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Based on the geoinformation analysis, the main climatic markers (parameters and indices) of the geocryo-
logical boundaries of the cryolithozone in the European northeast of Russia have been determined. Calculations
of climatic data are based on the analysis of the WorldClim database with high spatial resolution and of regional
permafrost map. The analysis of climatic characteristics, stipulating the geographical diferentiation of regional
permafrost conditions was carried out for the background period (1960—1990). To assess the efficiency of cli-
matic markers of permafrost boundaries, it is proposed to use the values of their variation coefficients. The decrease
in the coefficients of variation from north to south emphasizes the “strengthening” of climate markers application
effectiveness towards the southern permafrost limit. To improve the effectiveness of individual climatic markers
of permafrost boundaries, a subdivision of the region into two sectors has been proposed. The multiple regression
equation, combining air frost number (air frost index), annual amplitude of air temperature and July precipita-
tion, explains the geographic position of regional permafrost boundaries by variation coeflicients 83 %.

Geoinformation analysis, climatic parameters and indices, regional permafrost boundaries, multiple regression

INTRODUCTION

The recent decades have seen a significant prog-
ress in the past, present, and future models of biocli-
matic conditions [Fick and Hijmans, 2017], with ana-
lysis of climatic conditions of the contemporary per-
mafrost formation and dynamics being one of the
highly topical issues [ Gruber, 2012]. The existing ar-
eal extent of permafrost is considered to be as the
“product” of previous climatic periods [Shur and
Jorgenson, 2007]. The climatic parameters of geo-
cryological boundaries are calculated on the basis of
weather data or climate models data [Sazonova and
Romanouvsky, 2003; Anisimov and Sherstyukov, 2016]
and determine the areas where temperature condi-
tions are favorable for permafrost aggradation and
persistence [ Lawrence and Slater, 2005]. Air tempera-
ture, the simplest characteristic for approximate
evaluation of permafrost-climatic conditions, is inter-
preted as a major factor controlling soil temperature
in the north of European Russia [Sherstyukoov, 2008].
However, it is efficient to use climate indices, since
they are defined by a relationship between freezing
and thawing degree days for a given period (freezing/
thawing index). Critical values of climate indices re-
vealing the geographical locations of the geocryologi-
cal boundaries are determined by spatially diffe-

rentiated climate matrices overlain onto existing geo-
cryological maps [Nelson and Outcalt, 1987].

Most of climate models are characterized by rela-
tively low spatial resolution [Pavlova et al., 2007; Sla-
ter and Lawrence, 2013]. The use of matrices with
high-resolution multiple raster layers is critical for
higher-quality geographical analysis of the environ-
mental conditions [Hijmans et al., 2005], since they
can be extrapolated to a regional scale [ Gruza et al.,
2006, Aalto et al., 2017]. Creation and application of
the raster layer of regional climate data allows to
significantly improve the quality of the geoinforma-
tion analysis.

Latest geoinformation technology developments
have largely facilitated significant modernization of
the geographical analysis of climatic conditions in
permafrost regions [ Paviov and Ananyeva, 2004]. The
subarctic zone of Northeast European Russia is
ranked among the regions most susceptible to climate
change [ Oberman and Schesler, 2009; Malkova et al.,
2011]. The dominantly high-temperature permafrost-
affected deposits are widespread within the region
which is interpreted as fairly unstable under the glo-
bal climate warming [ Mazhitova, 2008; Kaverin et
al., 2014]. The formation of contemporary epigenetic
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permafrost in the southern part of the regional cryo-
lithozone began about 2 kyr BP [Oksanen et al.,
2003]. In subsequent time periods, the geocryological
conditions were repeatedly subject to changes [And-
reicheva and Golubeva, 2008], however, extensive
patches of permafrost have survived in the region.
The permafrost zone has remarkably changed over
recent decades [Malkova et al., 2011]. Therefore, a
comparative analysis of its climatic characteristics
during the so-called background period (1960—1990)
would be of particular interest. Comparison of mo-
dern climate data with the background parameters
will allow estimating the actual climate variability
from the perspective of permafrost climatic stability.
Application of climate markers of the geocryological
boundaries is also perspective for assessment of pro-
jected climate changes in the cryolithozone.

The aim of this study is to reveal the climatic pa-
rameters and indices that effectively mark the geo-
graphic boundaries of geocryological subzones in the
cryolithozone of the Northeast European Russia. The
research was carried out using the geoinformation
analysis and multiple regression methods totally
based on gridded bioclimate dataset with high spatial
resolution [Hijmans et al., 2005] and regional geo-
cryological map [Osadchaya and Tumel, 2012]. The
research is focused mainly on the methodological
approaches and their practical applications by geo-
cryologists and soil scientists studying the thermal
regime of soils and underlying permafrost. The analy-
sis of climatic markers of the geocryological boundar-
ies is relevant in calculations of climatic data for cer-
tain soil temperature monitoring sites. The results
obtained will contribute to understanding of the “ex-
tent of shift” of the present and predicted climatic
variables from those in the second half of the 20! cen-
tury in the context of geocryological zoning.

OBJECTS AND METHODS
OF RESEARCH

The study area encompasses the permafrost-un-
derlain area in the northeast of European Russia with
adjacent areas with continuous distribution of sea-
sonally frozen soils (Fig. 1). The cartographic part is
represented by the 1:1 000 000 digital geocryological
map of the Bolshezemelskaya tundra, whose schemat-
ic model is given in the paper authored by G.G. Osad-
chaya and N.V. Tumel [2072]. The map shows the
southern boundaries of geocryological subzones with
continuous (=90 %), discontinuous (50—90 %), mas-
sive-island (10-50 %) and sporadic (<10 %) perma-
frost distribution.

The bioclimatic variables from the World-
Clim 1.0 global climate dataset with a 30 arc-second
resolution grid (often referred to as 1 km? resolution)
served as a mathematical basis for the geoinformation

analysis [ Hijmans et al., 2005]. The attribute dataset
includes key climatic parameters averaged for the pe-
riod 1960—1990: monthly mean, minimum and maxi-
mum air temperatures, mean monthly precipitation,
etc.

The geoinformation analysis based on integra-
tion of attribute data types (raster and vector data)
with the Erdas Imagine 2014 software was performed
for climatic parameters and regional permafrost indi-
ces. The climatic parameters and indices selected as
possible climatic markers of geocryological boundar-
ies were derived from climatic variables (attribute
database) and include: the mean annual air tempera-
ture (Tyear), freezing degree days (FDD), thawing de-
gree days (TDD), annual precipitation (R?), winter
precipitation (RY), frost numbers (F¢, F?), relative
climate-severity index (I), dryness index (D), cold
season dryness index (D¥).

The frost number was calculated by the formula

po - [FPD. (1)
TDD

The alternative (normalized) frost number was
used to reduce possible calculation errors [ Nelson and

Outcalt, 1987]
JFDD, o
DD, DD

The calculated indices of the sum of freezing
degree days have been moved to positive values
(FDD. = FDD-(—1)) because of using the square root
[Heginbottom, 1984].

The climate severity index is calculated as the
ratio between the monthly mean temperature of the

Fb =

—1 2

—3 —4 —5

Fig. 1. Boundaries of geocryological subzones of the
Bolshezemelskaya tundra [Osadchaya and Tumel,
2012].

Type of permafrost distribution: 7 — continuous, 2 — discon-
tinuous, 3 — massive-island, 4 — sporadic. 5 — boundary of the
study area.
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coldest month (Ty,,) and the warmest month (Ti.x)
[Demchenko et al., 2002]:

I= Tmin/TmaX~ (3)

The dryness index is a relationship between an-
nual precipitation to the annual thawing index (tha-
wing degree days):

D = Ri/TDD. (4)

The cold season dryness index is proposed to be
used separately for evaluation of the winter climatic
conditions, which describes a relationship between
the cold season precipitation and total freezing de-
gree days (annual freezing index):

D® = R®/FDD. 5)

The geoinformation analysis involved the overla-
ing the vector boundaries of the geocryological sub-
zones onto the raster matrix (a set of calculated cli-
matic parameters and indices). It allowed to study
the climate characteristics (parameters and indices)
variability along all the investigated boundaries, and
determine the mean, maximum, and minimum values
and coefficients of variation for the studied climatic
characteristics. The coefficients of variation were cal-
culated using the formula

S
K, ZMMOO %,
where K., is the variation coefficient, %; Sy is the
standard deviation; M is the mean value.

The climatic parameters and indices resulted
from the calculations were recommended to be used
as climatic markers of regional geocryological bound-
aries.

The multiple regression model developed to de-
termine climatic characteristics of the geocryological
boundaries was calculated at the Institute of Ecology
of Volga Basin, Russian Academy of Sciences using
the P.A. Shary technique [2077]. The conventional
values of the geocryological subzones (SubZ) bound-
aries acted as dependent variable and ranked in
scores, corresponding to the zubzone numbering,
which tends to increase with geographic latitude
(from south to north): 1 — continuous distribution of
seasonally frozen soils, 2 — sporadic permafrost, 3 —
massive-island permafrost, 4 — discontinuous perma-
frost, 5 — continuous permafrost. The application of
multiple regression for additional boundary of the
seasonally frozen soils has significantly improved the
model results obtained for the studied permafrost re-
gion (SPR). The matrix derived from the analysis re-
sults served as a basis for selecting 40 elements for
each of the five boundaries. The values obtained at
the points values were correlated with all the climatic
parameters: temperatures, precipitation (for month,
seasons and periods), as well as with the 19 Word-
Clim 1.0 bioclimatic data. Regression models were
verified by the cross-validation method.
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RESEARCH RESULTS

Climatic parameters. The Bolshezemelskaya
tundra area is characterized by an increase in the
mean annual air temperature (MAAT) trending
NE-SW (Fig. 2, a). The rate of MAAT increase be-
tween geocryological boundaries varies from 0.3 to
0.9 °C, progressively increasing southwards. Regional
geocryological boundaries are marked by the highest
coefficients of variation of this parameter (Table 1).
The values of TDD have EW-trending variation pat-
tern (Fig. 2, b), with fairly low (3.3—-4.1 %) coefli-
cients of this parameter variation (Table 1). With the
FDD values tending to decrease from SW to NE, their
coefficients of variation 2—3 times higher, than those
for TDD (Fig. 2, ¢; Table 1).

The amounts of annual precipitation in the re-
gion show a southward increasing trend (Fig. 2, d).
The variation coefficients of R' are relatively low,
gradually decreasing towards the southern boundary
of the permafrost zone (Table 1), the spatial pattern
of winter precipitation parameters appears rather the
same. In the northern part of the Bolshezemelskaya
tundra, R® values increase from NE to SW, while the
annual precipitation along the southern limit of the
permafrost zone tends to increase laterally (Fig. 2, ).
The variation coeflicients of R® are found to be sig-
nificantly reducing in the direction from the southern
boundary of continuous permafrost to the southern
limit of sporadic permafrost subzone (Table 1).

Climatic indices. Frost numbers F“ have nota-
bly decreased from NE to SW (Fig. 3, a). The low
values of F¢ variation coeflicients are revealed along
the southern boundary of the SPR, while its values
are higher for other geocryological boundaries (Ta-
ble 1). Spatial distribution of the alternative frost
number F? values replicates the pattern of F¢ values.
However, changes in F? values exhibit a WE-trend
(Fig. 3, b) and show minimum variation coefficients
for all the geocryological boundaries (Table 1).

As is the case with frost numbers F¢, F?, relative
severity climate index I reflects a progressively de-
creasing climate severity trending from NE to SW
(Fig. 3, ¢). Its coefficients of variation are low only
at the southern boundary of SPR (Table 1). The dry-
ness index D reveals relatively high humidity of the
Bolshezemelskaya tundra, as compared to the area
extending southwards (Fig. 3, d). The values of D
progressively decrease in the direction from north to
the south, which correlates with an increase in
MAAT. At this, all the geocryological boundaries are
characterized by relatively low values of its coeffi-
cient of variation (Table 1). The values of cold season
dryness index D¥ show a an increase trending from
NE to SW (Fig. 3, ). The average values of D¥ varia-
tion coefficient are high for all the geocryological
boundaries, with exception of the southernmost one

(Table 1).
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Fig. 2. Maps of climatic parameters of the NE Eu-
ropean Russia:

a — mean annual air temperature (Tyesr); b — annual thawing
degree days (TDD); ¢ — annual freezing degree days (FDD);
d — total annual precipitation (R?); e — total winter precipitation
(R©). For other notations see Fig. 1.
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Table 1. Climatic parameters and indices of geocryological boundaries in the Bolshezemelskaya tundra

Climatic parameter Climatic index
Indicator |Number* )
Tyear °C %P(f;’y °€P£'y Riomm | R%mm | Fe(ly | F*2) | 13) | D@) | De(5)
Mean 1 T51 | 1094 | 2921 | 448 80 163 | 062 | 157 | 410 | 047
2 48 | 1141 | 2843 | 465 83 158 | 061 | 151 | 408 | 049
3 A0 | 1224 | 2659 | 484 89 147 | 060 | 141 | 396 | 0.54
4 34| 1353 | 2442 | 511 97 134 | 057 | 129 | 378 | 0.62
Minimum ] 72 | 994 | 3574 | 404 62 145 | 059 | 192 | 375 | 058
2 61 | 1042 | 3295 | 435 70 141 | 059 | 170 | 371 | 0.60
3 57 | 1122 | 3189 | 450 73 133 | 057 | 166 | 365 | 064
4 41| 1232 | 2757 | 470 88 127 | 056 | 143 | 354 | 066
Maximum { 36 | 1186 | 2444 | 491 94 190 | 065 | 135 | 462 | 031
2 34 | 1253 | 2411 | 501 96 173 | 063 | 134 | 446 | 036
3 29 | 1342 | 2266 | 524 100 | 168 | 063 | 126 | 435 | 038
4 24 | 1465 | 2264 | 545 103 | 148 | 060 | 122 | 433 | 054
Coefficient | 1 20.0 41 113 45 10.9 75 2.9 9.5 3.6 18.7
of variation | 2 15.5 3.3 8.5 3.2 8.5 5.5 2.1 6.4 3.5 14.8
3 19.3 4.0 9.1 3.4 78 6.2 25 6.6 3.1 13.6
4 12.7 38 45 3.0 3.6 3.6 15 37 3.9 45

* Numbers of geocryological boundaries of permafrost distribution described as: 1 — continuous, 2 — discontinuous, 3 — mas-
sive island, 4 — sporadic. Numbers in the parentheses indicate numbering of the formulas used for calculation.

Multiple regression. The multiple regression
analysis of the above climatic characteristics resulted
in the multiple regression equation in the form:

In SubZ = aA + bB + cC +dD + e, (6)

where In is natural logarithm values; SubZ indicates
conventional values of the boundaries of geocryo-
logical subzones; A, B, C, D are the climatic predictors
(independent variables); a, b, c, d, e are the regression
coeflicients calculated according to measured data of
climatic predictors on the investigated boundaries. All
predictors are significant in the equation. Any combi-
nations of climate predictors with violated criterion of
their independence were excluded from the analysis.
Four of the climate predictors had been chosen with
the highest determination coeflicient R?> when the
independence criterion of predictors was fulfilled. The
proportion of the variance explained by predictors is
equal to 100-R2.

The obtained equation describes the changes
occurring in climatic conditions on the boundaries of
geocryological subzones and, in parallel, in the major
climatic predictors:

In SubZ = 2.897F" — 0.1200AT — 3.364(F" — F. )2 -

— 0.04410RM! + 4.386, (7

R?=0.831 (Degr = 0.70 %), Ri < 105,

It can therefore be inferred that an increase in
the relative extent of permafrost northwards corre-
lates with complex changes in climatic characteris-
tics: increase in frost number F? and decrease in an-
nual air temperature amplitude AT, and July precipi-

60

tation RJ". To lower the statistical dependence
between the linear and nonlinear terms of the frost
number, a centered square (F? — FabV )2 was intro-
duced, where E” is the mean value of frost number
throughout the entire geocryological subzone bound-
ary.

DISCUSSION OF RESULTS

Analysis of the evaluated coefficients of variation
indicated that such climate characteristics as 7DD,
F’ and D may be used individually as universal cli-
matic markers of regional geocryological boundaries.
The southern boundary of SPR (sporadic permafrost
subzone) is additionally marked by the FDD, F¢ I and
Dvvalues. However, the use of the latter is inappro-
priate for geocryological boundaries inside the re-
gional cryolithozone (Table 1). This is because of ar-
ea-specific spatial distribution of most climatic pa-
rameters over the permafrost zone in the context of
the climate severity increasing from SW to NE. Ave-
rage values of coefficients of variation show an in-
creasing trend from the southern boundary of the
permafrost zone northwards, reaching the maximum
values on the southern limit of the continuous perma-
frost subzone. Even though neither total annual, nor
winter precipitation can be used as reliable climatic
markers for geocryological boundaries, their influ-
ence is nevertheless taken into consideration when
calculating the dryness indices D, D¥.

To determine the climatic parameters of natural
boundaries, the method of geographical subdivision
of the area into sectors — western and eastern — was
applied in the case the climate index values, which
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Fig. 3. Maps of climate indices for the NE European
Russia:

a — frost number F* according to formula (1); b — alternative
frost number F? according to (2); ¢ — relative climate severity
index I according to (3); d — dryness index D according to (4);
e — cold season dryness index D¥ according to (5). For other
notations see Fig. 1.
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vary significantly [Anisimov et al., 2011]. The differ-
ences between the western and eastern parts of the
Bolshezemelskaya tundra were revealed by the geoin-
formation analysis of the studied climatic character-
istics. At this, the conditional climatic boundary is
most distinctly defined along meridian 58° E. The
region-specific pattern of the climatic characteristics
of geocryological boundaries is complicated by a di-
versity in soil-forming sediments, topography, vege-
tation cover, etc. The eastern sector is closer to the
Pre-Urals plains, while western sector is located
mostly within flat Pechora plain [Oberman and
Shesler, 2009]. Separate analyses (for western and
eastern sectors) of climatic characteristics have re-
vealed a significant (1.5-2-fold) decrease in their
variation coeflicients (Table 2).

The separately analyzed climatic sectors have
shown maximum decrease (against regional values)
in coefficients of variation for FDD, TDD, F¢, FY, I.
Note that the variation coefficients F? show their
minimum ones, varying between 0.8 and 1.3 (Tab-
le 2), thereby highlighting the “maximum reliability”
of this climate index in marking geocryological
boundaries at a regional scale. The values of coeffi-
cient F? differ slightly on geocryological boundaries
of eastern and western sectors of the Bolshezemels-
kaya tundra (Table 2). The western sector is charac-
terized by higher TDD and smaller FDD sums, as
compared to the eastern sector. The climatic and en-
vironmental conditions affecting the permafrost zone
are described as relatively mild here and F? values are
correspondingly lower, than in the eastern sector,
with the same pattern is observed with F¢, I indices,
which indicates the climate severity. The western sec-

tor of the Bolshezemelskaya tundra is generally mar-
ked by lower variation coefficients against the eastern
sector, where the influence of the Ural Mountains is
more pronounced.

In view of the above, climatic indices having
variation coefficients in the range from 0 to 4 were
proposed to be used as reliable climatic markers de-
termining the regional geocryological boundaries.
When considering sectors-specific climatic character-
istics, the range can be reduced to 0—3. At this, frost
number F? is recommended to be used as the most
reliable and universal climatic indicator for the entire
region. Calculations of this index are perspective in
terms of their application to climate change analysis
in the early 215 century, as well as to reanalysis of the
data derived from climate models containing fore-
casting and paleoclimatic scenarios [Kislov et al.,
2008].

Defining the range of value of climatic markers
of the permafrost boundaries is comparable with the
permafrost classification system [Shur and_Jorgenson,
2007]. While spatial differentiation of geocryological
boundaries is closely linked with soil zonation, which
is evidenced by the proportion of permafrost-affected
soils increasing northwards, and concomitant de-
crease in the seasonal thaw depth and mean annual
soil temperature (MAST) [Fridland, 1988; Ershov and
Kondratieva, 1997]. The continuous distribution of
permafrost in the region is primarily dictated by se-
vere climatic conditions (F? > 0.62). The tundra per-
mafrost-affected soils develop here on soil-forming
sediments of different composition and origin, with
annual soil temperatures () generally averaging in
the range of —2...—4 °C. Location of permafrost patch-

Table 2. Climatic parameters and indices of geocryological boundaries
in the western and eastern sectors of the Bolshezemelskaya tundra
Climatic parameter Climatic index
Indicator | Sector | No.| [ ¢ Oy | oty | Romm | Remm | Py | P@) | 1) | D) | DUG)
Mean Western | 1 —4.1 1134 -2607 465 88 1.52 0.60 1.44 4.10 0.55
2 -3.9 1173 -2583 476 90 1.48 0.60 1.41 4.06 0.57
3 -3.4 1255 —2477 491 93 1.41 0.58 1.34 3.92 0.60
4 -3.0 1357 -2418 509 97 1.34 0.57 1.28 3.76 0.63
Eastern | 1 -59 1060 -3182 435 74 1.73 0.63 1.69 4.10 0.40
2 -5.3 1120 -3017 457 79 1.64 0.62 1.58 4.09 0.44
3 -4.9 1178 -2921 473 82 1.57 0.61 1.51 4.02 0.46
4 -3.8 1315 —2664 525 96 1.42 0.59 1.37 4.00 0.57
Coefficient |Western | 1 7.7 2.0 3.8 2.3 3.2 2.7 11 3.2 3.8 4.1
of variation 2| 71 2.3 3.4 2.4 3.2 2.4 1.0 26 3.0 40
3 9.2 3.0 3.8 3.1 3.8 2.8 1.2 2.8 2.8 3.7
4 10.7 3.8 3.6 3.0 3.6 3.1 1.3 3.0 3.3 3.7
Eastern | 1 10.4 2.5 6.3 3.5 8.5 4.2 1.5 6.2 3.5 13.6
2 71 2.4 4.3 2.6 6.4 2.5 1.0 3.7 3.8 10.0
3 6.8 1.4 3.9 2.4 6.2 2.2 0.9 3.3 29 9.6
4 5.8 2.0 2.0 2.1 2.7 2.0 0.8 2.6 4.0 2.9
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es in the discontinuous and massive-island perma-
frost subzones is determined by both the landscape
and climatic factors (F? = 0.60-0.62). While the con-
ditions favorable for existence of permafrost-affect-
ed soils are primarily localized within the limits of
low-snow peat plateaus and loamy patches (T =
=—-0.5..—2°C). In the subzone of sporadic permafrost
(Fb=0.57-0.60), permafrost exists as isolated patch-
es beneath permafrost peat plateaus (75 =0...—0.5 °C)
under environmentally protected conditions.

The southernmost permafrost patches on the
East European plain are located within the Usinskoe
bog (65°45' N, 57°20'E) [ Oksanen et al., 2003], whose
contours are determined by the index values F? =
= 0.56-0.57. The lower F? values in the region are
associated with the continuous extent of seasonally
thawing soil, whose climatic conditions are unfavor-
able for permafrost preservation even in peatland eco-
systems. The air frost number value cited as critical
(minimum), or necessary to sustain the permafrost, is
0.5 in the context of continental regions of North
America [Brown, 1967]. Higher F’ values for the
southern boundary of the East European permafrost
zone are determined by milder climate, against the
North American subarctic zone.

The multiregression analysis of climatic predic-
tors of the geocryological boundaries largely comple-
ments the mathematical calculations discussed above.
The multiple regression equation (7) enabled deter-
mination of the optimal combination of climatic pa-
rameters and indices justifying the geographical posi-
tion of regional geocryological boundaries. The re-
sulting model explains up to 83 % the geographical
position of the geocryological subzones boundaries
using the four climate predictors, of which the first
most influential predictor F? explains up to 47 % of
the subzone boundary change, while the prediction
level of the second (AT) and third (R/") climate pre-
dictors equal 19.1 and 16.0 %, respectively.

An appreciable reduction of precipitation in July,
the warmest and wettest month, entails a decrease in
soil thermal conductivity because of lower soil mois-
ture [Shein, 2005]. This, in turn, due to a northward
decrease of air temperatures, results in the active layer
thinning in different types of ecosystems. A northward
decrease in the annual amplitude of air temperature at
the boundaries of geocryological subzones is explained
by the decreasing climate continentality towards the
Barents sea coast | Fedorov, 1976].

CONCLUSION

The climatic parameters and indices obtained
from the geoinformation analysis with values of the
coeflicients of variation (Ky,) in the range 1-4 are
interpreted as key climatic markers of regional boun-
daries of the geocryological subzones. Of them, frost
number F? (Ko = 1.5-2.9 %) is the most reliable and

universal climatic marker of geocryological boundar-
ies. The dryness index D (Ky,r = 3.1-3.9 %) and the
thawing degree days TDD (Kyar = 3.3—-4.1 %) can be
viewed as additional climatic markers of the geo-
cryological boundaries.

The coeflicients of variation of all climatic pa-
rameters and indices within the region show a de-
creasing trend southwards. The coeflicients of varia-
tion are reported to be maximal on the boundary of
continuous permafrost, whereas its minimum values
are registered at the southernmost permafrost limit.
The freezing degree days FDD (K, = 4.5 %), climate
severity index I (Kyay = 3.7 %), frost number F¢
(Kyar = 3.6 %) and cold season dryness index D®
(Kyar = 4.5 %) could be used as additional climatic
markers of the southern permafrost limit in the nor-
theast of European Russia.

The mean value of frost number F? marking the
southern permafrost boundaries has been found for
each permafrost subzone: continuous (0.62), discon-
tinuous (0.61), massive-island (0.60), sporadic (0.57).
The mean values of other parameters characterizing
the permafrost subzone boundaries are: D > 3.78,
TDD > 1353 °C-day, FDD < —2442 °C-day, F* > 1.48,
Dv<0.62,1>1.29.

The geoinformation analysis of the studied indi-
ces revealed climatic differences between the western
and eastern sectors of the Bolshezemelskya tundra,
separated by conditional climatic boundary along
meridian 58° E. The variation coefficients of climatic
characteristics showed a 1.5-2-fold reduction when
the selected sectors are considered separately. In the
western sector, permafrost exists under milder cli-
mate of the area, which is evidenced by the differ-
ences of climate marker values. The eastern climatic
sector of the regional cryolithozone is differentiated
by higher values of variation coefficients, which is im-
pacted by adjacent Ural Mountains.

The multiple regression analysis served as the
basis for calculation of spatial model explaining up to
83 % of the geographical pattern of regional geocryo-
logical boundaries. The increased portion of perma-
frost area correlates with an increase in the frost
number F? (49.0 %), and a decrease both in the an-
nual amplitude of air temperature AT (19.1 %) and
summer precipitation R (16 %).

The study was performed as a state assignment for
the Institute of Biology, Komi Science Center UB RAS
“Revealing the general regularities of functioning
of peat soils in the Arctic and Subarctic sectors of
the European northeast of Russia” (grant
AAAA-A17-117122290011-5) and the UrB 2018-
2020 Complex Program for fundamental research
(Arctic Subprogram, Project No. 18-9-4-5) as well as
Russian Foundation for Basic Research (Project
No. 18-55-11003).
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