especially the degradation
of permafrost from the permafrost base upwards is an entirely new issue in considering the
evolution of permafrost due to climate change. Due to the difficulties in its detection, this
process may contribute to the threats that are difficult to estimate in the areas of
discontinuous and sporadic permafrost.
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1 INTRODUCTION

Climate warming causes the degradation of all components of the
cryosphere that are more or less persistent at the Earth’s surface.
The permafrost is undoubtedly one of the most stable and the
most influencing component of the range of the earth’s
cryosphere (Lunardini 1995). Its degradation is the subject of
attention of many authors in terms of the entire Arctic (e.g.,
Liljedahl et al., 2016; Shi et al., 2019), within its regional aspects:
Alaska (Jorgenson et al., 2001), as a part of the Russian Arctic
(Vasiliev et al., 2020), or Tibet (Yang et al., 2010; Yin et al., 2021)
and many diverse environments. Predominantly permafrost
degradation is described most commonly as process operating
from the ground surface downwards (Lawrence and Slater 2005;
Delisle 2007; Frey and McClelland 2009; Streletskiy et al., 2015;
Oliva et al., 2018; Luo et al., 2018; Luo et al., 2020). It includes the
impact on infrastructure (Hjort et al., 2018), where the climatic
influence is the most spectacular and often directly visible because
the time lag between initial degradation and its further effects is
not long. Hence, at the interface between the active layer (AL) and
permafrost, the reaction to climate and surface warming will be
the strongest and fastest, the most spectacular and at the same
time the easiest to identify and measure.

The heat flux into the ground does not stop, however, at the
interface between permafrost and the AL, but with a certain delay,
penetrating further down. This process depends on various
factors, especially heat capacity, heat permeability and amount
of ice in the medium. The more complex the geological medium
is, the more complicated process related to heat flux in
accompany with it and the more difficult it is to describe or
model. Stable and much more homogeneous geothermal heat flux
is directed opposite to the highly seasonal heat penetrating the AL
from the surface. The balance of these opposite heat streams is
visible at the semi-stable point of zero annual amplitude (ZAA) in
the ground, as the average soil temperature resulting from the
influence of heat from these two opposite directions (Lunardini
1995; Lunardini 1996). In the coastal area, there is also the
transmission of heat due to the lateral thermal effect of sea
water. This is the third important factor in the degradation of
permafrost.

In this paper, we want to draw the attention of the reader to
that part of the degradation process which is of much less
scientific interest and which may play a very important role in
this process, especially in the areas of discontinuous and sporadic
permafrost. It is about degradation proceeding from the
permafrost base. The aim of the study is to present a
hypothesis regarding the general properties of permafrost
degradation from below, its general relationship with the
climate and degradation of upper part of permafrost in
contact with the AL, and in particular to determine the
probable extent and speed of degradation from bottom up in
comparison the downward degradation from surface. We want to
pay attention in particular to the scale and likely consequences of
the bottom-up degradation of permafrost. This seems to be an
even more serious threat than those occurring due to the
downward degradation of permafrost from above. We will also
pay attention to the role of sea influence on land permafrost and
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possible dangers related to this process, which are not well
understood so far. To this end, we will show an example of
geophysical imaging conducted on the coast of the Wedel
Jarlsberg Land in southwestern Spitsbergen. This is linked to
the possibility of sea water intrusions on Arctic coasts (Kasprzak
et al., 2017; Guimond et al., 2021).

2 MODELS OF PERMAFROST
DEGRADATION

Overall, 81% of the permafrost regions in the Northern
Hemisphere are influenced by ecosystems, indicating the
dominant role of ecosystems in permafrost stability here.
Permafrost driven solely by climate, such as that on the
Qinghai-Tibet Plateau, occupies 19% of permafrost regions
(Ran et al, 2021). Northeast China also experienced
substantial climate warming over the past 60 years and can be
used as an indicator of change. The rises in mean annual air and
mean annual ground-surface temperatures were higher in
permafrost zones than in the seasonal frost zone (Li et al,
2021). Permafrost degradation leads to deterioration of the
ecological environment in this cold region. As a result, the belt
of larch forests has shifted northwards and wetland areas with
symbiotic relationships with permafrost have decreased
significantly. Limits of all latitudinal permafrost zones moved
northward significantly (Chen et al., 2020).

Downward permafrost degradation develops always when the
maximum depth of seasonal thawing exceeds the maximum
depth of seasonal freezing, and it generally results in the
formation of a talik disconnecting the permafrost from the
seasonal frost layer. This type of degradation is divided into
four stages: 1) initial degradation, 2) accelerated degradation, 3)
layered talik, and 4) finally the conversion of permafrost to
seasonal frost (Jin et al, 2006). Three types of permafrost
temperature curves may be attributed to these models: 1)
Stable permafrost temperature profiles in the continuous
permafrost zone with mean annual ground temperatures
(MAGT) colder than -1.5°C and thicker permafrost, 2) The
degrading permafrost temperature curves along the margins of
the discontinuous permafrost zone and in the island permafrost
zones, with MAGT's of —0.5 to —1.5°C This type of permafrost is
generally thin and thermally unstable, and 3) Phase-changing
transitory permafrost temperature curves on the margins of
permafrost islands and around taliks with MAGTSs generally
higher than —0.5°C. Generally, permafrost in these areas is
very thin and unstable (Jin et al, 2006). It is important to
know also that on the margins of permafrost islands, because
of the higher temperatures of unfrozen soils and zero vertical
thermal gradients, heat is more easily transferred laterally to
permafrost. Therefore, lateral permafrost degradation is
predominant in this case (Jin et al., 2006).

According to Wu et al. (2010), the process of permafrost
degradation can be divided into five subsequent stages: 1) starting
stage, 2) temperature rising stage, 3) zero geothermal gradient
stage, 4) talik layers stage, and 5) disappearing stage. There are
two modes of perennially frozen ground thawing: from top to
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FIGURE 1 | General characteristics of permafrost degradation. When a heat wave passes through the entire permafrost layer, it warms the permafrost layer up
throughout the entire profile, causing the permafrost table to lower, the ZAA temperature to rise, and the permafrost base to rise.

bottom and opposite. During the temperature rising stage, when
the heat flux in the perennially frozen soil layer is less than that in
the unfrozen soil underlying frozen soil layer, the geothermal flux
is partly used to thaw the base of permafrost, and permafrost
thaws from bottom to top. With the decrease of thermal gradient
in the perennially frozen ground, the heat that is used to thaw
permafrost base increases, and geothermal heat will be entirely
consumed to thaw the base of permafrost until the temperature
gradient reaches zero thermal gradient state (Wu et al., 2010).
More detailed description of subsurface thermal and
hydrogeological ~processes in permafrost regions and
subsurface effects of climate change in cold regions is
presented in Kurylyk et al. (2014).
The modes of permafrost degradation are related to the types
of permafrost. In the periglacial environment, we can deal with a
permafrost medium 1) without ice—frozen rock, or cryotic
permafrost, which is not frozen due to increased pressure or

mineralization, and 2) with one that contains ice of various
origins and in varying amounts. It can be ice-cemented loose
sedimentary rock, or massive ice, e.g., of glacial origin.

In the case of ice-free permafrost, its degradation is based on a
rise in temperature in the sub-zero temperature range and in
decrease in its thickness, followed by a complete disappearance by
combining the permafrost base and the permafrost table. In the
case of ice-containing permafrost, the degradation process is
more complicated and consists not only in the rise in
temperature, but also in the melting of the ice it contains,
which also causes a variety of mechanical processes involving
the material medium which permafrost encompassing, such as
thermokarst, landslides, mud flows, and others. These processes
are visible on the surface of the ground and they usually cause
large changes in the geographical environment, or various threats
to human activity. This bipartite process of permafrost
degradation has resulted in confusion about assigning them
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FIGURE 2 | Five selected theoretical permafrost thermal profiles. Notes:
(A)—cold and thin permafrost layer, high thermal gradients from both
directions, (B)—cold and thick permafrost layer, low thermal gradient from
below, (C)—warm and thick permafrost layer with low thermal gradient
from both sides, (D)—warm and thin permafrost with low thermal gradient
from above, and (E)—The zero-gradient profile, mean annual ground
temperature is basically at 0°C or at the freezing temperature of soil.

the correct name: melting vs thawing (Grosse et al, 2010).
Generally speaking, the term thawing is of course correct, but
at the same time it is clear that the ice present in the permafrost
eventually melts as it degrades.

In general, it can be assumed that the degradation of
permafrost occurs simultaneously from the top—by increasing
the AL, from the bottom by raising the permafrost base, and in
terms of its internal temperature, which rises in the permafrost
layer in the range of negative temperatures (Jin et al., 2006; Wu
et al,, 2010) (Figure 1). The entire process is initiated from the
top—climatically. The downward degradation occurs with the
delay associated with the penetration of the medium by the heat
wave that reaches the permafrost boundary, the later the thicker it
is. In the case of a small difference in temperature, however, it
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may extinguish before reaching the permafrost base. Then, the
degradation does not encompass the entire permafrost layer.

3 CLIMATIC AND GEOLOGICAL
DEPENDENCIES

Since permafrost is a geological phenomenon resulting from
climatic influences, defined as the thermal state of the ground
(Lunardini 1995; Everdingen van 2005), its temperature
characteristics are therefore the only property that fully and
completely describes it. Its thermal state will therefore be a
derivative of the climatic components that affect the Earth’s
surface. The most direct is the effect of temperature influence.
This impact can be very diverse, leading to the formation of
various temperature profiles in the permafrost ranging from
almost 0 to 1,600 m in depth. In fact, wherever the mean
annual air temperature (MAAT) is negative, permafrost can
form. Its temperature profile will, however, vary depending on
the specificity of the climate - on the one hand, and the
geothermal impact—on the other. Other permafrost types,
such as those ecosystem-driven, modified, or protected
permafrost, will also depend on geo-environmental conditions,
such as interrelations with organic soils and surface canopies.
Nevertheless, these relationships do not contradict the general
principle that is of key importance to the topic under discussion.
Some characteristic theoretical profiles relevant to the content of
this article are shown in Figure 2.

In a very cold climate but high geothermal gradient,
permafrost may be “cold”—its temperature at the depth of
ZAA point will be low but the thickness will not be great
because both: the “cold” gradient coming from above and the
“warm” gradient coming from below will be high. This will result
in a profile of permafrost having a “boomerang shape” and a
relatively large angle between the permafrost temperature line
and the 0°C line as shown in Figure 2 (line A). Both the
determination of the top and the bottom of the permafrost
layer in such a system will be the easiest, because the point at
the intersection of the 0°C line with the temperature profile is
clear and unambiguous.

In the case of permafrost with a large “cold” gradient flowing
from the surface and small heat flux from the depths of the Earth,
the permafrost temperature at the ZAA point may also be low and
slowly increases with depth, permafrost thickness will be the
greatest (Figure 2, line B). Both the top and bottom of the
permafrost can be clearly marked.

Another situation arises when the “cold gradient” in the upper
part is not great, as is the case in cold maritime climates (Figure 2,
line D). Here, the temperature amplitude between winter and
summer is much smaller than that in a continental climate. Then,
the influence of the cold climate does not produce such a thick
layer of permafrost as in the case of B (Figure 2B) because the
“cold” wave is extinguished at a shallower depth. However, it also
depends on the geothermal degree. In general, this type of
permafrost is not very cold, the temperature of ZAA is higher
than that of A and B above (Figure 2). The permafrost
temperature line and the 0°C line will intersect at a more
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acute angle than in the above cases, and the determination of the
upper and especially the base of permafrost will be much more
difficult than in cases A and B. It is also worth noting that due to
the different temperature on the surface, as well as the different
degree of geothermal heat flux in the ground and the capacity and
thermal permeability of the medium, the thickness of the AL does
not correlate with the depth of permafrost base location.

The most interesting case from the point of view of this paper
is the one where the MAAT is not particularly low and the
thermal gradient is also not high. This situation creates the
conditions for the formation of a relatively thick permafrost,
but with relatively “warm” characteristics (Figure 2C). Its
temperature both at the ZAA point and along the entire
temperature line will be quite similar an has “shape of bow.”
Also, the intersection of the permafrost temperature line with 0°C
will have the acute angle. The asymptotic nature of temperature
line will make it impossible in practice to unambiguously
determine the lower border, ie., the range of the bottom of
permafrost. Such warm permafrost is found especially in the zone
of discontinuous and sporadic permafrost occurrence (Smith,
1988).

A particular example of a susceptible permafrost is
isothermal permafrost in which there is no temperature
gradient (Figure 2E). Permafrost has such thermal
characteristics in an advanced state of degradation and its
complete disappearance is the fastest. It is caused by a sharp
decrease in the permafrost table and an elevation of the
permafrost base, the determination of which is difficult due
to the temperature close to 0°C

4 PERMAFROST DEGRADATION FROM
THE SURFACE

As mentioned above, the degradation of permafrost from the
surface is the process of particular interest in contemporary
research. This process is often limited to the characteristics of
the increasing thickness of the AL. Its thickness may increase
faster when it includes, for example, coarse rock sediments and
the ice content in the permafrost is small. This is because
enormous energy is absorbed in the process of permafrost
degradation into a phase change—melting of ground ice. The
largest amount of such ice is usually near the ground surface. This
phase transformation (ice melting) slows down the process of
permafrost degradation from the top, i.e., mainly the increase in
the thickness of the AL. However, heat penetration into the
permafrost is not completely stopped. The released latent heat
raises the permafrost temperature also within the negative
temperature range, causing the ZAA position to shift towards
the positive temperature (Figure 1). In this way, first the upper
part of the permafrost temperature line, and then the lower part
“moves” towards 0°C line, showing the temperature increase in
the permafrost in all its thickness. This process may take shorter
or longer time depending on the temperature difference, the
thickness of the permafrost, or the thermophysical properties of
the heat-conducting rocks. The process of permafrost
degradation from the surface is the easiest to observe and
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FIGURE 3 | General shape of degrading permafrost profile thermal
curve. Notes: (A)—initial stage, cold permafrost (boomerang-like shape),
(B)—degrading permafrost (bow-like shape). Compare the difference
between the amount of degradation of the top (AL) and the bottom of
permafrost.

measure, because such permafrost is basically available just
below the seasonally thawing AL, ie., at a depth of several
dozen centimeters to several meters.

5 PERMAFROST DEGRADATION FROM
BELOW

Determining the extent of permafrost degradation from bottom is
much more difficult and becomes more complicated as increases
in permafrost thickness, also increasing difficulties in measuring
temperature or observing phase transformation at great depth. So
far there are few publications presenting the results of permafrost
bottom studies with the use of indirect geophysical methods.
Seismic and electrical resistivity methods are used in the study of
thin permafrost (You et al., 2013; Sjoberg et al., 2015), and in the
study of the AL and subsurface permafrost in high mountain and
Arctic environments (Hauck and Kneisel 2008). Recognition of
the process of degradation of permafrost from the bottom,
however, may in some cases be crucial for determining the
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correct extent of permafrost degradation not only in the surface
area, but above all in its thickness.

Based on the existing knowledge, it is first necessary to
characterize this process theoretically. After a shorter or longer
period of time, which is required for the heat to flow into the soil,
the temperature rise is either quenched at a certain depth in the
permafrost or reaches its floor. As already mentioned, it depends
on the magnitude of the thermal gradient in both directions, the
thickness of the permafrost and the thermal properties of the
medium.

In the case of thin permafrost and in a situation of high
thermal gradients, it is relatively easy to define its base, which may
be very similar to the upper limit that exists between the AL and
the permafrost. In the sediment material, this will be in the
immediate vicinity of the overlying, ice-cemented permafrost
layer with a water-saturated, unconsolidated sediment layer
underneath.

In a thick layer of permafrost and in the case of small thermal
gradients, the degradation of permafrost will be slower. The first

phase of degradation will be the increasing the temperature of the
entire permafrost layer as a result of the slow penetration of the
heat wave into the soil. As a result, due to the warming, the
temperature profile will change its shape from a “boomerang”
(Figure 3A) to an “bow” shape (Figure 3B). The permafrost
profile will increasingly approximate the isothermal profile with a
very slow, asymptotic approach to the intersection with the 0°C
line. The intersection of the permafrost profile with the 0°C
temperature line will be at a very sharp angle, which in
practice manifests itself in the fact that in a relatively wide
depth range there will be a temperature close to 0°C on both
the positive and negative sides (Figure 4E). This situation favors
the presence of both ice and liquid water. Determining the
permafrost base in such an environment is very difficult and
the permafrost base (Figure 2E) takes the form of a transition
zone rather than a sharp borderline (Elvebakk 2010; Szewczyk
and Nawrocki 2011) (Figure 4). In solid rock, apart from
temperature variations, the phase changes of water will be
basically unnoticeable, but it depends on the porosity of the rock.

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 10 | Article 802157


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Dobinski and Kasprzak

In an empirical sense, the process of permafrost degradation
from the bottom-up of thick permafrost is virtually unknown.
Therefore, it is particularly important to understand the
degradation of such permafrost, especially occurring in the
sedimentary material, as it is likely to occur unexpectedly and
violently, with serious risks.

The above-mentioned “asymptotic” intersection of the
permafrost profile with the 0°C line shows primarily the
uncertainty and zonal character of the permafrost base. It
should be noted, however, that such property of this border is
caused by its enormous potential for “vertical mobility.” When
the permafrost profile line is sufficiently close to 0°C line, another
heat wave reaching the permafrost base, can move it up greatly,
even when the temperature jump is small. Such a rapid
degradation process can occur even when the temperature
jump is less than 1°C. This move upward of the permafrost
base can probably lead to very rapid thawing of the ice included in
sedimentary material which may be at phase equilibrium. This
process is faster if less ice is used in the earlier cementation of
sedimentary material. The latent heat delays the process of the
degradation, but depends on amount of water in the ground. We
know, however, that in permafrosted ground water/ice is
concentrated mainly in its upper subsurface layer rather than
its lower part. This is why the disintegration of the sedimentary
material on greater depth can take place faster. Figure 4 shows the
theoretical course of this process. As a result, in a relatively short
period of time, it is difficult to identify threats may arise,
especially in the regions of the fastest degradation of
permafrost in thick sedimentary material. The difficulty in
detecting them lies in the fact that this process takes place
underground, often at considerable depth, and may, in
principle, go unnoticed until serious mass processes, such as
subsidence or sliding, occur. This process is extremely difficult to
estimate and, as far as we know, has never been the subject of
research, analysis or modeling in a quantitative sense.

The correctness of the hypothetical model presented here is
evidenced by all known thermal profiles of permafrost, in which it
is clearly visible that their intersection with the 0°C axis always has
a sharp angle and a more asymptotic character at the permafrost
base than at the permafrost table (Dobinski 2020a). It is also
documented by empirical research (Elvebakk 2010; Szewczyk and
Nawrocki 2011). It is also shown by the few results of studies on
the variability of the entire permafrost layer (Harris 2001; You
et al., 2013; Sjoberg et al., 2015; Kasprzak et al., 2017; Czekirda
et al., 2019).

6 PERMAFROST DEGRADATION FROM
THE SEA

A large part of the research on permafrost on Arctic coasts is
carried out in areas with subsea permafrost, such as in Siberia
or Alaska (e.g., Hunter et al., 1988; Rekant et al, 2005;
Overduin et al., 2016; Angelopoulos et al, 2020). The
presence and conditions of underwater permafrost
determines a number of geomorphological processes in this
zone. However, the situation is different on those sections of
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the High Arctic coast where subsea/offshore permafrost is not
found. There is a special case of degradation of the terrestrial
permafrost both laterally and partially from below, as sea water
can directly affect the deeper parts of the substrate. Under
favorable conditions, it creates an intrusion of salty and
periodically warm water cutting into the land, similarly as it
is common in regions of lower latitudes (Cooper et al., 1964;
Werner et al., 2012).

This situation was visualized using electrical resistivity
tomography (ERT) in 2012 on the west coast of Spitsbergen
(Kasprzak et al., 2017) and similarly confirmed by geophysical
methods also in other locations (Strzelecki et al., 2017; Kasprzak
2020; Kasprzak et al., 2020; Pedrazas et al., 2020). The presence of
sea intrusion leads to the formation of a horizontal “permafrost
wedge” subjected to changes under influence of air temperature
from above and sea water temperature from below, as shown in
Figure 5. A cryo-hydrogeological model of seawater intrusion
affecting permafrost was recently proposed by Guimond et al.
(2021).

Heat transfer from the sea to the inland is favored not only by
the strong summer heating of sea water in the bays of the
Greenland Sea near Hornsund, but also the observed changes
in the extent and frequency of sea ice. The progressive thawing of
permafrost and melting of ground ice of this zone and the
retraction of the “permafrost wedge” will result in a lower
resistance of the sediment material to erosion and the
potential dangers of infrastructure located on the seashore.

7 PERMAFROST DEGRADATION IN
HORNSUND AREA, SPITSBERGEN

The glacier-free part of the land near the Hornsund Fjord in
the southwestern part of Spitsbergen is an area that is
particularly exposed to climatic warming. A continuous
series of measurements started in 1979 at the Polish Polar
Station operating here shows that over 40 years the MAAT
increased by over 4°C (Figure 6), increasing on average by
1.14°C per decade (Marsz and Styszyniska 2013; Wawrzyniak
and Osuch 2020). It is also worth noting that in 2016 the
MAAT was positive in Hornsund (Figure 6). The data clearly
suggest that the warming of the air at the surface has been
penetrating the ground for several decades, modifying ground
temperature and influencing the shape of the permafrost
present here. This is not an isolated situation, but rather an
example representative of the entire west coast of Spitsbergen
(Nordli et al., 2014).

Permafrost occurring in Svalbard can be divided into two
characteristic types (Szafraniec and Dobinski 2020). The first
occurs in a very frosty and dry periglacial environment, covering
the highest peaks and mountain ridges of Svalbard, which most
often appears in the form of nunattacks protruding above the
glacial area. The temperature in this area is almost perennially
negative, maintaining the occurrence of permafrost, which in this
environment reaches 450-500 m deep (Humlum et al., 2003). The
second type is permafrost, which includes low-elevation areas of
Svalbard, which include coastal areas and the forefields of
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FIGURE 6 | Mean annual air temperature measured at the Polish Polar Station in Hornsund. Data based on: Marsz and Styszynska (2013), Meteorological Bulletin
(2009-2020). The graph also shows the trend line (black dashed line).

retreating glaciers. There is a much milder climate here. MAATis  in this region is approx. 100m (Humlum et al, 2003;
still negative, which allows permafrost to survive and even = Wawrzyniak et al, 2016). The latter, however, does not apply
aggrade in the proglacial forefields. The permafrost thickness  to land in the immediate vicinity of the sea. Geophysical surveys

Frontiers in Earth Science | www.frontiersin.org 8 February 2022 | Volume 10 | Article 802157


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Dobinski and Kasprzak

conducted in the Hornsund region indicate the thermal impact of
the sea reaching inland (Kasprzak et al., 2017). As a result, in the
summer period, at an average distance of 50-60 m from the
shoreline, permafrost ranging from only a few to approx.
20-30 m. This situation depends on the local shape of the
shore and is particularly visible on the protruding parts of
land, as it was found on the example of the Wilczek Peninsula
(Strzelecki et al., 2017).

8 DISCUSSION

Permafrost degradation is one of the most important warming
processes in the cryosphere. Due to the extent of permafrost,
which covers more than 25% of the land surface (Dobinski,
2011), this process should receive special attention. So far,
however, the research has focused on the upper subsurface
layer of freezing soil: the AL and shallow permafrost. Indeed,
emissions of CO, and methane, i.e., gases that can enhance the
warming effect, are related to the shallowest (ca. 3 m) layer of
soils (Knoblauch et al., 2018). Studies and modeling based on
satellite data are particularly popular (e.g., Beck et al., 2015;
Jorgenson and Grosse 2016; Trofaier et al., 2017; Hu et al,,
2020; Kalinicheva and Shestakova 2021). Unfortunately, this
approach is limited and does not include deeper processes.
Permafrost degradation, however, in the areas of sporadic and
discontinuous permafrost, with favorable climatic conditions
may encompass the entire permafrost layer. In the unstable
zone permafrost is warming and thinning rapidly. At Xidatan
permafrost base has been rising up since 1975, about 20 m in
the past 20 years (Jin et al., 1999). The MAGTs at depths of
12-20m have risen .2-.3°C (Jin et al., 2000). This last
publication presents however much more synthetic view on
permafrost evolution in China since Quaternary. Therefore, it
is worth to remember that permafrost on the Qinghai-Tibet
Plateau is largely relict and has been degrading since the Last
Glaciation (Wang et al., 2000).

Studies on permafrost degradation in the Russian Arctic by
Vasiliev et al. (2020) indicate that since 1970, the average ground
temperature at depths of 10-12m in the zone of continuous
permafrost occurrence, has been increasing at an annual average
rate of .03-.06°Cyr '. These authors divided permafrost
degradation into three main phases. The initial stage of
degradation is a gradual increase in AL thickness (ALT) while
permafrost temperature remains relatively low. This is due to the
protective role of the transition layer, although extremely hot
summers can partially thaw it. The second stage, termed “climate-
driven, ecosystem-protected permafrost,” is where increased
permafrost degradation is initiated after the ground ice in the
transition layer has completely thawed. The third and final stage
of degradation occurs when the progressive lowering of
permafrost table converts the permafrost to a seasonally frozen
layer, followed by rising temperatures at the ZAA depth to
above 0°C.

The use of deep boreholes in Russian Arctic research also
provides direct data on the depth of the permafrost base
(Duchkov et al, 1994). Its greatest thickness, exceeding
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400-500 m, is found in Yakutia. For this area, the thermal
evolution of permafrost in the entire profile was forecasted
until 2,200 (Balobaev et al, 2009). The observed and
progressive increase in MAAT (from 1960 by 2-2.5°C) will
cause changes in permafrost temperature reaching 200-250 m.
The currently observed trend causes that in the latitude between
60 and 70° N by 2030-2040 the seasonal thawing of the ground
from above may reach 10-15 m and the rate of deepening of the
AL may be .2-.3 m yr . Degradation of Siberian permafrost may
lead to its complete disappearance south of the 62°N especially in
areas subjected to strong anthropogenic influence (Balobaev
1991).

The quantitative method of reconstruction of palaeocryogenic
conditions, proposed by Balobaev (1991), also allowed the
determination of the trend of permafrost changes over a
longer period of time, reaching from the Last Glaciation
Maximum. Since the period 18-20 thousand years ago, when
permafrost covered the vast lowland territory of Western Siberia
down to 51-52°N latitude its thickness has decreased by
120-170 m as a result of thawing from below.

Monitoring of permafrost degradation along the Bei’an-Heihe
Expressway in the eastern part of Northeast China show a
lowered permafrost table and an elevated permafrost base
whereas the base of permafrost degraded faster than its table.
The results shows also that the rising rate of the permafrost base is
higher than the lowering rate of the permafrost table, which has
remained at the same depth since 2012, whereas the permafrost
base has continued its rising. Rising rate of the permafrost base
(0.38 m/yr) is larger than the lowering rate of the permafrost table
(0.12 m/yr). During summer months, the groundwater heat can
be transmitted also to the permafrost base and causes it to rise
faster than the lowering of the permafrost table (Guo et al., 2021).
Sun et al. (2020) indicated also, that in Xidatan along the Qinghai-
Tibet Highway on the interior Qinghai-Tibetan Plateau, the main
degradation mode of the site in the discontinuous zone appeared
to be upward thawing from the permafrost base. They argued that
when heat from the surface transferred to the permafrost base,
because the reduced temperature gradient was less than the
geothermal gradient from the geothermal heat flux of the deep
stratum, it led to the bottom of the permafrost absorbing heat
from the underlying unfrozen soil. Therefore, the permafrost base
began to thaw and move upward, which resulted in thinning of
the permafrost (Sun et al., 2020).

Studies on Canadian permafrost show that the ALT has
increased by an average of 0.39 m. since the end of the Little
Ice Age (ca. 1850), while the permafrost base has increased by an
average of 3m (Zhang et al., 2006). The simulation results
indicate that in the areas of sporadic permafrost the
permafrost base increased by an average of 17 m, and in some
places by 50 m, in the last ca. 150 years (Zhang et al., 2006). These
data and calculations show that the rate of permafrost
degradation from the bottom is on average 10 times greater
than that from the ground surface in a large territory of southern
Canada which is subject to occurrence of discontinuous and
sporadic permafrost. The rise in the permafrost base by this size
(50 m) corresponds to an increase in mean annual ground
temperature by about .9°C (Zhang et al, 2006). This
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simulation shows that the thermal response of the permafrost
base takes much longer than that of the AL. However, while the
AL freezes seasonally and the degradation process is thus stopped,
thawing from bottom up can be a continuous process with greater
inertia. ALT is determined primarily by summer temperature,
while the depth of permafrost base is determined mostly by
annual ground temperature as a result; the permafrost base
will continue to rise with some lag even if the surface
temperature ceases to increase (Zhang et al., 2006).

Thus, it can be seen that while the delay associated with the time
needed to penetrate the entire permafrost layer stops the onset of
degradation from below, once it has started, the process may be
much faster and much more difficult to stop due to the same delay in
the surface heat transmission in the permafrost base.

In this respect, the situation is specific on the southern coast
of Spitsbergen. As shown in Figure 6, this is an area of
particularly strong climate warming, which also translates
into changes in the thermal state of the permafrost occurring
here. Currently, MAAT no longer indicates that climatic
conditions for continuous permafrost may persist, because
MAAT is too high and this area may be moved into the
category of discontinuous permafrost in next years. This
probability is additionally justified by the strong influence of
sea water from the fjord. The first show that permafrost in the
Hornsund region is already isothermal, with a zero geothermal
gradient (Wawrzyniak et al., 2016), which means that the first
stage of degradation, i.e., increasing the temperature within the
entire permafrost layer, has ended. In the next stage, when the
climate does not change, ground temperature may quickly rise
to above 0°C and permafrost may disappear first in particularly
vulnerable places in southern Spitsbergen.

The disappearance of permafrost on the coast of the
Hornsund region does not necessarily have to be associated
with the violent mass processes of the melting of ground ice. The
thickness of marine and glacial sediments on the Hornsund
coast is not great, and most of the solid rock of the substrate is
subject to freezing. On the other hand, it is worth noting that in
solid rock, where the water content is usually minimal, the
ground freezes and thaws much faster, because little energy is
used for the ice/water phase change and the amount of latent
heat used is low. For this reason, the degradation of permafrost
and its complete disappearance may be very fast under these
conditions. In particular, therefore, under these conditions, the
process shown in Figure 4 may be realized, where, with a slight
final rise in soil temperature, the complete disappearance of
permafrost may be rapid.

9 CONCLUSION

Permafrost degradation is a process in which two basic
changes can be distinguished: 1) the increasing of
permafrost temperature in part or all of its thermal profile,
within the negative temperature, and 2) the disappearance of
permafrost by increasing soil temperature to a positive value
i.e., melting ground ice, which significantly delays the
degradation process.
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The permafrost decay process starts usually at the surface (in
volcanic locations it may change) as a result of the warming. Its
first result is an increase in the ALT. It differs primarily
depending on the thermal conductivity and heat capacity of
the medium, accompanied by soil ice/water content. The heat
wave that penetrates the AL raises the temperature gradually,
delaying ground warming. However, the progress of degradation
and disappearance of permafrost at its base may be usually many
times greater and faster than that in contact with the AL.

In the particular case when the permafrost on the coast is
sufficiently thin and the seasonal temperature changes encompass
the entire permafrost layer, its thickness (the distance between the
depths of permafrost table and base) may change seasonally. Such
seasonal change at the bottom may be called the bottom AL
(Kasprzak et al., 2017; Dobinski 2020b). This process is possible
when a relatively thin permafrost is thermally active in its entire
volume.

The most likely process that can cause the disappearance of
permafrost is the multidirectional degradation of warm
isothermal permafrost remaining at a temperature just below
0°C, through the climatic impact, and also indirectly due to the
thermal properties of sea water. When the heat wave covers the
entire permafrost layer crosses the 0°C border, degradation is the
fastest from its lower limit (the base of permafrost), and the
disappearance of permafrost from the bottom can be rapid.

The land part of the coast, subjected to the thermal influence of
sea water from below, is particularly vulnerable to permafrost
thawing. The heat wave from the sea, or the physical intrusion of
saline water into the land, determine the thermal conditions of
the deeper subsoil. Water temperature changing throughout the
year, similarly to the air temperature, drives the intensity and
direction of heat transfer.

The described processes may lead to dangerous threats of an
unknown scale when they involve not a solid rock, but a layer of
sediments cemented with ice. The thicker the layer of ice-poorer
loose sediment, and the greater the warming, the greater the risk
of the disappearance of permafrost.

The authors are convinced of the necessity of wider
involvement in the full recognition of the degradation process
and the disappearance of permafrost in the world, with particular
emphasis on this process proceeding from below (Burn and
Nelson, 2006; Dobinski and Leszkiewicz, 2010).
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