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Abstract. Widespread thawing of permafrost in the northern Eurasian continent causes severe problems for
infrastructure and global climate. We test the potential of Sentinel-1 SAR imagery to enhance detection of per-
mafrost surface changes in the Siberian lowlands of the northern Eurasian continent at the Yamal peninsula
site. We used InSAR time-series technique to detect seasonal surface movements related to permafrost active
layer changes. The satellite InSAR time-series analysis has detected continuous movements, subsidence in three
zones, which have occurred during the time period from 2017 to 2018. Observed subsidence zones show up to
180 mm yr−1 rates of seasonal active layers changes. These seasonal ground displacement patterns align well
with lithology and linked to anthropogenic impact on the permafrost surface changes in the area. The results
show that Sentinel-1 mission is of great importance for the longer-term monitoring of active layer thickening in
permafrost regions. The combined analyses of the obtained InSAR time series with additional field observations
may support regular process monitoring as part of a global warming risk assessment.

1 Introduction

Widespread thawing of permafrost, by present and future cli-
mate warming, has potentially huge impacts on natural en-
vironments, global climate, and human activities in the Arc-
tic. Ice-rich permafrost thaw readily due to climate change
and human activity causing soil subsidence and have a dev-
astating effect on infrastructure (French, 2017; Hjort et al.,
2018; Nauta et al., 2015). Despite three decades of intensi-
fying research in Arctic terrestrial and marine environments,
these hold still strong surprises for us, shown by the recent
discoveries of CH4 seeps in lakes, in the Arctic ocean, and
CH4 emitting craters in the permafrost. The feedbacks of per-
mafrost change on climate, such the Arctic carbon feedback
and changes in land surface characteristics (soil moisture,
lakes and ponds) still require better quantification (Schuur
et al., 2015). This is a scientific challenge, which calls for
innovative methods to detect and quantify permafrost change
over large areas. Some of recent studies used Radar Inter-

ferometry to detect and quantify permafrost surface changes
(Chen et al., 2013; Liu et al., 2010; X. Liu et al., 2015; Short
et al., 2014). We focus on an area of recent, early 2014,
discovery of crater on the Yamal Peninsula of the Western
Siberia in Russia (Kizyakov et al., 2017; Leibman et al.,
2014; Olenchenko et al., 2015). The crater is formed by a
powerful release of gas and located in close vicinity of the
Bovanenkovo oil-gas field (Leibman et al., 2014). We study
the area to quantify feedback of permafrost thaw to climate,
and to detect areas where permafrost thaw hazards to human
infrastructure are potentially high.

The objective of this study is to detect and quantify per-
mafrost surface changes using InSAR time-series. The com-
bination of InSAR with available geomorphological and ge-
ological data and on-site data collection that may be used to
develop conceptual and quantitative models that can be used
to predict subsidence by permafrost thaw and CH4 emission
hotspots on a larger scale.
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Figure 1. Results of PS InSAR analysis, colors show spatial pattern
of seasonal subsidence velocity for June–October 2017–2018.

2 Results and discussions

The results derived from Sentinel-1 InSAR time-series are
mean LOS seasonal velocities for 2017 and 2018. The dis-
placement rates were 60–180 mm yr−1 and found mainly in
the vicinity of Bovanenkovo settlement (Fig. 1). We identi-
fied spatially clustered areas of high values (hot spots) and
their spatial location shows that the study area is character-
ized by subsidence in three distinguished zones. These sub-
sidence zones are located at the west and east part of the test
site and were highlighted as A, B and C zones (Fig. 2).

The zone A is located within area of Bovanenkovo settle-
ment and oil/gas field. It is subsiding with velocity of about to
160 mm yr−1. The zone A is circular in shape with spatial di-
mension of the zone is about to 12 km length and 8 km width
highlighting center of the subsidence (Fig. 2). The zone B
is located in the east north with subsiding rates of about to
80 mm yr−1 site. The zone B has a spatial dimension of about
41 km length and 20 km width. The zone C is located just
south of the lakes in the study area with spatial dimension of
36 km length and 22 km width (Fig. 2). The zone C is subsid-
ing with velocity of about to 90 mm yr−1. The subsiding rates
of the zone A is double higher than zones B and C (Fig. 2).

The temporal evolution of the detected surface subsidence
between June–September 2017 and 2018 based on the time-
series of date-to-date LOS displacements plotted in Fig. 3.

Figure 2. Hotspot cluster kernel-density map showing smoothed
spatial location of clusters in zones A, B and C. Analysis highlights
areas of spatially correlative regions as high kernel-density values
in blue. Hotspot analysis was performed on results of PS InSAR
analysis (Fig. 1).

The temporal evolution of the subsidence rates in all plots is
a continuous with a gradual increase in rate season to sea-
son. The plot A shows a seasonal deformation signal which
gradually increase up to 170 mm, while plots B and C show
differences up to 70 and 80 mm in the temporal evolution be-
tween the deformation rates (Fig. 3). The rates indicate the
subsidence in these areas are related to the seasonal thawing
process.

PS-InSAR technique is a powerful tool to measure dis-
placements of moving ground objects from time series of
SAR images to millimeter precision (Colesanti et al., 2003).
It is not so straight forward to exactly identify individual ob-
jects acting as persistent scatterers in the SAR images over a
remote permafrost region. Therefore, for regional permafrost
remote areas with fewer ground control, it can be assumed
that the displacements of the objects reflecting the radar sig-
nal represent the ground movements of the earth surface and
not only the object on top of it. In the present study, we ver-
ified whether the observed slow subsidence in Yamal penin-
sula can be explained by glaciation of preexisting geomor-
phic/tectonic setting or whether it is the result of anthro-
pogenic activity in the region or it is result of both.
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Figure 3. InSAR time-series showing gradual seasonal subsidence
for A, B and C zones (Figs. 1 and 2). This analysis reveals that
zone A is subsiding with higher rates relative to zones B and C.

Concerning the tectonic setting Yamal peninsula is located
north of Ural Mountains and was uplifted and eroded during
Oligocene-Pliocene time. Available limited seismic data in-
dicate that the north to northwest trending linear structures
are present. Late Pliocene-Quaternary glacial marine sedi-
ments up to 200 m thick overlie the erosional surface (As-
takhov, 2004, 2011; Chuvilin et al., 2000; Ulmishek, 2003;
Volkova, 2014) The permafrost is continuous; the thickness
of the permafrost layer varies between 200 m river valleys
and 250 in hilly terrain (Chuvilin et al., 2000).

The active layer within study area varies from 40 to 150 cm
from field work observations during early September 2017
(field observations, Fig. 4). The subsidence zones are corre-
lated with lithology of the area. Zone A is located in the area
of marine deposits and zones B and C are located within al-
luvial deposits (Fig. 5).

The temporal evolution of the subsidence rates in zone A
around the Bovanenkovo field show higher rates compared to
zones B and C (Figs. 1 and 3). Zone A is underlain by fine
grained deposits subside faster because the overlying loess-
like silty-clay materials are likely to have a high ice con-
tent (Fig. 5). The soils are characterized by a high content

Figure 4. Soil profiles showing the depth of active layer 40–150 cm
near Bovanenkovo site. Tundra Histic Crysol with permafrost oc-
curring at 40 cm (a) consist of horizons O-Bg. The O horizon con-
sists of organic horizon containing decomposed organic matter and
peat. Bg is mineral gley horizon of soil, gray with bluish hue, light
loam texture, sand. (b) Histic Crysol with permafrost occurring at
70 cm consist of horizons O-B1-B2-Cg. Soil horizon O consist of
peat. The mineral horizons B1 and B2 are heterogeneous in color,
gray with dark spots and light loam texture. Cg mineral horizon con-
sist of unconsolidated earth material with gray sandy loam texture.
(c) Eutric Cryosols with permafrost occurring at 150 cm depth. The
soil consist of horizons A-Bg-Cg. Mineral horizon A dark brown,
sandy loam texture with fine grained material sand. Bg mineral hori-
zon, yellow brown to dark brown and sandy loam texture. Cg is light
brown and sandy soil.

of fine-grained material and, owing to this, by predominance
of crustal and lense-like cryostructures in the transition zone
at the top of the permafrost. The Eocene marine sediments
in the region are bedded thin-tabular gray and dark gray clay
(Astakhov, 2004; Chuvilin et al., 2000; Volkova, 2014). Bod-
ies of ground ice in the area have been detected by geophys-
ical surveys (Olenchenko et al., 2015).

The subsidence rates in zones B and C are less compared
to zone A due to the ice wedges with coarser grain deposits
covered by loess (Figs. 2 and 5). The zones B and C are
within alluvial deposits, the most distinctive feature of the
cryogenic structure. The alluvial deposits are loess layers
with ice wedges formed during Valdai glaciation (Astakhov,
2011). Given correlation with lithology within study area, the
hypothesis of preexisting geomorphic/tectonic setting can be
accepted.

Regarding the second hypothesis, studies have demon-
strated that human activity as settlements and gas extraction
have major impact on permafrost melt and subsidence (Hjort
et al., 2018; L. Liu et al., 2015; Raynolds et al., 2014). Subsi-
dence due to gas extraction may have contributed in particu-
lar to zone A; subsidence caused by gas extraction is a com-
mon feature in gas fields (van Thienen-Visser et al., 2015).
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Figure 5. Geology map of the study area. The map is modified after
FAO project defined geology map of the western Siberia.

Data availability. All data presented in this paper are avail-
able upon request. Please contact the corresponding author
(kanayim@gmail.com).
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