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INTRODUCTION

Frost heaving of soils is widespread in the area of 
seasonal and long-term freezing in the cold regions of 
the Earth and is a dangerous criogenic process for 
buildings and constructions. For this reason, the 
study of the physical nature of heaving and the deve-
lopment of mathematical models adequate to the 
physical essence of the process, methods of its predic-
tion and management is an urgent scientific and prac-
tical problem.

In general, the mechanism of frost heaving of 
soils is a complex interaction and interdependence of 
heat transfer, mass transfer, phase transitions of water 
in the pores of the soil, segregation of ice and the dy-
namics of its stress-strain state. Heat transfer as the 
root cause ensures the removal of phase transition 
heat, capacitive and convective heat from the freezing 
soil. By freezing the soil, the heat transfer initiates 
mass transfer and segregation of ice in soils prone to 
frost heaving.

The dynamics of the stress-strain state of the 
freezing soil depends on three factors. Firstly, on the 
expansion of water in the pores of the frozen zone of 
the soil during its transition to ice in situ with the ap-
pearance in cramped conditions of significant solidifi-
cation forces at small deformations of heaving. Sec-
ondly, due to the significant inflow of water from the 
melt layer of the soil into the freezing one via cryo-
genic migration, during freezing, this gives the main 
contribution to the heaving of the soil. Thirdly, the 
outflow of water from the melt zone into the freezing 
one lowers the pore pressure in it, causing shrinkage, 
which reduces the overall deformation of the frost 
heaving of the soil.

Heat transfer and cryogenic migration, in turn, 
are accompanied by segregation ice-separation in the 
form of a special layered cryogenic structure, which 
leads to anisotropy of the building properties of fro-
zen soils and significant draft of the constructions 
during the thawing.

The analysis of the state of the study of these 
processes is directly related to the physical formula-
tion of the problem of mathematical prediction of 
freezing and heaving of soils, taking into account the 
processes of heat and mass transfer, segregation of ice, 
deformation and forces of heaving of soils. The results 
of theoretical and experimental studies obtained by 
specialists of Lomonosov Moscow State University 
and The Transneft Research Institute on the problem 
of frosty soil heaving is a test numerical mathematical 
model. The presentation of these results are distrib-
uted over a number of articles. This paper briefly 
summarizes only the ideas about the mechanism of 
cryogenic migration and frost heaving of soils that are 
of paramount importance for the development of a 
mathematical model.

DRIVING FORCE  
OF CRYOGENIC MIGRATION 

A very significant number of works have been 
devoted to the development of ideas about the nature 
of migration processes in freezing dispersed soils and 
their frost heaving, there are already several hun-
dreds of them. In the last 10–20 years, a number of 
other articles have appeared, but they mainly have 
applied character. The analysis of published works is 
available in a number of review articles, dissertation 
chapters and monographs [Sumgin, 1929; Beskow, 
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1935; Edlefsen, Anderson, 1943; Goldstein, 1948; Ba-
zhenova, Bakulin, 1957; Orlov, 1962; Tsytovich, 1973; 
Brovka, 1991; Black, 1995; Cheverev et al.,1998; 
Cheverev, 2003a, 2004].

Nevertheless, due to the appearance of new theo-
retical and experimental results, including those be-
longing to the authors of the article, new generaliza-
tions become relevant. This allows us to hope for a 
significant development of the existing ideas about 
the heaving process and the solution of the problems 
of creating an adequate mathematical modeling of 
the freezing process of fine-grained soils in terms of 
physical formulation and taking into account heat 
and mass transfer, heaving, shrinkage and segregation 
of ice. 

Back at the end of the XIX century, the need to 
find out the cause of frost heaving of soils and on this 
basis, new developments of means of protecting engi-
neering structures from this dangerous process be-
came acute in connection with the construction of 
roads in the districts of the Siberia and the Russian 
Far East. The researchers noted a significant increase 
in the water content (ice content) of the freezing soil 
and its heaving. So, G.Ya. Bliznin in his work gave 
data on an increase in water content in the upper ho-
rizons of the soil in winter. He suggested the possibil-
ity of transferring pore water in freezing soils under 
the influence of thermal gradient, which was logically 
based on general considerations [Bliznin, 1890].

In the works of our predecessors several basic 
theories (hypotheses) have been suggested for the 
clarification of the formation of the driving forces of 
the cryogenic migration of water and the frost heav-
ing of soils. These theories include capillary (menis-
cus) force, head pressure, compressional compaction, 
crystallization of water, the forces of surface adsorp-
tion, vacuum, potential double electric layer (osmosis), 
gradient of the thermodynamic potential. All of them 
will be discussed below.

Capillary forces. The works of Russian engi-
neers-trackmen V.I.  Shtukenberg [1894] and 
S.G. Voi slav [Cvigunov, 2018] should be attributed to 
the first studies of the physical essence of the process 
of frost heaving of soils. They laid the basic theoreti-

cal prerequisites for studying the physical essence of 
the processes of heaving and migration of water in 
freezing soils.

In Fig. 1, there is a diagram of a simple experi-
ment of S.G. Voislav, from which it follows that a 
sample of thawed soil placed in the frost in a bowl 
with water, froze with an increase in volume and the 
formation of ice layers. At the same time, the amount 
of water in the bowl decreased proportionally. As a 
result of the experiment, the author came to the con-
clusion that the deformations of the frost heaving of 
soils were caused by the absorption of water from the 
thawed layer of soil into the freezing one and the for-
mation of ice layers from this water.

V.I. Shtukenberg put forward a physical explana-
tion of the causes of soil heaving in the ground em-
bankment of the railway track by the influence of wa-
ter migration in the liquid phase from the lower to the 
upper freezing layers of the ground embankment. He 
also proposed an approximate mathematical descrip-
tion of the process of soil heaving. Capillary hypothe-
sis of V.I. Shtukenberg [1894] was one of the first hy-
potheses of water migration during freezing and 
heaving of soils. 

In 1929 and 1930, S. Teber carried out a series of 
laboratory experiments on freezing samples of kaolin-
ite clay and obtained the results that became classic. 
Most authors have referred to these experimental 
works up to the present time. In Fig. 2 it is shown, as 

Fig. 1. Scheme of the experiment: a soil sample 
freezing in the frost [Cvigunov, 2018].
1 – soil sample; 2 – bowl; 3 – water.

Fig. 2. Photo of a freezing sample of kaolinite clay.
1 – cold end face; 2 – warm end face; 3 – frozen layer; 4 – thawed 
layer; 5 – water-saturated sand layer; 6 – freezing front; arrow – 
direction of cryogenic migration [Taber, 1930].
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a clear example, the result of the formation of cryo-
structure in a freezing kaolinite clay sample with wa-
ter inflow from the outside, from the side of the warm 
end face of the sample. As can be seen in Fig. 2, a hor-
izontal-wavy micro-lenticular cryostructure had 
firstly formed from the cold end face of the sample, 
and then gradually, under the influence of a decrease 
in the freezing rate, it has been becoming the lanticu-
lar and the sparser one. S. Teber also proposed a prob-
able mechanism for the growth of ice lens in freezing 
soil based on capillary suction [Taber, 1930].

The capillary hypothesis has not been further 
confirmed. The facts of the occurrence of capillary 
meniscuses during the crystallization of water in the 
soil have not been obtained subsequently. The soils 
with full water saturation are devoid of menisci due 
to the absence of a water–air phase boundary. At the 
same time, it is known that fully water-saturated soils 
are the heaviest ones. Moreover, the definition “the 
capillary mechanism of frost heaving”, as will be re-
vealed below, ignores the undeniable surface and os-
motic forces involved in the formation of heaving.

At the same time, this does not mean that capil-
laries in the soil do not play a significant role in frost 
heaving. On the contrary, they are the medium in 
which the pore solution transits from the thawed to 
the freezing zone of the soil under the action of a pore 
pressure gradient initiated by the negative thermal 
gradient of the freezing zone [Beskow, 1935].

Pressure forces. The assumption of the water 
transfer under the action of “pressure forces” arising 
due to an increase in the specific volume of water dur-
ing its transition to ice was developed in [Nikiforov, 
1912; Dranitsyn, 1914; Sumgin, 1929]. According to 
the “theory of pressure migration”, the water transfer 
in the pores of the freezing soil takes place under the 
influence of pressure occurring during the freezing of 
water (which leaks down along a weakly permeable 
horizon) or during the freezing of a layer closed be-
tween the underlying frozen stratum and the layer of 
winter freezing. Further studies have revealed that 
the theory of pressure forces explains quite well the 
formation of injection frost mounds (pingo) and 
therefore is a special case of non-segregation heaving.

Compression compaction. V.O. Orlov [1962] 
assumed the presence of a compressional compaction 
process of the thawed layer of the freezing soil due to 
pressure from the weight of the overlying frozen lay-
er, considering this to be the cause of the flow of pore 
water from the thawed into the freezing layer. How-
ever, this hypothesis has not been supported by ex-
perimental data. The thawed layer is compacted by 
the negative pore pressure occurring due to the out-
flow of water into the freezing layer. 

Under certain conditions, the pressure of the fro-
zen layer or of the load from the construction on the 
thawed layer of the freezing soil affects its heaving, 
but this is a second-level factor, and it is not the root 

cause of cryogenic migration and heaving. On the 
contrary, in the conditions of an open mass transfer 
system the significant external load, as a rule, compli-
cates the penetration of cryogenic migration into the 
freezing layer and at critical pressure stops it com-
pletely. Without a load on the freezing soil in its 
thawing zone, a negative pore pressure (–Pw) is 
formed due to the outflow of pore solution into the 
freezing zone. Pressure is measured on a relative scale, 
where the atmospheric pressure is taken as zero, and 
the compression pressure is taken as positive (+Pw).

The formation of segregation layers of ice, in 
general, is not associated with the pressure forces of 
the pore solution. But there may be a special case 
when under the unconsolidated compaction the 
thawed layer undergoes an external load. As a result, 
the negative pore pressure decreases towards neutral 
and can even turn into positive one, thereby acceler-
ating the cryogenic migration and increasing the 
heaving of the freezing soil. This fact was first estab-
lished experimentally and published in the work 
[Cheverev et al., 2013]. 

The forces of water crystallization. Along with 
the capillary theory, S. Teber proposed a theory of 
cryogenic migration due to the forces of ice crystalliza-
tion, which, like the capillary hypothesis, proved un-
tenable. By the forces of crystallization, he assumed 
the ability of ice crystals to attract water from the 
underlying horizons. S. Teber wrote: “The growing ice 
crystal is enveloped by a thin film of water similar to 
adsorbed water formed on many other solids coming 
into contact with water. When a molecule in the film 
moves in the direction of the ice crystal and joins it, it 
is replaced by another water molecule, as a result the 
integrity of the film is preserved” [Taber, 1930].

In the course of further researches the validity of 
the theory of ice crystallization forces has not been 
confirmed. Experiments carried out by the authors of 
[Bazhenova, Bakulin, 1957] have demonstrated that 
the hydrophobization of the mineral component of 
the soil, which eliminates the meniscal forces, stops 
its heaving due to cryogenic migration – although 
the phase transition of water into ice occurs in the 
pores of the soil, but the water freezes in place. At the 
same time, the reverse process – the squeezing of 
 water from the freezing front – is possible and is real-
ized at the favorable combination of the freezing rate 
and resistance to the flow of the pore solution from 
the front of the freezing into the thawed zone.

 Surface adsorption forces. Influenced by the 
works of S. Teber, G. Beskow put forward the theory 
of adsorption forces of the mineral component of the 
soil [Beskow, 1935]. In this theory, for the first time, 
the idea was expressed that the film migration to the 
front of freezing is associated with freezing of the out-
er part of water films adsorbed by the mineral parti-
cles and soil aggregates. As for the effect on film wa-
ter, G. Beskow considered the crystallization process 
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of this part of the water to be similar to the evapora-
tion process. 

Here it is appropriate to recall the results of the 
study of water transfer in unfrozen soils from the 
work [Lebedev, 1919].

The decrease of the amount of water molecules 
in the film due to its gradual crystallization contrib-
utes to the corresponding release of part of the sur-
face energy of the mineral component of the soil, 
which causes and supports the migration of water to 
the freezing front. At the same time, A.F. Lebedev has 
rightly believed that the capillary water in the 
thawed zone is a source of loss of film water in the 
frozen zone, and the capillaries themselves are the 
ways of migration.

The theory of adsorption forces of the mineral 
component of the soil was the right direction in the 
development of ideas about the mechanism of cryo-
genic migration and heaving of soils, but not its com-
pletion. For example, this theory has not yet ex-
plained why sand are not heaving as clay and silt, al-
though their hydraulic conductivity is higher by 
orders of magnitude; also, the role of a double electric 
layer on mineral particles in this process has not been 
considered.

Thus, this theory has needed further develop-
ment in terms of taking into account the physico-
chemical nature of the adsorption of water and ions 
on a solid mineral surface.

Vacuum. V.E.  Borozinets and G.M.  Feldman 
have proposed a vacuum filtration mechanism for the 
formation of thick ice lens. They consider that the 
growth of thick ice lenses occurs with periodic tem-
perature fluctuations on the surface of the earth, 
which initiates the reciprocating movement of the 
freezing front in the soil at a certain depth. In the 
freezing cycle, the ice formation produces the soil 

heaving, and in the thawing cycle, the internal vol-
ume of the soil decreases. As a result of thawing, the 
local volumes with low pressure are formed, into 
which the water rushes from the lower zone of the 
soil. Further, this additional volume of water freezes, 
increasing the thickness of the ice layer, and so a thick 
layer of ice grows [Borozinets, Feldman, 1981]. In fact, 
the authors have suggested a mechanism for the for-
mation of the driving force of cryogenic migration 
during cyclic freezing-thawing at the local level due 
to the fluctuations in the internal pore hydraulic 
pressure.

The existence of such a mechanism when the 
temperature fluctuates on the surface of the soil 
causes doubts since the reciprocating process, which 
is considered by the authors, is reversible (defrosting 
is changed by freezing), and the decrease in pressure 
during the thawing is replaced by its increase during 
freezing, therefore, the inflow is replaced by the out-
flow in the same volume, other things being equal.

However, the fact of the formation of the in-
creased iciness and the thick ice lens has been estab-
lished in the top of permafrost, and there is another 
explanation for this fact. It has been experimentally 
established that during the gradual thawing of frozen 
soil the conditions for ice segregation are preserved in 
its frozen layer. The accumulated ice is preserved dur-
ing the subsequent freezing, and its growth resumes 
in the next thawing-freezing cycle [Ershov et al., 
1976].

The potential of a double electric layer on the 
surface of mineral particles (osmosis). Theoretical 
and experimental studies have proved that the lead-
ing role in the mechanism of cryogenic migration and 
heaving of freezing soils is played by a double electric 
layer (DEL) of ions in the water environment on the 
surface of the mineral clay particles, as well as the ex-
istence of a diffuse ion layer in DEL.

M.N. Goldstein, L. Cass and R.D. Miller have 
suggested to evaluate the role of the basic properties 
of DEL on the surface of mineral particles in cryo-
genic migration [Goldstein, 1948; Cass, Miller, 1959].

The theory of DEL has been developed since the 
middle of XIX century regardless of the frost heaving 
of soils. It made it possible to explain such interesting 
physical-chemical effects and phenomena as electro-
osmosis, electrophoresis, direct and reverse osmosis, 
properties of colloidal systems, etc. [Shchukin et al., 
2004].

This theory is based on the concept of the Ger-
man physicist Otto Stern (1924). In this theory he 
has combined the theory of Helmholtz–Perrin (1878) 
and the Gouy–Chapman (1910) (Fig. 3). According 
to these ideas, at the boundary of the contacting 
phases on solid hydrophilic surface there are the at-
oms of the crystal lattice with uncompensated charg-
es, the so-called layer of potential-determining ions 
(PDI), and the electrostatically adjacent layer of 

Fig. 3. The electric double layer (by Stern) and the 
potential change in it (j): 
I – adsorption layer; II – diffuse layer; III – volume solution; 
PDI – layer of potential-determining ions of mineral surface; 
CI – a layer of counter ions; j0 – thermodynamic adsorption 
potential; jd – diffusion potential, z – electrokinetic potential 
of diffuse layer of ions on the surface of sliding; r(d) – radius 
(thickness).
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counterion (CI) from aqueous solution. The layer of 
counterions consists of two parts. One part is directly 
adjacent to the interfacial surface and forms an ad-
sorption layer (Helmholtz layer) with a thickness 
equal to the diameter of the hydrated ions that make 
it up. The other part of the CI DEL is located at a 
certain distance and is called the diffuse layer of 
counterions (Gouy layer). With increasing distance, 
the gravity of the counterions to the PDI layer de-
creases, the concentration of counterions gradually 
decreases from the maximum value to the average 
concentration in a neutral solution. At the same time, 
the ratio of the OC ions (that are in direct proximity 
to the PDI) to the diffuse layer ions on average con-
stitutes 95:5 % of the total amount, respectively.

An electric field operates within the DEL, the 
intensity of which is characterized by a certain value 
of the potential. In Fig. 3 several types of the changes 
in the DEL potential with the increase of the distance 
from the surface are demonstrated.

– The thermodynamic potential of the surface 
(j0) is a complete potential jump between the min-
eral surface and any point in the deepness of the solu-
tion where the influence of the surface does not affect.

– The potential of the diffuse layer (jd) is the 
potential arising at the boundary between the adsorp-
tion and diffuse layers. In the adsorption layer, the 
DEL-potential decreases linearly.

– Electrokinetic potential on the sliding surface, 
or z-potential. This potential arises under the action 
of external forces on the sliding surface. It is maximal 
at the outer boundary of the adsorption layer and de-
creases exponentially along with moving into the dif-
fuse layer. 

There is reason to believe that the z-potential 
determines the maximum value of the cryogenic mi-
gration potential, so let's consider its properties in 
more details.

 The value of the z-potential is affected by the 
thickness of the diffuse layer. The smaller the thick-
ness the lower is the z-potential, up to the zero value 
(when the cryogenic migration stops). In turn, the 
thickness of the diffuse layer is influenced by various 
factors. Thus, with the change of concentration of the 
external solution (which is not included in the DEL) 
its equilibrium with the diffuse layer is disturbed, be-
cause they compete for a coupling with water mole-
cules. In the case of extreme compression, the diffuse 
layer degenerates and its ions pass into the adsorp-
tion layer. Consequently, the effect of compression of 
the diffuse layer with an increase in soil salinity leads 
to the cessation of cryogenic migration and heaving. 
Figure 4 shows the dependence of the cryogenic mi-
gration flow on the concentration of the pore solution 
of the freezing silt clay. When it is increased to 1 N 
(N is the normality of the solution, it denotes the 
number of gram equivalents of this substance in one 
liter of solution or the number of milligram equiva-

lents in one milliliter of solution) the cryogenic mi-
gration stops, which indicates the ultimate compres-
sion of the diffuse ion layer.

However, at the solution concentration of 
0.01 N, the migration flow is maximal, since the z-
potential of the diffuse layer of ions (at their optimal 
content) is maximal. At the same time, in ultra-fresh 
clay (the normal concentration (C) is approximately 
equal to 0 N), the migration flow is only half of the 
maximum, which is explained by a significant de-
crease in the thickness and the z-potential of the dif-
fuse layer due to its erosion in the ultra-fresh state. At 
that, a certain amount of exchange ions is always 
present in the diffuse layer, as the water is the very 
good solvent.

It should be taken into account that the z-poten-
tial of the diffuse layer is not a constant value and de-
pends on the radius, the valence and the charge of the 
ions, as well as on the chemical nature of the solid 
phase surface, the temperature, the composition and 
the concentration of ions of the competing bulk solu-
tion. 

The leading role of DEL in the formation of frost 
heaving of the soil can be defined as the existence of a 
semi-permeable soil layer, which initiates the flow of 
cryogenic migration from a warm zone to a cold one 
during freezing, where water freezes in the plastically 
frozen zone of the freezing soil as thermodynamically 
excessive and causes deformations and heaving forc-
es. Here, obviously, one can find an analogy with the 
method of measuring osmotic pressure with a semi-
permeable membrane.

The ion-molecular theory of the double electric 
layer (developed in the field of physical chemistry) 
can be used to predict and control the frost heaving of 
freezing soils at a qualitative level. The object for this 
is the z-potential of the diffuse ion layer. Since the 
diffuse ion layer accumulates the main volume of 

Fig. 4. The character of the effect of the normal con-
centration (C) of a pore solution of sodium chloride 
of freezing silty clay on the flow rate of cryogenic 
water migration (Jw) [Cheverev, 2004, p. 138].
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bound water (up to 95 % DEL), then it is possible to 
control the frost heaving by acting on its z-potential 
(Fig. 3). For example, a change in the chemical com-
position and concentration of the pore solution 
changes the value of the z-potential and the thickness 
of the diffuse ion layer. This, in turn, affects the inten-
sity of cryogenic migration and the frost heaving of 
the freezing soil.

Due to the complexity of the clay soil (polymin-
erality, polydispersity, heteroporocity, multiphase), 
the quantitative forecast of frost heaving based on the 
theory of DEL is not yet seemed possible.

At the same time, the phenomenological model 
formulated at the macroscopic level can be success-
fully constructed for frost-sensitive soils and will al-
low a reliable quantitative forecast. Therefore, the 
main efforts in the development of numerical model-
ing of the freezing and heaving of soils forecast are 
currently aimed at using the basics of thermo-dynam-
ics of irreversible processes and phenomenological 
laws.

Thermodynamic potential of water in the soil. 
It is known that the water in the soil obeys the gene-
ral trend and flows from places with higher potential 
energy to places with lower potential energy, which is 
also valid for freezing of heaving soil. 

The method based on the use of partial, or free, 
specific energy of J.V. Gibbs (the chemical potential of 
water) is used to assess the energy state of water in 
soils, Since the chemical potential characterizes the 
state of the component in the absence of external 
force fields, and the water in the soil is yet under their 
influence, then the chemical potential of water in the 
soil has received the special name thermodynamic po-
tential of water [Thermodynamics..., 1966].

Chemical potentials of water in the SI system are 
represented in the dimension of work – kJ/kg (or 
J/mol). However, for the convenience of a quantita-
tive description of the water transfer process in freez-
ing, thawing and frozen soils, it can be represented in 
the dimension of the equivalent pressure – Pa (or 
kg/cm2, atm, more convenient in meters of water co-
lumn, 1  m of water = 104  Pa). Based on equality  
–mw [kJ/kg] = –Pw/rw [m3⋅kg/(m2⋅103 kg)], where rw 
is the density of water, expressing weight in terms of 
mass (F = mg), we get [m3⋅kg⋅m/(m2⋅103 kg⋅s2)]. Tak-
ing into account the fact that kJ = m2⋅kg (mass)/s2, 
we come back to the dimension [kJ/kg] with a coef-
ficient of 0.981, i.e. 1 MPa = 0.981 kJ/kg [Cheverev, 
2004].

At the same time, the pressure in the pore solu-
tion formed by external energy impact (hydrostatic 
pressure, suction, compression, etc.), in contrast to 
the equivalent pressure, is considered simply pore 
pressure and is denoted –Pw. The negative pore pres-
sure in cryogenic soils is not measured in vacuum 
units, as it is customary in atmospheric physics (from 

0 to 1 atm). It is measured in the scale adopted in ag-
rophysics, when the normal atmospheric pressure in 
pure volumetric water (which is outside the influence 
of the soil) is equated to zero as neutral. 

Hydrostatic and compression-filtration pres-
sures in the soil have positive values (+Pw), and the 
suction pressure and all the components of the chem-
ical potential, when converted to equivalent pressure, 
have negative values (–Pw).

 Thus, when studying the energy state of water 
and the driving forces of water transfer in cryogenic 
soils , it is necessary to differentiate between the 
chemical potential of water (mw), directly determined 
by the hydrophilic ability of the soil, and the poten-
tial of water as a function of the process itself and ex-
ternal conditions. 

When a part of water freezes, the amount of liq-
uid phase decreases, and the remaining part of it is 
under lower pressure (or higher binding energy) 
compared to free water. Hence dPw/dT < 0. At the 
same time, ice crystals having no hydraulic connec-
tion with water are free from the pressure existing in 
the liquid phase. The pressure acting on the crystals 
no longer depends on T ,  and, consequently, 
dPi/dT = 0.

Considering this, we use the Clapeyron–Clau-
sius thermodynamic equation for one-component 
two-phase ice–water system, which has the form

 dP/dT = L/(T0(V2 – V1)), (1)

where L is the specific heat of the phase transition from 
the first phase to the second one; (V2 – V1) – the differ-
ence of specific volume of phases; T0 is the temperature 
of the water phase transition at atmospheric pressure 
on the Kelvin scale.

Modified equation (1) for conditions of water 
energetic state in soils by N.E.  Edlefsen and 
A.B.C. Anderson, takes the form [Thermodynamics…, 
1966; Cheverev, 2003b]:

 dPw = DT/(T0Vw), (2)

where Vw is the specific volume of the liquid phase of 
water.

The validity of using such an approach to frozen 
and freezing soil was experimentally and analytically 
confirmed by V.G. Cheverev and co-authors. After 
substituting the values of T0, and L and Vw (as for free 
water, which is acceptable) we get that an increase in 
pressure on liquid water by 0.1 MPa leads to an in-
crease in the freezing temperature by 0.0824 K. At 
that, the expression [Cheverev et al., 1998; Cheverev, 
2003a,b] is true:

 dPw/dT = –1.2 MPa/K = 120 m of water/K. (3)

Hence, according to S.N. Buldovich and 
V.G. Che verev, the equation for calculating the den-
sity of the flow of unfrozen water in frozen siol (Iwm) 
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under the action of a thermal gradient (dT/dz) has 
the form [Ershov, 1999]

 Iwm = –lwm(T)kDT/dz, (4)

where lwm(T) is the coefficient of water conductivity of 
the frozen soil, which significantly depends on the type 
of soil and its temperature, m/s; k is the proportionality 
coefficient, m of water column, equal to 120 m/K; z is 
the height of the frozen zone, m.

The thermal gradient in the freezing zone of the 
soil (more precisely at the freezing front) initiates the 
gradient of hydraulic pore pressure and water flow in 
the thaw zone (Iwt), for which, the following equation 
is valid according to S.N. Buldovich and V.G. Che-
verev [Ershov, 1999]:

	 Iwt = –lwtk(Tbf – Tx)/(l – x), (5)

where lwt – coefficient of hydraulic conductivity of the 
unfrozen soil, which depends considerably on the type 
of soil, its density and water content, m/s; k – coef-
ficient of proportionality, m of water column, equal to 
120 m/K; Tbf – the freezing point of soil in the thawed 
zone (static characteristic); Tx is the temperature at 
the freezing front, depending on the type of soil and 
the dynamics of its freezing (dynamic characteristic): 
it decreases with an increase of the freezing rate and 
becomes equal to Ttot when the freezing front, cryogenic 
migration and heaving stop.

Equations (4) and (5), presented in potential 
form, are the basic ones for the development of a 
mathematical model of freezing and heaving of soil 
considering mass transfer.

CONCLUSIONS

Basing on the analytical review of a large volume 
of theoretical, model and experimental studies, the 
authors came to conclusions important for the devel-
opment of the theory of cryogenic migration and frost 
heaving of soils. In the future, it is possible to improve 
the physical formulation of the mathematical model 
of the process of freezing and heaving of soils, taking 
into account heat and mass transfer.

In general, the process of frost heaving of freez-
ing soil can be attributed to a new chapter of the sci-
entific direction of physical-chemical mechanics of 
materials and colloidal systems, the founder of this 
system is academician P.A. Rebinder. The mechanism 
of cryogenic migration and frost heaving of soils is a 
complex interaction and interdependence of heat 
transfer, mass transfer, phase transitions of water in 
the pores of the soil, segregation of ice and the multi-
directional dynamics of its stress-strain state. Heat 
transfer as the root cause ensures the removal of heat 
of phase transitions, of the capacitive and convective 
heat from the soil. By freezing the soil, heat transfer 
initiates mass transfer and ice segregation in heaving 
soils.

The article provides an overview of the develop-
ment of ideas about the root cause of cryogenic mi-
gration of water in freezing soils and its driving forc-
es, based on which the following conclusions are 
made.

1. The possibility of transferring pore water in 
freezing soils under the influence of a thermal gradi-
ent was first proposed by G.Ya. Bliznin [1890]. At-
tempts to find another explanation, independent of 
the thermal gradient, were unsuccessful.

2. V.I. Shtukenberg [1894] and S. Taber [Taber, 
1930] proposed the capillary hypothesis as the first 
cause of water migration during freezing and heaving 
of the soil. However, this hypothesis has not been 
confirmed. The driving force of cryogenic migration 
occurs in the freezing zone of the soil, where the me-
nisci of pore water do not form at the border with air, 
which is practically absent in heaving and water-sat-
urated soils. However, the capillaries of the soil per-
form an important transit function for cryogenic mi-
gration.

3. The theories of pressure forces and compres-
sive compaction of the soil have also not been con-
firmed, since as a result of the outflow of water from 
the thaw zone into the freezing zone, the negative 
pore pressure with shrinkage of the soil is formed un-
der the front of the freezing, but not a positive one as 
it takes place during the compression compaction.

4. The theory of the forces of water crystalliza-
tion during its transition to the ice phase has also not 
been confirmed. The main role of the adsorption forc-
es of the mineral component was confirmed by the 
experiments of A.P. Bazhenova and F.G. Bakulina in 
1957 on hydrophobization of the soil mineral matrix, 
after which the cryogenic migration and heaving 
stopped [Bazhenova, Bakulina, 1957].

5. The theory of the main role of surface adsorp-
tion forces of the mineral component of the soil in the 
process of cryogenic migration (put forward for 
thawed soils by A.F. Lebedev, and for frozen soils by 
G. Beskow) turned out to be significantly closer to 
the truth than the hypotheses considered above. The 
decrease of water molecules in the film due to its 
gradual crystallization contributes to the release of 
part of the surface energy of the mineral component 
of the soil, which causes and inhibits the migration of 
water to the freezing front. The theory of adsorption 
forces was the right direction, but this direction was 
far from completion. For the development of this the-
ory it was necessary to take into account the physical 
chemistry of surface phenomena, namely, the double 
electric layer of ions according to Stern.

6.  M.N.  Goldstein [1948], L.C.  Kass and 
R.D. Mil ler [Cass, Miller, 1959] assigned an essential 
role in cryogenic migration to osmotic properties of 
the diffusion of a double electric layer. More devel-
oped version of this theory is proposed in this article.



10

V.G. CHEVEREV ET AL.

Due to the particular complexity of the composi-
tion of heaving (and, as a rule, clay) soils, the micro-
scopic level of knowledge of the mechanism of cryo-
genic filtration does not imply in the foreseeable fu-
ture the development of a numerical mathematical 
model of freezing of heaving soils on this basis. The-
refore, in order to achieve a real practical result, it 
is necessary to move to the macroscopic, phenome-
nological level of development of the theory of 
frost heaving of soils. To achieve this goal, it is neces-
sary to use the concept of thermodynamic potential 
of water.

7. The theory of cryogenic migration flow forma-
tion based on thermodynamic potential uses a modi-
fied equation Clapeyron–Clausius, thermodynami-
cally substantiated by N.E. Edlefsen and A.B.C. An-
derson [Edlefsen, Anderson, 1943] and experimentally 
and analytically confirmed and proved by V.G. Che-
verev [Cheverev, 1998, 2003a].
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The paper analyzes the current temperature state of frozen and thaw soils in the Baikal region (Olkhon 
Island). It is shown that the current trend in soil temperature is directly related to climate change in and to the 
increase in the atmospheric air temperature. Permafrost within Olkhon Island is significantly transformed: the 
processes in soils are aimed at the degradation of frozen formations.
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INTRODUCTION

The purpose of this work is to estimate the state 
of the seasonally thawed and seasonally frozen layers 
near the southern boundary of the cryolithozone un-
der conditions of recent climate change. The basic 
task of the study is to determine the temperature re-
gime of permafrost and unfrozen soils and its trans-
formation under conditions of freezing and thawing. 

Climate significantly affects the thermodynamic 
regime of permafrost: changes in the air temperature 
can activate geocryological processes [Grosse et al., 
2011; Malkova et al., 2011]. A positive trend in the air 
temperature has been established for the entire Bai-
kal region: in 1965–2003, the temperature increased 
by 0.042–0.046 °C/yr [Pavlov, 2008; Malkova et al., 
2011]. Within the steppe zone in the Baikal region, 
on the Olkhon Island, an increase in the air tempera-
ture has led to the establishment of positive (above 

Copyright © 2021 A.A. Svetlakov, E.A. Kozyreva, D.O. Sergeev, All rights reserved.

0 °C) mean annual air temperatures in the recent 
years. Over the past 65 years, the trend of the mean 
annual air temperature has been 0.03 °C/yr (Fig. 1) 
[http://gis.ncdc.noaa.gov; http://www. pogodaiklimat.
ru]. We have also calculated mean seasonal air tem-
peratures for the cold and warm seasons correspond-
ing to a hydrological year.

The main changes in the thermodynamic regime 
of permafrost depend on the air temperature. This is 
primarily reflected in the state of the seasonally fro-
zen or seasonally thawed layers, where the main heat 
exchange occurs in the annual cycle of heat turnover 
[Kudryavtsev, 1978]. Changes in the thermal state of 
permafrost and permafrost degradation may continue 
for decades and centuries [Balobaev, 1971]. There-
fore, the short-term studies do not always identify 
degradation of permafrost, whereas temperature 
changes in the active layer allow us to judge the re-

Fig. 1. Atmospheric air temperature on Olkhon Island; data from the Uzura weather station, 462 m a.s.l.).



12

A.A. SVETLAKOV ET AL.

sponse of permafrost to the contemporary climate 
transformation and the direction of these processes. 

STUDY AREA

Olkhon Island is located in the central part of 
Lake Baikal, on the border of the North Baikal and 
Middle Baikal depressions (Fig. 2) [Lut, 1978]. De-
tailed studies of the temperature regime of soils have 
been conducted on the western coast of Olkhon Is-
land, northeast of the Kharantsy settlement, between 
Kharantsy and Kharaldai capes. The study site is al-
located to a gentle slope of northwestern aspect; the 
slope surface topography is complicated by landslides 
of varying degrees of activity.

The entire Baikal steppe region is deficient in at-
mospheric precipitation. On Olkhon Island, annual 
precipitation ranges from 197 to 278 mm, and the an-
nual ratio of precipitation to potential evapotranspi-
ration is 0.34. Precipitation in the winter is particu-
larly small; the snow cover depth does not exceed 
10–15 cm [Imetkhenov et al., 1997; Pellinen, 2018]. 
The vegetation cover is poor and is represented main-
ly by steppe and meadow herbs [Khimenkov et al., 
2015]. In the areas with permafrost, the vegetation 
cover is denser and richer. Surface sediments are 
mainly represented by the Quaternary colluvium 
(deluvial-proluvial sediments) and Neogene lacus-
trine and lacustrine-bog sediments. These sediments 
are involved in various exogenous geological process-
es [Palshin, 1968]. In terms of geocryology, this area 
belongs to the zone of isolated patches of permafrost. 
According to F.N. Leshchikov [1978], the thickness of 
permafrost in this zone does not exceed 10–15 m, the 
mean annual permafrost temperature ranges from 
–0.1 to –0.2 °C, and the permafrost table lies at a 

depth of 2.0–2.5 m. The mean annual temperature of 
the active layer above the permafrost table is from 
–0.1 to –0.5 °C. The depth of seasonal freezing-thaw-
ing does not exceed 2.0–2.5 m. According to the ther-
mal regime, permafrost in such areas is extremely un-
stable and may be subjected to degradation in the 
case of disturbances of the natural environment. 

Four boreholes were drilled within the study 
area: Olh-12-1 with a depth of 3.5 m, Olh-13-1 with a 
depth of 8.0 m, Olh-13-2 with a depth of 9.0 m, and 
Olh-13-3 with a depth of 15.0 m. These boreholes can 
be divided into two groups: with and without perma-
frost (Fig. 2). Boreholes of the first group (Olh-12-1 
and Olh-13-1) were drilled in the area of permafrost. 
The lithological section was studied to a depth of 
8.0 m. The upper part of the section consisted of la-
custrine clayey sediments with thin (1–3 cm) inter-
layers of loamy sand from a depth of 1.0 m. Temporary 
perched water was found at a depth of 1.5 m. Its pres-
ence resulted in an increased water content (up to 
30 %) in the upper part of the section (0.5–1.0 m). 
From a depth of 1.9 m, the sediment was in the frozen 
state. 

Boreholes of the second group (Olh-13-2 and 
Olh-13-3) were found 300  m away from the first 
group and penetrated unfrozen ground. Its lithologi-
cal section of was studied to a depth of 15.0 m and 
consisted of clayey sediments with interlayers of 
sand. The lower part of the section was composed of 
clay of the lacustrine origin. The groundwater table 
was at a depth of 4.5 m. The water content in the up-
per part of the section (0.5–1.0 m) did not exceed 
4–5 %. To determine the air temperature, a tempera-
ture sensor was installed at a height of 2.5 m at about 
800 m southwest of the boreholes of the first group. 

Fig. 2. Study area (a) and location of monitoring boreholes (b). 
1 – boreholes; 2 – areas affected by landslides. 
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METHODS

Geocryological monitoring was carried out in 
the observation boreholes Olh-12-1, Olh-13-1, 
Olh-13-2, and Olh-13-3 in agreement with the rec-
ommendations of the Global Terrestrial Network for 
Permafrost (GTN-P) program, which is part of the 
Global Climate Observing System of the World Me-
teorological Organization. At the initial stage, the 
observation network was arranged on the basis of 
available technical means in order to determine the 
dynamics of changes in the temperature regime of 
soils within the seasonally thawed and seasonally fro-
zen layers. The temperature sensors in borehole 
Olh-12-1, which was drilled in August 2012, were in-
stalled at the depths of 0.6 m, 1.0 m, 1.6 m and 3.5 m. 
In August 2013, boreholes Olh-13-1, Olh-13-2, and 
Olh-13-3 were drilled, and the temperature sensors 
were installed in them at the depths of 0.1 m, 2.0 m 
and 4.0 m. The maximum depth of the installation of 
the temperature sensor in borehole Olh-13-3 was 
9.3 m.

We used temperature sensors (loggers) produced 
by the Onset Computer Corporation: HOBO U12-
008, HOBO Pro V2 Temperature/Relative Humidity 
Data Logger, and HOBO UA-001-64 Pendant Tem-
perature/Alarm (Waterproof) Data Logger. Loggers 
of the HOBO U12-008 type were installed in bore-
holes Olh-12-1, Olh-13-2, and Olh-13-3; they en-
sured the accuracy of measurements of ±0.1 °C. Log-
gers of the HOBO Pro V2 type with the accuracy of 
measurements of ±0.2 °C were installed in borehole 
Olh-13-1. Logger HOBO UA-001-64 recorded the air 
temperature with an accuracy of ±0.4 °C. The air and 
soil temperatures were recorded every hour. 

RESULTS 

Air temperature. According to the results of air 
temperature measurements performed since 2013, the 
mean annual air temperature in the study area ranges 

from –1.2 to 1.7 °C, which is close to the results ob-
tained at the Uzury weather station (462 m a.s.l.) lo-
cated in the steppe zone to the north of the study 
area.

The calculation of the mean annual temperatures 
corresponds to the hydrological year and includes 
two periods: winter (October to March) and summer 
(April to September). During the observation period 
from 2013 to 2018, the mean annual air temperature 
in the study area rose above 0 °C. An insignificant, 
but stable increase in the air temperature took place 
in the warm (summer) period (April–September) 
(Fig. 3, a). In 2013, the mean air temperature during 
the warm period was 9.6  °C; in 2018, it reached 
12.1  °C. In the cold (winter) period (October–
March), the general trend of the air temperature also 
demonstrates a positive trend, although a longer ob-
servation period is required for reliable conclusions 
(Fig. 3, b). A significant rise in the temperature of the 
cold season (by 4.8 °C) took place in 2014 in com-
parison with 2013. However, since 2014, the mean 
values of the air temperature during the cold season 
have decreased from –7.4 to –10.3 °C. 

Soil temperature. In 2012, in borehole Olh-12-1, 
permafrost at a depth of 3.5 m was characterized by 
the subzero mean annual temperature of –0.1  °C 
[Svetlakov, 2018]. Since the beginning of our obser-
vations, the temperature at the top of permafrost re-
mained in the subzero range throughout the year 
up to 2015. In 2015, the transition from to above-ze-
ro temperatures at this depth took place in the an-
nual cycle, i.e., the permafrost table lowered, and 
the  thickness of the seasonally thawed layer in-
creased.

The temperature of the active layer in the study 
area also changed in 2013–2018. Thus, at a depth of 
0.1 m, the mean annual temperature varied from 2.9 
to 4.4 °C. The soil temperature during the year at a 
depth of 0.1 m ranged from –21.3 to 24.4 °C. During 
the period of monitoring, high temperature values in 

Fig. 3. The mean seasonal air temperature Tmean during the warm (a) and cold (b) seasons in the study area.
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the annual cycle and a shift towards a positive gradi-
ent indicate the additional warming of soils on the 
surface.

In 2018, within the permafrost area (borehole 
Olh-13-1), the annual amplitude of soil temperatures 
at a depth of 0.1  m was 29.9  °C (from –11.2 to 
18.7 °C), whereas the annual amplitude of air tem-
peratures reached 53.9 °C (from –31.1 to 22.8 °C). In 
the unfrozen area (borehole Olh-13-2), the annual 
amplitude of soil temperatures at a depth of 0.1 m was 
44.0 °C (from –20.0 to 24.0 °C), at a depth of 0.1 m). 
The amplitude of the mean monthly soil temperatures 
at a depth of 0.1 m ranged from –10.2 to 16.2 °C for 
the permafrost area, and from –14.8 to 20.4 °C for the 
unfrozen area (Fig. 4).

A significant difference between soil temperature 
ranges at the frozen and unfrozen sites attests to the 
high thermal resistance of permafrost (i.e., the need 
to spend more energy to warm up the soil), as well as 
to a higher sensitivity of unfrozen ground to changes 

Fig. 4. The mean monthly temperatures at a depth of 0.1 m in the areas with permafrost (borehole Olh-13-1) 
and unfrozen ground (borehole Olh-13-2).

Fig. 5. The mean monthly temperature at a depth of 2.0 m in the areas with permafrost (borehole Olh-13-1) 
and unfrozen ground (borehole Olh-13-2).

in the air temperature. The water content of soils and 
vegetation conditions have an additional impact. 
Vegetation is denser in the area with permafrost de-
velopment and protects the soil from temperature 
changes both in summer and in winter. The season-
ally thawed layer in the area with permafrost freezes 
more intensively, and the transition through 0 °C pro-
ceeds quicker.

The annual amplitude of temperatures at a depth 
of 2.0 m within the seasonally thawed layer (borehole 
Olh-13-1) is 13.8 °C (from –4.3 to 9.5 °C). As noted 
earlier, permafrost in this area was found at a depth of 
1.9 m. As the drilling was carried out in August, the 
thawing depth in the borehole somewhat increased, 
and subzero temperatures at a depth of 1.9 m were es-
tablished only in January (Fig. 5).

In the area of unfrozen ground (borehole Olh-
13-3), the temperature at a depth of 2.0 m drops to 
0 °C. However, below this depth, it remains in the 
positive range. Thus, this depth indicates the maxi-
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mum depth of seasonal soil freezing. The annual am-
plitude of temperatures at this depth in the area with 
unfrozen ground reaches 7.9 °C (0.1 to 8.0 °C). 

The mean annual soil temperature at a depth of 
2.0 m, within the active layer of both plots (with and 
without permafrost) in the steppe zone of the Baikal 
region was steadily rising during the monitoring pe-
riod. Thus, in borehole Olh-13-3 (unfrozen ground), 
the mean annual temperature soil temperature at this 
depth (within the seasonally freezing layer) increased 
from 2.6 to 3.0 °C. The temperature below the season-
ally freezing layer also increased; at a depth of 9.3 m, 
the mean annual temperature was 1.8 °C in 2013 and 
2.4 °C in 2018 (Fig. 6).

The mean annual soil temperature at a depth of 
2.0 m, within the seasonally thawing layer in the area 
with permafrost (borehole Olh-13-1) varied from 2.0 
to 2.1 °C, which was higher than the data published 
earlier [Leshchikov, 1978].

Fig. 6. Thermoisopleths of soils, borehole Olh-13-3. 

The mean annual soil temperature at a depth of 
3.5 m during the study period in the permafrost area 
(borehole Olh-12-1) increased from –0.1 to 0.7 °C, 
which indicates an increase in the depth of seasonal 
thawing from 2.5–3.0 m to more than 3.5 m in the 
area with isolated permafrost patches in steppe land-
scapes of the Baikal region (Fig. 7). 

Within the steppe area, previous geocryological 
studies were conducted in 1984. Initial observations 
demonstrated that the mean annual temperature of 
permafrost ranged from –0.1 to –0.2 °C, and the to-
tal water content was in the range of 30–40 %. Per-
mafrost table was found at a depth of 2.0–2.5  m 
[Leshchikov et al., 1984]. During the study period 
from 2013 to 2018, the general trend of changed in 
the mean annual temperature was close to the region-
al trend of changes in the air temperature in the re-
gion, the main factor affecting regional soil tempera-
tures. 
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DISCUSSION

The temperature regime of permafrost is trans-
formed under the current trend of the air tempera-
ture. The change in the soil temperature is largely 
related to the modern rise in the air temperature. The 
influence of the secondary factors (precipitation, ve-
getation cover, moisture) has led to additional warm-
ing of soils and local thawing of permafrost.

Olkhon Island is characterized by insufficient at-
mospheric moistening. The annual precipitation var-
ies from 197 to 278 mm, and the ratio of annual pre-
cipitation to the total evapotranspiration is 0.34. 
Most of precipitation falls during the three summer 
months. In winter, monthly precipitation does not ex-
ceed 5 mm and the snow cover thickness does not 
 exceed 10–15 cm [Imetkhenov et al., 1997; Pellinen, 
2018], which is insufficient to moist the surface soil 
layer. The soil water content on the plot with unfro-
zen clayey sediments (boreholes Olh-13-2 and 
Olh-13-3) reaches 4.5 and 6.3 %, respectively, in the 
upper part of the profile (0–1 m) and increases to 29.2 
and 27.0 % at the depths up to 4.0 m. Vegetation on 
the surface does not form the dense cover and, there-
fore, the summer heating of the surface soil is intense. 

On the plot with permafrost (boreholes Olh-12-1 
and Olh-13-1), the water content of clayey sediments 
in the upper layer varies from 23.4 to 30.7 %, which is 
comparable with the data obtained several decades 
ago [Leshchikov et al., 1984]. An increased water con-
tent creates more favorable conditions for the forma-
tion of a stable vegetation cover. This is the reason for 
the difference in the amplitudes of temperatures in 
the surface soil layers in the annual cycle at the plots 
with permafrost and unfrozen soil (Fig. 4). During 
the cold season, before the establishment of subzero 
temperatures on the surface, the amount of atmo-
spheric precipitation decreases and the remaining wa-
ter migrates towards the top of permafrost. Thus, soil 
freezing begins at low values of the water content in 
the surface soil layers. An abnormally high for 
 clayey soils value of seasonal soil thawing in borehole 
Olh-12-1 is apparently explained by a relatively low 
soil water at the initial stage of thawing. The low 
 water content in the surface soil layer contributes to 
a greater soil warming and deeper soil thawing. Tak-
ing into account a continuous rise summer tempera-
ture, the changes in the soil temperature regime occur 
both in the active (seasonally thawed) layer and in 

Fig. 7. Thermoisopleths of frozen soils, borehole Olh-12-1.
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the underlying permafrost. During the study period, 
the mean annual soil temperatures display a positive 
trend throughout the section. This is related to the 
changes in the air temperature against the back-
ground of insignificant precipitation and the low soil 
water content. 

Seasonal freezing on the plot with unfrozen soil 
occurs intensively; however, as winter air tempera-
tures remain relatively high, the depth of soil freezing 
does not reach 2.0 m. The thawing of seasonally fro-
zen soil layer in the steppe zone on the plot with un-
frozen soil proceeds without delay, because the snow 
cover is very thin, and the vegetation cover is poor 
and weakly protects the surface from warming. In 
combination with a low soil water content, thermal 
conductivity of the soils increases, and the soil layer 
frozen in winter thaws out quickly in May; then, it is 
subjected to a gradual warming and remains in the 
thawed state almost until November (Fig. 6).

During the observation period from 2012 to 
2018, the soil temperature within the active layer on 
the plot with permafrost (borehole Olh-12-1) dis-
played a trend toward gradual rising. In 2012, perma-
frost temperature at a depth of 3.5 m was in the sub-
zero range (from 0 to –0.1 °C), which was slightly 
higher than that in the 1980s [Leshchikov et al., 1984]. 
In 2015, there was a transition from subzero to above-
zero values: the maximum temperature at a depth of 
3.5 m reached 1.3 °C. In 2017–2018, the maximum 
soil temperature at this depth was already 1.7 °C. 

Changes in the temperature regime of perma-
frost are associated with a general increase in the am-
bient air temperature and with the low atmospheric 
precipitation. The soil water content on the plots 
with permafrost is higher than that on the plots with 
unfrozen soil. However, owing to the downward mi-
gration of moisture migration towards the underlying 
permafrost table, the soil freezing from the top occurs 
without significant delay and proceeds to the full 
depth of the soil thawing. The mean annual soil tem-
perature on the plot with permafrost varies from –0.3 
to 1.3 °C. The active layer, thawed in summer, com-
pletely freezes in winter. Under the conditions of con-
stantly increasing temperature both in the warm and 
cold periods, the soil thawing depth reaches 3.5 m. If 
the current trend for temperature rise, insufficient 
 atmospheric moistening, and changes in the soil 
 water content on the plots with permafrost is pre-
served, we can expect the formation of taliks and per-
mafrost degradation in the steppe landscapes of Ol-
khon Island. 

Compared to other areas in the Baikal region, 
permafrost on Olkhon Island is under high stress re-
lated to the current climate change. Therefore, the 
Olkhon station organized by the Institute of the 
Earth’s Crust of the Siberian Branch of the Russian 
Academy of Sciences should be maintained and 
 developed as one of the reference points for monitor-

ing the natural state of permafrost at its southern 
boundary. 

CONCLUSIONS

Permafrost at the boundary of the southern 
geocryological zone is subjected to significant trans-
formation under the influence of climate change. In 
the study area of the steppe region of Olkhon Island, 
the ambient air temperature demonstrates a positive 
trend. From 2013 to 2018, annual air temperature in-
creased from –1.2 to 1.7 °C. The main growth took 
place in the summer period, owing to which the sur-
face soil warming became more intense. 

The mean annual temperature of unfrozen soil 
also demonstrated the rise throughout the entire 
massif; the depth of soil freezing on this plot did not 
exceed 2.0 m. The soil temperature on the plot with 
permafrost also increased, which contributes to deg-
radation of high-temperature permafrost in the zone 
of isolated patches of permafrost. The thawing depth 
lowered deeper than 3.5 m, and the mean annual tem-
perature increased to 1.7 °C.

Migration of moisture has a significant influence 
on the temperature regime of soils in Olkhon Island. 
The water content in the areas of unfrozen soil in the 
near-surface layer is 4.5 and 6.3 %, which accelerates 
the soil freezing, and the phase transition occurs 
without delay. In the areas with permafrost, the soil 
water content is higher and varies from 23.4 to 
30.7 %. However, due to migration of moisture to the 
top of permafrost and the positive trend of air tem-
perature, soil thawing reaches the maximum values 
and contributes to the formation of taliks.
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The paper presents the data on maximal extent of the East Siberian Sea fast ice and its variability based 
on the Arctic and Antarctic Research Institute operational sea ice chart for the period from 1999 to 2019. The 
maximal fast ice extents were compared to the ERA5 reanalysis local winds. The analysis of the maximal fast ice 
variability showed no statistically significant changes between 1999 and 2019. Two typical configurations of fast 
ice edge were revealed for the winter month characterized by the maximal fast ice extent. In some seasons fast 
ice development stops, once the edge reaches 20 m depths, while in other season the fast ice edge advances to 
30 m depths. The maximal fast ice extent is reached during the seasons with prevailing onshore northerly and 
north-easterly wind. The onshore wind favors sea ice deformation and grounding at the seaward fast ice edge.

Keywords: landfast sea ice, sea ice, stamukhas.

INTRODUCTION

The East Siberian Sea is located in the zone af-
fected by the Atlantic and Pacific Ocean atmospheric 
interactions. The region is characterized by the short-
est summer and the coldest winter among the Russian 
Arctic shelf seas. In winter the atmospheric wind re-
gime is mainly defined by the Siberian High with a 
less effect of the Polar High. This results in the domi-
nation of south-easterly and southerly winds with a 
mean speed of 6–7 m/s. Atlantic cyclones, prevailing 
in the western part of the sea, and Pacific cyclones, 
prevailing in the southeastern part of the sea, cause 
an increase in the winds in the north and northeast 
directions [Dobrovol’skij, Zalogin, 1982]. The north-
erly and north-easterly wind favor formation of rafted 
and ridged sea ice in the region. The formation and 
development of sea ice cover take place during the 
entire winter period and ends in the end of May 
[Yulin et al., 2018]. The western part of the East Sibe-
rian Sea is characterized by the presence of favorable 
factors for the formation of fast ice: a rugged coast-
line, the presence of islands and shallow waters that 
allow the formation of stamukhas and the absence of 
strong tidal currents [Zubov, 1945]. The fast ice ex-
tent around the New Siberian Islands at its maximal 
development comprises more than a half of the total 
fast ice area in the Russian Arctic [Karklin et al., 
2013]. The water depth and the underwater relief are 
the main factors limiting maximal fast ice extent. 
Commonly, the seaward fast ice edge follows the con-
tours of 20 to 25 m isobaths [Gudkovich, 1974; Ma-
honey et al., 2014]. The fast ice regime in the region is 
described in details in [Karklin, Karelin, 2009].

Currently, due to observed climate changes and 
developing economic activity in the Arctic, the sea 
ice state and regime have been actively observed and 
investigated. Based on the sea ice charts produced by 
Arctic and Antarctic Research Institute (AARI) and 
National Oceanic and Atmospheric Administration 
(NOAA) trends in the duration of fast ice season were 
derived [Divine et al., 2004; Yu et al., 2014; Selyuzhe-
nok et al., 2015]. The analysis of NOAA data revealed 
a negative trend in fast ice area for all Russian Arctic 
shelf seas, while the total fast ice area in the Northen 
hemisphere decreases with a speed of 12.27⋅103 km2 
(7 ± 1.5 %) per decade [Yu et al., 2014]. The aim of 
this study is to evaluate the interannual variability of 
the maximal fast ice extent in the East Siberian Sea 
from 1999 to 2019.

DATA

The data on fast ice extent and the location of 
fast ice edge in the East Siberian Sea were retrieved 
from the regional sea ice charts produced at AARI for 
the period 1999–2019. The sea ice charts are freely 
available in SIGRID-3 format [http://wdc.aari.ru/]. 
Since 1998 the charts are mainly based on the infor-
mation form the satellite remote sensing, which is 
analyzed by an expert. The charts are drawn at a scale 
1:500 000 and issued on a weekly basis. Thus, the se-
quence of sea ice charts allows to create the most ac-
curate homogeneous series of observation on the fast 
ice state.

Figure 1 shows the mean seasonal changes in fast 
ice extent in the East Siberian Sea. The average fast 
ice extent in February–May was used as the maxi-

Copyright © 2021 V.V. Selyuzhenok, All rights reserved.
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mum fast ice extent. From October to May, the fast 
ice extent increases, and from June it begins to de-
crease (Fig. 1). Due to gap in sea ice charts in winter 
period 2002–2003, this period was excluded from the 
analyses.

The ERA5 reanalysis data [Hersbach et al., 2020] 
were used to obtain wind speed and direction in the 
region. Compared to other reanalysis models (ERA-
Interim, Japanese 55-year Reanalysis, Modern Era 
Retrospective Analysis for Research and Applica-
tions-2, National Centers for Environmental Predic-
tion / National Center for Atmospheric Research Re-
analysis 1), ERA5 reproduces wind speed and direc-

tion with high accuracy [Ramon et al., 2019]. The 
mean daily wind speed and direction for the marine 
part of the region were derived from hourly meridio-
nal and zonal wind components at 10-m level. Next, 
we calculated the frequency of wind in eight direc-
tions and the number of calms (the number of days 
with an average wind speed of less than 0.5 m/s) from 
the beginning of November to the end of May, which 
covers the period from the beginning of fast ice for-
mation to the beginning of its decay.

RESULTS AND DISCUSSION

Figure 2 shows interannual variability of the 
maximal fast ice extent (February–May) for 1999–
2019. The mean interannual fluctuations of fast ice 
extent comprises 15 %, but in some season can exceed 
30 % from multi-annual mean. The minimal fast ice 
extent was observed from 2007 to 2012. This period 
coincides with the seasons of record low summer sea 
ice extent in the eastern Arctic. The maximal retreat 
of sea ice edge in summer in the East Siberian Sea was 
observed in 2007 [Egorov, 2020]. The linear trend for 
fast ice extent comprises –1.6⋅103 km2 for 1999–2007, 
but it is not statistically significant (p-level <90 %).

In the seasons with negative fast ice extent 
anomaly in February–May, the location of fast ice 
edge coincides with the contours of 20–25 m isobaths 
(Fig. 3). In the seasons with positive extent anomaly, 
in the central part of the region fast ice edge shifts to 
the north and reaches 30-m isobath. The main differ-
ences in the average position of the edge are observed 
between the 155° E and 170° E.

Fig. 1. Mean seasonal changes in fast ice extent in 
the East Siberian Sea for 1999–2019.
1 – mean value; 2 – two standard deviation from the mean.

Fig. 3. Mean location of fast ice edge in February–
May:
1 – in seasons with positive fast ice extent anomaly; 2 – in sea-
sons with negative fast ice extent anomaly.

Fig. 2. Variations in maximal fast ice extent in the 
East Siberian Sea for 1999–2019.
1 – mean fast ice extent in February–May; 2 – linear trend;  
3 – multi-annual average value of fast ice extent in February–
May (1999–2019).
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An analysis of the surface wind frequency shows 
that seasons with a positive fast ice extent anomaly 
are characterized by onshore northerly and north-
easterly winds (Table  1). The total frequency of 
winds of these directions in seasons with a negative 
extent anomaly is 2 times lower. For the seasons with 
negative fast ice extent anomaly, the southerly winds, 
which push the sea ice away from the shore, are the 
most frequent. The occurrence of calms from Novem-
ber to May for seasons with both positive and nega-
tive anomalies of the fast ice extent is less than in 
15 days (9 %).

The correspondence between the fast ice extent 
variations and predominant wind directions indicate 
a close relationship between the processes. The role of 
onshore winds in the seasonal formation of fast ice 
was first described in [Zubov, 1945]. The mechanism 
of interaction between the wind direction and fast ice 
extent is clear: under the influence of pressure winds, 
drifting ice fields are shifted to the fast ice boundary. 
As a result of strong compression, they freeze to the 
previously formed fast ice. Such a mechanism of an 
abrupt increase in the fast ice extent in the adjacent 
to the East Siberian Sea, Laptev Sea is described in 
modern works (for example, [Karklin et al., 2013]). 
When changing the mode of the prevailing wind di-
rection from onshore to offshore, the sea ice is held in 
place and freezes in the fast ice cover. The location of 
fast ice edge the period of its maximum development 
in the eastern part of the Laptev Sea coincides with 
the contour of 20–25 m isobaths and shows no inter-
annual variations. The variations of fast ice maximal 
extent there do not ice in the sea do not exceed 15 % 
[Selyuzhenok et al., 2015]. According to [Gudkovich, 
1974], 1.5–2 m thick fast ice [Karklin et al., 2013] 
cannot withstand the combined effect of tangential 
wind forces and tidal phenomena acting at the fast ice 
edge at 20–25  m depths. At greater water depth 
stamukhas provide additional additional support 
25  m [Gorbunov et al., 2008]. The absence of 
stamukhas is another factor which might limit the de-
velopment of fast ice to 20–25 m depth. In the East 
Siberian Sea, the distribution of fast ice up to the 
30 m isobath (the position of the edge 1 in Fig. 3) is 
observed only in seasons with a predominance of on-
shore winds. It is likely that with the predominance 
of the offshore wind directions, a sufficient number of 
stamukhas capable of holding the fast ice of a large 
area in place are not formed.

CONCLUSIONS

The fast ice extent in the East Siberian Sea 
shows a large long-term interannual variability. The 
mean variations of fast ice extent are 15 %, but in 
some years they can exceed 30 % of the long-term 
 average. Depending on the prevailing wind direc-
tions, the fast ice edge in the period of maximum de-
velopment occupies one of two characteristic posi-
tions: 1) the seaward edge of the fast ice coincides 
with location of the 20 m isobath; 2) the seaward 
edge of the fast ice in the central part of the water 
area protrudes to the north and approaches the 30 m 
isobath. Fast ice reaches its maximum extent in win-
ters with prevailing onshore winds, which likely con-
tribute to ice hummocking and the formation of 
stamukhas. Stamukhas are additional support points 
for fast ice, due to which fast ice is able to withstand 
the forces of wind and tidal phenomena at depths of 
more than 25 m. The analysis of fast ice extent time 
series shows no statistically significant trend during 
the period between 1999 and 2019.

This research was funded by RFBR, project num-
ber 19-35-60033.
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MASS BALANCE MODELLING FOR THE SARY-TOR GLACIER  
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As the direct measurements for the mass balance estimation can be applied only for a limited number of 
glaciers, alternative methods of estimation need to be developed. One of the most promising approaches is 
physically-based modelling, that is now being applied globally. In this study the mass balance of the Sary-Tor 
valley glacier was reconstructed for the period of 2003–2016. Originally developed for the North Caucasus 
AMelt model was modified to fit the conditions of continental glaciers. A block of snowpack processes was 
added to the model, including: head conductivity in the snowpack and in the active layer, water filtration in the 
snowpack and firn, congelation and regelation. The modelling results were verified using: 1) direct measurements 
on the ablation stakes net; 2) mass balance estimation according to geodetic method. The calibration parameters 
are compared to their measured values. Contrasting modeled mass-balance components for 2003–2016 and 
measured in 1985–1989 provided possibility to reveal climatically induced change of the Sary-Tor glacier dy-
namics.

Keywords: mass balance modelling, glaciers, Tien Shan, AMelt model.

INTRODUCTION

Glaciers are one of the key indicators of climate 
change and an important source of fresh water, espe-
cially in mountains surrounded by arid areas [Kaser et 
al., 2010; Carey et al., 2017; McDowell et al., 2019]. In 
Central Asia, the population of the foothills is highly 
dependent on water flowing from the mountains [Lutz 
et al., 2013]. The situation with freshwater resources 
is complicated by disputes between water-donor 
countries (Kyrgyzstan, Tajikistan) and water-con-
sumer countries (Turkmenistan, Uzbekistan, and, to a 
lesser extent, Kazakhstan) [Zhupankhan et al., 2017]. 
The former are mainly interested in using water to 
generate electricity in the winter time, whereas the 
latter need water for irrigation farming in the sum-
mer. According to recent estimates, more than 20 mil-
lion people in Kazakhstan, Turkmenistan, and Uz-
bekistan depend on irrigated agriculture [Siegfried et 
al., 2012].

Glaciers play a significant role in the runoff of 
the main rivers of Central Asia. According to [Sorg et 
al., 2012], more than two dozen studies are devoted 
to estimates of the contribution of glacial runoff to 
the river flow in Central Asia. On average, it is esti-
mated at about 15 % for rivers of Kyrgyzstan. Glacial 
runoff is defined as the total runoff from the glacier, 
including water from melting ice, firn, and snow and 
rainwater runoff. The contribution of glaciers to river 
runoff increases by 1.5–3 times in summer, up to 50 % 
for the Amu Darya River, 27 % for the rivers of the 
Lake Issyk-Kul basin, and 80 % for the Tarym River. 

The contribution of glacial runoff to the Amu Darya 
River runoff is estimated at about 40 % in August and 
25 % in July [Armstrong et al., 2019]. From the stand-
point of the formation of river runoff, the widespread 
reduction in the area of the Tien Shan glaciers [Nara-
ma et al., 2010; Bolch et al., 2019] is still compensated 
by an increase in ablation [Aizen et al., 2007; Huss, 
Hock, 2018]. It is expected that the continuing reduc-
tion in the area of glaciation will lead to a decrease in 
river runoff in summer [Sorg et al., 2012, 2014; Huss, 
Hock, 2018]. Detailed studies of glaciers in Central 
Asia will make it possible to reduce the errors of sce-
narios of changes in water resources in the future 
[Unger-Shayesteh et al., 2013; Sorg et al., 2014] and 
will contribute to ensuring the water security of the 
region. Obviously, in order to predict correctly the 
evolution of glaciers, the detailed information on the 
response of glaciers to current and past climate 
changes is required [Kronenberg et al., 2016].

Such information can be provided both by direct 
observations of the mass balance and by modeling the 
mass balance of the glacier. After the collapse of the 
Soviet Union, all observations of the mass balance in 
the Tien Shan, Alai, and Pamir territories within the 
borders of the former USSR were curtailed (with the 
exception of Kazakhstan). They have been resumed 
only recently (https://wgms.ch). Mathematical mod-
eling of the components of the mass balance of gla-
ciers is used to solve a wide range of problems. There 
are models designed to carry out calculations on a 

Copyright © 2021 E.P. Rets, D.A. Petrakov, E.V. Belozerov, A.M. Shpuntova, All rights reserved.
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scale of whole mountain systems and for global gener-
alizations [Bliss et al., 2014; Huss, Hock, 2015, 2018; 
Shea, Immerzeel, 2016; Shannon et al., 2019] and mod-
els with a more detailed description of the processes 
applicable to individual glaciers and glacial regions 
[Klok, Oerlemans, 2002; Lehning et al., 2006; Ayala et 
al., 2017]. Mathematical modeling was previously 
used to model the mass balance of individual glaciers 
in Kyrgyzstan – the Abramov Glacier [Barandun et 
al., 2015], Glacier no. 354 [Kronenberg et al., 2016], 
and the Suek West Glacier [Kenzhebaev et al., 2017]. 
The mathematical model of the Sary-Tor glacier was 
constructed in [Rybak et al., 2019] to carry out nu-
merical experiments in order to study the possible 
evolution of glacier characteristics under different 
scenarios of climate change.

Reconstruction of the mass balance of the Sary-
Tor Glacier for various periods was previously carried 
out on the basis of the relationship between the mass 
balance and the Equilibrium line altitude (ELA) 
[Ushnurtsev, 1991; Mikhalenko, 1993], as well as on 
the empirical dependences of the mass balance com-
ponents on meteorological predictors [Popovnin et al., 
2021].

The objectives of this study are: (1) to construct 
the mass balance model of the Sary-Tor Glacier (Ak-
Shiyrak massif, Inner Tien Shan), basing on the spa-
tially distributed energy-balance AMelt model [Rets 
et al., 2011]; (2) to reconstruct the glacier mass bal-
ance for 2003/04 to 2015/16 balance years; (3) to 
verify the results of modeling using in-situ data and 
geodetic mass balance, and (4) to analyze changes in 
the mass balance of the glacier in comparison with the 
period of 1985–1989 [Dyurgerov, 1995].

STUDY AREA

The Sary-Tor Glacier is a valley glacier in the up-
per reaches of the Naryn River within the Ak-Shyirak 
massif. In 2018, the glacier area was 2.63 km2 (Fig. 1) 
[Shpuntova et al., 2019]. The Ak-Shiyrak massif is 
characterized by a continental climate, which is 
mainly manifested in the frequent recurrence of air 
masses of the continental type and a small amount of 
atmospheric precipitation. In the annual distribu-
tion of precipitation, the summer maximum is well 
pronounced: on average, 70–80 % of the annual pre-
cipitation fall from May to September [Dyurgerov, 
1995]. The mean annual precipitation according to 
records of the nearest Kumtor weather station 
(3659 m a.s.l.) is 317 mm [Petrakov et al., 2016]. At 
altitudes of about 4000 m, more than 90 % of the an-
nual precipitation is in the solid form [Voloshina, 
1988].

The Sary-Tor Glacier was recognized as a refer-
ence glacier for the Ak-Shiyrak massif and was the 
object of mass balance monitoring in 1985–1991. In 
2014, the mass balance measurements on the Sary-
Tor Glacier were resumed by the Institute of Water 
Problems and Hydropower of the National Academy 
of Sciences of Kyrgyzstan.

METHODS AND INITIAL DATA

Brief description of modeling approaches
To model the mass balance of the Sary-Tor gla-

cier, the AMelt model of snow and ice melting in al-
pine basins was used. This energy-balance model with 
distributed parameters was suggested by E.P. Rets 
with co-authors [2011]. It implies the solution of the 

Fig. 1. Location of the Sary-Tor Glacier, other considered glaciers, and the Kumtor weather station.
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energy balance equation at each point of the compu-
tational grid:

 –ω = (Sb + Sdf)(1 – A) + Elrd – Elru ±

 ± H ± LE ± Qm ± Qsnp ± Qact,

where ω is the energy balance of the surface, W/m2; Sb, 
Sdf is the incoming direct and diffuse short-wave radia-
tion, respectively, W/m2; A is the surface albedo; Elrd is 
the counter radiation of the atmosphere, W/m2; Elru is 
the long-wave radiation of the earth’s surface, W/m2; 
H is the sensible turbulent heat exchange with the 
atmosphere,  W/m2; LE is the latent turbulent heat 
exchange with the atmosphere, W/m2; Qm is the heat 
flux through the debris cover, W/m2; Qsnp is the en-
ergy change due to processes in the snowpack and at 
the snow/ice interface, W/m2; and Qact is the energy 
change due to processes in the active layer of ice and 
firn, W/m2. 

All calculated values are distributed over the 
cells of a regular grid.

To separate the incoming short-wave radiation 
(Sg) into direct (Sb) and diffuse (Sdf) radiation, 
the following dependency [Bindi et al., 1992; Boland, 
Ridley, 2008] is used: 

 Sdf /Sb = f(k), k = Sg/So,

where k is the transparency coefficient of the atmo-
sphere, and; So is the shortwave radiation at the upper 
boundary of the atmosphere. 

The spatial distribution of the incoming short-
wave radiation at a grid cell at each time point is 
based on:

– the angle of incidence of sun rays, calculated 
from the height of the sun above the horizon and the 
coordinates of the normal vector to the surface of the 
i-th elementary area centered at the grid cell;

– the angle of closure of the horizon by the sur-
rounding relief of the surface of the i-th elementary 
area centered at the grid cell in the j-th sector of the 
horizon, corresponding to the current azimuth of the 
sun for each time step.

Diffuse solar radiation arriving at the surface of 
the i-th elementary area centered at the grid cell 

( )
idfS  consists of diffuse short-wave radiation coming 

from the visible part of the sky and re-reflected from 
the surrounding area:

 ( ) ′′ ′′= − +
0

1 ,
i idf df i i i gS S a a A S

where 
0dfS   is the scattered radiation flux at a fully 

open sky,  W/m2; ia  is the average proportion of 
the closure of the firmament by the surrounding relief 
on the i-th elementary area; ′′iA  is the albedo of the 
surrounding area of the i-th elementary area; and ′′

igS  
is the total short-wave radiation arriving at the surface 
of the i-th elementary area, W/m2.

The albedo of the surface of the i-th elementary 
area is determined in accordance with the type of its 
surface. The albedos of melting snow, ice, firn and de-
bris are set as constants based on field measurements 
and literature sources. In case of snowfall, the albedo 
increases to the albedo of fresh snow, then exponen-
tially decreases to the albedo of melted snow, depend-
ing on the time elapsed since the last snowfall [Rohrer, 
Braun, 1994].

Long-wave surface radiation (Elru) is calculated 
using the Stefan–Boltzmann equation. The counter 
radiation of the atmosphere (Elrd) is calculated using 
the Angstrom formula. Turbulent heat exchange with 
the atmosphere (latent and sensitive heat fluxes) is 
calculated using the empirical formula of P.P. Kuzmin 
[1961].

The model was previously tested for the 
Djankuat and Bashkara glaciers (North Caucasus) 
[Rets, Kireeva, 2010; Rets et al., 2011, 2014; Belozerov 
et al., 2020] and the Grenfjord glacier (Spitsbergen) 
[Elagina et al., 2021]. Comparison of the simulation 
results with the results of direct observations on the 
network of ablation stakes attested to a good repro-
ducibility of the results of field observations by the 
model.

The model was originally developed for the con-
ditions of the North Caucasus [Rets et al., 2011] and 
had to be adapted for the climatic conditions of Cen-
tral Asia. The model was supplemented with the 
blocks of water filtration through the snowpack and 
firn; water refreezing in the snowpack, at the snow/
ice boundary, and in the firn; and the heat transfer in 
the active layer of the glacier. The snowpack in the 
design scheme was presented as a system of layers, 
between which the heat transfer and the gravitation-
al filtration of water took place. Also, the calculation 
of melt water yield per unit area of the glacier was 
added.

In the modified version of the model, the snow-
pack is divided into layers. The snow layers have a 
fixed thickness h (specified in mm by the StepTprof 
parameter), except for the top layer, the thickness of 
which is variable: it increases with fresh snow falling 
and decreases with melting. If the increasing thick-
ness of the top layer reaches the StepTprof value, an-
other layer is added to the snowpack. If the thickness 
of the top layer becomes zero, the snowpack becomes 
reduced by one layer. 

In this version of the AMelt model, the vertical 
precipitation gradient (dP, %/100 m), which is a cali-
brated parameter, is used to describe the spatial dis-
tribution of liquid precipitation. When precipitation 
falls at an air temperature of less than –2 °С, it is con-
sidered that precipitation falls in solid form at each 
point of the grid cell.

Each layer has a set of characteristics that are 
averaged for a given layer: T – temperature,  °C;  
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c – heat capacity, J/(kg⋅°С); Hw – gravitational water 
content, mm; Qvir – capillary water content, mm;  
rsn – snow density, g/cm3; lsn – coefficient of molecu-
lar thermal conductivity of snow, W/(m⋅K). 

The initial values of the snow density and the 
gravitational and capillary water contents are set the 
same for all snow layers, based on the available obser-
vation results, the archived data for adjacent areas 
and the theoretical concepts [Konovalov, 1985; Singh, 
Singh, 2001; Seo et al., 2008].

The heat capacity of snow is calculated from the 
heat capacity of ice, air and water in accordance with 
the density of snow and the content of gravitational 
and capillary water. The coefficient of thermal con-
ductivity of the snow layer is calculated at each time 
step using its dependence on the density of snow 
[Sturm et al., 1997]. 

The initial temperature distribution in the snow 
stratum is set as uniform, equal to the mean air tem-
perature for January–February.

In the extended version of the AMelt model, the 
change in the temperature of the snow layers occurs 
in the process of molecular heat transfer between the 
snow layers and heat release during the refreezing of 
infiltrated melt water into this layer. 

1. Molecular thermal conductivity is calculated 
layer by layer as:
 Qij = lsnij (Ti – Tj)/dh,
where Qij is the heat flux due to molecular thermal con-
ductivity between snow layers i and j, W/ m2; lsnij is the 
coefficient of thermal conductivity of snow averaged 
for layers i and j, W/(m⋅K) and given as a function of 
snow density [Sturm et al., 1997]; Ti is the temperature 
of the i-th layer of snow, °С; Tj is the temperature of the 
j-th layer of snow, °C; and dh is the distance between 
snow layers, m.

2. The release of heat inside the layer during the 
refreezing of infiltrating melt water into this layer 
(QLm, W/m2) is calculated as:
 QLm = Lm,
where L  is the specific heat of fusion of ice 
(3.335⋅105 J/kg); m is the mass of refreezing water, kg. 

Infiltration is calculated from an adapted version 
of Darcy’s law [DeWalle, Rango, 2008; Snow..., 2008]. 
The infiltration rate uw is given as a function of the 
rsn, the average grain diameter d, the proportion of 
gravitational water in the snow pores Sw, and the wa-
ter-holding capacity Qvi:
 uw = f (rsn, d, Sw, Qvi).

The water-holding capacity of snow (in fractions 
of a unity) is calculated from its dependence on the 
porosity of the snow p [Coleou, Lesaffre, 1998]:
	 Qvi = 0.057p/(1 – p) + 0.017.

The porosity of the snow is calculated approxi-
mately from the snow density as (1 – rsn).

The density of the snow layer increases in the 
course of refreezing of infiltration water. In this case, 
the snow density is calculated at each step as:

 ( )( ) ( )−r = r + +Q + +Q1 0.917 .t t t t t t
sn sn w vir w virh H h H

The density of the newly accumulated fresh 
snow layer is set by the RoFreshSnow parameter. 

If the thickness of the top snow layer is less than 
0.7 StepTprof, then it is combined with the underly-
ing snow layer or with the surface ice layer (if this is 
the only snow layer) during the layer-by-layer calcu-
lation of thermal conductivity. 

The active layer of the glacier is also divided into 
layers, the number of which is set by the nLIce model 
parameter. Heating/cooling of the active layer of ice 
proceeds due to molecular thermal conductivity; an 
additional source of thermal energy is the refreezing 
of water on the surface of ice at a temperature below 
the melting point. The initial temperature distribu-
tion in the active ice layer is linear: from the surface 
layer, the initial temperature of which is equal to the 
mean January–February temperature, to the bottom 
of the active layer with a constant temperature speci-
fied by the Tact parameter. 

Water loss from the firn occurs after the cold 
content (CC) condition of the firn is satisfied [Takeu-
chi et al., 2014].

The filtration coefficient for describing the pro-
cess of water filtration through the firn was adopted 
according to the published data of experimental mea-
surements by various scientific groups [Oerter, Moser, 
1982]. 

The modeled accumulation values include the 
total accumulation, as well as the refreezing of melt 
water in the snow stratum, on the ice surface, and in 
the firn layer. Avalanche feeding is not taken into ac-
count in this version, since it is practically absent for 
the object under study due to the features of the re-
lief. Wind redistribution of solid precipitation is tak-
en into account indirectly, considering the position of 
the firn line: for areas above the firn line of a given 
year, an additional coefficient is applied to the altitu-
dinal increase in precipitation. For the Sary-Tor gla-
cier, in the areas above the firn line, the value of pre-
cipitation additionally increases by 30 %.

Adaptation of the AMelt model  
for the Sary-Tor Glacier

The following input data were used to build a 
model of the Sary-Tor glacier:

1) a digital elevation model composed of a highly 
detailed model obtained for the surface of the Sary-
Tor Glacier from a GeoEye stereoscopic pair (July 29, 
2012) and an SRTM model for the surrounding land-
forms;

2) meteorological data with a 1 h resolution for 
2003–2016 from the automatic weather station 
(AWS) Campbell located less than 5 km from the gla-
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cier at the height of 3659 m asl, including incoming 
shortwave radiation (Sg,  W/m2), air temperature 
(T(H), °C), wind speed (U, m/s), relative air humid-
ity (e, %), and precipitation (P, mm) (provided by 
the Kumtor Gold Company);

3) the position of the firn line and glacier bo-
undaries for each year as determined from Landsat 
 images;

4) field data on melting regime as measured in 
2015 on a network of ablation stakes was used for 
model calibration; 

5) field data on melting regime as measured in 
2014 on a network of ablation stakes was used for 
model validation. 

In the model adapted for the Sary-Tor Glacier, 
the heat flux through the debris cover was not taken 
into account, since there is practically no debris cover 
on the glacier. 

The albedo values of ice, firn, melted snow, and 
freshly fallen snow were taken as 0.25, 0.4, 0.55, and 
0.8, respectively, according to the averaged results 
obtained by D.A. Petrakov with coauthors in the 
studied region [Petrakov et al., 2019]. 

As we had no data on air temperatures and pre-
cipitation, as well as on the snow depths at different 
heights during the modeled period, the altitudinal 
gradients of precipitation and air temperature were 
calibrated. 

The best agreement of the model data with the 
field data for all altitudinal zones was obtained at a 
temperature gradient of –7 °C per 1000 m, a tempera-
ture shift equal to 0 °C, and a precipitation gradient 
of 20 % per 100 m. The choice of these parameters is 
analyzed in the Discussion section. In this case, the 
deviation of the simulated values from the measured 
values in different parts of the glacier may be associ-
ated with spatial differences in the temperature re-
gime and the distribution of snow, which cannot be 
described by a constant gradient (Fig. 2).

The simulation results were validated using two 
independent methods:

1. Comparison of the results of modeling with 
the field data obtained in 2014, which demonstrated 
a good agreement between them (Fig. 3). The corre-
lation coefficient was 0.99. The Nash-Sutcliffe model 
efficiency coefficient (NSE) for 2014 was 0.95 [Gar-
rick et al., 1978]. A small systematic deviation was 
noted: the model overestimated the melting in the 
middle and lower zones of the glacier by about 0.05–
0.1 m w.e. (meters of water equivalent). 

2. Comparison of the change in the average sur-
face height of the Sary-Tor Glacier from July 29, 2003 
to September 29, 2013 as determined from the analy-
sis of stereoscopic pairs of QuickBird and GeoEye 
satellite images [Petrakov et al., 2016] with the total 
modeled mass balance of the glacier for this period. 
The average decrease in the surface height was 3.8 m 
according to the geodetic method and 4.3 m accord-
ing to the modeling. The deviation of the simulation 
results from the measured data was 13 % over the 
10 mass balance years, or 0.05 m per year. Thus, we 
can say that the simulation by the AMelt model reli-
ably represents the dynamics of the mass balance of 
the glacier.

Fig. 2. Calibration of the Sary-Tor Glacier model 
according to the results of field measurements on a 
network of ablation stakes in 2015. 
Blue line – linear approximation function. Results of model 
experiments with different values of calibration parameters of 
air temperature (dP, precipitation gradient; dT, temperature 
gradient; tsh, temperature shift); 1 – dP  =  20  %/100  m, 
dT  =  –7  °С/1000  m, tsh  =  0  °С; 2 – dP  =  20  %/100  m, 
dT  =  –6  °С/1000  m, tsh  =  1  °С; 3 – dP  =  20  %/100  m, 
dT  =  –5.5  °С/1000  m, tsh  =  0.5  °С; 4 – dP  =  20  %/100  m, 
dT  =  –5  °С/1000  m, tsh  =  0.5  °С; 5 – dP  =  20  %/100  m, 
dT = –5  °С/1000 m, tsh =   0.75  °С; 6 – dP = 20 %/100 m, 
dT = –5 °С/1000 m, tsh = 1 °С.

Fig. 3. Verification of the model based on the results 
of field observations on a network of ablation stakes 
on the Sary-Tor Glacier in 2014.
Dashed line: graph y = x; solid line: linear approximation func-
tion.
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Fig. 4. Schematic maps of mass balance fields of the Sary-Tor Glacier for glaciological years of (a, b, c) 
2008/09 and (d, e, f) 2014/15: (a, d) mass balance Bal; (b, e) surface lowering due to ablation Abl; and  
(c, f) accumulation Acc.
The color shows the change in the surface height, m w.e.

Ta b l e  1. Annual values of the mass balance (Bal),  
 ablation (Abl), and accumulation (Acc)  
 of the Sary-Tor Glacier according to modeling data

Mass balance 
year

Bal Abl Acc

m w.e.

2003/04 –0.44 1.03 0.59
2004/05 –0.52 0.99 0.48
2005/06 –0.71 1.24 0.54
2006/07 –0.47 1.09 0.62
2007/08 –0.63 1.10 0.46
2008/09 0.37 0.53 0.89
2009/10 –0.62 1.34 0.72
2010/11 –0.37 1.05 0.68
2011/12 –0.56 1.24 0.68
2012/13 –0.36 0.98 0.62
2013/14 –0.50 0.96 0.46
2014/15 –0.76 1.42 0.67
2015/16 –0.48 1.09 0.61

Average value –0.463 1.08 0.618

Fig. 5. Accumulation (Acc), change in the height of 
the glacier surface due to ablation (Abl), and mass 
balance (Bal) of the Sary-Tor Glacier for the period 
2003/04–2015/16 according to the modeling.
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RESULTS

The output of the model is the depth of snow, 
firn, and ice melt and corresponding water yield cal-
culated for each point of the regular grid (30 × 30 m) 
at each time step (in this work, 1 h). Examples of the 
spatial distribution of the total values of ablation, ac-
cumulation, and mass balance of the Sary-Tor Glacier 
calculated for the mass balance year are shown in 
Fig. 4. According to the model, the annual accumula-
tion on the Sary-Tor Glacier varies from 0.48 to 
0.89 m w.e. in different years, and the ablation chang-
es from 0.53 to 1.42 m w.e. (Table 1 and Fig. 5). For 
most of the years during the study period, the glacier 
mass balance is negative and averages –0.46 m w.e. 
per year. With regard to mass balance, the only posi-
tive year was 2009 because of the low ablation and 
increased accumulation.

DISCUSSION

Despite the fact that the AMelt model is focused 
on physically-based simulation of snow and ice melt-
ing, the lack of complete information about the simu-
lated objects necessitates the use of calibration pa-
rameters: the gradients of temperature and precipita-
tion in this case. The problem of the presence of 
calibration parameters in hydrological models has 
long been known and widely discussed [Christophers-
en et al., 1990; Beven, Freer, 2001; Kirchner, 2006; 
 Vinogradov, Vinogradova, 2010; Semenova, Beven, 
2015]. When calibrating, the modeler strives to 
achieve, first of all, the correspondence of the main 
sought parameter (in the case of hydrological mo-
deling, the runoff in the outlet; in the case of glacio-
logical modeling, the final mass balance) to the obser-
vational data. It is important that the same sati-
sfactory result can be obtained using different 
independent sets of values, i.e., calculations with dif-
ferent initial values in hydrological modeling are 
equifinal. Moreover, the values of the calibration pa-
rameters can go beyond their physical limits for a 
given object and lose their physical meaning. Accord-
ingly, in the course of model calibration, the mecha-
nisms of the simulated process can be significantly 
distorted.

In accordance with this, the authors consider it 
appropriate to analyze the selected values of the cali-
bration parameters (see the Methods and data sec-
tion), as well as the results of modeling individual 
components of the dynamics of the Sary-Tor Glacier 
mass balance, for which observational data can be 
found for comparison. 

The altitudinal temperature gradient was taken 
equal to –7 °С per 1000 m, and the altitudinal pre-
cipitation gradient was 20 % per 100 m. The represen-
tation of the vertical distribution of air temperature 
and precipitation as a linear function with a constant 

slope is a significant simplification. In reality, the ver-
tical distribution of these parameters in the moun-
tains is not described by a linear function; it is strong-
ly affected by local factors and changes significantly 
both during the entire season and during one day 
[Barry, 2008].

The results of simultaneous observations over 
the air temperature at the Tien Shan weather station 
(it was located in the same trough valley as the mod-
ern Kumtor weather station, 9 m lower) and in the 
middle part of the ablation zone on the Davydov Gla-
cier (which occupies the neighboring valley) in July–
August 1984 were presented in the study by A.P. Vo-
loshina [1988]. In summer, during the daytime in 
clear weather, the air temperature at the weather sta-
tion can exceed the air temperature in the middle 
part of the ablation zone on the glacier by 4–6 °С, 
while temperature inversions are usually observed at 
night. On average, the recorded difference in air tem-
peratures between the two points was 1.6–2.6 °С, 
which corresponded to a temperature gradient of 
5.5–8.9  °С per 1000  m; on average, –7.2  °С per 
1000 m. This value turned out to be extremely close 
to the calibration parameter of the temperature gra-
dient, which gave the best fit of the simulated melting 
to the results of factual measurements at the Sary-Tor 
Glacier.

The work [Voloshina, 1988] also contained data 
on simultaneous measurements of precipitation at the 
same points. The magnitude of the precipitation gra-
dient, according to the observation results, depended 
on the amount of precipitation at the height of the 
weather station: with an increase in the amount of 
precipitation, the gradient decreased exponentially, 
settling at a level of 25–30 % per 100 m with the 
amount of precipitation equal to 3 mm or more.

Thus, the precipitation gradient adopted in the 
model (20 % per 100 m) may be somewhat underesti-
mated, but it is close to the values typical for this re-
gion.

The altitudinal distribution of solid precipita-
tion on a glacier is determined by a combination of 
the altitudinal distribution of liquid precipitation and 
air temperature.

According to [Dyurgerov et al., 1992], the altitu-
dinal gradient of solid precipitation during summer 
snowfalls in 1987–1989 was variable. It usually in-
creased with an altitude from 0–20 % per 100 m in 
the lower glacier zones to 40–100 % per 100 m at the 
height of 4200–4400 m a.s.l., and decreased to 10–
40 % at the heights above 4400 m a.s.l. The average 
value of the altitudinal gradient of solid precipitation 
was 46 % per 100 m. The simulated altitudinal distri-
bution of annual precipitation and accumulation is 
relatively even because of constant temperature and 
precipitation gradients: the accumulation gradients 
increase from 20–40 to 40–100 % per 100 m; this 
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 gradient decreases at the altitude above 4400 m. The 
average simulated accumulation gradient is 52 % per 
100 m. It can be stated that the model simplifies the 
real field of snow distribution due to the simplified 
consideration of the vertical distribution of tempera-
ture and precipitation.

According to the modeling data, the mass ba-
lance of the Sary-Tor Glacier in 2004–2016 repeated 
the trends observed on the Tien Shan glaciers accord-
ing to the data of direct observations and reconstruc-
tions by various authors (Figs. 6 and 7). For most of 
the glaciers, a positive mass balance was observed in 
2009. The simulated annual mass balance values of 
the Sary-Tor Glacier fit into the range of measured 
and modeled elsewhere mass balance values of the 
Tien Shan glaciers (Fig. 6). The obtained annual val-
ues are closest to the measured and modeled values 
reported for the nearby glaciers no. 354 and Western 
Suek.

The mass balance of the Sary-Tor Glacier simu-
lated for 2015 demonstrated a good agreement with 
the mass balance determined by the glaciological 
method (–0.76 and –0.82 m w.e., respectively). In 
2016, the discrepancy between the simulated and fac-
tual (glaciological method) mass balances was 0.31 m 
w.e. (–0.48 and –0.79 m w.e., respectively). The dif-
ferences may be associated primarily with the differ-
ent methodology for extrapolating the values of the 
glacier mass balance to the area, for which observa-
tional data are absent, or with errors of both the gla-
ciological method (estimated at about 0.2 m w.e. for 
this region [Kronenberg et al., 2016; Kenzhebaev et al., 
2017]) and the modeling method. For the present 
model, the average error in calculating the annual 
balance is approximately 0.1 m w.e. (see the Results 
section). It should also be noted that the values of the 
modeled and experimentally determined mass ba-

Fig. 6. Annual values of the mass balance on the Tien Shan glaciers in the period from 2003/04 to 2015/16 
balance years.
According to the glaciological method (https://wgms.ch/ ): 1 – Abramov Gl, 2 – Golubev Gl, 3 – Tuyuksu Gl, 4 – Glacier no. 1 
Urumqi, eastern branch; 5 – Glacier no. 1 Urumqi, western branch; 6 – Glacier no. 354; 7 – Western Suek Gl, and 8 – Sary-Tor Gl. 
Mass balance reconstruction: 9 – Glacier no. 354 [Kronenberg et al., 2016], 10 – Western Suek Gl [Kenzhebaev et al., 2017], 11 – 
Sary-Tor Gl [Popovnin et al., 2021], and 12 – Sary-Tor Gl (present study). 

Fig.  7.  Comparison of cumulative mass balance 
curves for Tien Shan glaciers.
According to modeling data: 1 – Sary-Tor Gl (present work);  
2 – Sary-Tor Gl (reconstruction based on empirical depen-
dences on meteorological predictors [Popovnin et al., 2021]);  
3 – Glacier no. 354 [Kronenberg et al., 2016]; 4 – Western Suek 
Gl [Kenzhebaev et al., 2017]. According to the glaciological 
method (https://wgms.ch/): 5 – Glacier no. 1 Urumqi, west-
ern branch; 6 – Glacier no. 1 Urumqi, eastern branch; and  
7 – Tuyuksu Gl. 
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lance of the Sary-Tor Glacier in 2015 (–0.76 and 
–0.82 m w.e., respectively) are within the range of the 
mass balance values observed for most of the glaciers 
in the region (from –0.499 to –0.93 m w.e.), except 
for the Abramov Glacier with a mass balance close to 
zero in that year (https://wgms.ch/). In 2016, the loss 
of mass of glaciers in the region was less significant 
than in 2015: from –0.37 to –0.5 m w.e. (the excep-
tion was Urumqi, the eastern branch). For many gla-
ciers, the mass balance was even positive (from 0.287 
to 0.561 m w.e.) (https://wgms.ch/). Thus, the mo-
deled value of the mass balance of the Sary-Tor Gla-
cier for 2016 (–0.48 m w.e.) was closer to the regional 
distribution than that obtained by the glaciological 
method (–0.79 m w.e.).

In general, according to the obtained results, the 
mass of the Sary-Tor Glacier decreases slower than 
that of the Urumchi and Tuyuksu glaciers, and faster 
than that of the Western Suek Glacier. The cumula-
tive curve obtained from the reconstruction of the 
mass balance of glacier no. 354 [Kronenberg et al., 
2016] is the closest to the one obtained for the Sary-
Tor Glacier. 

Reconstruction of the mass balance of the Sary-
Tor Glacier based on empirical relationships between 
the components of the mass balance and the meteoro-
logical predictors [Popovnin et al., 2021] demonstrat-
ed good agreement with the results of our modeling 
for 2005, 2006, 2008, 2010, and 2012. In other years, 

Fig. 8. Long-term fluctuations in the mass balance of the Tien Shan glaciers.
1 – Karabatkak Gl; 2 – Golubev Gl; 3 – Tuyuksu Gl; 4 – Urumqi Gl; 5 – Abramov Gl, 6 – moving average with a three-year window; 
7 – Sary-Tor Gl (1984/85–1988/89, observation data [Dyurgerov, 1995]; 2003/04–2015/16, modeling data); 8 – linear approxima-
tion of a moving average with a three-year window. Graphs 1–5 are based on data from the Internet resource https://wgms.ch/.

the values of the mass balance reconstructed from the 
empirical dependences on meteorological predictors 
were lower than those obtained with the help of the 
AMelt model (Fig. 6). As a consequence, the cumula-
tive mass balance curve of the Sary-Tor Glacier ob-
tained by the reconstruction method with the use of 
empirical dependences on meteorological predictors 
[Popovnin et al., 2021] lies significantly lower than 
the curve obtained in our study and closer to the 
curve obtained for the Tuyuksu Glacier (Fig. 7).

Comparison of the simulation results with obser-
vational data on the Sary-Tor Glacier in 1984/85–
1988/89 [Dyurgerov et al., 1992; Dyurgerov, 1995] 
reveals the intensification of the glacier mass loss. 
The average value of the mass balance in the modern 
period (2003/04 to 2015/16) was –0.46 m w.e.; in 
1984/85–1988/89, it was –0.14 m w.e. According to 
the reconstruction by S.N. Ushnurtsev [1991] based 
on the relationship between the mass balance and the 
height of the feeding boundary, the mass balance of 
the Sary-Tor Glacier in the period from 1930 to 1984 
ranged from –0.6 to 0.2  m w.e. A similar tendency for 
the intensification of mass loss is observed for all Tien 
Shan glaciers provided with long-term observation 
series (Fig. 8). 

The intensification of the loss of mass by the 
Sary-Tor Glacier occurred primarily due to the in-
creased melting in the lower altitudinal zones. In the 
accumulation zone, the annual mass balance values 
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averaged over altitudinal zones for 1984/85–1988/89 
and 2003/04–2015/16 are generally close: the ranges 
of variation coincide for both periods, and the aver-
age for the latter period is shifted towards more nega-
tive values by 0−0.25 m w.e. (Fig. 9). At the altitude 
below 4300 m asl, the averaged curves begin to di-
verge: at the altitudes of 3900–4000 m, melting in the 
recent period was 1.0–1.2 m w.e. higher than that in 

Fig.  9.  Altitude distribution of the annual mass 
balance for the model period (2004–2016) and the 
period of field observations (1985–1989).

Fig. 10. Distribution of the annual mass balance depending on the absolute height according to the data of 
all grid cells of the model in 2014/15.

the 1980s. The ELA shifted upwards by 125 m: from 
4225 m in 1984/85–1988/89 to 4350 m in 2003/04–
2015/16 with a range of variation from 4254 to 
4446 m.

A smoother pattern of the altitudinal distribu-
tion of the mass balance in the model period com-
pared to the period of field observations in the 1980s 
is associated with a simplified representation of the 
altitudinal distribution of precipitation and tempera-
ture. Spatial differences in the structure of the mod-
eled values of the glacier balance are due to the distri-
bution of solar radiation and the surface topography 
(Fig. 10). 

The intensification of the ablation of glaciers in 
the Ak-Shyirak massif occurs against the background 
of an increase in the annual and summer air tempera-
tures (Fig. 11, a). Thus, the air temperature of the 
warm (May–September) season in 1984/85–1988/89 
at the Tien Shan weather station was +1.8  °С; in 
2003/04–2015/16, it increased to +3.0 °С. The rise in 
temperature was not offset by a significant increase in 
the annual precipitation: from 288 mm in 1984/85–
1988/89 to 373 mm in 2003/04–2015/16. An in-
crease in precipitation was noted during the ablation 
period; there was no significant increase in precipita-
tion during the accumulation period. The rise in tem-
perature could have led to a significant decrease in 
the proportion of solid precipitation in the lower part 
of the glacier in the summer. In addition, the increase 
in precipitation could be related to the relocation of 
the weather station. The unevenness of the precipita-
tion curve after the relocation of the station was not-
ed in a number of studies [Kutuzov, Shahgedanova, 
2009; Petrakov et al., 2016].
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CONCLUSIONS

In this work, the physically based AMelt model 
of snow and ice melting in alpine zones was adapted 
to simulate the mass balance of glaciers under the cli-
matic conditions of Central Asia. Approbation of an 
improved version of the model on the Sary-Tor Gla-
cier for the period 2003/04 to 2015/16 demonstrated 
a good agreement with the results of glacial ablation 
measurements on a network of ablation stakes and 
the average subsidence of the glacier surface calcu-
lated using the geodetic method. The calibration co-
efficients (altitudinal gradient of temperature and 
precipitation) turned out to be close to the values 
observed in July–August 1984.

According to the modeling data, the annual ac-
cumulation values on the Sary-Tor Glacier in 
2003/04–2015/16 varied within the range from 0.48 
to 0.89 m w.e. and the ablation values, from –1.42 to 
–0.53 m w.e. The glacier mass balance was negative 
for most of the years during the study period and 
 averaged –0.46 m w.e. per year. This value is signifi-
cantly lower than the value observed in 1984–1989 
(on average, –0.14 m w.e. per year). The ELA in-
creased by 125 m: from 4225 in 1984/85–1988/89 to 
4350 in 2003/04–2015/16. Such an intensification of 
mass loss is typical for all Tien Shan glaciers, on 
which mass balance observations have been per-
formed. 

According to modeling data, the dynamics of the 
mass balance of the Sary-Tor Glacier in the period 
from 2004 to 2016 repeats the trends noted for the 
Tien Shan glaciers according to direct observations 
and reconstructions by various authors. The obtained 
annual values of the mass balance are closest to the 

Fig. 11. Average air temperatures of the warm season (May–September) (a) and annual precipitation (b) 
according to the data of the Tien Shan and Kumtor weather stations for 1930–2018.

measured and modeled values characteristic of the 
nearby glaciers no. 354 and Western Suek. In general, 
according to the obtained results, the Sary-Tor Gla-
cier is melting slower than the Urumqi and Tuyuksu 
glaciers to the east and faster than the Western Suek 
glacier.
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Interferometric pairs of ALOS PALSAR dataset (2007–2010) were used to estimate the seasonal and 
long-term variations in the ground surface height in the piedmont of the Polar Ural, the far northeast of Euro-
pean Russia. The obtained results were validated by ground-truth measurements at the CALM R2 site (active 
layer thickness monitoring site). The values and amplitude of ground surface height variations obtained from 
the satellite imagery were lower compared to field measurements. The sites under study were classified in two 
conditional groups: more drained sites (confined to the upper parts of the moraine ridges) and sites with higher 
moisture content in the soil (lower parts of the slopes). This classification was based on the intensity of sea-
sonal changes in the height of ground surface during the vegetation period of 2007. Significant correlations 
between in situ and remote sensing-based measurements were established for these groups. The convergence 
of the results increased with a greater number of in situ measurements inside the pixel of the satellite image. 
The greatest differences in the magnitude of vertical movements of ground surface were reported in the years 
with contrasting weather conditions (2007 and 2010). Ground surface subsidence was reported to be greater 
(up to 1.5–4.5 cm) during the colder and wetter vegetation period of 2010, and less pronounced in a drier and 
warmer season of 2007 (0–3.0 cm) within tundra zones of the Pechora Lowland. A summer heave of ground 
surface was noted (up to 2–3 cm) in sites with moraine deposits in the piedmont plains for the whole period of 
observations.

Keywords: differential radar interferometry, piedmont landscapes of the Polar Ural, ground subsidence and 
heave.

INTRODUCTION

Changes in ground surface elevation can be 
caused by various geological (both exogenous and en-
dogenous) processes [Dobrovolsky, 2001]. The differ-
ential interferometry synthetic aperture radar (DIn-
SAR) technique is based on analysis of the phase shift 
of the echo signals of multitemporal images, which 
allows measuring ground surface displacements to a 
centimetre-level accuracy over large areas. Interfer-
ometry using data from spaceborne SAR instruments 
has proven to be not inferior to conventional geodetic 
monitoring methods [Musikhin, 2012; Chimitdorzhiev 
et al., 2013]. Present-day DInSAR-based investiga-
tions deal with the analysis of surface-level variations 
induced by both natural and technogenic effects: un-
derground mine workings [Epov et al., 2012], oil ex-
traction [Evtyushkin, Filatov, 2009; Elsakov, 2012], 
and growth of urban areas [Gorny et al., 2010]. 

Cycles of freezing and thawing of the active layer 
containing different amounts of ground ice are among 
major causes of vertical movements of the ground 
surface in permafrost regions [Kachurin, 1961; Bock-
heim, 2015]. Recent years have seen an increased in-
terest in monitoring of natural surface deformations 
in the permafrost zone considered as indicators of 

cryogenic landscapes changes at a local or regional 
level. The balance between multidirectional seasonal 
thaw subsidence and heave processes is one of the key 
indicators of changes in permafrost and thermokarst 
development. The intensity of winter heave and sum-
mer subsidence of the ground surface is largely relat-
ed to climatic conditions [Mazhitova, Kaverin, 2007; 
Romanovsky et al., 2008]. 

Meteorological observations in the north of Rus-
sia demonstrate the existence of a steady warming 
trend during the period 1976–2012 marked by in-
creased surface air temperature (SAT) [Leshkevich, 
2014]. This has resulted in a higher rate of permafrost 
degradation and enhanced biological productivity of 
tundra plant communities, while the implications of 
climate change in the Arctic are spatially heteroge-
neous [Elsakov, 2017]. The informative value of DIn-
SAR methods is noted in research of Alaska ecosys-
tems [Liu et al., 2010], the Canadian Arctic Archi-
pelago [Short et al., 2014; Rudy et al., 2018], Central 
Siberia [Chimitdorzhiev et al., 2013; Antonova et al., 
2018], the Tibetan plateau [Chen et al., 2013], etc. 
More frequent surveying (up to 6–12 days for Senti-
nel-1A/B) has made the method indispensable for 

Copyright © 2021 V.V. Elsakov, D.A. Kaverin, V.M. Shchanov, All rights reserved.
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studyes of the seasonal dynamic of the mosaic perma-
frost landscapes. However, given that interferograms 
are generated for meteorologically different years and 
span a relatively short period, they need to be vali-
dated by systematic ground-based observations. A 
lack of available and unified field measurements for 
verification and calibration of the results obtained 
has been the biggest constrain to expanding DIn-
SAR-based applications for monitoring the northern 
areas. This was primarily due to the curtailment of 
many long-term monitoring programs at permanently 
operating integrated geocryological and biocenotic 
research stations in the last decades. The established 
and subsequently expanded Circumpolar Active Lay-
er Monitoring (CALM) network allow resuming the 
collection and unification of datasets from long-term 
observations of changes in seasonal thaw depth (ac-
tive layer thickness, ALT) and ground surface defor-
mations in permafrost areas [Brown et al., 2000]. 

The aim of this work was to compare seasonal 
and interannual vertical movements of permafrost-
affected soil surface within the piedmont plain of the 
Polar Urals calculated with interferometric pairs of 
ALOS PALSAR images and the data of field topo-
graphic surveys obtained in the meteorologically con-
trasting years.

STUDY AREA

The study area is located in the northeast of Eu-
ropean Russia in the southern hypoarctic tundra sub-
zone which abuts with the Polar Urals (Fig. 1, A) 

[Geobotanical zoning..., 1989]. According to the map 
of Neogene-Quaternary deposits of Vorkuta district 
(scale 1:200 000) and the accompanying Explanatory 
Note [Shishkin et al., 2013], three regions are identi-
fied within the study area based on its geological 
structure [Shishkin et al., 2013]. The western part is 
located within the platform plain having a thick sedi-
mentary cover of glacial deposits (up to 40 m) and 
thinner alluvial-marine deposits (up to 20 m) and in-
cludes areas of fens and raised bogs (Fig. 2, A). The 
flat terrain is subsequently replaced to the east by 
piedmont and intermountain plains with patches of 
gently undulating outwash plains passing into a hilly 
glacial plain with areas of accumulative-denudation 
plain composed of up to 5 m thick lacustrine-glacial 
deposits. The eastern part of the study area includes a 
mountain belt whose area is dominated by flat-topped 
rough and low mountains. 

The study area is characterized by continuous 
and discontinuous permafrost distribution with a 
thickness of 50–150 m and mean annual ground tem-
perature from 0 to –2 °С [Ershov, 1996]. The perma-
frost table has a complex configuration with through 
taliks beneath watersheds and river beds. The depth 
of seasonal thaw of soils is highly differentiated de-
pending on the vegetation cover patterns and snow 
cover thickness. Shallow (up to 1 m) occurrence of 
the permafrost table is rather common for moss-dwarf 
shrub tundra, while permafrost usually occurs at a 
depth of 1–2 m and more under large-shrub or willow 
communities [Mazhitova, 2008]. Analysis of the veg-
etation map generated with the supervised classi-

Fig. 1. The location of CALM R2 site and contours ALOS PALSAR dataset (А). The distribution of field 
observation points and PALSAR pixel net (25 × 25 m) within the instrumental measurement site (B).
1 – CALM R2 monitoring site; 2 – contours of ALOS PALSAR images; 3 – low-shrub-lichen tundra; 4 – dwarf shrub tundra;  
5 – low bush tundra; 6 – willow-shrubs; 7 – swampland complexes; 8 – grass communities; 9 – reference rods for in situ measure-
ments; 10 – pixels assigned in 2007 to the cluster “upper parts of the sloping hill”; 11 – pixels for the cluster “lower parts of the 
sloping hill”; 12 – contour lines.
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fication of Landsat  7 ETM+ imagery (shooting: 
137.7.2000) (Fig. 2, B) has revealed seven dominant 
classes of vegetation cover. The tundra plant commu-
nities are represented by shrub (20.7 % of the image 
area), dwarf-shrub (15.6 %) and shrub-lichen (4.7 %) 
vegetation. Azonal groups include willow shrubs 
(42.2 %), bog plant species assemblages (5.6 %), areas 
of grass communities (0.6 %). Territories without 
vegetation cover account for 10.3 % of the area.

The choice of the study area and the selection of 
satellite imagery was prompted by the availability of 
the CALM R2 monitoring site (67°35.04′   N, 
64°09.09′ E) located 13 km northeast of Vorkuta city 
and having long-term series of ALT measurements, 
surface elevation and soil temperature. The CALM 
R2 site (81 × 88 m in size) is located on the south-
western slope of a riverine ridge and consists of a net-
work of 99 permanent observational grid nodes with 
9 × 8 m grid cells (Fig. 1, B). The surface slope is on 
average 3°, the elevation difference is not more than 
4 m. The main orographic elements of the site are flat 

Fig. 2. Main geomorphological elements (А) and dominant vegetation cover classes (Landsat 7 ETM+ 
processing) (B).
Landscape-geomorphological complexes: 1–3 – platform plain (1 – rolling-undulating smoothed glacial plain; 2 – gently undulat-
ing plain with alluvial-marine alluvial sediments; 3 – peatlands); 4–10 – piedmont and intermontane plains (4 – outwash plain;  
5 – rolling glacial plain on the Khanmei moraine; 6 – marginal rolling ridge-like glacial debris accumulation formations; 7 – rolling-
ridge glacial plain on the Pachvozh moraine; 8 – accumulation-denudation plain on lacustrine-glacial deposits of the Khanmei 
moraine; 9 – floodplain terraces; 10 – rolling steeply-sloping denudation plain); 11, 12 – mountain belt (11 – steep glacial-exaration 
slopes; 12 – gentle slopes with glacial accumulative deposits); 13 – boundaries of the Komi Republic; 14 – ALOS PALSAR satellite 
image contours; 15 – location of the CALM R2 site. Vegetation cover classes: 16 – low-shrub-lichen tundra; 17 – dwarf shrub 
tundra; 18 – shrub tundra; 19 – willow shrub; 20 – bog plant association complexes; 21 – grass communities; 22 – barren patches.

hilly-ridge uplands with flat slightly convex tops and 
long gentle slopes [Druzhinina, Myalo, 1990]. The 
vegetation cover of the site is mosaic, dominated by 
communities of small dwarf-moss tundras on the tops 
of watershed ridges, large shrub tundras on the slopes 
of ridges, and bog complexes in depressions and on 
the flat tops of ridges. The site is dominated by gley 
soils on clay loams; ice content of the underlying per-
mafrost varies from 40 to 50 % [Mazhitova, Kaverin, 
2007]. The average ALT varied from 86 to 89 cm dur-
ing the study period.

RESEARCH METHODS

Monitoring studies. Within the CALM R2 key 
site year-round soil temperature measurements (at 
depths of 0, 0.2, and 0.5 m) were carried out using 
HOBO U-12 data loggers, and ALT was measured 
with graduated metal probe stick. To determine the 
heaving/subsidence of the soil surface in all grid 
nodes of the site, the elevations of the permafrost top 
and soil surface were measured annually after the 
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snowmelt (late May) and at the end of the warm sea-
son (late September). The measurements were taken 
with а common instrumental levelling method using 
Geobox N8-32 optical level with 1.5 mm per 1 km ac-
curacy. A state geodetic survey benchmark located 
100 m away from the site served as a stationary refe-
rence to determine absolute heights. 

The main climatic parameters were derived from 
the RIHMI–WDC (Russian Institute of Hydrome-
teorological Information-World Data Center) ar-
chive data (http://www.meteo.ru). When character-
izing the weather conditions at the time of SAR im-
ages acquisitions, the weather archive for the weather 
station in Vorkuta (airport) (WMO ID  23226) 
(http://rp5.ru) was used. To assess the influence of 
meteorological factors on vertical movements of the 
ground surface, a sum of average daily positive (thaw-
ing degree days, TDD) and negative (freezing degree 
days, FDD) air temperatures were calculated for the 
hydrological years (October 1 – September 30) of the 
study period.

Satellite images processing. Satellite images 
were processed using the ENVI SARscape module. 
The phase unwrapping was obtained with the “Mini-
mum Cost Flow” automated algorithm. The parame-
ters of ground control points (GCPs) within the run-
way segments of the Vorkuta airport were taken into 
account during phase unwrapping. The 2007–2011 
ALOS PALSAR images (Fine Beam Dual scanning 
mode, L range, 23.5 cm wavelength, 34.3° off-nadir 
angle for all scenes) were used to construct two sets 
of overlapping interferometric pairs (Table 1). In the  
L-range radar imaging, the height of vegetation can 
be ignored, since the signal is predominantly reflected 
from the ground surface. Surface deformations were 
determined by their comparison with master images 
(15.08.07 and 18.09.07). Master images were selected 
by the least visual distortion of the resulting inter-
ferograms associated with the atmospheric phase de-
lay (caused by atmospheric effects). For most of the 
compared images, the perpendicular component of 
the baseline (Bn) had acceptable values (from 298 to 
2128 m). The differential interferogram was calcu-
lated from the ArcticDEM digital elevation model 
which was used as a terrain data source (https://www.
pgc.umn.edu/data/arcticdem). 

The surface level displacement was computed for 
satellite images with 25 m pixel size and the noise was 
suppressed by applying adaptive filtering before the 
phase unwrapping. The weather conditions were in-
ferred from information on the shooting time (17:30 
UTC) (Table 1). The effect of precipitation and cloud 
cover on most of the images was negligible. Scenes 
with signal distortions (i.e. inaccurate phase shift) 
caused by atmospheric interference were rejected 
from the analysis.

Analysis of temporal variations in the ground 
surface. Characterization of the seasonal variations 
in the ground surface movements within the key site 
was made by two approaches. The first approach ana-
lyzes the pairs of PALSAR images from the same set 
which differ maximally in shooting dates within the 
season (for summer subsidence: 30.06–30.09.07 and 
08.07–23.08.10; for winter frost heave: 30.09.07–
02.07.08). The available image pairs often did not 
represent the maximum values of seasonal subsidence 
and heave. The comparison of satellite data with in 
situ measurements made on adjacent dates allows 
comparing the methods employed.

The second approach is focused on the course of 
seasonal changes of the ground surface using com-
plete sets of scenes. ALOS PALSAR surveys provide 
interferometric measurements with the 46-day re-
peats, thus allowing taking not more than 3–4 images 
per year during the snow-free period. However, the 
set of images included two territorially overlapping 
groups (their boundaries are shown via contours 
marked as a and b in Fig. 1). Changes in the soil sur-
face level were computed for all the images from the 
set of group a (master scene 18.09.07) and b (master 
scene 15.08.07). Master images of two groups were 
not mutually calibrated by soil surface elevation and 
were acquired on different dates. Therefore, the indi-
cators were recalculated for different groups using 
similar-time scenes. Most comparable were images of 
the end of the growing season (18.09.07 for group a 
and 30.09.07 for group b). The values for the ground 

Ta b l e  1. ALOS PALSAR scenes  
 and weather conditions on the shooting dates

No. 
ALOS  

PALSAR 
scenes

Bn, m N, % Daily precipitation

Path/Frame 529/1350 17:42 UTC (а)
1 18.09.07 (master-image) 40 –
2 18.06.07 615 100 drizzle, 2.6 mm
3 08.08.09 2128 100 rain
4 26.06.10 1018 70–80 rain shower, 0.2 mm
5 11.08.10 1479 100 drizzle, 7.0 mm

Path/Frame 527/1350 17:35 UTC (b)
6 15.08.07 (master-image) 100 –
7 30.06.07 298 <10 –
8 30.09.07 512 100 light rain shower, 

4.4 mm
9 02.07.08 1621 – –

10 08.07.10 1389 20–30 –
11 23.08.10 1808 70–80 rain shower, 6.0 mm
12 17.08.08 5269 60 rain, 0.1 mm

N o t e. Bn – perpendicular baseline; N – cloudiness, 
according to the Vorkuta (airport) weather station archive  
(WMO ID 23226).
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surface level were taken as equal numbers for the 
same sites on these dates and sets of images were cali-
brated relative to the baseline scene (15.08.07).

Analysis of georeferencing of ALOS PALSAR 
images has demonstrated “sub-pixel accuracy of geo-
referencing” [Baranov et al., 2008]. The satellite im-
age matrix of the CALM R2 monitoring site is formed 
by 19 pixels (Fig. 1, B). The field observations values 
were averaged by the pixels of satellite images for 
comparative analysis of the variance between the 
ALOS PALSAR data and instrumental measure-
ments. The number of field measurements at a pixel 
varied from 1 to 10. Results of the satellite and in situ 
measurements were used to compare summer subsid-
ence of the ground surface for meteorologically con-
trasting years 2007 and 2010. Frost heave values were 
calculated and compared for the hydrological year 
2007/08.

RESEARCH RESULTS

Comparison of changes in ground surface ele-
vations estimated from satellite images and instru-
mental measurements. Comparison of the results of 
the DInSAR data processing and field measured ele-
vations demonstrated that the values for the ground 
surface movements over 2007 were distinctly sepa-
rated into two conventional groups according to their 
position in the relief (Fig. 3, a): drained, predomi-
nantly upper parts of the hill (summit, 7 pixels) and 
lower, essentially wetter (hill base, 12 pixels) areas. 
When split, the compared indicators obtained by dif-
ferent methods showed significant correlations (for 
the summit group the rank correlation coefficient 
r = 0.83, probability p < 0.05 with total number of 
observations n = 7, for the hill base group: r = 0.86, 
p < 0.01, n = 12). Significant correlations observed 

Fig. 3. Seasonal vertical movements of the ground surface from satellite imagery and field measurements.
The mean volumes and standard deviation (SD) are presented (а, c, e). Subsidence is presented by negative value. Measurements 
dates: а – 30.06–30.09.07; c – 08.07–23.08.10; e – 30.09.07–02.07.08. Differences between the values of satellite and ground me-
thods and numbers of ground measurements (n) in pixel of satellite image (b, d, f): b – 30.06–30.09.07; d – 08.07–23.08.10; 
f – 30.09.07–02.07.08. Groups of pixels assigned to: 1 – lower part of the sloping hill; 2 – upper part of the sloping hill. 
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between indicators obtained by different methods of 
measurements allowed separation of the value set 
into two clusters differing in their location in the re-
lief: for the summit group the rank correlation coeffi-
cient (r) 0.83 (n = 7, p < 0.05), for the base of hill 
group 0.86 (n = 12, p < 0.01). The difference between 
the values of satellite and field observations was the 
slightest for the cluster of pixels located at the lower 
part of the hill. The satellite measurements had lower 
values and amplitudes of variations compared to the 
pointwise in situ measurements. The upper (drained) 
segments of the hill are characterized by lesser sea-
sonal surface deformations according to the DInSAR 
data: from the heave of 1.1 cm to subsidence of 1.7 cm. 
The in situ measurements at the sites were marked by 
a greater magnitude and amplitude of variation: from 
2.6 to 9.0 cm of subsidence. The data obtained by the 
different methods equally demonstrated that surface 
deformation in the lower parts of the bluff is repre-
sented by subsidence only: from 0.8 to 4.4 cm with 
DInSAR data and from 1.4 to 7.0 cm with in situ mea-
surements. A more pronounced soil surface subsid-
ence in the lower part of the site is associated with 
higher water content and active thawing of ice-rich 
ALT layers. The differences between ground-based 
and remote measurements can be explained by differ-
ent size of the measurement areas: ground measure-
ments are pointwise, while the size of pixels utilized 
in ALOS PALSAR images covers an area sized 
25 × 25 m. The inconsistency between the results ob-
tained by different methods tended to decrease with 
higher number of measurement points per pixel 
(r2  =  0.58, n  =  12, p  <  0.01 and r2  =  0.59, n  =  7, 
p < 0.05) and proved to be minimal (<1.0 cm) for the 
lower parts of the hill at n = 7–8 (Fig. 3, b). 

Results showed the largest mismatch (up to 
7.3 cm) for the segments in the upper parts of the hill 
and with single instrumental measurements at the 
pixel. On average, the mismatch decreased from 
0.2 cm (base) to 0.3 cm (summit) per each additional 
point of in situ measurements. The agreement of re-
sults obtained by different methods in 2007 was good 
due to very close dates of DInSAR acquisitions and 
field observations.

The differences for the 2010 growing season were 
largely related to shorter intervals for DInSAR obser-
vations (only 46 days) by the instrumental method. 
Low- and medium-amplitude ground surface heave 
(08.07–23.08.10) was determined from satellite (0.3–
3.2 cm) and instrumental (0–5 cm) measurements at 
the key site. The subsidence of up to 3.5 cm was re-
corded at several pixels (Fig. 3, c). The pixels split-
ting into clusters according to the relief features was 
found inconsistent with the year 2007, and the values 
of in situ measurements showed higher variability. 
The larger number of measurements at the pixel did 
not improve the agreement between the satellite and 
field measurements (Fig. 3, d) due to a lesser overlay-
ing of intervals of observations with these methods. 
The relatively low surface subsidence can be ex-
plained by lower summer air temperatures but high 
amount of precipitation (44 % higher than mean an-
nual) during the 2010 growing season (Table 2). The 
greater subsidence in the warmer and less the humid 
year 2007 has demonstrated the permafrost response 
(depending on local topography and surface condi-
tions) to air temperature warming. 

The measured surface heave was 1.7–6.2  cm 
(DInSAR estimates) and 0–6.0 cm (in situ measure-
ments) at the monitoring site during the 2007/08 
winter season. The greatest DInSAR-derived dis-
placements were reported from sites assigned to the 
cluster of the base of the hill (Fig. 3, e). Increasing of 
number of in situ measurements in pixel did not im-
prove convergence.

Seasonal changes in soil surface. The weather 
conditions are interpreted as the most contrasting 
during the periods 2006/07 and 2009/10 among the 
compared periods (Table 2). The diversity of surface 
air temperature characteristics in different years is 
reflected in the ALT temperature records. Ground 
temperatures reached the minimum (–3.7 °С) at a 
depth of 0.2 m to April 2010 due to a larger amount of 
winter precipitation and snow isolation. The minimal 
soil temperature in 2007 was recorded earlier, in the 
beginning of March (–3.3 °С) due to lower precipita-
tion amount. The daily mean soil temperatures in 
2007 were in the range from +0.8 to +2.1 °С (depth: 

Ta b l e  2. Climatic indicators for the compared years of observation

Hydrogeological 
years

Temperature Amount of precipitation, mm

TDD, °С · days FDD, °С · days Tmean, °С per year liquid solid
2006/07 1277 (14.9) –2498 (8.9) –3.8 489 220 (–15.7) 269 (–20.9)
2007/08 1126 (1.4) –2322 (15.3) –3.6 525 195 (–25.4) 331 (–2.8)
2008/09 1046 (–5.9) –2604 (5.0) –4.5 613 252 (–3.3) 361 (6.2)
2009/10 995 (–10.4) –3542 (–29.2) –7.0 776 376 (44.4) 399 (17.4)
Average 1111 –2742 –4.7 600.7 260.6 340.1

N o t e. The values in parentheses are standard deviations from the multiyear  means  (%). Tmean  – mean annual air tempera-
ture.
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0.2  m) and from –0.1 to –0.2  °С (depth: 0.5  m) 
(Fig. 4) at the time of the first survey (18.06.07) be-
cause of the early warming of the soil profile. The soil 
temperatures warmed slowly in the 2010 growing 
season: transition over 0 °С (TDD) at 0.2 m depth 
was recorded in mid-June. By the time of the first sur-
vey (26.06.10) the ground temperature had warmed 
to +0.5 ... +0.6 °С.

The 2007 growing season was the warmest with-
in the observation period. Differences in summer air 
temperatures for growing seasons of different years 
demonstrate a clearly TDD decreasing trend from 
2007 to 2010 (Table 2). Soil was warming most in-
tensely in the first half of the summer 2007 and the 
maximum temperature (+14.3 °С) at a depth of 0.2 m 
was recorded on July 6 (i.e. 6 days after the PALSAR 
acquisitions). Soils demonstrated slower heating in 
2010: maximal temperature (+7.1 °C) was recorded 
on  August 3.

The average ALT depth was close for years with 
contrasting temperature conditions: (89 ± 14) cm in 
2007 and (89 ± 13) cm in 2010 (n = 99). The summers 
in these years were characterized by remarkable dif-
ferences in the surface air temperatures (SAT) effect-
ed the ground which were balanced by contrasting 
summer rainfall amount. Results of ground defor-
mation measured in situ showed a subsidence of 
 surface (4.0 ± 3.5) cm (n = 19) at the CALM site 
 during May–September 2007, against its heave 
(2.2 ± 4.9) cm noted in 2010. The 2008 temperature 
values occupied an intermediate position between 
2007 and 2010. First PALSAR acquisitions of 2007 
and 2010 were coincident with the beginning of soil 
heating (freeze-thaw transition), which suggests a 
minimal partial compensation for winter heave. The 
exception is 2008, when first acquisitions were co-
incident with the heating of compared soil depth 
(0.2 m) to 5 °С.

Fig. 4. The soil temperature dynamic at a depth of 0.2 m during growing seasons in different years with the 
3 h measuring step.
1 – 2007; 2 – 2008; 3 – 2010.

Fig. 5. Ground vertical movements at the CALM R2 monitoring site for different years.
Satellite image pairs: а – 529/1350; b – 527/1350; parts of the lower part of the slope hill (dark dots) and upper part (light dots). 
The zero value of surface level is taken for date of master-image (15.08.07).
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The ground surface dynamics for growing sea-
sons of different years based on remote sensing me-
thod was determined from comparison of the subsid-
ence/heave amplitudes within the monitoring site 
pixels on satellite images. The maximum soil surface 
subsidence within the observation period was report-
ed in 2007 (Fig. 5), similarly to the in situ measure-
ments. The average variation in ground surface eleva-
tion in the upper part of the hill was characterized by 
lower values (subsidence: 0 to 1 cm) against its base 
(2 to 4 cm) in that year. The disagreement in esti-
mates for seasonal variations on the 2010 scenes (re-
duction from 26.06.10 to 08.07.10 with subsequent 
increase by 11.08.10) was most likely to be a result of 
using different sets of satellite scenes (527/1350 and 
529/1350).

In terms of magnitude of land-surface subsid-
ence, the weather conditions of the 2009 summer sea-
son were the most consistent with the years 2010, and 
2007 with 2008, which is also corroborated by soil 
temperatures and meteorological parameters, accord-
ingly (Table 2). The winter seasonal heave was only 
slightly compensated by summer subsidence during 
the years with relatively cold summers (2009 and es-
pecially 2010).

The seasonal and interannual vertical surface 
movements at a regional level. Satellite imagery of-
fering a good spatial coverage (the ALOS PALSAR 
scene size covers an area of 69 × 87 km) allows detect-
ing and quantifying vertical ground surface move-
ments within large areas. The maximal vertical sur-
face displacements noted on human-affected areas 

(e.g., recent backfill or soil removal and subsidence in 
coal-mining areas).

The summer surface subsidence of undisturbed 
soil cover is fragmentarily presented (Fig. 6, A) at the 
mining field of the coal-mining company Vorkutau-
gol. It was rather considerable in amplitude (>16 cm), 
but area was small (0.7–1.0 km diameter) in different 
years. Localities of subsidence sites varied from year 
to year (Fig. 6, B). The 2012 field studies revealed no 
visible changes in the moss-lichen cover and struc-
ture of plant communities at these sites. 

Significant seasonal ground displacements are 
not inherent to the undisturbed tundra ecosystems 
(Fig. 7). The largest areas where summer settlement 
of the soil surface (up to 3 cm) is observed on natural 
depressions of drainage hollows and downgraded ar-
eas between hills. Low (1.5–3.0 cm) and moderate 
amplitudes (3.0–4.5 cm) of surface subsidence were 
observed on 30–40 % of the area of swampland eco-
systems and large-shrub tundra in the summer of 
2007 and 2010. Low heaves of soil surface were re-
ported within 23 % of the area of low-shrub lichen 
tundra. The dwarf birch (Betula nana) moss tund-
ra  and grass communities showed no significant 
changes.

The regional soil surface dynamics has been re-
markably affected by quaternary sediments distribu-
tion (Fig. 2, A). The ground surface subsidence was 
maximal in 2010 (1.5–4.5 cm) and less expressed in 
2007 in the flat portion of the study area (Fig. 7). The 
summer surface heaves (1.5–4.5 cm) were noted at 
rather large areas in the piedmont plains of the Polar 

Fig. 6. Subsidences near coal-mines in the vicinity of Vorkuta city in 2007 (A) and 2010 (B). The colored 
contour lines mark subsidences. 
1 – over 16 cm; 2 – over 12 cm; 3 – over 8 cm; 4 – over 4 cm. Background: Sentinel-2 image acquired 25.07.19 (http://www.glovis.
usgs.gov).
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Fig. 7. The ground surface movements on the western slopes of the Polar Urals and Bolshezemelskaya 
tundra for the periods 15.08–30.09.07 (A) and 08.07–23.08.10 (B) processed from the ALOS PALSAR data.
Colored areas represent movements of the ground surface: 1 – over –4.5 cm; 2 – from –4.5 to –3.0 cm; 3 – from –3.0 to –1.5 cm;  
4 – from 1.5 to 3.0 cm; 5 – from 3.0 to 4.5 cm; 6 – over 4.5 cm. Minor changes (from –1.5 to –1.5 cm) are not highlighted in color. 
Negative values correspond to the ground surface subsidence. SRTM 90 is the background DEM. The inset shows disturbed areas 
in the vicinity of Vorkuta city (building plots and areas with disturbed vegetation), colored in pink. The values of local subsidence 
in the coal-mining areas (blue spots) accord with the legend.

Urals (watersheds of the Bolshaya Usa and Malaya 
Usa rivers). These sites are located on younger glacial 
moraine complexes of the Late Pleistocene (Khan-
mei) glaciation [Astakhov et al., 2007; Astakhov, 
2011]. The ground surface heave is visible most clear-
ly on the 2010 images.

DISCUSSION

The DInSAR interferometry-derived seasonal 
vertical movements of the ground surface at the 
CALM R2 site and the adjacent area are represented 
by estimates similar to other parts of the Arctic. The 
subsidence of up to 2 cm was marked within 40 % of 
the tundra ecosystems in the Lena River delta with 
TerraSAR-X satellite for 2013–2014 [Antonova et al., 
2018]. The average values ranged from (1.7 ± 1.5) cm 
for the relatively cold 2013 to (4.8 ± 2.0) cm for the 
warm 2014. The magnitude of ground surface defor-
mation measured with ERS 1/2 satellites for Alaska 
ecosystems (North Slope) ranged in 1–4 cm interval 
for summer periods of 1992–2000 [Liu et al., 2010].

The amplitudes of soil surface displacement in 
the summer season were largely controlled by sedi-
ment composition, variations in ground ice content 
and sedimentary cover thickness according to the 

measurements of satellite RADARSAT-2 of ecosys-
tems of the Canadian Arctic Archipelago (Baffin 
Land) [Short et al., 2014]. The minimum displace-
ment (±1 cm) was observed for bedrock outcrops and 
boulder clays [Rudy et al., 2018]. The subsidence of 
sites with shallow bedrock occurrence demonstrated 
lower values despite the maximum subsidence fea-
tures of adjacent areas for warmer summers. The sea-
sonal and interannual low amplitude vertical surface 
movements with opposite directions were observed in 
northern Alaska during 1962–2015 [Streletskiy et al., 
2016]. 

Soil surface subsidence in the plain part of the 
study region at summertime is probably associated 
with the permafrost thaw. Surface subsidence of large 
magnitude was observed even in relatively cold years 
(2010) against the backdrop of higher precipitation.

Ground surface heave is not typical during the 
summer period, but occasionally was reported for the 
western foothills of the Polar Urals. This may be ex-
plained by increasing amount of summer liquid pre-
cipitation [Taskaev, 1997] in the area dominated by 
loamy gley soils [Shishov, 2000] which are prone to 
swelling. The heave motion of land-surface in the 
piedmont landscapes may have been also affected by 
ground water redistribution, slope processes, seasonal 
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ice aggradation at the end of vegetation period1 
[Rudy et al., 2018] or a systematic error stemming 
from the  DInSAR results calibration [Antonova et al., 
2018]. About 10–13 % of the alpine tundra of the 
south part of Melville Island (Canada) demonstrated 
heave of a ground surface (3.0–4.0 cm) in summers 
2013 and 2015 according to the DInSar measure-
ments [Rudy et al., 2018].

The highly mosaic tundra soil-vegetation cover 
hampers comparability of pointwise in situ and DIn-
SAR measurements and obstructs for convergence 
assessment between them [Short et al., 2011]. How-
ever, verification of DInSAR estimates by in situ data 
is a part of the accuracy assessment procedure. The 
increased number of instrumental measurements per 
observation site has contributed to improvement to 
the results agreement.

The highest agreement between the data was 
achieved for 2007 at the lower part of the hill with 
7–8 instrumental measurements taken within one 
pixel.

CONCLUSIONS

A good agreement between the results of season-
al and interannual variability in ground surface dis-
placements obtained by in situ and DInSAR measure-
ments illustrate the effectiveness of the approach 
combining both field (instrumental) measurements 
and satellite observations to the studied permafrost-
affected ecosystems. It is possible to reduce disagree-
ment between the results obtained by different me-
thods by larger amount of the in situ measurements 
within the same observation time intervals. To im-
prove the accuracy of displacement estimates with 
remote satellite data, we need to increase the number 
of SAR images covering all observation periods. 

The DInSAR methods allowed us to divide the 
CALM R2 monitoring site into two sectors (lower 
and upper parts of the sloping hill), thereby revealing 
differences in the ground surface elevation dynamics. 
Results of satellite and instrumental measurements 
were minimal in the lower part of the slope. 

The opposite movements of soil surface during 
the summer season identified by the DInSAR method 
can be caused by landscape differences in the study 
region. Summer subsidence of ground surface (1.5–
4.5 cm) was noted in plain tundra in loamy perma-
frost-affected soils. The ground surface heave (up to 
2–3 cm) noted in the piedmont Polar Urals is associ-
ated with excess soil moisture in loamy gley soils in 
the context of enhanced summer precipitation and 
slope sediment redistribution. The specificity of 
weather conditions directly affects the ground surface 
movement in certain years. The amplitude of ground 

surface subsidence in summer is generally lower in 
relatively warm and dry years and higher in cold and 
wet years.

Satellite imagery allows analyzing ground sur-
face movements on a regional level due to large spa-
tial coverage. By increasing the time coverage of im-
agery, we can better capture seasonal surface mo-
vements and minimize errors in their estimations. 
A time series of ground surface movements with ac-
count of meteorological and landscape parameters 
can be obtained even for remote and hard-to-reach 
areas. DInSAR is an actual data source for generating 
large-scale maps of the ground surface dynamics in 
permafrost regions.
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This article analyses the results of Loza-V georadar sounding of the upper part of the permanently frozen 
ground section in the area of polygonal patterns development. These investigations took place on the eastern 
coast of the Taymyr Peninsula and on the western coast of Kotelny Island (New Siberian Islands). The polygo-
nal pattern is at the descend stage of development at both sites, so the ground-penetration radar profiles were 
scanned across the flat and high-centered central parts of the polygons. The results allowed us to determine some 
peculiarities of ground-penetrating radar profiles for polygons with different types of surfaces, composed 
mainly of sand-gravel deposits. Typical ground-penetrating radar complexes corresponding to the central parts 
of the polygons and deposits overlapping thawed ice wedges were identified. The possibility of using the spectrum 
of waveforms to interpret results was shown, velocities of electromagnetic wave propagation in the studied 
deposits were determined. Ice wedges and pseudomorphs after them were not reliably identified, but areas of 
their possible location were.

Keywords: ground-penetration radar, polygonal pattern, spectrum of waveforms, hodograph diagram, Taymyr 
Peninsula, Kotelny Island.

INTRODUCTION

In the area of the development of permafrost 
(the cryolithozone) polygonal forms of microrelief are 
widely distributed. They are known from the steppes 
of Zabaikalye in the south to the arctic deserts in the 
north, being most widely represented in zones from 
the forest tundra to arctic deserts. In the middle of 
the 20th century, it was already known that the reason 
for the formation of a polygonal patterned ground is 
the process of frost cracking [Dostovalov, 1952; Ro-
manovskii, 1977]. As a result of temperature tensions 
during winter season narrow vertical cracks form in 
the top horizons of permafrost. Depending on envi-
ronmental conditions they can fill with silty and san-
dy material, leading to the formation of primary-sand 
or sand-ice wedges, and in more humid conditions the 
cracks fill with snow meltwater and, with time, ice 
wedges are formed. During the long-term ice wedge 
growth, the ground rims, or ramparts, form on the 
surface of the earth above them. On the surface the 
ramparts above the ice wedges form a polygonal, most 
often a tetragonal, network. Water accumulates be-
tween the ramparts, and shallow center ponds form 
(Fig. 1, a). The ramparts vary from 0.1 to 0.5 m in 
height, the depth of the ponds usually constitutes 
0.5–1.0 m. The diameter of the polygons changes 
from 3–5 to 100–150 m, usually within a range of 
10–25 m.

When the active layer thickness increases as a 
result of grow of the mean annual ground surface 
temperature, the thawing of the top parts of the ice 
wedges begins, so that the polygonal surface evens 
out and becomes almost smooth. Upon further thaw-
ing, troughs form above the ice wedges, as a result of 

which the initial low-centered ice-wedge polygons 
transform into a polygonal flat-centered (intermedi-
ate-centered) peatland with troughs above ice wed-
ges, so the topography becomes inverse (Fig. 1, b). If 
ice wedge-containing deposits thaw more slowly 
but have a high ice content, cone-like mounds (ther-
mokarst mounds, or baidzharakhs) with a height of 
2–4 m appear between the thawing wedges (Fig. 1, c). 
As a result of total thawing of ice wedges, wedge-
shaped or concaved thaw structures called pseudo-
morphs remain in their place in the outcrop around 
the perimeter of the polygons [Kaplina, Romanovskii, 
1960].

The main features of a polygonal pattern are the 
polygons’ configuration on the surface, their diame-
ter, defined as the distance between the axes of paral-
lel ice wedges, and the width of ice wedges. The solu-
tion of many scientific and practical problems re-
quires knowledge of the composition of deposits and 
the peculiarities of the inner structure of the central 
parts of the polygons, which are usually called ground 
columns. These features can by far not always be 
quickly obtained using geological methods, so the 
more effective utilization of geophysical methods is of 
significant interest.

The ground-penetrating radar sounding method 
can be used to determine some features of a polygonal 
network (the peculiarities of its inner structure, the 
width of its ice wedges, the diameter of its polygons) 
and to more specifically define its areal distribution. 
The fields of application of GPR sounding are wide: 
geology, construction, archaeology, ecology, etc. [Fin-
kelstein et al., 1986; Vladov, Starovoytov, 2004; Buzin 

Copyright © 2021 D.E. Edemskiy, V.E. Tumskoy, A.N. Ovsyuchenko, All rights reserved.
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et al., 2017; Edemskiy et al., 2019]. In permafrost zone 
it is also widely used for the solution of geological-
geophysical and engineering problems, as well as soil 
research [Voronin, 2015; Léger et al., 2017; Sudakova 
et al., 2017].

The article presents some results of studies of 
the structure of ground columns under the polygonal 
flat-centered peat mounds in the Arctic, which were 
obtained during the Complex Expedition of the 
Northern Fleet with the participation of the Russian 
Geographical Society “Franz Josef Land Archipela-
go – 2020” in August–October 2020.

EQUIPMENT AND METHODS  
OF FIELD WORK

The high-power Loza-V GPR [Kopeikin et al., 
1996; OOO “VNIISMI”, 2021], which has been used 
to solve various practical problems over the course of 
the past 10 years [Kopeikin et al., 2012; Voronin, 2015; 
Edemskiy et al., 2018, 2019], was used in this field re-
search. As a result, tremendous positive experience 
both in conducting field work and in GPR data pro-
cessing and interpretation techniques has been ac-
quired.

The Loza-V GPR included transceiver antennas 
with a center frequency of 100  MHz (A100) and 
150 MHz (A150), which provided an opportunity to 

sound at a depth interval from several dozens of cen-
timeters to 10–15 m, depending on the electromag-
netic properties of the medium. GPR sounding was 
completed by the profile, with location registration at 
each scanning point, for which a Garmin CX60 GPS 
receiver was used.

To achieve correct interpretation of the obtained 
GPR profiles and for the reconstruction of the geo-
logical section based on these profiles the sounding 
was performed based on the common depth point 
(CDP) method with a subsequent (0.1 m interval) 
increase of the distance between the “transmitter – 
receiver” antennas from 0.2 m to 6 m [Vladov, Staro-
voytov, 2004; Edemskiy et al., 2010]. This method al-
lows for determining electromagnetic wave velocity 
in each layer of the GPR section and transforming 
the section from a scale of time to a scale of depth 
without using a priori information.

Standard processing modes were used to process 
data: appropriate values of increasing signal strength, 
brightness and contrast were chosen, bandpass filter-
ing of signals and averaging functions were applied. 
On the final stage of processing and analysis a digital 
elevation model of the area was superimposed on the 
GPR profile.

Spectral analysis of GPR sounding results was 
applied during source data analysis. In accordance 

Fig. 1. Examples of polygonal pattern.
a – low-сentered ice’wedges polygons in the tundra at the 
floodplain of the Omoloy River; b – intermediate-centered po-
lygonal peatland with troughs over ice wedges, Kotelny Island; 
c – thermokarst mounds (baidzharakhs), Faddeevsky Island. 
Photo by V.E. Tumskoy.
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with the theory of wave distribution [Finkelstein, 
1986; Vladov, Starovoytov, 2004], the spectrum of the 
temporal signal form presents as a derivative of the 
spectrum of the source sounding signal and frequency 
characteristic of the media:

 S(ω) = S0(ω)·K(ω),

where S(ω) is the spectrum of the temporal signal form, 
S0(ω) is the spectrum of the sounding signal, and K(ω) 
is the frequency characteristic of the media which pre-
sents as a characteristic of a filter of low frequencies, the 
parameters of which are determined by the properties 
of the media and are related to the structure of the sec-
tion, the presence and properties of various reflecting 
boundaries and objects. Lately, the temporal spectral 
analysis was used to solve problems such as determin-
ing the percentage content of clay, mapping the soil 
moisture distribution, determining the boundaries of 
geological layers, ground ice conditions in permafrost, 
etc. [Benedetto, Tosti, 2013; Anbazhagan et al., 2014; 
YongShuai et al., 2019; Neradovskii, Fedorova, 2020].

Because of a significant difference between the 
velocity of electromagnetic wave propagation in dif-
ferent layers of the GPR section and changing depths 
of layer boundary location along the profile, under-
standing GPR profile depth in terms of meters is very 
difficult. All GPR profiles are presented using axes: 
x – profile step, in meters, y – double wave travel ti-
me, in nanoseconds.

To interpret the obtained data we used descrip-
tions of surface topography at research points and 
shallow (no deeper than 0.5 m) trial pits within the 
active layer for describing deposit composition.

RESULTS OF GROUND-PENETRATING RADAR 
SOUNDING OF DEPOSITS

GPR sounding of the central parts of polygons 
was conducted in two areas (Fig. 2). The first one is 
located on the western coast of Maria Pronchishche-
va Bay at eastern Taymyr, the second one – on the sea 
coast southwest of Nerpalakh Laguna (Kotelny Is-
land, New Siberian Islands archipelago). Quite severe 
permafrost conditions with a mean annual ground 
temperature of about –11 °С and ongoing thermal 
contraction cracking even in coarse grain deposits is 
typical for these areas. The thickness of the active 
layer rarely exceeds 0.5 m.

Maria Pronchishcheva Bay, eastern Taymyr
Maria Pronchishcheva Bay is located on the 

eastern coast of Taymyr Peninsula and is approxi-
mately 50 km long. From the southwest the bay is 
limited by the spurs of the Byrranga Mountains di-
vided by river valleys. The rivers exit at foothill plain 
0.5–2.5 km wide, forming a series of terraces. At the 
mountain edge where a young tectonic scarp and a 
series of low (up to 30 m) young anticline ridges 
stretch, the terraces decline to the level of the flood-
plain. From the west, the scarp and ridges limit the 
coastal lowland with numerous lagoons which fully 
flood during wind surges up to 1.5–2.0 m high. The 
study area was located near the mouth of the Yuzh-
naya River (Fig. 3, a), the coordinates of the area are 
75°38′33.61″ N, 112°49′25.76″ E.

The near-surface part of the section is composed 
of marine (alluvial-marine?) deposits, the thickness 
of which increases towards the coast of the bay from 

Fig. 2. Location of work sites.
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3 to 6–8 m. The deposits present as gravel-pebble ma-
terial with interlayers of fine-grained sands and or-
ganogenic silts, the section of which is exposed in the 
bank outcrop of the stream. A peat layer covers the 
sand-gravel deposits, it’s thickness varies from 0.3 m 
to 0.5 m in its eastern part, where GPR sounding was 
completed.

A polygonal patterned ground, represented pre-
dominantly by flat polygons divided by troughs above 
the ice wedges, is widely distributed on the surface of 
the coastal plain (Fig. 3, b). The polygons have a te-
tragonal shape, most often square or rectangular. The 
diameter of the polygons is 12–15 m, less often up to 
20 m, and increases to 50–60 m near the coastline on 
low-lying young terraces. All this indicates different 
ages and conditions of polygonal patterns formation 
in the lower reaches of the Yuzhnaya River. Almost 
all the polygons are divided into smaller ones by 
cracks of a higher generation. Near erosional down-
cuts filled with sandy-loamy deposits the flat-cen-

tered polygons transform into the high-centered ones 
owing to intense slumping of their slopes, resembling 
thermokarst mounds. Their height reaches 2 m, their 
diameter reaches 8 m. The depth of thaw was 0.45–
0.50 m at the time of the studies.

Two polygons were studied during the course of 
the work – a high-centered (Fig. 4, a) and a flat-cen-
tered one (Fig. 4, b).

During the GPR sounding of the high-centered 
polygon two perpendicular profiles oriented south to 
north and east to west were drawn through it. The 
interval between the sounding points was 0.1  m. 
A100 antennas were used for layer-by-layer analysis 
of the top part of the section (TPS), and A150 with a 
higher resolution was used for detailed research. The 
obtained GPR profiles with topography taken into 
consideration are shown in Fig. 5.

During processing the GPR section was dissect-
ed into several GPR complexes (GC) [Vladov, Staro-
voytov, 2004] differing from one another in structure. 

Fig. 3. Study site on the western coast of M. Pronchishcheva Bay.
a – general view of the bay coast (the arrow shows the position of sounding site); b – studied polygons (1 – high-centered, 2 – flat-
centered). Photo by R.A. Zhostkov.

Fig. 4. Maria Pronchishcheva Bay.
Polygons: a – high-centered, b – flat-centered. Photo by D.E. Edemskiy.
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The interfaces of the complexes are established based 
on intense reflecting horizons which match either lay-
ers of deposits of different composition or boundaries 
of unconformities.

The GPR complex GC1 is identified at the bot-
tom of the studied part of the section, its top is lo-
cated approximately at the 150 ns marks (4.5–5.5 m). 
GC3 matches the central part of the high-centered 
polygon (ground column) composed of sand-gravel 
deposits. A significant disturbance in phase axes be-
fore the 100–120  ns marks or approximately to 
depths of 3.0–4.4 m at an average electromagnetic 
wave velocity of 6.0–7.4 cm/ns is typical for GC3 
(Table 1). GC2 matches troughs between the poly-
gons. Its upper part (1.5–2.0 m thick) has a fairly 
clear parallel stratification along the whole length of 

Fig. 5. Georadar profiles across a high-centered polygon.
a, b – meridional profile, A100 (a) and A150 (b) antennae; c, d – latitudinal profile, A100 (c) and A150 (d) antennas. 1–3 are the 
numbers of GPR complexes, the red lines show the boundaries between them, the blue line is the base of seasonally thawed layer. 
Heterogeneities are marked with yellow rectangles (see text).

Ta b l e  1. Results of processing of data collected  
 using the common depth point method  
 (M. Pronchishcheva Bay)

Layer Time,
ns

Layer 
bottom 

depth, m

Average 
velocity, 
cm/ns

Thick-
ness,

m
Velocity, 

cm/ns

Relative 
dielectric 
permit-
tivity

1 22.7 0.54 4.78 0.54 4.78 53.91
2 72.2 2.71 7.50 2.17 8.80 11.62
3 91.2 4.44 9.74 1.73 18.2 2.72
4 116.2 6.08 10.48 1.64 13.2 5.17

the profile. On the slopes of the high-centered poly-
gon, near the contact point with GC3, it is signifi-
cantly deformed and inclined with a shift in the spa-
tial position of in phase axes, local change in the re-
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flected waves and a damping of their amplitude. The 
geological section GC2 is represented by peat and 
peaty sands.

Figure 5, c shows that in the lower parts of GC3 
on the eastern and western sides (3 and 11 m marks), 
local heterogeneities are seen with peaks at 75–80 ns, 
identified on the image using yellow rectangles. The 
heterogeneity on mark 11 presents as semi-parallel 
inclined reflections which match the heterogeneity of 
the vertical ice wedge [Elkarmoty et al., 2017]. Near 
the 5 m mark (Fig. 5, d), beginning at 75 ns, a V-sha-
ped structure is formed with corresponding curves of 
in phase axes of lower layers to the 120 ns mark, 
which can be interpreted as an ice-wedge pseudo-
morph.

During sounding of a polygonal patterns the pri-
mary reflection hyperbola which forms from the top of 
the wedge-shaped ice wedge, as well as the reflection 
from the bottom of the active layer, are usually diffi-
cult to distinguish on radargrams [De Pascale et al., 
2007; Munroe et al., 2007]. This is related to their lo-
cation at a small depth, where these signals are masked 
by the sounding impulse, air signals and are warped by 
reflections from near-surface layers and tears between 
blocks of the sod layer on the surface of the polygons.

Waveform spectrums obtained using the A100 
antenna for the 6 m and 12 m marks (Fig. 5, a, b) are 
shown on Fig. 6, a, b. The amplitudes of the spectrum 
components for mark 6 in the center of the high-cen-
tered polygon are 25 % lower than the amplitudes for 
the 12 m mark, presumably owing to a disturbance of 
the surface layer by tears in sod. A change in the fre-
quency of the spectrum of the received signal, seen in 
the appearance of two resonances at 85 and 102 MHz, 
should also be noted, which, together with the pat-
tern of the reflected signal, can be interpreted as a 
result of a disturbance of the plane-layered media and 
the formation of randomly located reflection planes of 
distinct sizes.

During sounding of the flat-centered polygon 
similar GPR complexes were identified, but such 
 significant changes are not seen in the reflection 
waveform. The subhorizontal structure in the near-
surface layer GC2 is not disrupted overall up to 70–
80 ns (Fig. 7). Nonetheless, changes are seen in both 
the near-surface layer (1.5–2.0 m thick) and in low-
er layers of sand-pebble deposits (GC1). There is no 
significant decrease in the signal level in the central 
part of the polygon at the 7 m mark also when ana-
lyzing the spectrum of the signal waveform (Fig. 8). 
The range of the high-frequency part of the spectrum 
for the central part of the polygon is limited by 
80 MHz (Fig. 8, a) and 130 MHz (Fig. 8, b), while 
for the 12 m mark it is 130 MHz and 220 MHz, re-
spectively. Apparently, this is result of structural 
changes in the upper layers (up to the mark near 
65 ns) of the central part of the flat-centered polygon 
(GC3).

To determine the speed of electromagnetic wave 
propagation in the media and estimate the depth of 
GPR boundary location we used the CDP method 
with an interval of 0.1 m with a mutual relative an-
tennas movement of a distance from 0.2 m to 6.0 m 
(Fig. 9). The GPR profile is drawn out three meters 
east of the high-centered polygon. The average elec-
tromagnetic wave propagation velocity has a general 
tendency to increase with depth from 4.78 cm/ns to 
10.48 cm/ns and a respective change in dielectric per-
mittivity from 53.91 to 2.72 (Table 1).

The obtained velocity propagation model con-
sists of four layers. The top layer, up to 0.54 m thick 
and with an electromagnetic wave propagation veloc-
ity within the layer of v = 4.78 cm/ns, presents an 
active layer, while the lower layers present as layers 
of deposits of different granulometric compositions 
and, possibly, ice content, having electromagnetic 
wave propagation velocities in an interval of 8.8–
18.2 cm/ns.

Fig. 6. Waveform spectrums for a high-centered polygon.
a – A100 antenna; b – A150 antenna; 1 – 6 m mark; 2 – 12 m mark. Position of marks see in Fig. 5, a, b.
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Fig. 7. Georadar profiles across a flat-centered polygon.
a, b – meridional profile, A100 (a) and A150 (b) antennas; c, d – latitudinal profile, A100 (c) and A150 (d) antennas. For other 
symbols see Fig. 5.

Fig. 8. Waveform spectrums for a flat-centered polygon.
a – A100 antenna; b – A150 antenna; 1 – 7 m mark; 2 – 12 m mark. Position of marks see in Fig. 7, a, b.
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Kotelny Island, Nerpalakh Laguna area
The second research area is located on the sea 

coast southwest of Nerpalakh Laguna (75°22′4.61″ N, 
137°5′19.29″ E). Here the coast forms a sheer cliff up 
to 25 m high in which layers of lithified Paleozoic 
carbonate-terrigenic sedimentary rocks are exposed. 
The surface of the high part of the coast is dissected 
by multiple hollows. Between and throughout them, 
a degrading polygonal network which forms low- and 
intermediate-centered polygons about 15–20 m large 
is distributed (Fig. 10). Morphologically they are in 
many ways similar to the polygons near M. Pronchi-
shcheva Bay. The central part of the polygons is in 
many cases represented by flat-topped mounds up to 
2 m high and up to 10 m in diameter. The vegetation 
is represented by moss and lichen, and by grasses at 
the tops and forms a thick sod cover which is ripped 
into separate blocks in most instances (Fig. 11).

In this site, the key point for the analysis of the 
structure is the depth of rock base. The rocks are rep-
resented by alternating layers of black carbonized 
schists, siltstone, fine grain sandstones and limestones 
which all have a dip of 45° with a inclination toward 
the northeast. At their top, in the bottom of disperse 
deposits cover, an eluvial horizon of varying thickness 
represented by debris of varied grain sizes is located.

As in the vicinity of M. Pronchishcheva Bay, two 
types of polygons can be identified here: high-cen-
tered polygons up to 2.0–2.5 m in height (Fig. 11, a) 
and flat-centered polygons up to 1 m high (Fig. 11, b). 
They are all 4 to 8 m in diameter and are located on a 
gentle slope descending towards the sea. The depth of 
thaw during the survey was 0.40–0.45 m.

Fig. 9. The results of determining the speed of elec-
tromagnetic wave propagation (M. Pronchishcheva 
Bay).

Fig. 10. Polygonal patterns in the research area 
southwest of Cape Walter, near the Nerpalakh La-
goon (Kotelny Island).
Photo by R.A. Zhostkov.

A GPR profile through a high-centered polygon 
about 2 m high and 6 m in diameter is presented in 
Fig. 12. Its surface is covered with separate sod hum-
mocks, predominantly round, with a diameter of 30–
40 cm and no taller than 10–15 cm. The measure-
ments were obtained using an A150 antenna with the 
15-cm interval along the profile.

Rock base GC1 is identified in the bottom of the 
GPR section. Its geological structure was studied in 
the coastal ledge up to 20 m high, located at a 150 m 
distance from the profile. The upper part of the GPR 
section (GC2), represented by peaty loamy sand de-
posits, has a rather clear subhorizontal stratification. 
It is most likely linked to the cover layer of disperse 
deposits 1.5–2.0 m thick. Between GC1 and GC2, the 
GC3 is identified based on different nature of the sig-
nal. We associate it with a layer of disperse deposits 
and products of rock base destruction, in other words, 
eluvium (GC3) up to 1 m thick.

Homogenous deposits are seen in the GPR pro-
file in GC1 and GC2, and no signs of ice wedges or 
pseudomorphs are registered. The lower part of 
the GPR profile of the high-centered polygon in is 
identified as an area with a low electromagnetic 
wave amplitude and a blurred wave patterns (area 4 
on Fig. 12). Signal attenuation is apparently caused 
by scattering of the sounding signal in disperse de-
posits of GC3, which form the central part of the 
polygon.

The wave spectrum for the central part of the 
polygon (mark 11) has a smoother shape compared to 
the 4 m mark (Fig. 13). Additionally, the formation of 
a main spectral maximum at a frequency of 78 MHz 
and two with a lower amplitude at frequencies of 46 
and 115 MHz are typical for it. This can be interpret-
ed as a result of changes in the layered structure of 
disperse deposits cover (GC3) with a formation of 
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Fig. 11. Kotelny Island.
Polygons: a – high-centered, b – flat-centered. Photo by D.E. Edemskiy.

Fig. 12. Georadar profile across a high-centered 
polygon, A150 antenna.
1–3 – numbers of GPR complexes, 4 – area of signal attenua-
tion. The red lines show the boundaries between the GPR 
complexes, the blue line is the bottom of the seasonally thawed 
layer, the white dashed lines are the marks for which the spectral 
analysis was carried out.

Fig. 13. Waveform spectrums for a high-centered 
polygon, A150 antenna.
1 – 4 m mark; 2 – 11 m mark. Position of marks see in Fig. 12.

contrasting boundaries which contribute to the for-
mation of spectral maxima at these frequencies.

The width of the signal spectrum at the 0.5 level 
of its maximum amplitude (mark 11) is more than 
two times less than that of mark 4 m, where frequen-
cies from 90 to 170 MHz prevail. This may be related 
to weakening of the sounding signal in GC2 and GC3 
and a smaller contribution of signals reflected from 
heterogeneities in the rock base to the resulting spec-
trum (GC1).

A GPR profile drawn through two high-centered 
polygons 0.8 and 1.2 m high, 4 and 6 m in diameter, 
respectively, is presented in Fig. 14. The polygons are 
located on a gentle northeastern slope of the upland. 
As in the previous example, GC1 composes a rock 

base with an eluvial horizon on top (GC3). The upper 
part of GPR section GC2 has a fairly clear subhori-
zontal layering.

Signals are registered in Fig. 14 within GC3 (ra-
diolocational images of local objects) which may be 
large fragments of underlying bedrock. The presence 
of these heterogeneities leads to additional signal at-
tenuation, as a result of which areas with lower wave 
amplitude (area 4 on Fig. 14) and significant weaken-
ing of equiphase lines in GC1 form on the profile. The 
area of signal attenuation captures not the entire area 
of the polygon, but only a part of it, under local het-
erogeneities.

Among the spectra demonstrated in Fig. 15 it 
can be seen that the main maxima for two marks 
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Fig. 14. Georadar profile across two high-centered 
polygons, A100 antenna.
For symbols see Fig. 12.

Fig. 15. Waveform spectrums for a high-centered 
polygon, A100 antenna.
1 – 14 m mark; 2 – 22 m mark. Position of marks see in Fig. 14.

Fig. 16. Georadar profile across two flat-centered 
polygons, A100 antenna.
For symbols see Fig. 12.

Fig. 17. Waveform spectrums for a flat-centered 
polygon, A100 antenna.
1 – 2 m mark; 2 – 8 m mark. Position of marks see in Fig. 16.

(14 m and 22 m) are located at 60 MHz, however, the 
amplitude of the spectral component is 38 % lower for 
the central part of the polygon than for the 14 m 
mark, which is supposedly caused by structural pecu-
liarities of GC3, positioned between the bottom of 
the subhorizontal sedimentary deposits and the top of 
the bedrock. Damping of the amplitude of the spec-
tral component and the formation of a smoother spec-
trum shape may indicate a propagation process of the 
signal in GC3, which can also be interpreted as a 
change in the structure of the top layers of the section 
and the appearance of new boundaries or interlayers 
up to approximately 100 ns marks in the central part 
of the high-centered polygon [Schennen et al., 2016].

Further down the slope, towards the coast, the 
relative height of the polygons decreases to 1 m, and 
their surface becomes more flat and less destroyed. 
Figure 16 shows a GPR profile drawn through two 
flat-sentered polygons 7 and 8 m in diameter and 1.0–
1.1 m high.

Overall, the GPR profile structure is identical to 
the previous ones (Figs. 12, 14). The thickness of the 
active layer is 0.40–0.45 m (measured by a dipstick), 
the water content of the deposits in the active layer is 
uneven. The top horizon of disperse deposits (GC2) 
forms a specific structure with parallel subhorizontal 
stratification, the thickness of which is comparable to 
the analogous GC on Fig. 12 and 14. The bottom of 
GC2 in the body of the flat-centered polygon is lo-
cated at the 50–65 ns mark (1.5–2.0 m at an average 
electromagnetic wave velocity of 6 cm/ns). The body 
of the polygon is identified on the profile as an area 
with significant amplitude attenuation of the sound-
ing signal (GC4) and, as a result, an absence of in 
phase components in lower layers of the profile.

In the spectral region (Fig. 17) the left polygon 
differs from the previously discussed one in its shift 
into the low-frequency region of the spectrum maxi-
mum for a 50 MHz interpolygonal trough, which is 
possibly related to the bedrock structure of the GC1. 
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Fig. 18. The results of determining the speed of elec-
tromagnetic wave propagation (Kotelny Island).

Fig. 19. Geological sections built based on the interpretation of typical GPR profiles.
a – the profile across the high-centered polygon in the M. Pronchishcheva Bay (see Fig. 5, d); b – the profile across two high-
centered polygons at Kotelny Island (see Fig. 14). 1 – sand and gravel deposits; 2 – sandy and sandy loamy deposits, varying in 
peat amount; 3 – bedrock; 4 – eluvium with fragments of bedrock; 5 – ice wedges; 6 – seasonally thawed layer base; 7 – layering 
in disperse deposits.

Ta b l e  2.  Results of processing of data collected 
 using the common depth point method  
 (Kotelny Island)

Layer Time,
ns

Layer 
bottom 

depth, m

Average 
velocity, 
cm/ns

Thick-
ness,

m
Velocity, 

cm/ns

Relative 
dielectric 
permit-
tivity

1 23.6 0.50 4.26 0.50 4.26 49.76
2 58.1 2.65 9.14 2.15 12.4 5.85
3 109.8 7.06 12.83 4.41 17.0 3.11

The spectrum for the central part of the polygon (8 m 
mark) is almost identical in its parameters (central 
frequency, amplitude) to the spectrum for the poly-
gon in Fig. 14. The smoothed shape of the signal spec-
trum and almost total absence of signals from the 
bedrock (GC1) may indicate only a scatter process in 
GC3, between the bottom of the disperse deposits ho-
rizon and the top of the bedrock. The nature of the 
changes and the reasons leading to them require ad-
ditional research and interpretation.

To determine the velocity of the sounding im-
pulse propagation and to estimate the depths of sepa-
rate layers of the section, studies were completed us-

ing the CDP method with an interval of 0.1 m and a 
distance from 0.2  m to 4.6  m between antennae 
(Fig. 18). The CDP profile is located in close proxim-
ity to the high-centered polygon. According to 
sounding data, electromagnetic wave propagation 
 velocity increases with depth from 4.26 cm/ns to 
12.83 cm/ns, and dielectric permittivity increases 
from 49.76 to 3.11 (Table 2).

The obtained model of propagation velocity con-
sists of three layers. The top layer up to the 23.6 ns 
mark and with an electromagnetic wave propagation 
velocity of 4.26 cm/ns presents an active layer 0.5 m 
thick. The lower layers are deposits of different gran-
ulometric composition and, possibly, ice content, hav-
ing a wave propagation velocity in the range of 9.14–
12.83 cm/ns.

DISCUSSION

All the studied polygons, both in Maria Pronch-
ishcheva Bay and on the western coast of Kotelny 
Island, were formed during a process of long-term 
frost cracking and the formation of ice wedges. Simi-
larity in the deposits in which they formed is typical 
for them: in all cases they were developed in relative-
ly coarse deposits represented by sands and sands 
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with gravel, overlapped by peaty deposits or peat. 
Currently the polygonal pattern is in a stage of degra-
dation in both regions: the ice wedges are partially or 
totally thawed, depressions have formed above them 
and ground columns have transformed into high or 
flat-topped mounds. Owing to solifluction processes 
on their slopes, these mounds gradually decrease in 
diameter and height, the width of the troughs be-
tween them increases. Thawed material moves into 
the troughs between the mounds and then slowly 
travels down the slope, forming a thin cover of delu-
vial-solifluctional deposits with parallel layering in 
troughs above what was previously ice wedges. The 
supposed geological sections of the deposits con-
structed from the results of GPR studies of two typi-
cal profiles are shown in Fig. 19.

GPR studies did not show a presence of ice 
wedges in depressions, with the exception of one area 
near a high-centered polygon in M. Pronchishcheva 
Bay (Fig. 5). Ice wedges either melted completely or 
were preserved as a thin lower part which does not 
get registered by the GPR. Deluvial-solifluctional de-
posits lie more or less parallel to the surface. At their 
base, structures resemblant of pseudomorphs are 
found only in M. Pronchishcheva Bay. Most likely, 
the ice wedges on Kotelny Island penetrated into 
relatively coarse bedrock eluvium, which does not 
cause significant subsidence when thawing.

In all cases the inner structure of the polygons 
showed the presence of heterogeneities most likely 
related to ground ice content distribution. For GPR 
profiles in M. Pronchishcheva Bay weak signal at-
tenuation and general conformity of the radargram to 
the topography are typical: within the more high-
centered mound a larger rise in in-phase lines is seen 
compared to the flat-centered polygon. On Kotelny 
Island the situation is similar, but here the peculiari-
ties of the structure of the eluvial horizon on the 
boundary of bedrock and disperse deposits apparent-
ly play an important role.

RESULTS

Georadiolocational research of a polygonal pat-
tern at the degradation stage, which exists in modern 
severe permafrost conditions, was conducted on the 
eastern coast of Taymyr Peninsula and on the western 
coast of Kotelny Island. As a result of thawing of the 
polygonal surface, the ground columns are represent-
ed by slightly high-centered or flat-centered forms. 
They are composed predominantly of sandy material.

The results of the studies allowed us to see the 
inner structure of the high-centered polygon, its 
boundaries, to establish an almost total degradation 
of ice wedges and the possible presence of pseudo-
morphs in the M. Pronchishcheva Bay area. A poor 
expression of the pseudomorphs is attributed to the 
deposit composition (frost-stable sands) and the 
close proximity of the bedrock on Kotelny Island.

In the present work a method based on joint fre-
quency-time analysis of GPR data was used for a 
more precise qualitative estimate of changes occur-
ring in the geological media. It was shown that the 
peak part of the spectrum is unique in different condi-
tions and for different structural changes in frozen 
ground horizons, which indicates an ability of spec-
tral analysis for the differentiation of heterogeneities 
under the polygonal patterns.

According to sounding data based on the CDP 
method, the electromagnetic wave propagation ve-
locity in the section increases with depth from 
4.26 cm/ns to 18.2 cm/ns, and dielectric permittivity 
changes within the range from 53.91 to 2.72.

Overall, the conducted GPR sounding of several 
polygons in similar geocryological conditions raised 
more questions than provided answers. 

GPR should be considered among the main tools 
for permafrost studies. Compared to other geological 
and geophysical methods, GPR allows to determine 
in detail the inner structure of an object, the shape of 
geological boundaries, the structure of a section. Fur-
ther field work in areas with different permafrost 
structure and polygonal patterns is necessary for ver-
ification of the results of GPR sounding.
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