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Analyzed are tree-ring width chronologies of willow shrubs from the area of a crater formed in Central 
Yamal as a result of gas emission in October 2013. The crater was formed in place of a mound, probably formed 
by gassing. We collected samples from willow shrubs on the ejected blocks of soil, the mound slope in situ, and 
the background shrub tundra. Based on the location of the blocks and their vegetation cover, we reconstructed 
the original block position on the top and slope of the initial mound. Further analysis of tree-ring width chro-
nologies of the willows demonstrated that formation of the mound lasted for at least 66 years (most likely from 
the end of the 1940s), during which the mound increased in both diameter and height. We estimated the growth 
rate of the mound height in 1976–1985 at 8 cm per year. It has been for the fi rst time for the tundra zone that 
in some loci the relationship has been observed between willow growth and air temperature of not only July but 
also August. Thus, such relationship can be used as indication of similar mounds. Noted is a recurring inconsis-
tency between tree-ring width of willows on the mound and on the background tundra. Such tree-ring width 
dissonances have a 6-year periodicity, connected to the planetary tidal eff ect; identifi ed are the Wolf cycle 
(10.8 years) and Hale cycle (20–22 years), as well. Gas emission fell into the year of dendrochronological dis-
sonance at the peak of the solar cycle. 

Gas-emission crater, gas-infl ated mound, tundra shrubs, tree-ring width chronologies, natural cycles

INTRODUCTION

A gas emission crater was discovered in 2014 in 
the central part of the Yamal Peninsula, immediately 
to become a matter of close attention on the part of 
scientists, authorities and general public. It was es-
tablished during the studies [Leibman et al., 2014] 
that emission occurred in the period from October 9 
to November 1, 2013, at the place of a mound record-
ed in satellite images, the base diameter of which was 
45–58 m and the height of which was 5–6 m. In early 
2014, the crater depth was more than 50 m, the diam-
eter of its cylindrical part was 15–16 m, that of the 
funnel was 25–29 m, and that of the parapet formed 
by the discharged material was about 70 m. Ice con-
stituted the most of the material – 9,260 out of 
11,200 m3 [Kizyakov et al., 2015]. 

Shrubs are present both around the crater and 
on the blocks of the erupted material, allowing the 
scientists to use their tree-ring width chronologies to 
restore the parameters of this natural phenomenon 
considering the available regional experience 
[Arefyev, 1994, 1998, 2015], in particular, concerning 
dating permafrost landslides [Leibman et al., 2000; 
Gorlanova, 2002; Nikolaev and Samsonova, 2012], as 
well as the growing interest of the scientifi c commu-

nity to shrub chronologies in evaluating the land-
scape-climatic changes in the Arctic [Schweingruber 
and Poschlod, 2005; Schweingruber and Rump, 2010; 
Myers-Smith et al., 2011; Alsos et al., 2012; Buchwal et 
al., 2013; Buchwal, 2014]. Tree-ring width chronolo-
gies are known to have been used in studying perma-
frost processes in Yakutia, in particular, in assessing 
the dynamics of forests and aufeis and reconstructing 
evolvement of thermokarst lakes and depressions [Ni-
kolaev and Petrov, 2009; Nikolaev, 2010, 2011; Niko-
laev and Skachkov, 2012].

A study of an object of such a kind by using the 
dendrochronological method has been undertaken for 
the fi rst time. The objective of the study was to re-
construct the geomorphological processes of forming 
the gas-infl ated mound by applying dendrochrono-
logical indicators. Based on the methodology of den-
droindication [Gorchakovsky and Shiyatov, 1985; 
Methods…, 1990], the authors believed that the pro-
cesses of mound formation and destruction were re-
fl ected in the parameters of tree rings and could be 
dated in analyzing tree ring width chronologies 
(TRWC). As the fi eld works were conducted after the 
gas emission, in order to interpret the TRWC param-
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eters, it was necessary to reconstruct the location of 
the studied shrubs in relation to the top and the 
slopes of the mound based on the materials of satellite 
images using geomorphological and geobotanical 
methods. It was also supposed that analysis of the re-
sponse of TRWC to changes in the position of shrubs 
in the mesorelief would be able to confi rm or correct 
the original location of the ejected `blocks. 

MATERIALS AND METHODS

Selecting shrub samples and making TRWC
Willow samples meant for the study were col-

lected in August 2015. The possibilities of fi eld test-
ing were limited both in terms of time and preserva-
tion of the shrubs after the gas emission. We were able 
to collect fi ve stems of the woolly willow (Salix la-
nata) from the mound in question, with saw cuts 
made below the tillering node. These shrubs (samples 
S1–S5) grew in five different loci локусах of the 
mound surface from its top and slopes to its base 
(Fig. 1). Sample S6, selected at the distance of 54 m 
from the crater edge in the background tundra was 
considered as a control sample which was not exposed 
to the mound formation process. Loci S5 and S4 were 
represented by the willow which was preserved in 
situ, respectively, on the fl at slope of the mound and, 
most likely, below its steep part (near the crater edge 
as in 2015) (Fig. 1). Three more loci were represented 
by the willow shrubs preserved on the ejected turf-
covered blocks. 

In order to reconstruct the positions of those 
blocks on the mound, it was assumed that the frag-
ments most remote from the crater axis were most 
likely closer to its top in the original state. The study 
of the distances of rock fragments’ emission in volca-
nic eruptions determined, other conditions being 
equal, by the distance between the fragment and the 
axis of the eruption column testifi ed to this [Carey 
and Sparks, 1986; Wohletz and Heiken, 1992]. Judging 
by the distance between the block and the crater edge 
and by the photo indicators of its vegetative cover 
[Dobrinsky, 1995], the authors supposed that the 
block with willow S3, least remote from the crater 
axis, originally belonged to the upper part of the 
mound slope, S2 block belonged to the concave sur-
face with a thick moss pad already within the mound 
top, while S1 belonged to the drained surface of the 
mound top (Fig. 1). 

A shrub stem with its record structures (tree 
rings) was considered as a surface-located recorder of 
the state of the mound roof in the locus with the area 
of about 1–3 m2, whereas information was read from 
it by measuring the width of the rings and by analyz-
ing the TRWC. To make TRWC, common methods 
were used considering the specifi cs of the accretion of 
dwarf shrubs [Methods…, 1990; Arefyev, 2015]. As 
there were only single shrubs on the ejected blocks, 

one stem was taken for each locus, with the tree ring 
width measured in diff erent sections of the stem at 
least three times (at its base, normally located under 
moss, 1/3 and 2/3 of its length, including crutches). 
The entire surface of the cut was cleared with a blade 
and contrasted with chalk powder. At each cut, mea-
surements were carried out microscopically with the 
accuracy up to 0.01 mm using two perpendicular di-
ameters, possibly in four radii. Altogether, in the re-
constructed profi le, measurements were conducted in 
103 radii, from 10 to 31 for diff erent loci.

In switch-back dating of the obtained ring series, 
the known TRWC from neighboring territories were 
used [Arefyev, 1998, 2015; Leibman et al., 2000; Niko-
laev and Samsonova, 2012]. Rings of individual radii 
of each saw cut were dated, accompanied by tracing 
down of dubious and missing rings in their entire cir-
cumference under a microscope, then switch-back 
dating of TRWC was performed from diff erent saw 
cuts and diff erent samples. Then for each locus, series 
of the average width of annual rings (absolute 
TRWC) were calculated, in which information about 
the local factors determining the growth of a shrub 
was superimposed on the single macroclimatic ground 
common for the given territory. In addition, for each 
radius, standard indices of the tree ring width were 
calculated, with further series of average indices con-
structed. Such a procedure allowed the infl uence of 
local factors to be ruled out and maximum approxi-
mation of the individual TRWC to a common series 
to be achieved. 

TRWC standardization was carried out by the 
method of triple moving average (TMA) with equal 
weights [Greshilov et al., 1997]:

 EMA1 = (p1 + EMA0)/2, …, EMAt =

 = (pt + EMAt–1)/2, EMA0 = p1; It = pt/TMAt, 

where p – the absolute width of a ring; t – the position 
of the time series; EMA – fi rst-order moving average; 
TMA – third-order moving average; I – the tree ring 
width index. 

This method does not allow centennial climatic 
trends to be revealed; therefore, it is rarely used in 
dendrochronology [Methods…, 1990]. However, the 
use of a spline to the lowest window limit is reason-
able due to the details of the shrub ring series in ques-
tion – their small length, the high occurrence rate of 
anomalous values, and violations of the stationary 
character against the background of active geomor-
phological processes. Such standardization of shrubs’ 
TRWC provides a higher and more reliable response 
to climatic parameters, compared to the widely used 
method of negative exponential smoothing previous-
ly used by the authors [Arefyev, 2015]. 

The parameters of multiple regression of stan-
dardized TRWC were found with the STATISTICA 
(v. 10) by climatic series. To evaluate the response of 
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TRWC to climatic factors, the parameter β was 
used  – normalized regression coefficient, varying 
from –1 to +1. In the same software program, cluster 
analysis of TRWC was conducted, with the method of 
the simple Euclidian distance. 

To characterize the local conditions of the 
shrubs’ vegetation in the period of 1977–2013, the 

following parameters were calculated by absolute 
measurements: 1) the average width of a ring – the 
indicator of the quality of the soil and climatic condi-
tions (i.e., the potential height which a shrub may 
reach under the given conditions); 2) the coeffi  cient 
of variation of the rig width – the indicator of stabil-
ity of the given conditions; 3) the sensitivity coeffi  -

Fig. 1. Locations of willow shrub sampling (S1–S6) in the area of the Yamal gas emission crater (a view 
from a helicopter, the photo taken by A.V. Khomutov on 15.08.2015 and the condition of the area at the 
time of sampling (inserts S1–S6, the photo by A.V. Khomutov, 02.09.2015).
А – the reconstructed line of the mound surface [Kizyakov et al., 2015]; the arrows demonstrate reconstructed movement of the 
soil blocks with willow shrubs ejected during the emission.
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cient of TRWC [Douglass, 1936] – the indicator of 
the limiting impact of external factors, proportional 
to the level of the shrub’s physiological stress 
[Arefyev, 1998]; 4) auto-correlation of the fi rst-order 
TRWC – the indicator of the relation between 
growth of the current and previous years, biologically 
characterizing the homeostatic ability of a shrub to 
preserve the relative sustainability of the internal en-
vironment under conditions of unstable external en-
vironment of vegetation (Table 1).

Dendrochronological indication
of the height of snow cover 

Under conditions of a tundra, the absolute 
growth of shrubs is determined by both climatic fac-
tors common for the given territory, primarily, by the 
summer air temperatures [Arefyev, 2015], and local 
factors, primarily, the depth of the active layer, the 
wind regime, and the height of the snow cover pre-
venting shrub off shoots from freezing and damage by 
snow drifting [Gorchakovsky and Shiyatov, 1985; Do-
brinsky, 1995]. In the subzone of the typical tundras 
of the Yamal Peninsula, willow off shoots survive only 
under the cover of snow, while the height and the ab-
solute growth of the willow are normally proportion-
al to the depth of the snow cover. The maximum 
growth of shrubs was recorded in the valleys of rivers 
and streams, where the height of the snow cover and 
the depth of the active layer reached maximum val-
ues. The growth curve in the chronologies of the ra-
dial growth of shrub willows is practically not ob-
served in typical tundras [Arefyev, 1998, 2015]. This 
allows the use of the willow’s absolute growth for in-
dicating the conditions of the external environment 
without additional transformations ruling out the 
age-related features of the shrub growth. 

The positive relation of the radial growth with 
the height of the snow cover was established also for 
the trees growing in the permafrost zone [Nikolaev 
and Skachkov, 2011, 2012], where the height of the 
snow cover determines the temperature regime of 
soils [Nekrasov, 1981]. When the snow cover height 
is  low, severe freezing of the root layer take place 
in the winter period, which negatively aff ects the ra-
dial growth of trees in the following year. In this re-
spect, the time of formation and disappearance of the 
stable snow cover and its maximum height are impor-
tant [Pozdnyakov, 1986; Nikolaev and Skachkov, 
2012]. 

Indication of the snow cover height by shrubs is 
of primary importance in reconstructing the mound 
growth, since, as its grows, the zone of its impact on 
the height of the snow cover increases, and the 
shrubs growing on the mound may rise from the zone 
of the high snow cover near the mound base to the 
zone where the snow is drifted off  from the mound by 
winds.

Calculation of dendrochronological
dissonances

Standardized TRWC from the tundra shrubs of 
the Yamal Peninsula, mainly reflecting the back-
ground macroclimatic signal, are normally character-
ized by high degrees of synchronicity and correlation 
[Nikolaev and Samsonova, 2012; Arefyev, 2015]. In 
some sections of TRWC, such correlation may be 
missing due to the impact of disturbing factors 
[Arefyev, 2003]. As the studies conducted by 
A.N. Nikolaev and V.V. Samsonova on the territory of 
the Bovanenkovo gas condensate field (GCF) 
showed, dissonance in the correlation of the TRWC 
of shrub willows is observed in permafrost landslides 
[Nikolaev and Samsonova, 2012]. In our case, incon-
gruity of the TRWC sections of the willow from the 
mound, on the one hand, and of the TRWC sections 
of the willow from the control area, on the other 
hand, may be considered as evidence of local tensions 
in forming the mound. We designate such incongruity 
of TRWC as TRWC-dissonance.

To identify TRWC-dissonances, we used Pear-
son’s sliding coeffi  cient of correlation rt with the low-
est window limit, relating to the window’s end date t 
[Arefyev, 2003], which provided a better result com-
pared to rougher non-parametric Spearman’s correla-
tion coeffi  cients; the calculation was made in stan-
dardized series. 

The data from the Marre-Sale meteorological 
station were used [http://Aisori.meteo.ru/Cli-
mateR], located 50 km south-west of the mound.

RESULTS AND DISCUSSION

Characteristics of tree ring width chronologies
The longest-lasting chronology of the willow 

was obtained from the fl at slope of the mound (S5): it 
begins with 1924, the willow’s age being 90 years at 
the time of the emission, which is close to the willow’s 
limit age. In the reconstructed profi le from the back-
ground tundra to the mound top, non-linear but or-
dered change in the willow’s age is observed: in the 
background tundra and on the adjacent fl at slope of 
the mound (S6 and S5) it is the greatest (79–
90 years), followed by the steep slope (S4 and S3) 
and the least (49 years in the lower part and 38 years 
in the upper part), fi nally, on top of the mound (S1 
and S2), the age of the shrub was 63–66 years (Fig. 1, 
Table 1). 

Orderliness is observed in the change of the oth-
er TRWC parameters of the willow in the profi le. In 
the direction from the background tundra to the 
mound top, the average width of the annual rings 
gradually decreases from 0.33 to 0.16–0.20 mm, while 
its variation, conversely, increases from 41.2 to 
88.2 %, being the greatest in the drained locus of the 
mound top S1. Sensitivity of TRWC also gradually 
increases from 0.25 in the background tundra up to 
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0.34–0.36 on top. The greatest auto-correlation of 
TRWC is noted in the loci of the steep slope of the 
mound S3 and S4 (0.46 and 0.61), its level is some-
what lower in the low loci S5 and S6 (0.41 and 0.49). 
On the mound top, auto-correlation varies from the 
lowest value on the moss pad S2 (0.29) to the com-
paratively high value in the drained locus S1 (0.56).

The proportion of the missing rings was on aver-
age 5.5 % (S1 – 6.0 %; S2 – 9.9; S3 – 5.2; S4 – 8.3; 
S5 – 3.7; S6 – 6.2 %). 

The recorded regularities testify to correctness 
of the profi le reconstruction. Judging by the above 
TRWC parameters, in the background tundra and on 
the fl at slope of the mound, where the oldest TRWC 
samples were taken, the conditions for the willow 
growth were generally most stable and benefi cial. In 
the loci referred to the mound top, the conditions for 
willow growth were formed (or restored) later, by the 
end of the 1940s, depressive years for shrubs, with 
their cold summer seasons (Figs. 2, 3). The conditions 
for the willow in the loci of the mound top were least 
benefi cial from the very beginning of its growth, from 
which we could conclude that by the end of the 
1940s, the mound already rose above the plain, with 
snow drifting causing the depressed state of the 
shrub. 

The conditions for willow growth emerged the 
latest (in 1965–1976) in the loci which were on the 
steep slope of the mound by the time of the gas emis-
sion (S3 and S4). Comparatively low sensitivity and 
high auto-correlation of TRWC of the willow shrubs 
on the side of the slope indicate the impact of the fac-
tors that determined the specifi c soil and climatic re-
gime in these loci.

Analysis of the spatial and temporal changes
of TRWC

Comparative analysis of absolute TRWC, re-
cording all the background and local factors, infl u-
encing the shrubs’ growth, suggests both similarity 
and diff erences in the willows’ growth in diff erent loci 
of the mound (Fig. 2). In most TRWC, negative an-
nual willow growth anomalies occurred, judging by 
Fig. 2 and 3, in the years with unfavorable conditions 
of the vegetation season (a cold and short summer): 
1941, 1946, 1949, 1968 (loci S4, S5), 1980, 1985, 
1992, 1997, 2010, 2014 (Figs. 2, 3). Positive annual 
willow growth anomalies, normally synchronous with 
the prolonged warm vegetation seasons, occurred in 
1938, 1953, 1956, 1965, 1974, 1982, 1989, 1993, 1998, 
2007, and 2012 (Figs. 2, 3). The dates and the clima-
tic causes of these anomalies agree well with the re-
sults of studying the TRWC of the willow shrubs 
both on the territory of the Bovanenkovo gas conden-
sate fi eld 50 km north [Arefyev, 1998, 2015; Nikolaev 
and Samsonova, 2012] and on the geocryological test-
ing site Vas’kiny Dachi, located 40 km east of the cra-
ter [Leibman et al., 2000]. 

The many years’ period of the decrease in the 
willow growth increment, related to the cold vegeta-
tion seasons of the 1940s, can be traced by the TRWC 
of the background tundra (S6). The depression was 
especially deep and prolonged in the lowest locus of 
the mound slope (S5), where dropping out of the 
rings was recorded in the shrubs in 1939–1952, while 
their average width was close to zero (Fig. 2). The be-
ginning of the willow growth in the higher loci of the 
willow was recorded not earlier than at the end of the 

Fig. 2. Absolute chronologies (lines 1) of the shrub 
ring width (mm) in the the emission zone.
Lines 2 – 2nd-degree polynomial trends of chronologies for the 
period of 1969–1996; a square indicates the window for evaluat-
ing agreement among the chronologies in 2008. 

Fig. 3. Perennial behavior of the mean annual (1), 
summer (2) and July (3) air temperature t according 
to the data collected at Marre-Sale meteorological 
station.
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vegetation period. At the same time, in the locus of 
the mound top S2, where it was recorded in 1948, no 
depression in the willow growth was observed. On 
the contrary, in 1948, the width of an annual tree ring 
was the highest over the entire period of the stem’s 
life (0.36 mm), and in the following 1949, there was 
no anomalous drop in the willow growth, as in S5 and 
S6. We can suppose that locus S2, which in 2013 was 
on top of the mound, in 1948–1949 was yet in the 
zone of low snowdrifts at a low height near the then 
top of the mound or at its foot, but soon it was raised 
by the growing gas-infl ated mound to the height from 
which the snow was blown by the winds. In the locus 
of the mound top S1, where the beginning of the wil-
low growth is dated by 1951, no such picture can be 
seen: the fi rst rings were narrow (0.19–0.18 mm), the 
growth decrease occurred in the late 1960s (to the 
level of about 0.1 mm), which was related to the ano-
malously cold summer season, seen in the loci, too.

The cause of the intense willow growth in S5 (up 
to 0.74 mm) compared to the control S6 (not more 
than 0.50 mm) in the 1960s is not quite clear. It is to 
be noted that 1957 was the year of the boundary be-
tween the epochs of atmospheric circulation [Kono-
nova, 2015], determining, besides other things, the 
main bearings and the wind velocities, hence, the po-
sition of snowdrifts in relation to the mound, which is 
refl ected on the shrubs’ growth. Beginning with 1998, 
signs of transition to the northern meridian circula-
tion with the highest variety and the least stability of 
the circulation regimes [Kononova, 2015] are noted. 
Thus, the confi guration of the meteorological zone of 
the mound’s impact on the willow growth could 
change depending on the type of atmospheric circula-
tion, but throughout the circulation epochs and peri-
ods, the orientation of this zone in relation to the 
mound was determined by the prevailing bearings 
primarily of the snow period. 

The willow growth on top of the mound (S1, S2) 
is less dependent on the direction of the winds, as 
whatever the direction is, snow is blown away from 
the mound top, and the shrub growth is constantly 
limited by the low height of the snow cover and by 
nivation. As a result, willows on top form low pros-
trate forms and are generally characterized by small 
(less than 0.2 mm) chronically depressive width of 
the annual rings. In locus S1, the width of the willow 
rings was the least before 1995 (on average about 
0.1 mm); however, later it increased dramatically (up 
to 0.80 mm in 1998), indicating the infl uence of an 
additional local factor, which, judging by many 
things, was formation of a fracture in the mound roof. 

As the mound height decreases on the mound 
slope, spatial-temporal shift of the willow growth de-
pression and rise phases is observed (Fig. 2). In the 
upper part of the mound slope S3, the willow growth 
entered the depression phase (0.1–0.2 mm) in 1985–
2002. Lower on the mound slope and in the control 

point (S4–S6), deep depression is noted for the later 
period, 1997–2002. It was initiated by extremely 
drastic climatic conditions of the summer of 1997, 
which resulted not only in the almost total dropout of 
that year’s ring but also in drying of a part of the wil-
low branches and generally long-lasting deterioration 
of the plants’ living conditions as a whole. The depres-
sion was aggravated by the unfavorable weather con-
ditions of 1999. No recovery of the willow growth to 
the previous level occurred in these loci (both in S2 
and on top) until 2013. Only in two upper loci of the 
mound (S1 and, to a lesser degree, S3, the ring width 
exceeded the level which had existed before 1997. 

 Considering prolonged negative infl uence of the 
anomalously cold summer seasons on the willow 
shrubs’ growth increment, many years’ features of the 
willow growth can be best seen on the interval be-
tween the two deepest negative anomalies of 1968 
and 1997. It is to be noted that it coincides with the 
most stable period of the epoch of southern atmo-
spheric circulation [Kononova, 2015]. Approximation 
of TRWC in this time interval with a 2nd degree poly-
nomial demonstrates a logical picture of changes in 
the trend of the willow growth depending on its posi-
tion on the mound (Fig. 2). In the background tundra 
(S6), after the unfavorable year of 1968, gradual re-
covery of the growth increment is observed from 
0.25 mm to a high level (about 0.5 mm) in the fi rst 
half of 1980s, followed by a certain growth reduction.

On the fl at slope of the mound (S5), recovery of 
the willow growth level first occurred in a similar 
way, but then certain increment in the willow growth 
was recorded before the end of the period under 
study, which may suggest an increase in the height of 
the snow cover and the wind shadow of the growing 
mound, favorable for the willow growth. It is to be 
noted that reliable multiple regression of the absolute 
willow growth has been recorded, with the amount of 
precipitation fall in the winter period preceding the 
ring formation (R = 0.58, the confidence level р = 
= 0.02), with the sums of the November precipitation 
(β = 0.45) and of the January precipitation (β = 0.36) 
being the signifi cant factors of regression. This indi-
cates that the level of the snow cover in the locus was 
largely determined by the background factors, where-
as the infl uence of local factors on it was the lowest 
compared to other loci.

In the lower part of the steep slope (S4), reco-
very of the willow growth to a high level 0.48 mm oc-
curred already in 1969, indicating a higher level of 
the snow cover in this locus in those years; then, 
throughout the period in question, the willow growth 
remained to be at almost the same level with a small 
trend for decrease. 

Finally, in the upper part of the slope, the willow 
shrubs started to grow only from 1976, fi rst forming 
very wide rings (up to 0.72 mm), characteristic of po-
tentially the tallest stems and corresponding to a high 
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level of snow. In this locus, a trend for growth de-
crease is manifested: already by 1985, it drops to 
0.1 mm (0.2 mm in the approximating curve), which 
corresponds to the growth of prostrate willow shrubs 
on top of the mound, where snow is blown away by 
the winds. This may indicate that, as the mound grew, 
locus S3 left the zone of high snowdrifts and moved 
up the slope into the wind-exposed zone within 
10 years, as the mound height increased by approxi-
mately 0.8 m (the willow shrub height in the zone of 
tall snowdrifts, see Table 1). Thus, the growth rate of 
the mound could roughly constitute about 8 cm/year, 
and the mound could reach its fi nal height of 5–6 m 
in 62–75 years.

It is to be noted that in the longest chronology 
S5 depressions of 1939–1949 and 1997–2010 are 
most visible, the time interval between which is about 
60 years. This is close to the 61–65-years’ cycle, cha-
racteristic TRWC of the Polar Urals region [Shiyatov, 
1986], and to the cycle of the ‘atmosphere–Arctic 
ice–ocean’ system [Semenov, 2015]. For its duration, 
such a cycle is close to the period from the beginning 
of the willow growth on top of the mound to its de-
struction (63–66 years).

A general picture of the recorded changes in the 
TRWC of the profi le is provided by cluster analysis, 
conducted for the periods of 1978–1996 and 1997–

2013, divided by the year of 1997 with its almost zero 
willow growth (all the six loci considered are present 
in these periods). 

Clusterization of the absolute growth chronolo-
gies considers all the external factors aff ecting the 
ring width, both background and local factors. Its re-
sults for the period before 1997 allow identifi cation of 
two clusters: the background cluster, including the 
control locus S6 and the lower loci S4, S5, and the 
cluster exposed to the mound formation processes, 
including the upper loci S1, S2, S3 (Fig. 4, a). After 
1997, three clusters were formed: the drained locus of 
the mound top S1; the remaining loci of the mound; 
the control locus S6 (Fig. 4, b). 

Clusterization of standardized TRWC distrib-
utes them by the specifi c features of the infl uence of 
macroclimatic factors on the willow growth in diff er-
ent loci (for example, the same climatic background 
exerts diff erent infl uence on the tree growth in dry 
and bogged forests). In the period before 1997, we see 
gradual increase in the diff erences of the standardized 
TRWC from the control (S6) to the mound top (S1), 
which is caused by intensifi cation of the transforma-
tion of the background macroclimatic signal in the 
willow growth by the local conditions of the mound 
in approaching to the mound top (Fig. 4, c, d). After 
1997, three TRWC clusters were formed: S4 from the 

Fig. 4. Changes in the cluster position of the willow TRWC in the process of the mound growth.
Absolute tree ring width: a – 1978–1996, b – 1997–2013; standardized tree ring width: c – 1978–1996, d – 1997–2013.
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lower part of the steep slope of the mound, the most 
isolated one from the others; drained loci S3, S1; 
poorly drained mossy loci S6, S5, S2.

The described regularities of TRWC clusteriza-
tion confi rm the conclusions presented in the analysis 
of the absolute growth curves regarding the increase 
in the mound size and intensifi cation of the destruc-
tive processes in its cupola. Judging by them, before 
1997, the lower locus S5 was not yet in the exposure 
zone of the mound, while locus S4, although exposed 
to its infl uence, did not entail many years’ changes in 
the willow growth, essentially diff ering from the con-
trol. After 1997, loci S5 and S4 entered the infl uence 
zone of the forming mound, and S4 became exposed 
to the greatest impact. At the same time, on top of the 
mound, diff erentiation of the condition of individual 
loci took place, suggesting local surface damage, for 
example, formation of fractures. In such a damaged 
area of the mound top (S1) willow growth drastically 
rose due to drainage, the rise in the temperature of 
the active layer and protection from nivation of the 
willow stem prostrate in the fracture.

The specifi c features of the macroclimatic factors 
on the willow growth from the mound

To make search for the indicators of mounds pre-
ceding gas emission craters possible, parameters of 
multiple regression of standardized willow growth 
from the background tundra (S6) and from the 
mound (total TRWC S1–S5) were determined, with 
average monthly air temperatures in the time period 
from the spring of the year t – 1, preceding the year of 
the ring formation, to August of year t of the ring for-
mation. The only signifi cant regression component in 
both cases is the air temperature in July, its response 
being 0.6–0.7. The response of the TRWC from the 

Fig. 5. Response β of standardized willow growth 
from the mound S1–S5 (line 1) and from the back-
ground tundra S6 (line 2) per year t to the mean 
monthly air temperatures per year t – 1 (in brackets) 
and per year t in the period of 1977–2013.

Ta b l e  2. Regression parameters of TRWC of the mound by mean monthly air temperatures t
 and monthly amounts of precipitations h of the previous (in brackets) and current years
 for diff erent combinations of months

TRWC Parameter
t t, [h]

VI–VIII V–VIII III–VIII (VI–VIII),
VI–VIII

(V–VIII),
 V–VIII VI–VIII V–VIII

S6 M VII VII VII VII VII VII, [h: VII] VII
p 0.001 0.001 0.0009 0.005 0.009 0.002 0.005

S5 M VII VII VII VII VII VII VII
p 0.0001 0.0002 0.0003 0.0009 0.0003 0.0003 0.002

S4 M VII, VIII VII, VIII VII, VIII VIII VIII VIII VIII
p 0.001 0.003 0.02 0.01 0.04 0.01 0.04

S3 M VII VII VII VII VII VII –
p 0.001 0.003 0.01 0.01 0.03 0.01 0.02

S2 M VII VII VII VII VII VII VII
p 0.001 0.001 0.003 0.009 0.008 0.004 0.01

S1 M VII, VIII VII, VIII VII, VIII VII VII VII, VIII VIII
p 0.0002 0.0002 0.001 0.0005 0.001 0.0009 0.0004

N o t e. M – meaningful components (month); p – level of reliability of the regression model.

mound in the summer period lags behind compared to 
the control: the response to the June air temperature 
is lower than in the control and high to the August air 
temperature (Fig. 5). A similar delay was noted for 
the willow TRWC recorded in the north of the Gy-
dan Peninsula, compared to the willow TRWC from 
the north of the Yamal Peninsula [Arefyev, 2015].

This delay is considered in more detail in the re-
gression models providing reliable multiple correla-
tion R of the standardized width of the willow rings 
with climatic factors, constituting from 0.61 to 0.74 
for diff erent loci (Table 2). In four out of six loci, in-
cluding the control locus, the July air temperature is 
the only signifi cant regression component. However, 
the August air temperature becomes a significant 
component in the drained locus of the mound top S1 
and especially in the locus of the base of the steep 
mound slope S4. Moreover, in S4, it is most common-
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ly the signifi cant component. It is these two loci that 
were most isolated from the other loci in the period 
after 1997 in clusterization by Euclidean distance 
(Fig. 4). It is likely that the TRWC response to the 
background climatic regime is changed by the process 
of mound formation. Signifi cant response of TRWC 
to the August air temperature in Subarctic was re-
corded only for the larch from extreme north-east of 
Yakutia [Vaganov et al., 1996].

The regularities of manifestation
of TRWC-dissonances on the mound

Analysis of the concordance between standard-
ized TRWC of the mound willows and the TRWC of 
the control willow shrubs allowed us to reveal a num-
ber of TRWC-dissonances (Fig. 6), which, as noted 
above, are considered as an indicator of tensions aris-
ing in the mound rocks in the process of mound 
growth. To make the presentation more demonstra-
tive, the window of calculating the TRWC-disso-
nance of 2008 is highlighted with a square in Fig. 2. 
Considering individual TRWC-dissonances for each 
locus (S6:S5, etc.), their manifestation looks sponta-

neous. However, the chronology of the minimum val-
ues of concordance rt per year t for all the fi ve mound 
loci min [rt (S6:S1), ..., rt (S6:S5)] demonstrates syn-
chronicity and cyclic orderliness of the TRWC-disso-
nances of the mound (Fig. 6, Table 3). It is interesting 
that the last dissonance occurred in the year of the 
mound destruction during the gas emission (the year 
of 2013).

TRWC-dissonances correspond to the year with 
a comparatively cold summer and low willow growth, 
immediately following the year with a comparatively 
warm summer or several such years with high shrub 
growth (Fig. 7). 

The clear 6-years’ cyclic nature of the TRWC-
dissonances on the mound can be seen in Fig. 6. It can 
be seen from Table 3 that regularity of manifestation 
of this cycle in diff erent loci is unequal; the most reg-
ular manifestation of the TRWC-dissonances is ob-
served with a period of 24  years (in 1989 and in 

Fig. 6. Changes in concordance rt between TRWC 
of the mound S1–S5 and TRWC of the background 
tundra S6 (line 2) and in the framework of a 6-years 
cycle (line 1).

 Ta b l e  3. Dating and manifestation
 of TRWC-dissonances in the mound

Mound locus
Dissonance year

1977 1984 1989 1995 2001 2008 2013
S5 + + +
S4 + + + +
S3 + + +
S2 + + + +
S1 + + + + + +

The number
of loci marked 
by dissonance

2 3 4 1 1 5 4

Fig. 7. Standardized TRWC of the backgro und tun-
dra S6 (line 1) and its concordance, min [rt (S6:S1…
S5)] with TRWC of the mound (line 2). 

Fig. 8. Chronology of concordance in the willow 
growth from the mound top rt (S1:S6) (line 1) and 
its approximation by the Fourier harmonica (line 2), 
periods 6 and 20 years, r = 0.61. 
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2013). The method of auto-correlation provides a 
similar picture. 

Fourier’s spectral analysis method also shows the 
presence of a cycle of TRWC-dissonances with a pe-
riod of 5.4–6.0 years, also 12-years’ and 18-years’ cy-
cles are reliably manifested (likely multiple of the 
6-years’ cycle), the Wolf cycle (10.6–10.8 years) and 
the Hale cycle with a period of 20–21 years (Fig. 8). 
At that, the 5.4–6.0-years’ cycle и the Hale cycle are 
characteristic of the TRWC of the Polar Urals region 
[Shiyatov, 1986]. The tidal forces of the Moon and of 
the Sun are indicated as causes of their emergence 
[Yavorsky, 1975; Yavorsky et al., 1979], which seem to 
destabilize the condition of the mound from time to 
time. It is also to be noted that the gas emission oc-
curred at Wolf’s solar activity peak registered in 
2011–2013 [Review…, 2014]. Similar TRWC-disso-
nances in the mound loci correspond to the high 
peaks of the solar activity of 1989 and 2000–2001. 
On the contrary, the TRWC-dissonances of 1984, 
2001, and 2008 were synchronous with the solar ac-
tivity minima. 

CONCLUSIONS

Analysis of the shrub ring width chronologies 
from the area of a crater formed in Central Yamal as a 
result of gas emission allowed the following conclu-
sions to be drawn.

The mound which preceded the emergence of the 
gas emission crater seems to have started to get 
formed in the 1940s. This is testifi ed by the stably low 
level of the willow growth in the locus of the mound 
top, characteristic of the elevated areas exposed to 
winds, which followed the period of the first two 
years of the willow growth (1948–1949). Similar dat-
ing of the beginning of the mound growth was ob-
tained in calculating based on the approximate 
growth rate of the mound, evaluated by the TRWC of 
the willows from the mound slope. 

In the period from 1976 to 1985, the mound 
height increased by approximately 0.8 m. This is tes-
tified by the reduction in the level of the willow 
growth from the upper locus of the mound slope, 
probably related to the change in the position of the 
willow shrubs on the mound in the process of mound 
formation. The originally high willow growth corre-
sponded to the potential height of the willow shrubs 
under 0.8 m and their presence in the zone of snow 
drifts in the lower part of the mound slope. By the 
end of the period, judging by the low value of the wil-
low growth, characteristic of prostrate shrubs, the 
willow shrubs turned out to be growing on the higher 
zone of the slope exposed to the winds. This allowed 
us to evaluate the vertical growth rate of the mound 
as approximately 8 cm/year and the estimated time of 
the mound growth to reach the ultimate height as 
62–75 years. 

The vertical growth of the mound and its growth 
in the diameter continued in the period of 1997–2013 
until its destruction due to gas emission. This is evi-
denced by the increase of the mound’s zone of impact 
on the willow growth prior to the gas emission, com-
pared to the previous period by the results of the clus-
ter analysis of the TRWC of the willow from diff erent 
loci of the profi le from the background tundra to the 
mound top.

The dramatic increase in the willow growth in 
the locus of the mound top in 1995–1998 seems to be 
related to the emergence of fractures in the mound 
roof and to respective increase in the draining degree 
and the depth of seasonal melting around the frac-
tures, as well as to protection of the shrub growing in 
the fracture from nivation. 

Dissonances between the TRWC of the willows 
growing on the mound and in the background tundra 
are caused by the local factors of mound formation 
and are manifested cyclically with a period of 6 years. 
The cycle of such duration is related to the eff ect of 
the tidal forces, which have possibly infl uenced the 
process of mound formation. In manifestations of the 
TRWC-dissonances, natural cycles were also identi-
fi ed: the Wolf cycle (10.6–10.8 years) and the Hale 
cycle (20–22 years). The 2013 emission occurred in 
the year of the TRWC-dissonance and Wolf’s solar 
activity peak.

For certain mound loci, tree ring width growth 
has been reliably determined as caused not only by 
July but also August air temperatures in the year of 
ring formation, which is unusual for the transpolar 
region. The relation between the width of the tree 
rings and the air temperature in August may be con-
sidered as an indicator of the processes that resulted 
in the gas emission.

The authors extend their gratitude to V.A. Gla zu-
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