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Abstract: While rock glaciers (RGs) are widespread in the Zhetysu Alatau mountain range of Tien
Shan (Kazakhstan), they have not yet been systematically investigated. In this study, we present the
first rock glacier inventory of this region containing 256 rock glaciers with quantitative information
about their locations, geomorphic parameters, and downslope velocities, as established using a
method that combines SAR interferometry and optical images from Google Earth. Our inventory
shows that most of the RGs are talus-derived (61%). The maximum downslope velocity of the active
rock glaciers (ARGs) was 252 mm yr~!. The average lower height of rock glaciers in this part of
the Zhetysu Alatau was 3036 m above sea level (ASL). The largest area of rock glaciers was located
between 2800 and 3400 m ASL and covered almost 86% of the total area. Most rock glaciers had a
check for northern (northern, northeastern, and northwestern) orientation, which indicated the important role
updates of solar insolation in their formation and preservation.
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197. https://doi.org/10.3390/
1515010197 There are many options for defining rock glaciers; therefore, different researchers
interpret this term differently. Several scientists [1-4] have defined a rock glacier as an
accumulated mixture of debris and ice located on a mountain slope that has been deformed
under gravity and has formed vicious striking tongue formations that flow up to a kilometer
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Figure 1. Geomorphology of the rock glacier (RG Nizkomorenny, Lepsi river basin).

Rock glaciers play an important role in the water balance of high mountain regions [13].
Mountain rock glaciers contain globally significant water stores. Their ability to store fresh
water in winter makes them important sources of fresh water in summer for semi-arid
and arid regions such as the central Andes and the Sierra Nevada [14-18]. Recent studies
have highlighted the importance of rock glaciers as temperature- and climate-tolerant
water stores, as well as buffers for hydrological seasonality due to the insulating effect
of debris [13,19,20]. Their importance in mountain hydrology is likely to increase in the
coming decades due to global glacier retreat [21].

Rock glaciers have geomorphological, climatic, and hydrological significance in alpine
periglacial conditions. Rock glaciers can take several thousand years to form and are visible
indicators of permafrost that contribute significantly to the mass transport of alpine land-
forms [22,23]. As such, knowledge of their distribution can provide reliable information on
past occurrences of permafrost and associated climatological conditions [24-27]. However,
there are cases where subsurface ice can still be found in favorable conditions at much
lower altitudes.

1.2. Classification of Rock Glaciers by Their Activity

An active rock glacier is a landform that transports sediment from the root zone to its
front. It is characterized by a steep front (steeper than the angle of repose) and possibly
by flanks with fresh exposed material at the top [11]. The displacement rate can vary
from tens of centimeters to several meters per year [28]. Transitional (intermediate) rock
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glaciers have ice in their composition and move at a speed of less than one decimeter per
year. Depending on the topographic and/or climatic context, transitional rock glaciers can
evolve either into a relict or an active state. A relic rock glacier is a landform that no longer
transports sediments from the root zone to its front due to permafrost depletion. In other
words, they do not move and do not have ice in their composition. Relic rock glaciers are
usually formed at lower elevations than active rock glaciers.

Speed is affected by changes in ground temperature, as well as the presence of mois-
ture, which can speed up or slow down a rock glacier on a ten-year scale [29-32]. Rock
glaciers also show strong seasonal fluctuations in surface movement in many cases, with
higher velocities in summer and autumn compared to winter and spring [27,33,34].

The IPA Rock Glacier Inventory (RoGI) and Kinematics Action Group, established
in 2018 [35], intends to support the development of generally accepted basic concepts
and standard guidelines for the inventory of rock glaciers in mountainous permafrost
regions [11]. One of the most important elements in standardized RoGI catalogs is kine-
matic information. Since indirect kinematic information is often inaccurate as it relates
to operator interpretations, the result of visual observations of morphological (e.g., fore
angle) indicators associated with vegetation [36,37] can be highly unsatisfactory. Recently,
more accurate approaches based on remote sensing data (e.g., Sentinel-1 image satellite
interferometry) [38] have been developed to characterize rock glacier kinematics on a large
scale [16,34,39-41].

In this context, as part of the European Space Agency (ESA) Permafrost Climate
Change Initiative (Permafrost_CClI), the so-called CCN2 project (https://climate.esa.int/
en/projects/permafrost/; last accessed: 10 October 2021)—in line with the basic concepts
proposed by the IPA Action Group [11,42]—specific guidance has been developed [28] for
the systematic integration of kinematic information into RoGI using InNSAR data. Under
this framework, workflow is reduced to outlining moving areas and assigning a speed class
based on the results of interferometric analyses; attribute information is filled in according
to IPA standards.

Rock glaciers are common in Northern Tien Shan, and their descriptions can be
found in studies from the beginning of 20th century; moreover, in 1923, researchers took
measurements of the rock glacier front [43-46].

It was initially believed that these rock glaciers were mainly of a periglacial origin, but
they may also contain sedimentary ice [47,48]. One of the latest studies of rock glaciers in
the Zhetysu Alatau region Gorbunov [49] identified about 850 active rock glaciers based
on aerial photography at a scale of 1:10.000; the photographs are dated 1969, 1979, and
1984, and they do not specify information about geographical coordinates and topographic
parameters. However, descriptions and detailed ground-based geodetic measurements
were performed for only one of them—the rock glacier Nizkomorenny [50]. The altitudinal
boundaries of the active rock glaciers are 200-300 m lower in this region than in the
relatively well-studied Ile Alatau Range of the Tien Shan mountain system [49].

Other research results are absent for the Zhetysu Alatau region. Our inventory work
was started from scratch, and has so far been completed for the Aksu and Lepsy River
Basins of the Zhetysu Alatau. Therefore, the main task of our work was to compile an initial
digital catalog according to international standards [11,12,28] and evaluate the kinematic
performance of rock glaciers in the region.

2. Territory of Interest

The Zhetysu Alatau (or Dzhungar Alatau) is a mountain system stretching from west-
southwest to east-northeast along the state border between the Republic of Kazakhstan and
the People’s Republic of China. The total area of the Zhetysu mountain system, including
the basin of the river Borotala in China, is about 40,000 km? [51]. The Zhetysu mountain
system is located mostly in Kazakhstan.

The Ile River is the southern border of this mountain system, while the northern border
is the Balkhash Plain and the Alakol Lake and Dzhungar Gates are the northeastern border.
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The longitudinal river valleys—Koksu in the west and Borotala in the east—divide the
Zhetysu Alatau into two large ridges parallel to each other: the North Central and the
South Central.

The length of the North Central Range is about 400 km, and that of the South Range
300 km. The Northern Zhetysu Alatau includes the longest and highest ridge of this
mountainous country. Sub-latitudinally, the ridge stretches for 260 km, reaching the highest
elevation of 4622 m ASL (Besbakan). The largest spurs of the ridge are Kungei and Tastau.

The Southern Zhetysu Alatau includes the Toksanbay and Bedzhintau ridges, both
of which have many spurs. The Muztau mountain range houses the highest peak of the
Southern Zhetysu Alatau, which reaches 4370 m ASL. The Southern Zhetysu Alatau also
includes the Tyshkantau ridge, as well as the isolated, relatively low Koyandytau, Suat,
and Altynnemel ridges with low-mountain spurs [52].

The Zhetysu Alatau is influenced by arctic, polar, and tropical air masses, which
undergo significant transformations on their way to the ridges. Arctic air masses come
from the north and northwest, from the regions of the Barents and Kara Seas. More often,
they come during the early winter period, and their invasions are accompanied by a sharp
drop in air temperature.

In the Zhetysu Alatau, the average annual rainfall is 600-800 mm; in the southeast
of the ridge, average annual rainfall is 400 mm. In western Dzungaria, the largest annual
precipitation in the entire range of altitudes falls in river basins. Chizha Range has the
highest precipitation rate (1400-1600 mm) and thus propels moisture-carrying air masses.

The average long-term air temperatures in the lower parts of the glacial zone (at
altitudes of 3200-3600 m ASL) during the accumulation period are —8-—10 °C; in the upper
parts (above 4000 m ASL), temperatures drop by up to —14-—16 °C. The coldest month
is January, with temperatures of —17-—19 °C. The maximum temperatures associated
with the intrusions of thermal air from the surrounding deserts reach 13-15 °C, and the
observed absolute maximum is 25 °C. Thus, the great differences in the absolute heights of
the mountain relief of the Zhetysu Alatau and its complex morphology are the cause of a
wide variety of climatic conditions. The altitudinal boundary of the permafrost belt in the
Dzungarian Alatau coincides approximately with the isohypse of 2500 m ASL; these are
200 m lower than in the Northern Tien Shan [53]. However, unfortunately, the data for this
book were collected mainly during 1988.

The average height of the Zhetysu Alatau glaciers is about 3578 m in 2016 and the
average maximum and minimum heights are 4545 m and 2869 m, respectively [54-58]. The
relative average height of the glaciation zones is lower than in other regions of the Tien Shan.
For example, in the central Tien Shan, the average height of the glacier is about 4316 m,
respectively, the average maximum and minimum heights are 5112 m and 3707 m [59].
Additionally, in the northern part of the Tien Shan, according to research by Narama and
others [60], the average height of glaciers is 3909 m (lli-Kungoy), the average maximum
and minimum heights are 4939 m and 3306 m., respectively.

The Zhetysu Alatau glaciers, as the main source of moraine-derived rock glaciers,
have been studied by number of authors. Severskiy and others [61] conducted detailed
studies of the ice-cover dynamics for the entire Zhetysu Alatau Range over the period
from 1956 to 2011, and they showed that the annual glacier reduction rate was 0.7% in the
Aksu-Bien and Lepsy—-Baskan river basins. At the same time, they noted that the most
intensive reduction rate of the glaciers was observed mainly in the basins of the Southern
Zhetysu Alatau, while it was at its lowest in orographic closed basins. In this paper, we
considered areas of the Aksu and Lepsi river basins of the Zhetysu Alatau Range (Figure 2).



Remote Sens. 2023, 15, 197

50f 20

Basins of the Zhetysu Alatau

1. Karatal

2. Aksu-Biyen

3. Lepsy-Baskan
4. Tentek

5. Yrgaity

6. Usek

7. Khorgos

44°00°N

R —
0510 20 30 40

T
44°0'0"N

338 1805
1 Rock glaciers

78°00°E 80°00°E 82’(;'0'5
Figure 2. The Zhetysu Alatau basins, including Aksu and Lepsi rivers (purple boundary).

3. Materials and Methods

We used two basic approaches as the main methodology: geomorphologic and kine-
matic. In this regard, the general workflow for creating an inventory of rock glaciers
consists of the following steps: the manual interpretation of the rock glacier contours were
based on optical satellite images in the Google Earth environment by visual interpretation
of their geomorphological features; then, generate the line-of-sight direction (LOS) surface
velocity estimated from Sentinel-1 INSAR data [6,40,62,63], which are described in the
IPA and International Centre for Integrated Mountain Development (ICIMOD) manuals.
According to the guidelines of the IPA [11,12,42], the systematic inventory procedure for
rock glaciers consists of three stages, which are described below and illustrated in Figure 3.
This diagram [64] was adapted to the conditions and availability of initial data for the
study region.

Orthoimages, Rock glaciers Rock glaciers
h:]lshadef DEM — Identification, classification by source —) Kinematic attribute — Kmema.ti cinformation
USSR times (talus/moraine) E assignment in RoGI
observation archives g
Moving areas . .
InSAR data ey -~ 2. . | Moving areainventory
(Sentinel 1) Identification )Oftﬂuung P Velocity class Attribrite assignment
assignment
Legend
Available data | | Processing | | Inventory |

Figure 3. Conceptual diagram of a standardized method for creating a moving area inventory and
RoG]I, including kinematic information. The analysis is performed in the GIS environment.
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3.1. Delineation of Rock Glaciers by Geomorphologic Approach

The geomorphological approach represents visual detection using high-resolution
images and DEM-based products. Surface texture and morphometric analyses can also be
used for this purpose. This is a classic approach that is complemented by field visits. This
makes it possible to produce an exhaustive list of assumed moving and stationary land-
forms, the distinction of which (activity classes) is primarily based on geomorphological
characteristics. Photogrammetry and LiDAR DEM imaging, when available, facilitates the
identification of rock glaciers in forested areas.

We inventoried rock glaciers by geomorphological characteristics using high-resolution
remote sensing data available on the Google Earth platform according to the methods ex-
plained in [65,66] according to the descriptions given in the IPA instructions. Rock glaciers
frequently have transverse ridges and furrows, lateral margins, and talus-like fronts due
to the deformation of internal ice (see Figure 1). They rarely have the following indica-
tors: crevasses with exposed ice, abundant thermokarst, abundant supraglacial lakes, ice
cliffs, supraglacial streams/channels, and a high (over 1 m/yr) subsidence rate. Due to
the constant supply of talus or debris, the surface textures of rock glaciers are usually
different from the surrounding slopes, and their surface slopes usually have little or no
vegetation [40]. Based on these criteria, we visually mapped the landforms in the images
correspond to the moving targets in the interferograms and identified the rock glacier. To
distinguish the rock glaciers from permafrost and bare ground surface velocity obtained
from InSAR was used.

Google Earth data have been applied to a number of research areas [67-73]. Google
Earth uses SPOT images or Digital Globe products (e.g., Ikonos and QuickBird) at a
resolution that is close to aerial photographs. The images were georeferenced with a DEM
based on the Shuttle Radar Topography Mission SRTM data, which have a resolution of
90 m in the study area. In addition, Google Earth supports user-friendly GIS tools that
help in building custom databases and exporting data as KML files and converting them to
shapefiles for further analysis in the GIS environment [13,74]. Google Earth has previously
been used as a platform for rock glacier mapping in British Columbia, the Bolivian Andes,
the Hindu Kush Himalaya region, and the Himalayas of Nepal [13,22,74-76]. In the absence
of any spectral and spatial information about the images used, quantifying uncertainty
into the inventory was difficult. However, in a similar location [74], image fidelity was
found to be sufficient for this purpose. Rock glaciers are classified as transitional or active
based on their surface velocity. Rock glaciers with unclear surface velocity only fired if
the InSAR sensitivity in that area was low, in which case they fired with indeterminate
activity. Debris-covered glaciers and rock glaciers are two ends of a continuum [19,77].
Debris-covered glaciers with visible bodies of ice upslope, abundant thermokarst, abundant
supraglacial lakes and other visible indicative features listed in IPA guidelines [12] were
not included in the rock glacier inventory.

3.2. Identifying Surface Velocity Using SAR Interferometry

Kinematic approach: The differential interferometry method detects the movements of
the Earth’s surface using the phase differences between two radar images taken at different
times [78]. Since the phases of the differential interferogram were wrapped between —7t
and 7, one phase cycle corresponded to half a wavelength (e.g., 2.8 cm for C-band [16]) of
surface displacements along the direction of the radar sighting beam [78].

In our paper, images from the Sentinel-1 satellites of the SLC level were used; these are
a freely available Alaska Satellite Facility (https://asf.alaska.edu/ (accessed on 26 April
2022)) resource, and they make it possible to select a stack of images for multi-pass pro-
cessing. The IW mode has a resolution of 20 m in azimuth and 5 m in range. The selection
of radar images was based on the following criteria: The survey period was 5 years from
8 August 2017 to 28 September 2021 with a seasonal restriction (only 2 months of August
and September were selected); the total number of images was 25 for ascending and 26
for descending orbits. To achieve high interferometric coherence, a maximum time base
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of 48 days was chosen. According to the specified criteria, 49 interferometric pairs were
built for images in the upward survey geometry and 52 pairs for the downward survey.
Basic survey parameters: ascending orbit—path 158, frame 142; descending orbit—path
136, frame 441; IW survey mode.

We chose only two months of observations because of minimal snow cover occurring
only during August and September. This is a serious limitation in achieving sufficient
coherence between surveys [79]. The image series was processed using the intermitted
SBAS method [80] or discrete SBAS, where the timeline was set as hard and the whole stack
started with broken links (because only a few months were included in the processing).
The discrete SBAS method interpolates the time periods when pixel coherence falls below
the selected coherence threshold on some interferograms, and also results in a significant
improvement in spatial coverage compared to the original SBAS algorithm for partially
vegetated study areas [81,82].

Interferometric processing was performed using ENVI software with an additional
SARScape multimodule (©Sarmap SA, 2001-2020). Stack processing was performed in the
standard settings of the Sentinel TOPSAR mode and according to the pipeline (processing
steps) in the SBAS module.

Then, the values of displacement velocities from LOS units were converted into values
of vertical velocities in millimeters. The resulting raster surfaces of vertical velocities were
cut from a vector file with geomorphological contours of rock glaciers; from the stripped
values, the maximum and minimum speed indicators were extracted into the attribute
information. Raster surfaces, prior to cutting geomorphological contours, also underwent
an additional procedure for evaluating all selected moving areas in order to validate and
cut-off moving areas whose kinematic nature was associated with slope processes and
other phenomena. When re-comparing the geomorphological contours of rock glaciers and
the raster of motion velocities, several objects were refined and supplemented. To move
into the kinematic categories, seven classes were created (<1, 1, 1-10, 10, 10-100, 100, and
>100 cm/yr). The choice of kinematic classes was made according to the proposals of the
international working group [42].

Where the calculated speed was close to the upper limit of the speed class, the ARG
was assigned to that faster class because the one-dimensional line-of-sight measurement
provided by radar interferometry represents only one motion component, and thus typically
underestimates the actual three-dimensional surface motion [6]. The same was enacted
with the natural temporal variations in surface displacement rates; i.e., if two or more
classes were present during the observation time interval, the highest displacement speed
was used to determine the speed class.

Finally, we derived the topographic/geometric parameters using Spatial Analyst tools
in the GIS environment. Height information was determined from the SRTM DEM. Our
inventory lists the geographical locations (including longitude, latitude, and altitude), the
geomorphic attributes (including area, length, aspect and PISR), and the surface velocity of
each rock glacier. Then, we compiled a spreadsheet to summarize the characteristics and
calculate the total statistics.

4. Results

For the first time since the 1990s, rock glacier identification and inventorization work
was carried out in the Lepsy and Aksu River basins of the Zhetysu Alatau, and their
detailed digital catalog was compiled in accordance with international standards [11,83].

A total of 256 rock glaciers were identified, with a total area of more than 28.5 km? and
an average lowest boundary at 3036 m ASL; the rock glaciers were 0.11 km? by average size.
The largest rock glacier was 1.53 km? by size, while the smallest rock glacier had an area
of about 0.004 km?. According to the kinematic categorization for speed assessment, we
found that active rock glaciers counted for 204 units; 47 of their total number were included
in the transitional category and 5 were relics.



Remote Sens. 2023, 15, 197 8 of 20

457300
1

450N
1

44300
1

4.1. Type of Rock Glaciers Origin

Talus-derived types of rock glaciers were more numerous than those of moraine origin.
About 61%, or 156 rock glaciers, were formed from talus in the Lepsy and Aksu River
basins, while the remaining 39% (100 glaciers) were formed from moraines (Figure 4).
Several rock glaciers were also found in the study area with several episodes of activity,
where newer lobes dominated older ones. Complex rock glaciers with more than one root
zone are most common in the study area. Figure 5 shows examples of rock glacier origin
types in two basins of the Zhetysu Alatau Range.
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Figure 4. Topographic map of the Zhetysu Alatau. Green circles and blue triangles represent Moraine
rock glaciers (MRG) and Talus rock glaciers (TRG), respectively. The size of the circle and triangle
represents the size of the rock glacier.
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Figure 5. Google Earth images of (A) typical moraine rock glacier (MRG) and (B) talus rock
glacier (TRG). The insets show the topographic and morphological features surrounding the same
rock glaciers.
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According to the results of the analysis of the topographic/geometric parameters, the
north-facing slopes, which have lower solar radiation, are more favorable for the formation
of rock glaciers than the south-facing slopes. The number of inventoried rock glaciers in
this study can be considered a conservative estimation due to limitations in remote sensing
data and human factors. As such, more rock glaciers in this area cannot be ruled out. Table 1
lists the main characteristics of the rock glaciers obtained in our analysis.

Table 1. Main characteristics of rock glaciers located in the Aksu and Lepsy River basins.

Pot. Radiation Minimum Maximum
Area (km?) Slope (°) Altitude (m) ) 2 Altitude at the Altitude of Rock
(W/m?) .
Front (m) Glaciers (m)

Mean 0.11 16.9 3101 1,025,519 3036 3165

Std 0.16 5.0 205 76,791 212 199
deviation

Minimum 0.004 7.7 2384 836,379 2384 2614

Maximum 1.53 42.0 3723 1,234,567 3640 3723

4.2. Surface Velocity Evaluation

Quantitative analysis of the distribution of identified rock glaciers showed the fol-
lowing distribution over the combined watersheds of the Aksu and Lepsy Rivers. Thus,
102 RGs were allocated for the Aksu basin and 154 RGs for the Lepsy basin. Depending
on topographic factors (topography, slope, size, and amount of ice in the composition),
rock glaciers move differently, even if they are located close to each other. According to the
manuals [64,83] and research [6], when calculating the velocity, in the case of different speed
indicators on the body of one rock glacier, we took the maximum value. In Figures 6 and 7,
one circle represents one individual rock glacier with its maximum velocity.
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Figure 6. Displacement rates of rock glaciers in the integrated Aksu catchment area.
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Figure 7. Rock glaciers inventory results for the integrated Lepsy catchment area.

4.2.1. Aksu River Basin

In the Aksu River basin, 93 active rock glaciers were identified, with a displacement
rate of up to 240 mm yr~! (Figure 6); eight units fell into the transitional category and one
was classified as a relic. The lower elevation mark at which active rock glaciers are located
in the basin is 3100 m ASL and the maximum value is 3700 m ASL.

4.2.2. Lepsy River Basin

In the Lepsy River basin, 154 rock glaciers were identified, of which 111 units were
active: 39 in the transitional category and 4 in the relict category. The displacement rate in
the analyzed basin was also —252 mm yr~! (Figure 7). The lower and upper heights of the
location of active rock glaciers ranged from 2600 m ASL to 3720 m ASL.

Velocity field distribution analysis made it possible to identify several groups of rock
glaciers with a similar pattern of velocity distribution over the glacier body (Figure 8):

(@) The first type—the main distribution of moving areas in the middle of the rock
glacier body;

(b) The second type—the location of the moving areas closer to the forehead of the
rock glacier;

() The third type is a complex distribution of moving sections in several areas in same
glacier body.
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Figure 8. Examples of displacement fields by types of velocity distribution (type —moving area in
the middle, type Il—forehead moving area, type Ill—several moving areas).

A more detailed analysis of velocity distribution types will be carried out in the next
part of the work with a scaling of the study area (the entire Zhetysu Alatau).

4.3. Additional Geomorphological Features
4.3.1. Aspect

About 54% of the total area (or 15.4 km?) of rock glaciers was located on slopes with
northern exposure: 17% in the northern, more than 20% in the northeastern, and almost 17%
in the northwestern exposures. On slopes with western and eastern exposures, 13% and
17% of the total area of rock glaciers were formed, respectively. Only 16% of rock glaciers,
covering 4.5 km? of the area, were formed on slopes with southern exposure, including on
the slopes of southeastern exposure (SE), where 7% of rock glaciers were observed; in the
southwestern exposure (SW), 5% were formed, while only 4% were formed in the southern
(S) exposure (Figure 9a,b).

NW (292.5-337.5) IEmmmmmmmm 4.70
W (247.5-292.5) e 375 20%.
SW (202.5-247.5) W 1.57 ‘
S (157.5-202.5) W 1.02

SE(112.5-157.5) s 1.97

Aspects

E (67.5-112.5) s 4.78

NE (22.5-67.5) I 5.80

N (337.5-22.5) DN 488 SW SE
0 2 4 6 8 S
Area (km?)
(a) (b)

Figure 9. Distribution of rock glaciers by aspect: (a) area ratio (km?) per aspect; (b) percentage of area
per aspect.
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The overall analysis showed that the rock glaciers developed at lower elevations in
the slopes of northern aspects and at higher elevations in southern aspects. Significant
variability was observed in the aspect distribution of the rock glacier area. The northeast
(NE) slopes have a large area of rock glacier, followed by the north (N) and east (E) slopes.
In total, more than 5.8 km? of the rock glacier area is located on the northeastern slopes
(Figure 9a).

4.3.2. Height Distribution

The largest area of rock glaciers was 24.5 km? and was located between 2800 and 3400 m
ASL. This is almost 86% of the total area of the inventoried rock glaciers (Figure 10a,b). Of
these, 11.83 km?, or 41.5%, of the total area lies within altitudes of 3000-3200 m ASL. The
smallest concentration is located between 2200 and 2400 m ASL and 3600 and 3800 m ASL,
where glacier amounts are less than 1% in total.

3600-3800 m (0.184

3400-3600 e 1.402

3200-3400 EEEEEEEEEEEEEEE 7 573

3000-3200 T [ 1.833
2800-3000 TS 5 (044

2600-2800 m—— 1827

2400-2600 mmm (0.636

2200-2400 = 0.002

Elevation (m)

0 2 4 6 8 10 12 14
Area (km?2)
@)
4.92% 0.65% 0.01% 2.23%
e —— 6.41% ® 22002400
m 2400-2600
= 2600-2800
0,

17.70% 2800-3000
= 3000-3200
= 3200-3400
= 3400-3600
= 3600-3800

(b)

Figure 10. Distribution of rock glaciers by height: (a) ratio of area (km?) to height; (b) percentage of

area per height.

4.3.3. Accuracy of Evaluation

Accuracy was assessed by two operators by isolating the boundaries of three active
rock glaciers once each day over three days (Figure 11). All three rock glaciers were of
moraine origin.
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ARG-1 ARG-2 ARG-3

Figure 11. Polygonal outlines of rock glaciers.

During mapping, the fronts of the main tongues were plotted on the map with small
differences, and the minimum height of each ARG remained almost unchanged. Rooting
zones demonstrated higher variability, which significantly affected maximum height vari-
ability (differences in the height of the root zone between two operators: 1-ARG—14 m,
2-ARG—35 m, and 3-ARG—8 m). The sides of the third ARG remained identical for both
operators during all three days, while opinions were divided regarding the first and second
ARGs. One operator singled out, in the main, the most obvious creeping beats. The other
also included scree cones. For ARG-3, the average area for the first operator was 0.58 km?,
for the second—0.598 km?, and for ARG-2—0.198 km? and 0.24 km?, respectively (Table 2).

Table 2. The results of the evaluation of accuracy by two operators.

Operator 1
Day-1 Day-2 Day-3 Mean Area (km?) Standard Deviation
(km?) (km?) (km?)
Rock glacier-1 0.572916 0.586109 0.582255 0.580426 0.005539008
Rock glacier-2 0.194221 0.198028 0.202213 0.198154 0.003263937
Rock glacier-3 0.906863 0.911821 0.913899 0.910861 0.002951556
Operator 2
Day-1 Day-2 Day-3 Mean Area (km?) Standard Deviation
(km?) (km?) (km?)
Rock glacier-1 0.615497 0.601093 0.577631 0.598073667 0.015605464
Rock glacier-2 0.240758 0.239961 0.239547 0.240088667 0.000502563
Rock glacier-3 0.963554 0.888456 0.917465 0.923158333 0.030921815

5. Discussion

In our inventory, 256 rock glaciers were identified in the Aksu and Lepsy River basins
(northern Zhetysu Alatau). This inventory of the selected basins made it possible to create
a novel digital database on the available rock glaciers in the region, develop cataloging
methods according to international standards, and study the features of the region. Based
on the experience we gained, even more work is underway to scale the inventory to the
entire Zhetysu Alatau region.

Of the main features of rock glacier formation conditions, it is worth noting that
northern slopes receiving a lower PISR may represent the most favorable conditions for
rock glacier formation, even at lower elevations.

Additionally, glaciers, as the main source of rock glaciers of moraine origin, are rapidly
decreasing in size. According to the authors [61], the rate of annual glacier reduction in



Remote Sens. 2023, 15, 197 14 of 20

the Aksu-Bien and Lepsy-Baskan River basins for the period from 1956 to 2011 is 0.7%.
According to Kaldybayev et al. [84], for the period of 2001-2016, Aksu—Bien and Lepsy—
Baskan shrank in glacier area by 1.2% a~! and 1% a~!, respectively. In the future, this
accelerated shrinkage rate may lead to the appearance of more rock glaciers of moraine
origin in the region. It is widely accepted, and many scientists believe, that glaciers with
less favorable climatic conditions turn into rock glaciers [19].

The glacier area of the region was obtained from Kaldybayev et al. [84]. The ratio
between the area of rock glaciers and the area of glaciers (Figure 12) was significantly higher
for the Lepsy basin than for the Aksu basin. This ratio can be considered an indicator of
the predominance of glacial and periglacial activity in the region. It can be concluded that
periglacial activity in the Lepsy basin prevailed over glacial activity. However, this analysis
was simply an attempt to understand the relationship and should be treated with caution
due to the lack of comprehensive field observations and validations.

0.25

0.2

0.15

0.1

Rock glacier area/Glacier area

Total Aksu Lepsi

Figure 12. Distribution of the ratio between the area of the rock glacier and total glacier area.

5.1. InSAR Technology Ambiguities

In terms of kinematic-information-collection methods, INSAR time series analysis has
great potential for monitoring low-amplitude movement velocities, but this method is not
without significant limitations.

The main limitations that arise when calculating displacements using radar interferom-
etry methods are the following: (a) The lack of calculation of displacements measured on
moving sections, and the slope displacement projection calculation provides information on
displacements in 3D projection; it is worth noting that the magnitudes of the displacements
of moving segments on the northern and southern sides are calculated less accurately,
even when processing data from the ascending and descending orbits of the satellite; and
(b) estimating low-speed moving sections (displacement rates less than 3 cm per year)
is insufficient since interferograms with a long timeline contain too much noise, while
slow-current displacements are better distinguished by pairs with a large time interval.

The problem of InSAR sensitivity is well known and it causes many issues, especially
for landforms with a very low offset. Projecting the LOS offset onto the intended direction
of travel (i.e., along the steepest slope) does indeed provide more representative results [85],
but the rates are probably still somewhat underestimated. Rock glaciers in areas with poor
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INSAR sensitivity are included in the inventory even if their line-of-sight velocity is <1
cm/yr for this reason. Their activity is classified as “undefined”.

5.2. Comparison with Previous Studies of Tien Shan Rock Glaciers

Previous studies of rock glaciers in the Eastern Tien Shan are limited. According to
Gorbunov and Titkov [48] active rock glaciers in the Zhetysu Alatau are confined to the
zone between 2300 and 3500 m, whereas relict rock glaciers occur down to 2100 m. The
bulk of the active near-glacier (moraine-derived) rock glaciers are concentrated within
the elevational range of 3000-3200 m, whereas the bulk of the active near-slope (talus
derived) rock glaciers are found between 2900 and 3100 m a.s.1. The belt of rock glaciers
is 200-300 m lower than in the Northern Tien Shan mountains corresponding to its more
northerly latitude [49]. These findings are generally consistent with our inventory. For
the sections of the two basins analyzed in our work, the following altitude ranges were
identified from 2600 m ASL to 3720 m ASL, which means an increase in the lower limits
of the placement of rock glaciers by 300 m higher and an increase in the upper limits by
220 m. The highest surface velocity was found at altitudes of 3000-3400 m ASL (Figure 13).
Most likely, this is due to the fact that 68% of the total area of the inventoried rock glaciers
is located in this interval.
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Figure 13. The distribution of the kinematic activity of rock glaciers by height.

The mean size of rock glacier in the Northern Tien Shan is 0.27 km? [6]. The highest
rooting zone of a rock glacier is situated above 4000 m and the mean elevation is 3480 m.
Wang [40] compiled an inventory of active rock glaciers for the Boro-Khoro area (Eastern
Tien Shan). Despite the more northern location of the Zhetysu Alatau than the Boro-Khoro
ridge, the average PISR value for the slopes of the northern and southern exposures is
higher by 1.04 x 105 W m~2 and 1.14 x 105 W m~?2, respectively. For both ranges, north-
facing slopes are more favorable for rock glacier formation than south-facing slopes. The
detected displacement rate in the study region reaches 240 mm yr~!, which is several times
less than in Boro-Khoro where, according to researchers, the rates reach 114 cm yr~!. The
average area of a rock glacier in the basins of the Aksu and Lepsy Rivers was 0.11 km?,
while it was 0.35 km? on the Boro-Khoro ridge [40]. Additionally, the ratio of types of rock
glaciers of talus and moraine origins is 61% and 39%, respectively, while in Boro-Khoro,
the ratios are 31% and 69%, respectively.
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5.3. Building a Digital Data Catalog That Meets International Standards

For the entire period of observations of rock glaciers in the Zhetysu Alatau, no practical
catalog was developed; there were only oral reports from researchers and some field
observations of individual rock glaciers. In [53], the author claims that there are at least 850
active rock glaciers in the entire Zhetysu Alatau, while no specific works, inventories, or
catalogs have been found in the archives. In our work, for the first time, we have digitalized
rock glaciers in the combined watersheds of the Aksu and Lepsy Rivers of the Zhetysu
Alatau and compiled a catalog.

However, at the same time, the most studied rock glacier of Central Asia is located in
Zhetysu Alatau, which is Nizkomorenny (Figures 1 and 14). The first cycles of observations
on it were started in 1948 by Palgov N.N. [50] and continued until the 1990s. The formation
of the rock glacier is associated with the glacier located above, from which the moraine
broke off and began to move down the slope with a steepness of 15 degrees, acquiring
the form of a rock glacier. The steepness of the frontal ledge is 40-45°. For 34 years
(observation periods 1949-1953-1959-1964-1970-1982), the module of the surface velocity
of the rock glacier was 0.17 m/year, the maximum was 0.35 m/year, and the total value of
its movement was 8.91 m [86].

e foem - B
20200804-20200816 20200804-20200828 20200804-20200909 20200804-20200921

0 0.5 1 2Km 0 05 1 2Km 0 05 1 2Km 0 05 1 2Km
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1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Figure 14. An example of differential interferogram series for the rock glacier—Nizkomorenny.

In the above series of differential interferograms (Figure 14) for the Nizkomorenny
rock glacier, three areas of movement are clearly distinguished: in the central part of the
rock glacier, significant changes in the movement field are noted over 48 days; motion
zones are also noted on two frontal slopes of the rock glacier. It should be noted that the
two main frontal slopes move with different signs of movement: the first actively gives
off mass, while the second one accumulates mass. It bears emphasis, that the described
rock glacier has a history of observations of about 70 years and still retains its activity. This
glacier has an annual surface velocity rate of —45-—250 mm yr~! (these values are taken
from the surface velocity map by the SBAS method for the 2017-2021 period).

6. Conclusions

This study provided the first comprehensive up-to-date documentation on the charac-
teristics of rock glaciers in the Aksu and Lepsy River basins of the Zhetysu Alatau.

A total of 256 active rock glaciers covering an estimated area of 28.5 km? were invento-
ried and mapped by combining the use of SAR interferometry and optical imagery from
Google Earth.

The average lower height of rock glaciers in this part of the Zhetysu Alatau was
3036 m ASL. About 39% of rock glaciers were of moraine origin, and 61% of them were
talus-related. The largest area of rock glaciers was located between 2800 and 3400 m ASL
and covered 24.5 km?Z; this was almost 86% of the total area of the inventoried rock glaciers.

Most rock glaciers had a northern (northern, northeastern, or northwestern) ori-
entation, which indicated the important role of solar insolation in their formation and
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preservation. Slopes with lower PISR favored the development of rock glaciers. The height
of rock glaciers generally increased from east to west and decreased from south to north,
indicating the effect of latitude and longitude on rock glacier location by height.

We also conducted a detailed study of differential interferograms with different time
bases to map the surface flow of the Nizkomorenny rock glacier. We found two fast-moving
branches in the lower part (frontal slope) of the rock glacier, and a flow zone in the central
part of the rock glacier was also relatively active. More importantly, we saw active areas of
multidirectional movement throughout the body of the rock glacier.

This inventory has provided a baseline dataset for further studies of rock glaciers
as a reservoir, as well as for studying permafrost for slope instability, water resources,
and greenhouse gas emissions. The successful application of the proposed method in the
Zhetysu Alatau demonstrates that this approach can be applied to other high mountain
regions of the world, thereby helping to fill gaps in our knowledge of mountain glaciers on
a global scale. This new knowledge will be useful in inferring the distribution of alpine
permafrost in high mountains.
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