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The eff ect of the environmental factors on permafrost has been studied, with three main factors, namely, 
the air temperature, accumulated amounts of solid precipitation, and the vegetation dynamics shown to govern 
the state of frozen ground at time intervals from few years to decades. The quantitative evaluation of their eff ects 
on the ground temperature variations and the construction of a conceptual model for predicting permafrost 
dynamics under the current and predicted future climatic conditions, which accounts for the cumulative eff ect 
of major governing factors, have been carried out.
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INTRODUCTION

Numerous observations of the permafrost chang-
es that began in the second half of the 20th century 
are generally consistent with the global climate 
change paradigm. The main factors causing these 
changes are the air temperature, atmospheric precipi-
tation and vegetation. The Fifth Assessment Report 
of the Intergovernmental Panel on Climate Change 
[IPCC, 2013a,b] comprises a comprehensive analysis 
of the currently available data and literature review. 
Climate data from a network of weather stations of 
Russia are available at the web portal of the Russian 
Institute of Hydrometeorological Information – 
World Data Center (RIHI–WDC) [http://www.me-
teo.ru]. Analysis of these data is provided by the Ros-
hydromet’s annual reports on the state of climate [A 
report…, 2015], and also in the Second Roshydromet 
Assessment Report on Climate Change and its Con-
sequences in the Russian Federation [Second… re-
port…, 2014]. Data on the contemporary vegetation 
dynamics in the boreal and tundra zone are analyzed 
in [ACIA, 2005; IPCC, 2014]. The vegetation dynam-
ics within the territory of Russia is discussed in detail 
in [Tchebakova and Parfenova, 2006; Anisimov et al., 
2015]. According to these publications, an increase in 
temperature is observed during all seasons and in all 
continents, while in the permafrost zone of Russia, its 
increase reaches 1.6 °C/10 years, which is twice as 
great versus global averages [A report…, 2015]. At-
mospheric precipitation patterns show diff erently di-
rected variations for specifi c regions and season, with 
their increasing trends for spring and autumn prevail-

ing primarily within the territory of Russia [A re-
port…, 2015]. Changes in productivity patterns, plant 
biomass and vegetation boundaries are largely gov-
erned by warmth capacity and moisture dynamics. 

The above factors exert a profound impact on all 
elements of the cryosphere. Over the period of 1978–
2014 a minimum area of sea ice in the Northern He-
misphere shrunk, on average, by 13.3 ± 2.8 % every 
decade. The ice partly melted within the Arctic basin, 
and up to 10 % of its total volume was transported 
through the Fram Strait to the Atlantic. During 
2003–2008, annual sea-ice transport averaged 
(699 ± 112)⋅103 km2 [Kwok et al., 2009]. In the peri-
od from 1967 through 2012, the snow cover area de-
creased by 53 % in the Northern Hemisphere, with 
the decrease peaking in June. Notably, data for longer 
period spanning from 1922 to 2012 indicate a 7 % de-
crease in the snow cover depth in March and April 
due to a higher air temperature in these months aver-
aged for this zone in the ranged from 40 to 60° N la-
titude. Glacier appear to be shrinking ubiquitously, 
which occurred at a rate of 226 ± 135 Gt/yr between 
1971 and 2009, 275 ± 135 Gt/yr in 1993–2009, and 
301  ±  135  Gt/yr over the period of 2005–2009 
[Vaughan et al., 2013]. 

Perennially frozen ground (permafrost) is a key 
element of the cryosphere. Globally, its extent ac-
counts for 9–12  % of the continents (13.2–
18.0 mln km2), and the entire cryolythozone, which 
also includes regions of discontinuous and sporadic 
permafrost distribution, covers 23–25 % of the land 
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[Gruber, 2012]. In Russia, of the total area underlain 
by permafrost, continuous permafrost occupies 
7 mln km2, discontinuous – 1.8 mln km2, sporadic – 
2.5 mln km2 [Anisimov et al., 2012]. Changes occur-
ring in the permafrost are of Russia’s particular con-
cerns, as they put much of the existing infrastructure 
at risk [Nelson et al., 2001, 2002; Anisimov, 2010], 
with numerous facilities reported already destroyed 
because of the permafrost degradation [Anisimov and 
Lavrov, 2004; Instanes et al., 2005; Alekseeva et al., 
2007; Grebenets, 2007; Grebenets and Ukhova, 2008; 
Khrustalev et al., 2011; Streletskiy et al., 2012, 2014]. 

The data on permafrost conditions in Russia 
were pooled from four sources, depending on time pe-
riod. The longest observations of ground temperature 
were conducted at Roshydromet (meteorological) 
stations to a depth of 3.2 m [Frauenfeld et al., 2004; 
Sherstyukov A. and Sherstyukov B., 2015]. A lot of 
these data are available at [http://www.meteo.ru]. 
 Another data source is geothermal measurements in 
boreholes drilled to diff erent depths – from a few tens 
to hundreds of meters [Sergeev et al., 2007]. More 
than 160 boreholes active in Russia, have continu-
ously provided data now available at [http://gtnp.
arcticportal.org/]. The active layer (seasonally thaw-
ing) thickness (ALT) has been monitored since 1990 
under the Circumpolar Active Layer Monitoring 
(CALM) program. Out of 64 CALM sites established 
in Russia at diff erent times, sequences of any long du-
ration (more than 10 years) are conducted at less 
than 20 sites. All the obtained data are uploaded in 
the portal [www.gwu.edu/~calm]. The most detailed 
observations are provided by special-purpose perma-
frost observation stations. In the sections below, the 
observational data underpin the study of climate-in-
duced changes in vegetation and permafrost thermal 
regime on the territory of Russia. 

EMPIRICAL ASSESSMENT  OF CLIMATIC
FACTORS IMPACT ON PERMAFROST

Among many interacting factors infl uencing per-
mafrost conditions, the annual-mean temperature at 
a depth below the AL represents an integrating indi-
cator. Some authors [Sherstyukov, 2008, 2009] fo-
cused primarily on infl uences from the air tempera-
ture and snow cover depth on ground temperature. It 
was shown that in the European part of Russia, a ma-
jor contribution is made by the air temperature, whe-
reas snow cover depth is found to be a predominant 
control in the rest of the territory. Later these infer-
ences were corroborated by [Park et al., 2014], with 
the data coverage extended up to 2011. Taking into 
account these results revealing the two main climatic 
indicators, we have analyzed the whole spectrum of 
observations performed by a network of weather sta-
tions in Russia over the period of 1966–2012 which 
la ter served as a basis for estimation of the air tem-

perature and snow cover contributions to the mean 
annual ground temperature. The results of calcula-
tions were used for mapping permafrost vulnerability 
in the context of climate changes. In our calculations, 
we use solid precipitation sums measured at the we-
ather stations, and partial correlation coeffi  cients de-
termined by the equations below, rather than actual 
measurements of snow depth, to estimate each indica-
tor’s contribution:
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where D12 is a partial correlation coeffi  cient between 
the ground and air temperatures with the eff ect of solid 
precipitation sum neglected; D13 is a partial correlation 
coeffi  cient between the ground temperature and solid 
precipitation sum when excluding the infl uence of 
air temperature. Paired correlation coeffi  cients r link 
together the average annual values for: r12 – air and 
ground temperature; r23 – air temperature and solid 
precipitation; r13 – solid precipitation and ground 
temperature. 

Contributions of air temperature and solid pre-
cipitation to the total variance of ground temperature 
at a depth of 160 cm are shown in Figs. 1 and 2, re-
spectively. 

Taking the air temperature as a key factor of cli-
mate impact on permafrost (PF), we can calculate a 
dimensionless vulnerability coeffi  cient (KPF), derived 
from a relationship between multiyear variations 
(trend) in the mean annual air temperature (αat) and 
corresponding changes in ground temperature (αgt): 

 KPF = αgt/αat. (2)

This indicator of permafrost (PF) response to 
the air temperature variations was used in a number 
of earlier publications [Izrael et al., 2006; Pavlov and 
Malkova, 2009; Anisimov et al., 2012]. When calculat-
ing the KPF we selected the weather stations showing 
a statistically significant (with confidence level 
>95 %) trend in the air temperature. The permafrost 
vulnerability map built using the data collected dur-
ing the period of 1966–2012 is given in Fig. 3. 

Given that the earlier research [Izrael et al., 
2006; Pavlov and Malkova, 2009; Anisimov et al., 
2012] were conducted at a limited number of weather 
stations with shorter observation sequencies, the re-
sulting region-specifi c patterns diff er from the map 
shown in Fig. 4. These are divided into four sectors 
designated for: European part of the Russian Federa-
tion (European Russia, ER) (longitude λ < 60° E); 
Western Siberia (60°  < λ  <  90°); Eastern Siberia 
(90° < λ < 130°); the Far East (λ > 130°). In most of 
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Fig. 1. Air temperature contribution (%) to the total dispersion of the average annual ground temperature 
at a depth of 160 cm.
Here and in Figs. 2, 3 the dashed line shows the southern boundary of permafrost.

Fig. 2. Contribution of solid precipitation sum to the total dispersion of the average annual ground tem-
perature at a depth of 160 cm. 
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Fig. 3. Spatial distribution of the permafrost vulnerability coeffi  cient to recent climate changes on the ter-
ritory of Russia.

Fig. 4. Map of vegetation zones of Russia.
1 – Arctic desert; 2 – northern tundra; 3 – southern tundra; 4 – forest tundra; 5 – northern taiga; 6 – middle taiga; 7 – southern 
taiga; 8 – subtaiga (mixed wood); 9 – broad-leaved forest; 10 – forest steppe; 11 – steppe; 12 – semidesert; 13 – mountain taiga; 
14 – sub-goltsy sparse forests; 15 – alpine tundra. Roman numerals mark the sectors of: I – European Russia (to 60° E), II – West-
ern Siberia (to 90° E), III – Eastern Siberia (to 130° E), IV – the Far East. 



82

O.A. ANISIMOV, A.B. SHERSTIUKOV

the ER area, KPF equals 0.2–0.3. Its values are mini-
mal (0.1 to 0.3) for the area of Nenets Autonomous 
Okrug, which indicates a stable temperature regime 
of permafrost, while its vulnerability indicator grows 
higher – from 0.3 to 0.4 – for substantial parts of 
Arkhangelsk Region and Komi Republic areas.

For Western Siberia, KPF values range domi-
nantly between 0.1 to 0.3, growing from 0.3 to 0.4 for 
Kemerovo Region. KPF values from 0.1 to 0.2 appear 
most typical for the area underlain by permafrost in 
Western Siberia, which means a generally lower per-
mafrost vulnerability there. 

In Eastern Siberia, the most reliable conclusions 
are possible for its southern part, as the largest num-
ber of the weather stations is concentrated there. In 
Irkutsk Region, to the west of Lake Baikal, KPF va-
lues range from 0.3 to 0.5. In the Republic of Buryatia 
and Transbaikalia KPF varies from 0.4 to 0.5, locally 
to 0.7. Therefore, permafrost underlying the exten-
sive areas surrounding Lake Baikal exhibits a high 
vulnerability to climate changes. In northern East 
Siberia, the vulnerability coeffi  cient is found to be in 
the range from 0.1 to 0.3, however the number of 
weather stations in this territory is not suffi  cient to 
provide any valid conclusions. 

In the Far East and Yakutia, KPF varies from 0.1 
to 0.3. Permafrost proves the most resistant to air 
temperature variations (KPF: 0–0.2) within an exten-
sive area of the Lena River basin, specifi cally, in the 
in terfl uve of the Vilyui, Lena and Aldan Rivers. On 
Khabarovsk Territory, in the areas with their extent 
approaching the permafrost boundary and in the ad-
jacent Sakhalin Region KPF constitutes from 0.3 to 
0.6, which is indicative of a high degree of permafrost 
vulnerability. In Chukotka Autonomous Area, KPF 
varies from 0.3 to 0.6, however, due to a paucity of 
weather stations there, we have been therefore unable 
to make reliable conclusions. KPF values are found to 
be from 0.1 to 0.3 for the Kamchatka Territory varies.

The whole range of the calculated vulnerability 
coeffi  cient values was divided into three groups ac-
cording to the vulnerability gradations: small from 0 
to 0.3; moderate from 0.3 to 0.4; and high >0.4, which 
allows to accordingly allocate the areas of Russia, un-
derlain by permafrost. 

VEGETATION IMPACT
ON GROUND TEMPERATURE 

The issue of physical mechanisms causing perma-
frost vulnerability differentiation by the physio-
graphic conditions is critical. A great role is played by 
atmospheric parameter variations damped by ground 
covers, primarily, by snow and vegetation which, by 
themselves, are subject to changes under changing 
climatic conditions. Inasmuch as the role of snow 
cover has been studied fairly well the available obser-
vational data and models allowed us to estimate it 

quantitatively. Snow is known to be a good thermal 
insulant, therefore warming would be its major eff ect. 

Vegetation, in particular, the lowest moss-peat 
layer (often equated with organic layer) is a thermal 
insulant whose features change over time, which 
serves as effi  cient regulator of the changing climate – 
permafrost interaction. These changes may have two 
forms. In the fi rst case, only productivity patterns 
and plant biomass subject to changing, while the 
composition and biome ranges remain unchanged. 
Thus, in the areas with colder permafrost, an increase 
in air temperature results in developing denser moss-
lichen canopy and cumulative biomass. Given that 
thermal insulation of permafrost thereby increases, 
this will have a bidirectional eff ect of decreasing its 
temperature and ALT. Likewise, dependence of bio-
mass on warmth capacity is observed in other nor-
thern biomes; however, changes in productivity pat-
terns and biomass of the highest vascular vegetation 
prompt an increase in a foliage projective cover, and 
ultimately in soil shading, whose cumulative action 
lowers the permafrost temperature during the sum-
mer. This type of changes therefore always amplifi es 
the damping of atmospheric parameters variations.

Another form of vegetation infl uences on perma-
frost is associated with changes in the species compo-
sition of biomes and shift of their extents. In areas 
characterized by the coldest permafrost, climate war-
ming promotes the replacement of moss and lichen 
with vascular plants, primarily, with graminoids 
(grasses and graminaceous plants). In the typical and 
southern tundras, expansion of shrub and tree-line 
shift serve as the primary indicators of changing bio-
mes. Changes in the biome compositions can have 
both warming and cooling actions. Given that shrubs 
retain snow well and thereby promote snow accumu-
lation, this will be causing the permafrost tempera-
ture to rise during the winter. Alternatively, the in-
troduction of higher plants brings about a more pro-
nounced shading of soils and therefore permafrost 
temperature tends to decrease during the summer. 
The resulting eff ect depends on the relationship be-
tween these opposite actions. 

The field measurements show an increase in 
plant biomass in many Arctic areas over the last three 
decades [Elmendorf et al., 2012; Urban et al., 2014]. 
According to satellite data, NDVI (Normalized Dif-
ference Vegetation Index) has increased considerably, 
and currently account for 37 % of the Arctic territory, 
suggesting that the Arctic has become “greener”, 
which indicates an increase in phytomass [Xu et al., 
2013], i.e. in photosynthetic activity and growing 
season temperature sums (summer warmth index). 
The NDVI representativeness was earlier demon-
strated through estimating productivity of many, in-
cluding arctic and subarctic ecosystems [Raynolds et 
al., 2012], and a possibility to use this index eff ective-
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ly for monitoring vegetation cover dynamics has been 
substantiated as well [Beck and Goetz, 2011; Walker et 
al., 2012]. In total, during the period of 1982–2008 
the summer warmth has increased by 21  %, and 
NDVI – by 7 % [Bhatt et al., 2010]. Some papers em-
phasize the displacement of vegetation boundaries as 
a response to climate changes [Hickling et al., 2006; 
Gonsalez et al., 2010] and, in particular, the shrinking 
arctic tundra area [Forbes et al., 2010]. Satellite data 
for the Kola Peninsula bear the evidence of the tun-
dra and forest-tundra limits shifting northward, with 
the forest-tundra vegetation progression uphill, the 
replacement of lichen tundra with low-shrub tundra, 
and colonization of bogs by trees and shrubs [Kravtso-
va and Loshkareva, 2010]. According to predictive 
calculations on the basis of the dynamic models, these 
processes will be intensifi ed, and in the 21st century 
the northern and typical tundra can be displaced 
completely by low-shrub and shrub tundra (tundra 
shrubifi cation), and by the forest tundra [Pearson et 
al., 2013].

The climate change-driven alterations in the 
vegetation result in nonlinear relationships between 
trends in the air and ground temperature variations 
and complex spatial distribution of the vulnerability 
factor. The implications are that it partially loses its 
predictive ability under changing conditions, as the 
vegetation impact remains unaccounted for in the re-
gression models of the permafrost thermal regime 
constructed on its basis. It is related in full measure 
to the whole class of regression models linking perma-
frost temperature and ALT to atmospheric parame-
ters, which involve the widely used air- and surface 
frost indices, N-factor model, T-Top and the like. 
A review of such models is given in [Riseborough et 
al., 2008]. To avoid the problem of lowering predic-
tive function, permafrost models should take into ac-
count vegetation variations among other input data. 

The authors have constructed an empirical sta-
tistical model, which links biome ranges to climatic 
indices of warmth capacity and moisture conditions. 
An exhaustive description of the model is given in 
[Anisimov et al., 2011; Zhiltsova and Anisimov, 2013]. 
The model was supplemented with a calculation mod-
ule for climate-induced interannual biomass variabi-
lity, and satellite measurements used for calibration 
of the photosynthetic activity index (NDVI) [Anisi-
mov et al., 2015]. To avoid reiterating many details 
from these publications, we will only briefl y describe 
the model that allows to quantitatively assess the 
vegetation role as one of the environmental controls 
of permafrost conditions. 

The model postulates that the biomes distribu-
tion across the land surface is governed by the three 
major climatic factors:

1) summer warmth index-sum of temperatures 
above 5 °С (ΣT > 5 °C), which characterizes a tem-

perature regime of the growing season and also im-
plicitly takes into account ALT changes in the perma-
frost area, as it is (in fi rst approximation) connected 
by the quadratic dependence with the summer 
warmth index;

2)  air temperature sums lower than 0  °С 
(ΣT < 0 °C), i.e. the severity of winter; 

3) dryness index which is defi ned as the ratio of 
sum of temperatures above 5 °C to annual sum of pre-
cipitation.

To calibrate the model, we have constructed veg-
etation map with an optimum degree of detail for 
15 biomes, with fi rst nine of which spanning the per-
mafrost zone (Fig. 4). 

 We calculated values of three climatic index-
predictors averaged for the period of 1901–1980, dur-
ing which the contemporary vegetation zones were 
formed. Then a biome ordination was performed in 
the index-predictor space and determined index ran-
ges for each biome. The ordination was carried out 
separately for the four sectors on the territory of Rus-
sia. The model was used together with an ensemble 
climatic projection on the basis of hydrodynamic 
models within the last generation CMIP5 Earth sys-
tem models to calculate the shift of biome ranges for 
the fi rst quarter and in mid of the 21st century. The 
compiled predictive maps for vegetation are present-
ed in [Anisimov et al., 2011; Zhiltsova and Anisimov, 
2013], and we opted for not replicating them in this 
paper. They show that the changes in vegetation 
zones being observed today will become more articu-
lated within appreciable parts of the permafrost zone, 
in each of the considered four sectors. As to their im-
pact on permafrost, the relationship between the total 
area of sites potential for biome-type changes and the 
total permafrost area in each of the sectors appears an 
important probabalistic metric. The data obtained by 
the model calculations are given in Table 1. 

Changes in the vegetation zones progress slowly 
and in no way infl uence the interannual variability of 
permafrost temperature and ALT. Therefore they 
should be assigned to the factors infl uencing longer-
term permafrost changes at a time scale of at least 
several decades. Interannual variations of bioproduc-

Ta b l e  1. Fraction of land  (%) where biome type 
 changes are predicted  by the fi rst quarter
 (averaged for the period of 2016–2045)
 and the middle (2031–2060) of the 21st  century

Region
Years 

2016–2045 2031–2060 
ER 58 71
Western Siberia 64 74
Eastern  Siberia 55 70
Far East 48 57
Entire  Russia 56 67
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tivity and phytomass, on the contrary, exert an im-
mediate impact on the permafrost conditions. To 
study this impact, we used NDVI data from NOAA 
satellites obtained during 1982–2012 and uploaded 
in the portal [http://www.star.nesdis.noaa.gov/smcd/
emb/vci/VH/vh_ftp.php]. 

The changes of NDVI averaged for each of the 
considered vegetation zones in the four sectors of 
Northern Eurasia are shown in Fig. 5. The analysis 
revealed positive correlations between these changes 
and the mean summer air temperature , with the cor-
relation coeffi  cient values less than 0.70 [Anisimov et 
al., 2015]. Temperature anomalies are shown in the 
topmost part of the Figures. Earlier it was highligh-
ted that the increase in phytomass in the arctic desert 
and the northern tundra tends to damp the positive 
anomaly of the air temperature, while in the remain-
ing zones the eff ect can be both strengthening and 
weakening. In all the cases, interannually changing 
climate-driven variability of phytomass is the critical 
factor which exerts the inertia-free action on the per-
mafrost. Its action largely accounts for the fact that 
the permafrost vulnerability coefficient shown in 
Fig. 3 has a complex spatial distribution, while the 
relationship between air temperature variation and 
permafrost changes is nonlinear. 

CONCLUSIONS

The results of the analysis indicate that all ele-
ments of the cryosphere are considerably aff ected by 
the changing climatic factors and are most sensitive 
to the air temperature variations. 

A distinctive feature of permafrost is the modu-
lation of air temperature fl uctuations by ground cov-
ers and, specifi cally, by vegetation. 

Climate-related changes in vegetation fall into 
the following conceptual model: a direct and inertia-
free response of vegetation to the climatic impact rep-
resents the change in photosynthetic activity (green-
ness) and phytomass, while vegetation zone integrity 
is preserved. This can be estimated by regression rela-
tionships between NDVI and summer warmth index. 
However boundaries of the vegetation zones remain 
invariable as long as the climate changes impact 
does not exceed some critical level, which is specifi c 
to each zone. In case the impact persists, a competi-
tive suppression and replacement of some species and 
invasion by new functional types of plants will begin. 
Productivity patterns of the newly formed vegetation 
communities cannot therefore be any longer descri-
bed by the regression equations derived from the data 
on initial vegetation zones. For the time being, this 
appears the main obstacle to reducing the ambiguity 
of the model prediction of permafrost condition. 

The work is supported by the Russian Science 
Foundation (grant RSF 14-17-00037). 

References
 ACIA Arctic Climate Impact Assessment, 2005, Cambridge 

Univ. Press, Cambridge, United Kingdom, 1042 pp.
Alekseeva, O.I., Balobaev, V.T., Grigoriev, M.N., et al., 2007. On 

issues around construction in the permafrost zone (by the 
example of Yakutsk). Kriosfera Zemli VI (2), 76–83.

Anisimov , О.А., 2010. Major natural and social-economic con-
sequences of climate change in the permafrost regions: pre-
dictions based on observations and modeling. Greenpeace 
Publ., Moscow, 44 pp. (in Russian)

Anisimov, О  .А., Anokhin, Yu.A., Lavrov, S.A., et al., 2012. Con-
tinental permafrost, in: Methods of studying the climate 
change consequences for natural systems / Semenov, S.M. 
(Ed.). NITs “Planeta”, Moscow, pp. 268–328. (in Russian)

Anisimov, O.A., Lav  rov, S.A., 2004. Global warming and thawing 
of permafrost: risk evaluation for FEC facilities. Tekhnologii 
TEK, No. 3, 78–83. 

Anisimov, О.А., Zhiltsova, Е.L., Reneva, S.A., 2011. Estimation 
of thresholds governing the climate change impact on ter-
restrial ecosystems in Russia. Meteorologiya i Hidrologiya, 
No. 11, 31–42. 

Anisimov, O.A., Zhiltsova, E.L., Razzhivin, V.Yu., 2015. Satellite 
observations –based modeling of bioproductivity in the 
Arctic zone of Russia. Issled. Zemli iz Kosmosa, No. 3, 60–70. 

A report on climate features on th  e territory of the Russian 
Federation in 2014, 2015. Roshydromet, Moscow, 107 pp. (in 
Russian)

Beck, P.S.A., Goetz, S.J., 2011. Satellite observations of high 
northern latitude vegetation productivity changes between 
1982 and 2008: ecological variability and regional diff er-
ences. Environ. Res. Lett., 6 (045501),10.

Bhatt, U.S., Walker, D.A., Raynolds, M.K., et al., 2010. Cir-
cumpolar Arctic tundra vegetation change is linked to sea-
ice  decline. Earth Interact., No.  14, doi: 10.1175/ 
2010EI1315.1171.

Elmendorf, S.C., Henry, G.H.R., Hollister, R .D., et al., 2012. 
Plot-scale evidence of tundra vegetation change and links to 
recent summer warming. Nature Climate Change, 2, 453–
457.

Forbes, B.C., Fauria, M.M., Zetterberg, P., 2010. Russian Arctic 
warming and “greening” are closely tracked by tundra shrub 
willows. Global Change Biol., No. 16, 1542–1554.

Frauenfeld, O.W., Zhang, T., Barry, R.G., Gilichinsky, D., 2004. 
Interdecadal changes in seasonal freeze and thaw depths in 
Russia. J. Geophys. Res., vol.  109, No.  D05101, doi: 
1029/2003JD004245.

Gonsalez, P., Neilson, R.P., Lenihan, J.M., Drapek, R.J.,  2010. 
Global patterns in the vulnerability of ecosystems to vegeta-
tion shifts due to climate change. Global Ecol. and Biogeogr., 
No. 19, 755–768.

Grebenets, V.I., 2007. Deformations of objects in the permafrost 
zone under unpredictable changes in diffi  cult engineering 
and geocryologic conditions of the frozen-bed. Inzh. Geolo-
gia, No. 3, 17–20.

Grebenets, V.I., Ukhova, Yu.A., 2008. Decreasing geotechnical 
reliability with worsening frozen-bed conditions. Osnova-
niya, Fundamenty i Mekhanika Gruntov, No. 5, 24–28.

Gruber, S., 2012. Derivation and analysis of a high-resolution 
estimate of global permafrost zonation. The Cryosphere, 6, 
221–233.

Hickling, R., Roy, D.B., Hill, J.K., et al., 2006. The distributions 
of a wide range of taxonomic groups are expanding pole-
wards. Global Change Biol., No. 12, 450–455.



86

O.A. ANISIMOV, A.B. SHERSTIUKOV

Instanes, A., Anisimov, O., Brigham, L., et al., 2005. Infrastruc-
ture: Buildings, Support Systems, and Industrial Facilities.
ACIA Arctic Climate Impact Assessment, Cambridge, 
United Kingdom, Cambridge Univ. Press, pp. 907–944.

IPCC Climate Change 2014: Impacts, Adaptation, and Vulne-
rability. Pt B: Regional Aspects. Contribution of Working 
Group II to the Fifth Assessment Report of the Intergovern-
mental Panel on Climate Change. Cambridge, United King-
dom and N.Y., N.Y., USA, Cambridge Univ. Press, 688 pp.

IPCC Climate Change 2013a: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change / 
Ed. by Stocker, T.F., Qin, D., Plattner, G.-K. et al. Cambridge, 
United Kingdom and N.Y., N.Y., USA, Cambridge Univ. 
Press, 1535 pp.

IPCC Summary for Policymakers. Climate Change 2013b: The 
Physical Science Basis. Contribution of Working Group I to 
the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change / Ed. by Stocker, T.F., Qin, D., 
Plattner, G.-K. et al. Cambridge, United Kingdom and N.Y., 
N.Y., USA, Cambridge Univ. Press, pp. 1–30.

Izrael, Yu.A., Pavlov, A.V., Anokhin, Yu.A., et al., 2006. Statisti-
cal assessment of change in climate elements in permafrost 
regions of the Russian Federation. Meteorologiya i Hid-
rologiya, No. 5, 27–38. 

Khrustalev, L.N., Parmuzin, S.Yu., Emeliyanova, L.V., 2011. 
Reliability of northern infras tructure under conditions of 
changing climate. Univer. Kniga Publ., Moscow, 260 pp. (in 
Russian)

Kravtsova, V.I., Loshkareva, A.R., 2010. Study of the northern 
forest boundary based on space images of diff erent resolu-
tions. MSU Vestnik, Ser. 5. Geografi a, No. 6, 49–57.

Kwok, R., Cunningham, G.F., Wensnahan, M., Rigor, I., Zwal-
ly, H.J., Yi D., 2009. Thinning and volume loss of the Arctic 
Ocean sea ice cover: 2003–2008. J. Geophys. Res.-Oceans, 
vol. 114, C07005, pp. 1–16, doi: 10.1029/2009JC005312.

Nelson, F.E., Anisimov, O.A., Shiklomanov, N.I., 2001. Subsid-
ence risk from thawing permafrost. Nature, No. 410, 889–
890.

Nelson, F.E., Anisimov, O.A., Shiklomanov, N.I., 2002. Climate 
change and hazard zonation in the circum-Arctic permafrost 
regions. Natural Hazards 26 (3), 203–225.

Park, H., Sherstiukov, A.B., Fedorov, A.N., et al., 2014. An ob-
servation-based assessment of the infl uences of air tempera-
ture and snow depth on  soil temperature in Russia. Environ. 
Res. Lett., vol.  9, No.  6, URL: http://iopscience.iop.
org/1748-9326/9/6/064026 (submittal data: 09.06.2015).

Pavlov, A.V., Malkova, G.V., 2009. Small-scale mapping of trends 
of the contemporary ground temperature variations in the 
north of Russia. Kriosfera Z  emli VIII (4), 32–39. 

Pearson, R.G., Phillips, S.J., Loranty, M.M., et al., 2013. Shifts 
in Arctic vegetation and associated feedbacks under climate 
change. Nature Climate Change 3, 673–677.

Raynolds, M.K., Walker, D.A., Epstein, H.E., et al., 2012. A new 
estimate of tundra-biome phytomass from trans-Arctic fi eld 
data and AVHR-NDVI. Remote Sensi ng Lett. 3 (5), 403–
411.

Riseborough, D., Shiklomanov, N., Etzelmuller, B., et al., 2008. 
Recent advances in permafrost modelling. Permafrost and 
Periglacial Processes 19 (2), 137–156.

 Second RosHydroMet assessment report on climate change and 
its consequences in the Russian Federation. General sum-
mary, 2014. FSBE SRC “Planeta”, Moscow, 58 pp. (in Rus-
sian)

Sergeev, D.O., Ukhova, J.A., Stanilovskaya, J.V., Roma nov-
sky, V.E., 2007. Permafrost and active layer temperature re-
gime in the Northern Baikal Mountains (resumed stationary 
observations). Kriosfera Zemli XI (2), 19–26. 

Sherstyukov, A.B., 2008. Correlation of soil temperature with 
air temperature and snow cover depth in Russia. Kriosfera 
Zemli XII (1), 79–87.

Sherstyukov, A.B., 2009. Climate change and its impact in the 
Russian permafrost zone. VNIIGMI-MTsD, Obninsk, 
127 pp. (in Russian)

Sherstyukov, A.B., Sherstyukov, B.G., 2015. Spatial features and 
new trends in thermal conditions of soils and seasonal thaw 
depth in permafrost zone. Meteorologiya i Hidrologiya, 
No. 2, 5–12. 

Streletskiy, D.A., Anisimov, O.A., Vasiliev, A.A., 2014. Perma-
frost degradation, in: Snow and ice-related risks, hazards, and 
disasters / Eds. by W. Haeberli, C. Whiteman. Elsevie r, Acad. 
Press, Oxford, pp. 303–344. 

Streletskiy, D.A., Shiklomanov, N.I., Nelson, F.E., 2012. Perma-
frost, infrastructure and climate change: A GIS-based land-
scape approach to geotechnical modeling. Arctic, Antarctic 
and Alpine Res. 44 (3), 368–380.

Tchebakova, N.M., Parfenova, E.I., 2006. Predictions of forest 
border shifts under climate change by 2000 in Central Sibe-
ria. Vychislitelnye Tekhnologii 11 (3), 77–86. 

Urban, M., Forkel,  M., Eberle, J., et al., 2014. Pan-Arctic Cli-
mate and Land Cover Trends Derived from Multi-Variate 
and Multi-Scale Analyses (1981–2012). Remote Sensing, 
vol. 6, 2296–2316.

Vaughan, D.G., Comiso, J.C., Allison, I., et al., 2013. Observa-
tions: Cryosphere. Climate Change 2013: The physical Sci-
ence Basis. Contribution of Working group I to the Fifth 
Assessment Report  of the Intergovernmental Panel on Cli-
mate Change / Ed. by T.F. Stocker, D. Qin, G.-K. Plattner et 
al. Cambridge, United Kingdom and N.Y., N.Y., USA, Cam-
bridge Univ. Press, pp. 317–382.

Walker, D.A., Epstein, H.E., Raynolds, M.K., et al., 2012. Envi-
ronment, vegetation and greenness (NDVI) along the North 
America and Eurasia Arctic transects. Environ. Res. Lett. 
7 (015504), 1–17.

Zhiltsova, Е.L., Anisimov О.А., 2013. Empirico-statistical mod-
eling of vegetation zonation under climate change in Russia, 
in: Problemy ekologicheskogo monitoringa i modelirovaniya 
ekosistem. Planeta, Moscow , vol. XXV, pp. 360–374. (in 
Russian)

Xu, L., Myneni, R.B., Chapin, F.S., et al., 2013. Temperature and 
vegetation seasonality diminishment over northern lands. 
Nature Climate Change, vol. 3, 581–586.

www.gwu.edu/~calm (submittal date: 15.03.2015).
http://www.meteo.ru (submittal data: 12.03.2015).
http://gtnp.arcticportal.org/ (submittal data: 12.03.2015).
http://www.star.nesdis.noaa.gov/smcd/emb/vci/VH/vh_ftp.

php (submittal data: 12.03.2015).

Received April 13, 2015


