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ABSTRACT: We investigated deep-seated gravitational slope deformation (DSGSD) and slow mass movements in the southern Tien
Shan Mountains front using synthetic aperture radar (SAR) time-series data obtained by the ALOS/PALSAR satellite. DSGSD evolves
with a variety of geomorphological changes (e.g. valley erosion, incision of slope drainage networks) over time that affect earth sur-
faces and, therefore, often remain unexplored. We analysed 118 interferograms generated from 20 SAR images that covered about
900 km2. To understand the spatial pattern of the slope movements and to identify triggering parameters, we correlated surface dy-
namics with the tectono-geomorphic processes and lithologic conditions of the active front of the Alai Range. We observed spatially
continuous, constant hillslope movements with a downslope speed of approximately 71mmyear�1 velocity. Our findings suggest
that the lithological and structural framework defined by protracted deformation was the main controlling factor for sustained relief
and, consequently, downslope mass movements. The analysed structures revealed integration of a geological/structural setting with
the superposition of Cretaceous–Paleogene alternating carbonatic and clastic sedimentary structures as the substratum for younger,
less consolidated sediments. This type of structural setting causes the development of large-scale, gravity-driven DSGSD and slow
mass movement. Surface deformations with clear scarps and multiple crest lines triggered planes for large-scale deep mass creeps,
and these were related directly to active faults and folds in the geologic structures. Our study offers a new combination of InSAR tech-
niques and structural field observations, along with morphometric and seismologic correlations, to identify and quantify slope insta-
bility phenomena along a tectonically active mountain front. These results contribute to an improved natural risk assessment in these
structures. © 2019 The Authors. Earth Surface Processes and Landforms Published by John Wiley & Sons Ltd
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Introduction

Voluminous landslides represent a major natural hazard in tec-
tonically active and high-relief regions and, therefore, require
accurate detection and monitoring to mitigate hazardous
changes in slope conditions (Keefer, 1984; Hermanns et al.,
2001; Crosta et al., 2013). Landslides occur commonly along
mountain fronts with distinct topographic relief, which pose sig-
nificant geological hazards and risks for communities along
mountain fronts and in valleys (Havenith et al., 2006; Strom,
2013; Qiu et al., 2016). Mountain fronts with slow-moving
landslide masses are often affected by a sudden acceleration
of downhill motion and rapid displacement of material. Deep-
seated gravitational slope deformation (DSGSD) is mountain
slope deformation of steep, high mountain slopes, manifested

by scarps and cracks, but lacking a defined rupture surface
and slow movement rates (Hungr et al., 2014). DSGDS is com-
monly observed together with nested landslides, and temporal
succession of DSGSD–landslide has been proposed (Ambrosi
and Crosta, 2006; Agliardi et al., 2013; Capitani et al., 2013;
Hungr et al., 2014). Understanding hillslope processes and fail-
ure conditions in high mountain environments, which include
regional geotechnical assessments and hillslope-stabilization
strategies, is vital for an efficient governance of disaster pre-
paredness in communities at risk. This has become increasingly
important given the high mortality rates and high costs associ-
ated with landslides (Klose et al., 2014).

The environmental impacts of both deep-seated (e.g.
protracted deformation of slopes, such as in the Tien Shan)
and rapid mass movements have been recognized for a long
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time (Dikau et al., 1996; Agliardi et al., 2001; Galadini, 2006;
Strom and Korup, 2006; Gori et al., 2014; Strom, 2015). Studies
are increasingly using advanced methodology and higher-
quality data from satellites. For example, landslide studies are
increasingly using differential SAR interferometry techniques
to monitor the spatiotemporal characteristics of DSGSG and
slow-moving landslides (Hilley et al., 2004; Ambrosi and
Crosta, 2006; Colesanti and Wasowski, 2006). Such analyses
help to assess the roles of unsteady slope conditions, hydrologic
changes and seismicity in generating mass movements. How-
ever, we require improved understanding of such movements
with regard to structural predispositions of mountain fronts
and active tectonic structures that may help to explain the loca-
tions of large slope failures and their geometry in the near fu-
ture. In addition, it is difficult to differentiate these tectonic
aspects from climate-driven forcing of landslides or changes in
landslide velocity in the case of slowly moving rock masses.

Hillslope instabilities and frequent mass movements are one
of the most prominent manifestations of the interplay among
active tectonism, deformation, surface uplift and climate-driven
surface processes along tectonically active fronts of the Tien
Shan Mountains and adjacent Pamir Mountains (Biske et al.,
1996; Arrowsmith and Strecker, 1999; Strecker et al., 2003;
Burtman, 2006). To date, systematic research on DSGSD in
the Tien Shan Mountains is underexplored and requires identi-
fication and monitoring of locations prone to repeated slope
movements and landslides.

This study focuses on areas of active tectonism and land-
slides in the southern Tien Shan Mountains (Figure 1). The
study area is located in the south and east of the seismically
active Fergana Basin and includes protracted mass
movement-affected mountain fronts. The flanks of the Alai
Range in this region record numerous voluminous landslides
each year that have affected the morphology of range fronts

Figure 1. Geographic location of the study area in the southern Kyrgyz Tien Shan (see inset). Main geologic structures modified after Chediya
(1986); map is based on SRTM topography with 30m resolution. Red circles denote instrumentally recorded earthquakes from the NEIC catalogue
and regional seismic network of IRIS for the period between 1973 and 2015; magnitudes of earthquakes scale with diameter of circle. [Colour
figure can be viewed at wileyonlinelibrary.com]
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and their piedmont regions (Roessner et al., 2005; Strom and
Korup, 2006; Danneels et al., 2008; Havenith et al., 2010).
Deep-reaching and slow-moving mass movements are
ubiquitous phenomena in intermountain valleys and along
fault-controlled mountain fronts in the Alai Range of the Tien
Shan (Wetzel et al., 2000; Havenith et al., 2010; Teshebaeva
et al., 2015). Typically, range fronts exhibit multiple cuspate
break-off scarps, extensional, slope-parallel trenches and
evidence of rotational movements. The toe areas of
hummocky slopes along range fronts have apparently
displaced the fluvial network, which suggests an efficient,
perhaps protracted and sustained, mechanism of mass transfer
from the hillslopes to the fluvial channel systems. These
features altogether make this region a good setting to decode
the roles of different forcing mechanisms on mass movements
and their temporal behaviour (Chediya, 1986; Wetzel et al.,
2000; Abdrakhmatov et al., 2003; Teshebaeva et al., 2015).
We hypothesize that the active tectonics and uplift in the Tien
Shan are the main forcing mechanisms to sustain the
necessary gravitational forces of slope deformation and form
DSGSD along the Alai Range.
Here we present an innovative and quantitative approach for

DSGSD detection and assessment that uses time-series InSAR
data with tectonic and geomorphic analyses. We tested this

approach in the southern Tien Shan mountain range. We calcu-
lated the movement rate using the differential SAR interferome-
try small baseline subset (SBAS) technique. We also integrated
seismological data with regional intensity gradients to support
our observations and analysis on the main controlling parame-
ters of the surface dynamics that we studied.

Geologic and Geomorphologic Setting of the
Southern Tien Shan and Alai Range

The study area is situated on the north-facing flank of the Alai
Range, where the sedimentary strata of the Fergana Basin are
incorporated into the active orogenic wedge of the Alai–Pamir
system of north-vergent thrusts (Figure 1). The Alai Range is part
of the Tien Shan active orogen in Central Asia. Rocks exposed
in the Alai Range mainly consist of Late Paleozoic orogenic
metamorphic basement, and folded Mesozoic and Tertiary sed-
imentary cover units with shallow marine and terrestrial sedi-
ments. The oldest sedimentary cover units include Jurassic
terrestrial clastics and coal layers, followed by Late Cretaceous
to Eocene marine limestones (Cobbold et al., 1992; Biske et al.,
1996). Oligocene sedimentary strata are superseded by fine-

Figure 2. Detailed geologic, tectonic and structural map of the study area compiled from 1:50 000 and 1:200 000 geological maps of the Kyrgyz
Geological Agency (1958, 1985) and field observations. Landslide deposits were mapped based on optical satellite remote sensing data and field ob-
servations (Wetzel et al., 2000). [Colour figure can be viewed at wileyonlinelibrary.com]
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grained clay and evaporite-bearing lacustrine and shallow ma-
rine units, which are covered by coarsening-upward Late Oli-
gocene and Neogene strata that record the onset and the
tectonic processes associated with the India–Eurasia collision
(Molnar and Tapponnier, 1975).
To the south, the Paleozoic basement of the Alai Range

forms the substratum of the intra-mountain Alai Valley, which
is located immediately north of the north-vergent thrust belt
of the Pamir (Trans Alai)–Tien Shan collision zone between
the northwestern Indian indenter and Eurasia (Burtman and
Molnar, 1993). The south-dipping, range-bounding faults of
the Alai Range have been active tectonically since the Oligo-
cene (Coutand et al., 2002; Sobel et al., 2011), and they are
considered to be an integral part of the Pamir orogenic wedge
(Burtman, 2006; Teshebaeva et al., 2014). The present-day
convergence rate between India and Eurasia using space-
geodetic measurements is approximately 25mmyear�1

(Reigber et al., 2001; Zubovich et al., 2010). The Pamir thrust
system integrates about half of that convergence at
12mmyear�1 (Zubovich et al., 2010), which is compatible
with geologically determined shortening rates on millennial
timescales (Arrowsmith and Strecker, 1999).
The northern mountain front of the Alai Range in the area of

Uzgen (Figures 1 and 2) records active uplift, folding, north-
vergent thrusting and reverse faulting. The Alai Mountain front
between the Fergana lowland and the Gulcha high-relief fold-
and-thrust system (Figures 1 and 2) comprises an area of about
3000 km2 with a topographic gradient ranging from 870 to
3800m above sea level. This area includes the Kara Darya
River basin and is divided into many hydrographic sub-basins.
The drainage network is clearly controlled by the active struc-
tures of the orogenic wedge (Chediya, 1986; Bazhenov et al.,
1999; Burtman, 2006). Thrusts, such as top-to-N thrusts and
top-to-S back-thrusts, dextral (transpressional) and NW–SE-
striking strike–slip faults dominate the fold-and-thrust belt ge-
ometry (Figures 1 and 2). These strike–slip zones may consti-
tute transfer structures that link different thrust faults
kinematically in a field of general N–S-oriented shortening.
Fold axes from the actively deforming Neogene to Quaternary
sedimentary formations (Figures 1 and 2) and the strike of the
related thrust and reverse faults generally trend 45–60° N.
The DSGSD studied here is situated along active faults and
folds that integrate Late Neogene sediments and Cretaceous–
Paleogene hard rock (Chediya, 1986; Biske et al., 1996)
(Figure 2).

Seismicity

The Alai Range of the Tien Shan Mountains is part of a region
with ongoing tectonic activity, with evidence of multiple earth-
quake ruptures in the past (Taylor and Yin, 2009; Landgraf
et al., 2016), although not all range fronts and intra-mountain
basins exhibit a widely distributed high level of current seismic-
ity (Haberland et al., 2011; Feld et al., 2015). In general, earth-
quake focal mechanisms are compatible with the kinematics of
the regionally characteristic reverse fault, thrust fault and dis-
placements along strike–slip faults. Regional structures and
earthquake focal mechanisms are compatible with a NNW–
SSE-oriented compressional stress field (Cobbold et al., 1992;
Buslov et al., 2007).
The distribution of shallow seismicity clearly lacks a well-

defined deformation front because the earthquakes are distrib-
uted differently in time and space compared with the overall
tectonic deformation pattern of the region (Ghose et al., 1998;
Sycheva et al., 2008; Schurr et al., 2014). The National Earth-
quake Information Center (NEIC) of the US Geological Survey

and the regional seismic network of Incorporated Research In-
stitutions for Seismology (IRIS) recorded numerous earthquakes
during 1973–2015, with Mw > 3 in Kyrgyzstan. All the re-
corded events were crustal earthquakes with hypocentre
depths of 10–25 km (Figure 1).

Climatic conditions

The climate of the region is semi-arid with average precipita-
tion of 350–600mmyear�1 (Yerokhin, 1999). The annual pre-
cipitation regime has two maxima, one in spring (April and
May) and a less pronounced one in autumn (October and No-
vember). The study area is snow covered during winter, with a
thickness of 20–100 cm, depending on elevation and exposi-
tion. The average temperature is about �10°C in winter (De-
cember to February) and +24°C in summer (June to August)
(Duethmann et al., 2013).

Landslides and surface deformation.

Landslides occur frequently in the southern Tien Shan Moun-
tains. The NEIC and IRIS cumulatively recorded ~4500 land-
slide events in the region during 1969–2010.
Characteristically, landslides occurred along mountain fronts
within an elevation of 700 and 2000m above sea level.
Protracted mountain building has created pronounced topo-
graphic contrasts between ranges and valley bottoms. This geo-
morphic setting, together with landslide-prone unconsolidated
sedimentary rocks (Chediya, 1986), was conducive to deep-
reaching rotational landslides (Roessner et al., 2005). Findings
suggest that deep-reaching landslides affected the bedrock to
depths of >15m (field observations). These mass movements
were often slow, continuous movement over long periods of
activity. Landslide frequency peaks between March and April
and again in October (Yerokhin, 1999). The multi-date land-
slide inventory (Ibatulin, 2011) revealed a high degree of
inter-annual variability mainly caused by changes in ground-
water levels, which depended on the precipitation characteris-
tics of the preceding winter season (Yerokhin, 1999; Danneels
et al., 2008). Overall, landslide events varied in size and move-
ment rates, which included very slow-moving landslides in the
area (Teshebaeva et al., 2015).

The frequent occurrence of large landslides in the Tien Shan
Mountains has resulted in the temporary formation of dams and
diversions across river courses (Havenith et al., 2006; Strom
and Korup, 2006). Landslide events in the region frequently
lead to extensive damage of settlements and infrastructure,
and cause loss of human lives (Ibatulin, 2011). A catastrophic
landslide on 22 April 2003 killed 38 people in Kara-Taryk
village, located along the Kurshab River. On 27 April 2004, a
landslide in the same area buried and killed 33 people, which
highlighted the risk associated with landslide events in the
region. Satellite remote sensing and field-based investigations
of predisposing structural factors have revealed that geological
and structural conditions played a major role in the spatial
distribution of landslides in the Tien Shan (Roessner et al.,
2000, 2005; Wetzel et al., 2000; Teshebaeva et al., 2015).
However, despite these recent advances in our understanding
of landslide events in the Tien Shan Mountains, we do not
know much about the very slow-moving and deep-seated land-
slides and their relationship with lithology, structure, climate
and the region’s topographic relief.
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Data and Methods

Data

We analysed 20 ascending L-band ALOS/PALSAR data items col-
lected during February 2007–October 2010. The L-band is the
transmitting and receiving microwave frequency of PALSAR. It
operates at a wavelength of 23.6cm with a 46-day cycle of tem-
poral resolution and a 38° incidence angle. The capability of
L-band to reach the ground by partially penetrating through
vegetation cover to obtain information about the ground surface
makes PALSAR suitable especially for mapping active deforma-
tions over large areas. We used the SRTM (Shuttle Radar
Topography Mission) digital elevation model (DEM) for geomor-
phological analysis (Farr and Kobrick, 2000). SRTM is the C-band
3-arcsecond global elevation data at a spatial resolution of 90m.
We also used data derived from the 1:200 000 and 1:50 000 geo-
logical maps produced by the Leningrad State University in 1958
and the Kyrgyz Geological Agency in 1985.

InSAR time-series analysis.

We estimated SAR interferograms and displacement rates using
Interferometry Package (ROI_PAC), the Delft Object-oriented

Radar Interferometric Software (DORIS) and Stanford Method
of Persistent Scatter (StaMPS) programs. Twenty raw data items
were analysed and focused using the ROIPAC package (Rosen
et al., 2004) to create single look complex (SLC) images, and
the area of interest was determined in the master image; all
other images were cropped accordingly. Furthermore, we proc-
essed 20 SLC images to form 118 interferograms for the SBAS
technique. Interferometric processing was performed using
DORIS software (Kampes et al., 2003) and the topographic
phase was removed using the SRTM 3-arc second DEM. We
used StaMPS software to obtain data on ground deformation
using the SBAS technique of interferogram stacking (Berardino
et al., 2002; Hooper, 2008). The SBAS technique uses interfer-
ograms with small spatiotemporal baselines to mitigate
decorrelation phenomena of the SAR data and Doppler
centroid-frequency differences (Berardino et al., 2002). The re-
sults of the SBAS analysis provided mean displacement-
velocity maps and time-series displacements of each coherent
pixel, which were analysed further at their temporal evolution.
We generated a subset of small baseline interferograms with
spatial (<2560m) and temporal (<950days) baselines to main-
tain better coherence. The key requirement in selecting spatial
and temporal baselines is to consider nearly all of the available
SAR acquisitions. After generating the small baseline subsets,
StaMPS used a persistent scatterer pixel search to investigate a

Figure 3. Results of SBAS InSAR analysis based on 118 interferograms from 20 radar scenes between 2007 and 2010. Colours show spatial pattern
of downslope velocity (Vslope) rates (mm year�1). Black boxes outline subsets based on hotspot cluster analyses (cf. Figure 4). [Colour figure can be
viewed at wileyonlinelibrary.com]
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coherent scatterer over time. Next, we applied a standard
Goldstein filter to reduce the effects of the phase noise from
the generated interferograms (Goldstein and Werner, 1998). In
a subsequent step, we applied three-dimensional unwrapping,
which converted each ambiguous 2π cycle to absolute values
of the interferometric phase and utilized the temporal informa-
tion (Hooper and Zebker, 2007). This was followed by applica-
tion of the SBAS ‘least-squares inversion after phase-
unwrapping’ method to retrieve the phase with respect to the
original master.
We retrieved the quality and accuracy of the processed data

by calculating DEM errors, master atmosphere and orbit error
from both small baseline interferograms and single master inter-
ferograms. Finally, we geocoded the data stack with azimuth 2
and range 3 looks at a spatial resolution of 25m and obtained
mean velocity displacements in the line of sight (LOS) direction
during 2007–2010. To exclude any linear trends that could in-
fluence the subsequent analysis, we detrended our time-series
data. We visualized the StaMPS results using viStaMPS software
and exported the data into a GIS environment for further inter-
pretation of the ground deformation (Sousa et al., 2014).
The SBAS-retrieved deformation values represented the one-

dimensional LOS projection of the actual movement of the
Earth’s surface. To overcome the differences between the
ground geometry and LOS direction, we projected LOS defor-
mation into the direction of the downslope movement. We con-
verted the LOS velocity deformation rates into velocity
deformation and downslope deformation (Vslope) (Cascini

et al., 2010; Zhao et al., 2012). To transform LOS direction to
downslope direction, we required information on the unit
LOS vector and the hillslope angle. For the unit LOS vector,
we used the incidence angle and flight azimuth of the satellite
trajectory. In addition, we calculated hillslope angles and slope
azimuths of the study area, which included the determination
of hillslope and azimuth values using SRTM elevation data.

Hotspot and cluster analysis

We performed a hotspot and cluster analysis to detect areas of
slow-moving landslides based on a large amount of point data.
This analysis revealed spatial clusters of similar values and
allowed us to identify regions that exhibited significant spatial
clustering in our data. The hotspot and cluster analysis is based
on two statistical approaches, the Getis–Ord Gi statistic (Getis
and Ord, 2010) and kernel density estimation (Silverman,
1986). We performed hotspot analysis on the mean downslope
velocity deformation. First, we calculated Getis–Ord Gi statis-
tics for each point feature in a dataset where statistics were
based on analysing the spatial pattern of each feature within
the context of its neighbours. A single point feature with a high
value may not be a representative measurement. The Getis–
Ord Gi statistic requires that neighbours also have elevated
values. To be a statistically significant hotspot, a point feature
will have a high value and must be surround by other features
with similar values. The local sum for a point feature and its

Figure 4. Hotspot cluster kernel density map showing smoothed spatial location of hotspot clusters in regions 1 and 2. Analysis highlights areas of
spatially correlative regions (i.e. clusters) as high kernel density values in red. Hotspot analysis was performed on downslope velocities. [Colour figure
can be viewed at wileyonlinelibrary.com]
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neighbours was compared proportionally to the sum of all fea-
tures. If the local sum was different from the expected local
sum, and when that difference was too large to be the result
of random chance, a statistically significant z-score was
assigned to that point. The z-score values indicated to us where
point features with either high or low values clustered spatially.
The kernel density estimator fits a smooth surface as a hotspot.
The kernel density estimator is performed on downslope veloc-
ity point data by choosing derived Gi* as the weighting factor.
The output was a smooth kernel density map, which converted
large amounts of point data into several hotspots for better
visualization.

Analysis of conformity between topographic
surface and geological structures

Topographical analysis with respect to geological structures de-
fines susceptible classes for DSGSD in selected areas. We used
on-site measured geological bedding data and SRTM DEM to
perform these analyses. The degree of conformity between to-
pographic and geological surfaces was expressed as the index
of the topographic/bedding-plane intersection angle (TOBIA)
(Meentemeyer and Moody, 2000). When a sedimentary rock
unit contained a distinct bedding plane, TOBIA was catego-
rized into three classes (Cruden and Hu, 1996; Meentemeyer
and Moody, 2000). For example, if the bedding plane dipped
in the same direction as the hillslope angle, the hillslope was
classified as cataclinal. If the bed dipped in the direction oppo-
site to the hillslope, then the hillslope was classified as
anaclinal (Cruden and Hu, 1996). In those cases where the az-
imuth of the dip direction was perpendicular to the azimuth of
the hillslope direction, the slopes were referred to as orthoclinal

(Meentemeyer and Moody, 2000). We defined three conformity
classes using the TOBIA index: cataclinal, anaclinal and
orthoclinal. These conformity classes were used to define the
spatial location and distribution of the InSAR-defined, slow-
moving landslides.

Results

Changes in the velocity of deformation based on
InSAR measurements

The SBAS results from L-band PALSAR data recorded the loca-
tion of unstable hillslopes and the downslope deformation ve-
locity (Vslope). The Vslope displacement rates were 0–
71mmyear�1, making them the highest rates in the region’s
prior slope failures (Figure 3). The high downslope deformation
rates were found mainly in the downslope vicinity of existing
landslide scarps (Figure 2). We identified spatially clustered
areas of high values (hotspots) and highlighted them as cluster
1 and 2, which revealed evidence of large-scale mass move-
ments (Figure 4). The obtained downslope velocity rate was ap-
proximately 71 and 36mmyear�1 for hotspot cluster 1 and 2,
respectively; that is, downslope velocity rates for hotspot clus-
ter 1 were twice those of hotspot cluster 2. We analysed two
profiles across hotspot clusters 1 and 2 (Figures 3 and 4). Profile
1 had a length of 7 km and transected a zone with high dis-
placement rates (Figures 4 and 10). Profile 2 had a length of
about 6 km and was located in a zone where the high deforma-
tion signal was observed across the slope for an area about
6 km wide, which was covered by several extensive landslide
deposits (Figures 1, 4 and 10). Based on these profiles, we ex-
amined the relationship between the mean downslope

Figure 5. Downslope velocity Vslope deformation rate (mm year�1) plotted against (a) elevation, (b) hillslope angle and (c) flow direction for profiles
of hotspot clusters 1 and 2 (cf. Figures 3 and 4). This analysis reveals that elevation, hillslope angle and drainage area do not significantly influence
downslope velocities. [Colour figure can be viewed at wileyonlinelibrary.com]
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velocity-displacement rates and topographic properties (abso-
lute elevation, slope and flow accumulation derived from the
SRTM DEM) along these profiles (Figure 5).

Downslope displacement and elevation
Plotting the observed Vslope displacement values against the
absolute elevation values (Figure 5a) revealed that the observed
signals of increased deformation mostly occurred in an eleva-
tion range of 1000–1500m. Maximum elevation along slope
1 was about 2000m, whereas slope 2 showed a slightly higher
maximum elevation that ranged up to 2500m. These profiles
were characterized by a sharp lower boundary at 1000m.
These observations suggested that the detected landslide
reactivations might have been facilitated by sliding planes,
which were associated with folded structures along the south-
ern Tien Shan Mountain front.

Downslope displacement and slope angle
Profile 1 showed that deformation was distributed between
slope angles of 5 and 25°, whereas the lower slope values oc-
curred in the area close to the thrust fault (Figure 1). Deforma-
tion in profile 2 was related to hillslope angles of 0–30°. The
higher maximum slope values reflected the greater steepness
of hotspot area 2 compared with hotspot area 1. However,
the velocity-displacement rates measured in hotspot area 2
were twice as small as in hotspot area 1. There was no

correlation between the hillslope angle and downslope-
velocity displacement rates.

Downslope displacement and flow accumulation
The displacement values were plotted against flow accumula-
tion (drainage area) using a logarithmic scale (Figure 5c).
Hotspot 1 results suggested that the displacement was mainly
related to contributing areas of up to 70 000 m2, whereas for
hotspot 2 the contributing areas were larger, with a maximum
value of 120 000 m2. The observed high deformation rates co-
incided spatially with the overall flow direction of the local
drainage network in areas of hotspot cluster 1 (Figure 4). Defor-
mation rates of hotspot cluster 2 were perpendicular with re-
spect to the overall flow direction of the local drainage
network, which corresponded to the strike of the dextral
strike–slip fault at the eastern slope. As a result, a more ad-
vanced drainage network compared with the area of profile 2
characterized the area covered by profile 1.

Local seismic network and InSAR kernel density

Results from the kernel density analysis of InSAR data revealed
that there were smoothed spatial locations of hotspot clusters in
regions 1 and 2 (Figure 4). Based on IRIS network data, the
regional seismicity pattern showed seismic energy release at
clusters in regions 1 and 2 (Figure 6). Analysis highlights areas

Figure 6. Kernel density inferred from regional seismic IRIS catalogue data. The regional seismicity pattern shows seismic energy release at clusters
in regions 1 and 2. Analysis highlights areas of spatially correlative regions (i.e. clusters) as high kernel density values in red and correlates with InSAR-
defined kernel density regions (cf. Figure 4). [Colour figure can be viewed at wileyonlinelibrary.com]
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of spatially correlative regions (i.e. clusters) as high kernel den-
sity values in red and correlates with InSAR-defined kernel den-
sity regions (Figure 4). The regional seismic energy release that
correlated with InSAR clusters underlined the interaction of sur-
face processes and tectonic strain (Figures 4 and 6).

Conformity between topographic and geological
surfaces

Spatially distributed estimates of topographic/bedrock intersec-
tion angles were calculated using the categorical and continu-
ous TOBIA models, respectively (Figures 7 and 8). By
overlaying outputs from the TOBIA index and our hotspot clus-
ter analysis, the conformity between topography/bedding
planes and spatial location of slow-moving landslides was rep-
resented within each of the classified/indexed slope types (Fig-
ures 4, 7 and 8).
The slope-classification map illustrates variations in slope

type as a function of different slope aspect and dip direction

combinations (Figure 7). Most cataclinal slopes corresponded
to northwest and west-facing sectors. Hotspot 1 in Figure 6 de-
picts a cataclinal slope, which was associated with a relatively
gentle slope gradient, whereas the topographic slope was gen-
erally north-facing and varied from relatively gentle to steep
gradients. Anaclinal slopes were typically associated with
east-facing slopes and constituted a higher percentage of
mapped surface (Figures 4 and 7). Anaclinal slopes typically oc-
curred along moderately inclined northeast and east-facing
hillslopes. Field observations indicated that the mapped
anaclinal slopes often corresponded to outcrops of the ubiqui-
tous Cretaceous limestones and the resistant Paleozoic rocks.
Orthoclinal slopes covered the lowest percentage of mapped
area in the study region (Figure 6). Due to the northeast and
northwest strike of the bedding planes, orthoclinal slopes were
typically common on south-facing slopes.

The TOBIA index application across the watershed (Figure 8)
resulted in the same general patterns as the slope-classification
map (Figure 7). The high index values corresponded to confor-
mity among slope angles, slope aspect, dip and dip aspect, and
correlated with unconsolidated Quaternary sediments. The low

Figure 7. Slope-classification map depicting cataclinal, anaclinal and orthoclinal slopes. Slope classification based on spatially distributed estimates
of slope aspect and dip-direction angles. Map indicates that cluster 1 depicts a cataclinal slope and cluster 2 depicts an anaclinal slope (cf. Figure 4).
[Colour figure can be viewed at wileyonlinelibrary.com]
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index values corresponded to non-conformity and correlated
with Paleozoic basement rocks (Figure 2). Additionally, index
values of ridges and drainages were often intermediate between
cataclinal and anaclinal slopes, because they represented a
transition in slope and slope aspect. The advantage of the
conformity-index representation over the classification was that
it permitted greater accuracy in mapping transitions of
topographic/bedding plane intersection angles (Figure 9 and
10).

Discussion

Interpretation of measured slope deformation.

We observed two distinct displacement signals, clusters 1 and
2, in the study area during 2007–2010. The measured velocity
deformation rates were up to 71mmyear�1, which was a slow
to very slow-moving slope creep (Figures 3 and 4). Clusters 1
and 2 showed significant elevational changes that were sepa-
rated from the surrounding depressed areas by steep escarp-
ments (Figures 4 and 11). In particular, contraction with
tectonic uplift sustained and constantly increased the relief that
sustained the development of gravity-driven deformation.

Active structures and tectonic patterns affected these and were
related to the inherited and ongoing mountain building pro-
cesses since the Late Neogene (Biske et al., 1996; Burtman,
2006). Our hypothesis is that the InSAR-derived spatial clusters
with slow moving rates represented DSGSD. Despite their oc-
currence on high-relief slopes, displacement rates were rela-
tively small compared with the relief of the entire slope
(Agliardi et al., 2001). DSGSD geomorphological indicators
were in double crest lines, such as scarps and fractures. The
DSGSD-induced high landslide rates, debris flow and alluvial
fans have been observed along major reverse faults.

The double crest line and scarps were visible from optical
data and shown in oblique 3D view profiles (Figures 9 and
10). To identify and validate the gravitational reactivation of
DSGSD in the region is an important contribution. InSAR obser-
vations confirmed these data and showed congruent directions
with the type of recognized deformation (i.e. DSGSD) (Figures 4
and 11). We observed velocities in downslope-directed defor-
mation rates of up to 71mmyear�1, in particular in hotspot
cluster 1 (Figure 4). Cluster 2 showed lower deformation rates
of about 30mmyear�1.

Interestingly, similar remote sensing studies that utilized
InSAR in the San Francisco Bay area detected slowly moving
slopes (Hilley et al., 2004). Likewise, corresponding

Figure 8. Topography/bedrock intersection index map (Meentemeyer and Moody, 2000) showing conformity (high index values) and non-confor-
mity (low index values) between slope angles, slope aspect, dip and dip aspect. Cluster 1 is characterized by high conformity, while cluster 2 shows
moderate conformity between topography and bedding planes. [Colour figure can be viewed at wileyonlinelibrary.com]
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observations were made in the Central Italian Apennines
(Tolomei et al., 2013), in the eastern Betic Cordillera of Spain
(Delgado et al., 2011) and in the Po River basin in northern
Italy (Stramondo et al., 2007).
We hypothesize that advancement of the DSGSD phenom-

ena in the Tien Shan Mountains was due to inherited and pre-
existing structural weaknesses and setting of the area. Tectonic
events and local seismicity showed reactivated, fault planes
that sustained the necessary gravitational creep (Figures 1 and
6). The presence of the DSGSD on the cluster 2 slope possibly
contributed to the development of deep-seated landslides there

(Agliardi et al., 2001; Jomard et al., 2014) and to the develop-
ment of shallow landslides on the cluster 1 slope with less pro-
nounced break-off scarps (Figure 11), which was also suggested
by Hungr et al. (2014).

Implication of topographic and geologic surfaces

We observed morphological evidence of DSGSD along the two
zones, which confirmed the existence of active large-scale
gravity-driven processes (Figures 4, 6 and 11). The spatial

Figure 9. Oblique 3D view of hotspot cluster 1 (Figures 3 and 4) based on optical RapidEye satellite data acquired in August 2014 with: (a) mapped
landslide areas and scarps; (b) downslope deformation rates; and (c) simplified geological cross-section. Cross-section reveals that landsliding asso-
ciated with cluster 1 occurs along cataclinal slopes in the hanging wall of folded, poorly lithified Miocene clastic sedimentary rocks and Cretaceous
limestones and sandstones. [Colour figure can be viewed at wileyonlinelibrary.com]
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distribution of the observed deformation velocities in the con-
text of elevation, slope angle and slope-movement direction
at our analysed sites revealed that the sites of deformation did
not depend in priority on the steepness of the terrain, but were
determined by lithology, active faults and tectonics (Dramis
and Sorriso-Valvo, 1994; Agliardi et al., 2001). There was a
clear correlation between the tectonically controlled dip of
the bedding planes in the hanging and footwalls of active folds
and faults that locate deep mass creep. Hotspot cluster 1 was
characterized by cataclinal slopes (Figures 7 and 11) that were
associated with an active thrust fault (Figures 2 and 4). Strom

and Korup (2006) argued that many of the large rock-slope fail-
ures in the Kyrgyz Tien Shan Mountains occurred on slopes
truncated by active faults. The temporal evolution of the de-
tected deformations during 2007–2010 indicated continuous
movements in the LOS direction with a distinct peak in Octo-
ber 2008 along cluster 1, which was initiated by the 26 Sep-
tember 2008 Mw 4.1 earthquake (Teshebaeva et al., 2015).

The majority of landslides developed within DSGSD pre-
sented slow movements. Although we did not have a longer
time-series of moving DSGSD and landslides in this region,
our observations suggested that at least some of the larger

Figure 10. Oblique 3D view of cluster 2 (Figures 3 and 4) based on optical RapidEye satellite data acquired in August 2014 with: (a) mapped land-
slide areas and scarps; (b) downslope deformation rates; and (c) simplified geological cross-section. Cross-section reveals that landsliding in cluster 2
is associated with anaclinal slopes in hanging and footwalls of reverse and dextrally oblique reverse faults, respectively. Rock types are the same as in
Figure 8. Note proximity of river channel with respect to toe section of landslide body. [Colour figure can be viewed at wileyonlinelibrary.com]
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landslide mass movements were associated with protracted
motion and active inverse faulting (Figure 6). However, it is
conceivable that deep-seated masses were slowly creeping,
given the close association of faults and folds with the actively
deforming slopes. These unconsolidated clastic sediments su-
perseding the massif and plastically deforming limestones were
being detached to form the landslides (Figure 11). Moderate
seismicity was supplementary trigger of these mass movements
in the area (Figures 1 and 6). The slope instability in hotspot
cluster 2 was characterized by anaclinal slopes associated with
the upward-tilted footwall of a dextrally oblique reverse fault
and the limb of a hanging-wall anticline (Figures 7 and 11).
The DSGSD surface breakaway scarps coincided with the sur-
face expression of the wide fault gouge zone at cluster 2,
whereas this relationship did not exist in the hanging-wall

anticline (Figure 10). Both investigated DSGSD settings were
associated with tectonically active structures that
preconditioned the involved rock masses for failure, which in-
cluded breakaway zones. However, in addition to the structural
conditions, the deforming lithologies were composed of un-
consolidated clastic sediments above massive Cretaceous–
Paleogene limestones and sediments that constituted alternat-
ing weak zones, and these were potentially more prone to ad-
ditional detachment horizons in highly anisotropic sequences
(Figures 9 and 10).

Downslope movement of the DSGSD in both hotspot cluster
areas was facilitated by the deformed, slope-parallel bedding
planes that dipped toward lower sectors in the topography (Fig-
ure 9), and the mechanical weakness of the involved strata (Fig-
ures 10 and 11). The spatial distribution of the DSGSD signals

Figure 11. Different field views of cataclinal and anaclinal slopes: (A, B) cataclinal slopes from cluster 1 area; (C, D) anaclinal slopes from cluster 2
area. [Colour figure can be viewed at wileyonlinelibrary.com]
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on clusters 1 and 2 was close to active tectonic features with
moderate seismicity. Our InSAR-defined kernel density and lo-
cal seismicity kernel density estimation (Figures 4 and 6)
corresponded to the same location that strengthened our inter-
pretation. The areas of seismic strain release and InSAR signals
correlated clearly and, therefore, underlined that (1) the
inherited tectonic structures of slopes strongly influenced local-
ization of DSGSD and (2) seismic activity led to gravitational
destabilization or reactivation of slopes (Jibson et al., 2004;
Moro et al., 2007; Jomard et al., 2014). DSGSD-triggered pro-
cesses, such as slope steepening and de-buttressing after degla-
ciation, which have been suggested for some regions in Italy
(Agliardi et al., 2001), were an unlikely mechanism for our
study area in Tien Shan (Strom and Korup, 2006); Tien Shan
is located at altitudes and in mountain ranges with more foothill
character where glaciers never existed.
We searched for a possible correlation between the patterns

that were observed in the displacement time series and precip-
itation. Our 4-year observation period did not reveal a direct re-
lationship between the rate of slope movement and
precipitation (Teshebaeva et al., 2015). Nevertheless, in future
studies decadal InSAR time series may help to elucidate such
potential relationships. In addition to seismic triggering, a key
question for future work in this context is: (1) do extreme rain-
fall events affect this region, (2) do the landslides developed
within slow-moving DSGSD have the potential to accelerate
within catastrophic dimensions? These issues are especially im-
portant in the context of global environmental change and pre-
dicted changes in the spatiotemporal characteristics of
precipitation regimes (Nearing et al., 2004). Using a new ap-
proach in long-term InSAR monitoring and active deformation
along mountain front, our work contributes to an improved nat-
ural risk assessment in such structures.

Conclusions

In this study, we documented results from InSAR and combined
geomorphological and tectonic investigations of a segment of
the Alai Range front in the south-west Kyrgyz Tien Shan Moun-
tains. This mountain front is an integral part of an active fold-
and-thrust belt with WSW–ENE-striking and SSE-dipping thrust
and reverse faults and with NW–SE-striking conjugate faults.
Numerous active mass movements that are located near tecton-
ically active structures affect hillslopes of the Alai Range. We
analysed hillslope instabilities using InSAR time-series data
combined with digital topography and field observations of sur-
face dynamics and tectonic geomorphology. Our new InSAR
time-series data, combined with spatial cluster analysis, re-
vealed two areas of continuous downslope-moving areas of
the mountain flanks. In these zones, the gemorphology results
and field observations allowed us to identify the surface rup-
tures of DSGSD as very closely related to active deformation
along a contracting mountain front.
The deformation rates of these sectors exposed no clear cor-

relation with elevation, hillslope angle or drainage system. We
applied a conformity analysis to test for other forcing factors to
explain the spatial distribution of hillslope deformation. The
very high degree of conformity between topography and bed-
ding planes of the sedimentary strata exposed at the mountain
fronts showed that the spatial distribution of downslope defor-
mation was mainly controlled by the geometry of the folded
and faulted structures and their lithology. Therefore, we con-
clude that active tectonics associated with folded and faulted
specific anisotropic sedimentary sequences precondition the
processes of DSGSD and sustain the rates of slow-moving mass
creep at depth in the south Tien Shan Mountains.
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