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Abstract: An updated glacier inventory is important for understanding the current glacier dynamics
in the conditions of actual accelerating glacier retreat observed around the world. Here, we present a
detailed analysis of the glaciation areas of the Zhetysu Alatau Range (Tien Shan) for 19562016 using
well-established semiautomatic methods based on the band ratios. The total glacier area decreased
by 49 =+ 2.8% or by 399 + 11.2 km? from 813.6 & 22.8 km? to 414.6 + 11.6 km? during 1956-2016,
while the number of glaciers increased from 985 to 813. Similar rates of area change characterized
the periods 1956-2001, 2001-2012, 2012-2016, and 2001-2016: —296.2 & 8.3 (—0.8% a~!), —63.7+ 1.8
(-1.1%a~1), =39.1 £1.1 (=2.2% a~') and —102.8 + 2.9 (—1.3% a~!) km?, respectively. The mean
glacier size decreased from 0.57 km? in 2001 to 0.51 km? in 2016. Most glaciation areas of the Zhetysu
Alatau faced north (north, northwest, and northeast), covered 390.35 =+ 11 km?2, and were located in
altitudes between 3000 and 4000 m.a.s.l. With shrinkage rates of about —0.8% and —1.3% a~! for the
periods of 1956-2001 and 2001-2016, our results show that study area has the highest shrinkage rate
compared to other glacierized areas of Central Asian mountains, including Altai, Pamir, and even the
inner ranges of Tien Shan. It was found that a significant increase in temperature (0.12 °C/10 years)
plays a main role in the state of glaciers.

Keywords: inventory; glacier shrinkage; climate change; Eastern Tien Shan; the Zhetysu (Dzhungar)
Alatau

1. Introduction

In arid and semiarid regions with a low amount of precipitation during the summer,
glaciers play a vital role in forming river flow, as melt water is released from the ice when
other sources, such as melting snow and the end of the wet season, are exhausted [1,2]. The
function of glaciers as a “Water Tower” is of great importance, especially in arid regions,
where there is often a shortage of water in the form of rain and snow [3,4]. This case is
clearly visible in the Tien Shan, one of the largest mountain systems in the world, located in
the Central Asian region. Here, in the summer, glaciers make a significant contribution to
the provision of fresh water reserves in the densely populated arid lowlands of Kyrgyzstan,
Kazakhstan, Uzbekistan, Turkmenistan, and Xinjiang (China) [5-7].

The semiarid and arid climate typical of most regions of Central Asia is characterized
by unique water-dependent ecosystems, and for millennia, human communities have
developed in close interaction with limited natural water resources such as rivers, lakes,
and areas of shallow groundwater [8]. It has been demonstrated that even a basin with a
<5% glacier surface fraction can provide significant amounts of meltwater, contributing to
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river runoff during summer, when water is needed most for irrigation [7,9]. People living
in the dry lowlands of Central Asia (irrigated agricultural land and oases) depend on river
waters originating from the Tien Shan mountains [10].

Arid lowlands and deserts, where irrigation during the growing season usually de-
pends on glacial meltwater, are common along the entire border of the Zhetysu Alatau
(Dzhungar) mountain range. In our study area, the waters of the Karatal, Koksu, Lepsy,
Aksu, and other rivers are intensively used for irrigation. In the basins of these rivers,
the water withdrawal for irrigation of almost 200 thousand hectares is estimated at
1.3 km3/year. Rational water use for irrigation and hydropower needs is impossible
without comprehensive information on the glaciation areas change (shrinkage) and their
volume. Glacier shrinkage leads to a reduction in their long-term moisture reserve, glacial
runoff decrease, and the violation of the natural self-regulation of river flow. This prob-
lem is solved by monitoring modern glaciation, which should be carried out not for 1-2
“reference” glaciers of a mountainous country where field observations are carried out (an
example is the well-known Tuyuksu glacier in the Ile Alatau), but for large glacial systems
in general, numbering hundreds and thousands of glaciers. It is also necessary to assess
the rate of reduction in ice reserves and the prospects for the existence of these systems in
the near and distant future [11].

The first detailed inventory of the Zhetysu Alatau glaciers, the Catalog of Glaciers
(Catalogue of Glaciers of the USSR, 1969, 1970, 1975, and 1980), was published in 1969 and
was based on aerial photographs from 1956. Cherkasov (2004) compiled a second glacier
inventory using 1:25,000 topographic maps based on aerial photographs taken in 1972.
However, two more limited surveys of glaciers conducted in the 1990s and 2000s have not
been released [12].

In subsequent years, several authors studied the glacier area change in the entire
Zhetysu Alatau and its subregions. They estimated the overall glacier area decrease [13-15].
The study by Severskiy et al. [15] was especially detailed, where the authors conducted a
general analysis and assessment of changes in the glaciation areas of the entire Zhetysu
Alatau (in 1956, 1972, 1990, 2000, and 2011). They analyzed changes between 1956 and 1972
based on the glacier catalog of the USSR, which was created using topographic maps at
a scale of 1:25,000 based on aerial photographs taken in 1972. Our catalog of the Zhetysu
Alatau glaciers was carried out for 2000 and 2011, similar to the catalog content mentioned
above, on the basis of state survey maps at a scale of 1:25,000, Landsat 7 ETM+ satellite
images, a digital elevation model (DEM), and surface reference points. According to their
studies, Severskiy et al. [15], in the period 19562011, found that the area of glaciers of
the Zhetysu Alatau decreased from 813.9 km? [16-19] to 465.17 km?, and the total annual
reduction rate was 0.78%. Owing to climate change and other factors, over the past few
decades, nearly 97.52% of glaciers in the Tien Shan mountains have been shrinking at a
rapid rate [20], characterized by a decrease in the total area and mass of glaciers by about
27 £ 15% [4], as well as the fact that, in the near future, this process of shrinking glaciers
will continue [21,22].

Despite the vulnerability of the Zhetysu Alatau glaciers to area shrinkage in the
region [13], ground monitoring and actual area assessment have not been carried out
during recent years since 2012. Thus, a continuous glacier inventory is essential in the
Zhetysu Alatau.

The main aim of this article is the investigation of glaciers and their changes in the
Kazakh part of the Zhetysu Alatau based on remote sensing data. In particular, the major
objectives are: (1) to create an updated catalog of the Zhetysu Alatau glaciers using remotely
sensed data, to obtain and analyze the characteristics of glaciers in order to compare them
with other previous inventory works, (2) to analyze the glacier area change dynamics from
1956 to 2016, (3) to analyze the main climatic trends (temperature and precipitation), (4) and
to correlate the estimated changes in glacier areas with climatic, topographic parameters,
and other characteristics.
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2. Study Area

The Zhetysu Alatau (Dzhungar Alatau) is a mountain system stretching from west—
southwest to east-northeast along the state border between Kazakhstan and China. The
range length is 450 km, the width fluctuates from 50 to 90 km, and the maximal height
reaches up to 4622 m (Semyonov-Tyan-Shansky peak) (Figure 1). The total area of the
Zhetysu Alatau mountain ridge, including the river basins of the Borotala Mountains in
China, is about 40,000 km? [23]. It is located at 45° N, within 79-82°E. Its southern border
is the Ile River, the northern one is the Balkhash Plain, and the northeastern one is the
Alakol Lake and Dzhungar Gates. The longitudinal valleys of the rivers Koksu in the west
and Borotala in the east divide the Zhetysu Alatau into two large ridges parallel to each
other—North Central and South Central [24].
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Figure 1. An overview map with the boundaries of the basins and the weather station.

The climate of the Zhetysu Alatau is mainly continental. It is under the influence of
arctic, polar, and tropical air masses, which undergo significant transformation on the way.
Arctic air masses come from the north and northwest, from the Barents and Kara seas. They
come mostly in the first half of the winter period. Their invasion is accompanied by a sharp
drop in air temperatures.

The average long-term air temperature in the lower part of the glacial zone (at altitudes
of 3200-3600 m) during the accumulation period is —8-—10 °C; in the upper part (above
4000 m), it drops to —14——16 °C. As the terrain rises above sea level, differences in climatic
conditions are clearly manifested. According to the climate references [25], the coldest
month is January, the temperature of which ranges from —7.5 at meteorological station
(MS) Sarkand to —13.2 °C (MS Usharal). The warmest month is July, when the temperature
reaches 24.3 °C in the foothill areas and 17.7 °C in the mountains. The region’s climate is
characterized by well-developed temperature inversions, i.e., the temperature increases
with elevation. The minimum air temperatures drop to an average of —18.3 °C in the flat
areas and —13.4 °C in mountainous areas. The absolute minimum reaches —44 °C, and the
absolute maximum is 44 °C. The warm season, with a mean daily air temperature above
0°, varies from 116 days to 137 days in mountainous areas. The duration of the frost-free
period in most of the territory is 123-161 days. Spring frosts stop mainly at the end of
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April (23-29 April), and the first autumn frosts in most areas are observed at the end of
September and the beginning of October.

The annual rainfall is from 298 mm to 520 mm in the mountains. In the warm season
of the year (from April to October), 50-65% of the annual precipitation falls. The average
annual wind speed is 1.1-2.7 m/s. Steady snow cover is observed in late November—early
December. The snow cover melting is observed in the end of March. The duration of the
stable snow cover is 111-155 days. The average of the maximal heights of snow cover does
not exceed 15-33 cm during winter [26].

3. Materials and Methods
3.1. Utilized Images

We used data from optical satellites such as Landsat ETM+ and Landsat OLI. We also
used high-resolution imagery from Google Earth (QuickBird satellite) to define glacier con-
tours in difficult areas and assess the mapping accuracy. We selected only two observation
months (10 August to 25 September) due to minimal snow cover. The scenes were taken on
cloudless days of this period, but some of the edges of the glaciers were hidden by shadows
from the rocks and the walls of the glacial cirque. In total, six Landsat 7 (ETM+) scenes
were used for 2001-2012, and three Landsat 8 (OLI) scenes for 2015-2016.

Landsat (level L1T) georeferenced imagery was provided by the USGS Center for
Earth Observation and Science (EROS) (http:/ /earthexplorer.usgs.gov/ (accessed on 20
December 2020)). A panchromatic channel with a resolution of 15 m was used to improve
the quality of maps using the pan-sharpening tool (Table 1).

Table 1. List of images used in the study.

WRS2 Path-Row Date Satellite and Spaflal Suitability of Suitability of
Sensor Resolution (m) Scenes Scenes
148-029 22 August 2001 Landsat ETM+ 15/30/60 Main
147-029 18 August 2002 Landsat ETM+ 15/30/60 .AddltIOI:lal Seasonal snow
information
147-029 12 September 2011 Landsat ETM+ 15/30/60 Additional Filling the gaps
information
148-029 3September 2011 Landsat ETM+ 15/30/60 Additional Filling the gaps
information
147-029 13 August 2012 Landsat ETM+ 15/30/60 Main
148-029 20 August 2012 Landsat ETM+ 15/30/60 Main
147-029 1 September 2016 Landsat OLI 15/30/60 Main Seasonal snow,
shadow areas
148-029 24 September 2016 Landsat OLI 15/30/60 Main Seasonal snow,
shadow areas
148-029 21 August 2015 Landsat OLI 15/30/60 Additional Shadow areas
information

Due to the unfavorable natural and climatic characteristics of the Landsat 7 ETM+
images for 2001, covering the eastern part of the Zhetysu Alatau, an additional image from
the Landsat 7 ETM+ satellite of 2002 was used.

Since Landsat 8 OLI was only launched in 2013, and the Scan Line Corrector (SLC) in
the ETM+ instrument (Landsat 7) failed in 2003, the 2012 ETM+ images required prepro-
cessing, namely the Gap filling process, that is, filling in the missing pixels. This procedure
was carried out in the ENVI software using the Gap Fill module. The images from 2012
were used as the “master file”, and the images from 2011 were used as the “slave file”
(Figure 2).
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Figure 2. Filling gaps in the Landsat ETM+ (2012).

In addition to the 2016 Landsat OLI satellite images, the 2015 Landsat OLI images were
used due to improved shadow conditions, which in turn allowed more detailed mapping
of the glaciers.

The satellite imagery available on Google Earth for glacier contouring served as a
visual guidance tool, with data coming primarily from very-high-resolution optical sensors
(Google Earth 2017). Unfortunately, it was not available for all study areas.

The ALOS PALSAR DEM was used to extract watersheds and topographic information
for the glacier inventory. For the dynamics of the glacier areas, we analyzed the 2nd edition
of the 13th volume of the Catalog of Glaciers of the USSR (Glaciers On The Territory of Zhetysu
Alatau) 1969, 1970, 1975, and 1980, published on the basis of aerial photographs of 1956.

3.2. Climatic Data

An assessment of the dynamics of spatial and temporal changes in the amount of
precipitation and temperature indicators in the study area was carried out on the basis
of long-term observation data analysis of the Usharal, Taldykorgan, Sarkand, and Kogaly
meteorological stations (according to the Manual on the Global Observing System. Volume
I—Global Aspects, World Meteorological Organization 2015 (WMO-No. 544) observations
at the meteorological stations of the RSE “Kazhydromet”, carried out every three hours
at the main standard (00:00, 06:00, 12:00, and 18:00) and intermediate times (03:00, 09:00:
00, 15:00, and 21:00)). Detailed information about the mentioned meteorological stations is
illustrated in Table 2.

We also used data from the Republican Hydrometeorological Fund RSE “Kazhy-
dromet” for the period from 1960 to 2021. A constant upward trend in the mean tempera-
tures was observed throughout Kazakhstan. According to Cherednichenko et al., 2015 [27],
the increase in the average annual air temperature is 0.32 °C every decade in Kazakhstan.
Atmospheric precipitation demonstrated a slight upward trend (by 2.6 mm/10 years),
mainly due to spring period precipitation, when the increase in some western and northern
regions is 10-20%/10 years. In autumn, the precipitation amounts decrease in some western
and southern regions by 2-12%/10 years. All trends in the average annual and seasonal
precipitation are statistically negligible all over Kazakhstan.
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Table 2. Geographic location of selected weather stations.

Meteorological
Stations (MSs)

Elevation (m) Coordinates Description

It is located in the desert plain region of

1 Usharal 385.8 46°10’N, 80°56’E the Alakol depression, Tentek river basin,
eastern part of the Zhetysu Alatau.

It is located in the foothill region of the

2 Taldykorgan 601.3 45°01'N, 78°22'E western Zhetysu Alatau (Karatal
river basin).
It is located on the northern part of the
o !/ o /

3 Sarkand 764 45725 N, 79°55E Zhetysu Alatau (Lepsy river basin).
4 Kogaly 1410 44°29'N, 78°39'E It is located on the southern part of the

Zhetusy Alatau (Usek river basin).

The most recommended and useful methods for determining trends in climate change
are nonparametric methods [28]. Therefore, for the assessment of the general trend in
changes in air temperature and precipitation, we used the nonparametric statistical method
of Mann-Kendall with a p-value of 95%. The calculations were carried out in the R program
in the mk.test? application. The test detects any upward or downward trends in the time
series data. If the p-value is less than the significance level « (alpha) = 0.05, it indicates the
presence of a trend in the time series, i.e., the result is statistically significant; if the p-value
is greater than the significance level, this indicates that the trend has not been detected.

In addition, the analysis of change tendencies in the characteristics of the climatic
regime for the study period was carried out on the basis of calculated linear trends in the
series of observations using the least squares method.

3.3. Methods

F. Paul [29,30] compared the different methods, including the band ratios of Landsat
ETM +(3/5, 4/5) and Landsat OLI (4/6, 5/6), including filters and mapping in shadow
areas [31]. According to his study, the ratio of Landsat ETM + (TM 3/5) and Landsat
OLI (OLI4/6) is the most reliable, reproducible, and simple method, in parts even better
than manual mapping. Furthermore, this method has been applied by various authors to
glaciers around the world [32].

In this regard, we used a semiautomatic method based on the ratio of bands (Figure 3a).
The technique is based on using the threshold ratio values of the spectral channels of optical
images (Landsat, Sentinel-2) to determine the contour of a glacier. We used the RED/SWIR-
1 channels of the Landsat satellite. The threshold value of 2.1 was set manually through
visual inspection (the clean-ice and snow patch). To clean up the glacier polygon, we used
a median filter (3 by 3 kernel size) (Figure 3b) and then converted it to a vector (Figure 3c).

For mapping glaciers in the shadow areas, we used Band 2 (Blue) with threshold 7400
(set manually by visually checking). For mapping all shadow areas, we applied SRTM
HillShade, which calculated using sun azimuth and other parameters, as in Landsat imagery
metadata. We obtained glaciers in shadow areas as the intersection of Band 2 > 7400 and
Hillshade < 0 (less than or equal to 0) (Figure 3d).

Additionally, the delineation of the glacier tongue, covered with debris, was performed
using additional data, such as thermal band and geomorphological characteristics obtained
from the DEM, as well as Google Earth images. However, debris cover was not a major
problem in defining the glacier boundaries, due to the fact that most of the glacier surface
in this area is pure ice.
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Figure 3. Glacier mapping using a semiautomated band ratio technique: (a) TM3/TM5, OLI4/OLI6;
(b) after filtering (median filter 3 X 3); (c) raster to vector format conversion; (d) mapping of glaciers
in the shadow area.

3.4. Uncertainty of Mapping

In order to correctly interpret and estimate the importance of the study, the accuracy
needs to be evaluated. In our previous study [13], uncertainty was estimated with the
buffer method [33,34]. The size of the buffer was chosen to be half of the estimated RMSE,
i.e., 7.5 m to each side, and the accuracy was within +5% for our study region.

We also determined uncertainty using another independent way, namely, the multiple
digitization of glacier outlines, which is the best method to define the accuracy of mapping
by one analyst [34]. This method gives the most realistic (analyst-specific) estimate for
the provided dataset. Despite the higher workload, this method is recommended for use
instead of the literature value or buffer methods. Following Paul et al. (2013) [29], we
manually digitized four glaciers five times (one time every day) independently, using
a reference dataset with high resolution (Figure 4). Then, the resulting average areas
were compared with the area obtained automatically using TM. As a result, the difference
between the manually and automatically derived area was around 1-3.5 and 2-4.5%,
respectively (Table 3).

Table 3. Comparison of glacier area values.

Manually Delineated Aut ted
utomate
Glaciers - . 2 Std% Diff%
1 Day 2 Day 3 Day 4 Day 5 Day Mean. km? an?n koef.  with TM. km
1.4356 1.4085 1.4271 1.4193 1.4302 1.4241 1.4105 1.3958 2.0 14
b 2.7081 2.7114 2.7147 2.7275 2.7253 2.7174 2.6913 2.6621 2.0 1.0
c 4.1658 41790 4.1970 4.2279 4.2338 4.2007 4.1604 4.0848 2.8 3.4
d 0.3853 0.3860 0.3877 0.3941 0.3923 0.3891 0.3853 0.3716 45 4.0
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Figure 4. Overlay of four (a-d) manually digitized glacier extents (colored) and the white outline is
derived automatically from TM: (I) on the Landsat 8 OLI images; (II) on the Google Earth images.

4. Results
4.1. Glacier Inventory of 2001

According to Landsat data for 2001, we identified and mapped 897 glaciers with an
area of more than 0.005 km? each, with a total area of 517.4 & 14.5 km? in the basins of 7 large
rivers (including sub-basins) of the Zhetysu Alatau (Table 4). Of these, 126.5 4 3.5 km? or
24.4% of the total area of glaciers falls on the western part (Karatal) of the Zhetysu Alatau,
197.2 £ 5.5 km? or 38.1% on the northern part (Aksu-Bien and Lepsy-Baskan), 59.7 & 1,
7 km? or 11.5% on the eastern part (Tentek and Rgayty), and 133.9 4 3.7 km? or 26% was
found in the southern part (Khorgos and Usek) (Figure 5).

Table 4. Glacier area change.

1956 2001 2012 2016 19562001  2001-2012  2012-2016  2001-2016  1956-2016  Mean Size
Basins in
Area km? (Count) Area Decrease % (% yr—1) 2001/2016
1 2 3 4 5 6 7 8 9 10 1
2025 1265+35 1103431 1026+29 375 “128 ~189 —493
Karatal (285) 231) 221 (220) ©0.8) (-12)  7ED (g (~0.8) 0.55/0.47
. 1404 9B4+26  81+23 771422 _35 72 _175 _451
Aksu Bien (135) (133) (127) (127) —o7  THED (g (-1.2) (~0.8) 070/0.60
1038+29 937426 884425 326 —97 57 ~149 126
Lepsy-Baskan 154 (116) (112) (111) (105) (—0.7) (~0.9) (—1.4) (1) (~07) 0.91/0.83
497414  418+12  369+10 _339 _158 126 264 514
Tentek 75.2 (94) ) = ) Com Cra o o Coo) 0.57/0.63
. 10+03 82402 69+02 235 _184 “162 316 477
Rgaits 131(22) @1) (18) 17) (—0.5) (—1.7) (—4.1) (—2.1) (—0.8) 0.47/040
144.8 849+24 734421 646+ 18 414 “136 239 554
Usek (233) (219) (202) (197) (-0.9) (-1.2) —12(=9) (~1.6) (—0.9) 0.38/0.32
49+14 432412 385+ 11 43 —119 1 216 _53.9
Khorgos 83.5 (100) 96) 90) (89) (—0.9) (—1.1) (—2.7) (—14) (~09) 0.51/0.43
Total 8136  5174+145 4537+127 4146+116 364 “123 86 ~199 49 057051
(985) (897) (842) 813) (~08) (-1.1) (~22) (-13) (~0.8) 57/0.
514014 374010 34008 —79 274 ~193 414 —841

Glaciers <0005 km?  18.9 (385) 0.04/0.03

(143) (96) (83) (~1.6) (=2.5) (~4.8) (~2.8) (~1.4)
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Figure 5. Glacier distribution in the Zhetysu Alatau between regions.

The average size of the glaciers for the entire mountainous region was 0.57 km?, with
the glaciers of the 1.0-5.0 km? size class prevailing, with a total area of 221.5 4 6.2 km?
(Figure 5), which is 42.8% == 2.8 of the total area. Of these, 38% =+ 2.8 was concentrated in the
northern part (the basins of the Aksu-Bien and Lepsy-Baskan rivers) of the Zhetysu Alatau.

The larger glacier sizes (0.7-0.91 km?) were concentrated in the northern part of the
Zhetysu Alatau (the basins of the Lepsy-Baskan and Aksu-Bien rivers), while the average
sizes of the glaciers in the southern (Usek) (0.38 km?) and eastern part (Rgayty—0.47 km?)
were smaller (Table 4).

Glaciers with a size class of 0.1-0.5 km? were the most numerous (381 glaciers) in 2001
(Figure 6b).

450
400
350

B Number 2001
m Number 2016

3 8 2

W 2001 = 2016 300
€ 250
3
8 200
15

0.005-0.05 0.05-0.1

0.1-05 05-10 10-50 50-100 =100 0.005-0.05 0.05-0.1 0.1-05 05-10 1.0-50 50-100 =100

Size class (km?2) Size class (km?2)

(a) (b)

Figure 6. Dynamics of glaciers: area (a); number (b) changes for seven size classes in the Zhetysu
Alatau in 2001 and 2016.

Most glaciation areas of the Zhetysu Alatau faced north (north, northwest, and north-
east) (Figure 7a,b) and were located at altitudes between 3000 and 4000 m.a.s.l. (Figure 8).

Glaciers with northern, northeastern, and northwestern exposure were the most
extensive in the Zhetysu Alatau, covering 163.55 £ 4.6 km?, 121.32 + 3.4 km?, and
105.48 + 3 km?, respectively, and they accounted for 75.4 + 2.8% of all glaciers (Figure 7b).
The southern, southeastern, and southwestern sides occupied 13.61 £ 0.4 km?,20.96 + 0.6 km?,
and 14.72 £ 0.4 km?, respectively, and together, they accounted for 9.5 4 2.8% of all
glaciers. The western side occupied 32.27 £ 0.9 km?, or 6.1 + 2.8%, and the eastern
side, 47.20 =+ 1.3 km?2, or 9%, respectively (Figure 7b).
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Figure 8. Glacier area distribution and changes by elevation in the Zhetysu Alatau in 2001, 2012,
and 2016.

About 39.4 £ 2.8% of the glaciers of the Zhetysu Alatau were located at altitudes of
3400-3600 m, almost 26.9% at altitudes of 3600-3800 m and about 19.5 & 2.8% at altitudes
of 3200-3400 m (Figure 8).

In 2001, according to Landsat data, three glaciers with an area greater than 10 km?
were identified and mapped in the Zhetysu Alatau. Two of them were located in the
northern part (in the Lepsy river basin) of the Kolesnik glacier (10.3 & 0.3 km?) and Bereg
(10.9 + 0.3 km?), and one in the western part (in the Karatal river basin) of the Bezsonov
glacier (10.3 & 0.3 km?).

4.2. Glacier Inventory of 2016

In 2016, 813 glaciers with a total area of 414.6 + 11.6 km? were identified and mapped
in the Zhetysu Alatau (Table 4). Of these, 102.6 4- 2.9 km? or 24.7 + 2.8% of the total area
of glaciers falls on the western part (Karatal) of the Zhetysu Alatau, 165.5 + 4.6 km? or
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39.9 4 2.8% on the northern part (Aksu-Bien and Lepsy-Baskan), 43.8 & 1, 2 km? or 10.5%
in the eastern part (Tentek and Rgaity), and 103.1 = 2.9 km? or 24.9 4 2.8% was found in
the southern part (Khorgos and Usek) (Table 4, Figure 5).

In 2016, glaciers with a size of 1.0-5.0 km? (181.2 + 5 km? ~ 43.7 =+ 2.8%) predominated
in terms of total occupied area, and glaciers with size of 0.1-0.5 km? predominated in
number (322 glaciers). However, the area of glaciers from the group of 5.0-10.0 km?
increased, and there were no glaciers with an area of more than 10 km? in 2016 in the
Kazakhstan part of the Zhetysu Alatau (Figure 6a).

The average height of glaciers ranged from 3580 m above sea level (northern slope)
to 3640 m (southern slope); on average, the glacier location was at an altitude of 3615 m
above sea level. Most glacier areas (316.9 & 8.9 km?) in 2016 belonged to northern exposure
slopes (N, NW, and NE), while the relative number and areas of glaciers facing the southern
exposure parts (S, SW, and SE) were very small (Figure 7a,b).

The glacier ends were located at a mean minimum height of 3407 m.a.s.l., and their
average maximal height was at 3746 m.a.s.1. Figure 9a illustrates the distribution of glacier
area by the maximum and minimum heights. This means that large valley glaciers have
a lower tongue and smaller glaciers have a higher tongue [13]. Additionally, Figure 9b
illustrates the spatial spreading of the average height of glaciers greater than 0.01 km?
in 2016.
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Figure 9. Corresponding distribution of glaciers of Zhetysu Alatau in the maximum and minimum
altitude zones: (a) distribution of glacier area by the maximum and minimum heights; (b) distribution
map of the glaciers average height; (c) an enlarged example of glaciers distribution by mean elevation
in the selected area.
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In 2016, there were three large glaciers along the Zhetysu Alatau with a total area of
28.6 km?. Two of them were the Kolesnik (9.6 & 0.3 km?) and Bereg (9.5 + 0.3 km?) glaciers
in the northern part (in the Lepsy river basin) and Bezsonov (9.4 & 0.3 km?) in the western
part (in the Karatal river basin). As we have already noted, in 2016, there was no glacier
with an area greater than 10 km? along the Zhetysu Alatau.

4.3. Glacier Changes in 2001-2016

As a part of this study, 897 glaciers were identified in 2001 and 813 in 2016, which
were listed in the glacier catalog with a total area of 517.4 4 14.5 and 414.6 + 11.6 km?,
respectively (Table 4). The study results demonstrate that changes in the glacier areas of the
Zhetysu Alatau had a significant decrease during the period from 2001 to 2016. Between
2001 and 2016, the total loss of glaciers was 102.8 4 2.9 km? or 19.9 4 2.8% (—1.3% yr—1).

The highest rates of shrinkage of the glacier area were in the eastern (Rgaity and
Tentek) and southern (Usek and Khorgos) parts of the Zhetysu Alatau.

For the period 2001-2016, the glacier area decreased by 31.6 + 2.8% (—2.1% year 1)
from 59.7 4= 1.7 km? to 43.8 & 1.2 km? in the eastern part, i.e., in the Rgaity river basin, and
by 26.4 + 2.8% (—1.8% year~!) in the Tentek river basin.

The reduction rate of glacier areas in the northern (Aksu-Bien and Lepsy-Baskan)
and western (Karatal) parts of the Zhetysu Alatau was relatively low. Between 2001
and 2016, the glacier areas belonging to the Karatal river basin (western) decreased
by 18.9 &+ 2.8% (—1.3% year‘l), in the Aksu-Bien rivers (northern), this shrinkage was
17.5 4 2.8% (—1.2% yr~1). The smallest reduction in the glacier area in the Zhetysu Alatau
was noted in the Lepsy-Baskan river basin, belonging to the northern part. Between 2001
and 2016, the glacier area in this basin decreased by 14.9 £ 2.8%, and the annual reduction
rate was 1% per year.

The average size of the Zhetysu Alatau glaciers in 2001 was 0.58 km?, while in 2016,
the average size decreased by 0.51 km?. There was a decrease in the average size of glaciers
in all areas; however, only the glaciers of the Tentek river basin (eastern part) increased
from 0.57 km? to 0.63 km? on average. This happened due to the shrinking of small glaciers
in the basin. As an example, in 2001, there were 90 glaciers in the Tentek river basin with a
total area of 11.1 km? up to 0.5 km? in size, and in 2016, their total area was 5.7 km2—almost
halved—and 45 glaciers remained.

The analysis of the relative change in area compared to the initial area of the glacier
indicated a large relative loss of smaller glaciers (from 0.01 to 0.1 km?) (Figure 10). For
larger glaciers (>1.0 km?), the loss factors were smaller and more similar. The difference in
shrinkage rate between the northern and western slopes was insignificant.

However, there were wide variations in losses, especially for smaller glaciers, while
there were also glaciers of all size classes that only slightly decreased. The total area loss
was higher for larger glaciers, and the average glacier height increased by 24 m, while the
average minimal glacier height increased by 42 m from 3367 to 3409 m.a.s.l. over the period
2001-2016.

4.4. Temperature and Precipitation Trends

The resulting estimates of air temperature trends showed that the temperature increase
occurred at all stations in all seasons and months of the year. However, there were some
peculiarities in the rate of air temperature increase (Table 5). The table shows that the
most noticeable increase in the average annual temperature was in the desert plain zone of
the Alakol depression (MS Usharal), and the average rate of change was 0.29 °C/10 years.
The lowest rates of temperature change were observed in the mountainous regions of
the Zhetysu Alatau (0.12 °C/10 years—MS Kogaly). The trends in summer temperatures
(June—-August) showed that in mountainous and foothill areas, they had the highest values
and ranged from 0.19 °C/10 years (MS Kogaly) to 0.25 °C/10 years (MS Taldykogan), and
the lowest were at Usharal MS (0.12 °C/10 years). An analysis of changing trends showed
that a steady increase in air temperature has been observed in the study area in recent
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decades; the only exception was the Sarkand MS, where a slight decrease in precipitation
was found. At the same time, in 2019 and 2020, at the three MSs of Taldykorgan, Usharal,
and Kogaly, there was a deficit in atmospheric precipitation. At the same time, the smallest
anomalies were observed at the MS Usharal (12-64 mm), and the largest was observed at
the mountain station of Kogaly, 183 mm, which is 65% of the norm.
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Figure 10. Scatterplot of relative glacier changes compared to initial glacier size for 813 glaciers
between 2001 and 2016.

Table 5. Average annual and summer rates of change in air temperature (°C/10 years) and precipita-
tion (mm/10 years) in 1960-2021.

Average Annual Su?;,r?:fZir Average Annual
Meteorological Rate of Air Rate of Change
No . Temperature . o ep s
Stations Temperature in Precipitation,
Change °C/10 Years Change Rate mm/10 Years
°C/10 Years
1 Taldykogan 0.28 0.25 8.5
2 Kogaly 0.18 0.19 9.3
3 Usharal 0.20 0.20 —22
4 Usharal 0.29 0.12 11.4

Thus, in contrast to the air temperature, the change in the precipitation regime in
the study area gives a more variegated picture. The time series of annual precipitation
anomalies for the period 1960-2021 give a general idea of the nature of modern changes in
the precipitation regime. There have been no long-term trends over the last 40 years; there
was an alternation of short periods with positive and negative anomalies in the amount
of precipitation.

The significance of trends for both air temperature and precipitation was assessed for
the summer months, as well as for the average annual and summer periods. An analysis
of the data in Tables 6 and 7 showed that there was a significant upward trend in the
average annual temperature in the study area. This was confirmed by the nonparametric
Mann-Kendall statistic, which gave a positive Z-statistic. The average annual values of
Z-statistics for air temperature reached 4.2276 (MS Usharal).



Remote Sens. 2023, 15, 2133 14 of 20

Table 6. Mann-Kendall statistics of average annual and summer (June—August) air temperatures for
the study area.

Mean Summer
Station Mann-Kendall Stats June July August Period
(June-August)

Annual Mean

Air Temperature

Z-statistic 2.9339 3.0857 3.7235 3.8145 3.7295
Taldykorgan p-value 0.003347 0.002031 0.0001965 0.0001364 0.0001919
Significance () (**) (%) (%) (%)
Z-statistic 2.8003 2.7152 2.6483 3.5837 4.2033
Kogaly p-value 0.005106 0.006623 0.00809 0.0003388 0.00002631
Significance () (**) (%) (%) (%)
Z-statistic 2.8913 2.1745 2.2596 3.4379 3.2132
Sarkand p-value 0.003836 0.02967 0.02385 0.0005862 0.001312
Significance (** * * (***) (**
Z-statistic 2.1138 1.0508 1.6219 2.4418 42276
Usharal p-value 0.03453 0.2933 0.1048 0.01462 0.00002362
Significance *) N.S. N.S. *) ***)

***: o« =0.001; **: « = 0.01; *: « =0.05; « = 0.1 level of significance; N.S.—nonsignificant.

Table 7. Mann-Kendall statistics of average annual and summer (June-August) values of atmospheric
precipitation for the study area.

Mean Summer
Station Mann-Kendall Stats June July August Period
(June-August)

Annual Mean

Precipitation
Z-statistic 0.11541 0.40699 0.94162 0.69853 11116
Taldykorgan
p-value 0.9081 0.684 0.3464 0.4848 0.2663
(N.S.) (N'S) (N.S.) (N'S) (N.S.)
Z-statistic 0.48594 —0.31586 0.99015 0.84431 0.62564
Kogaly
p-value 0.627 0.7521 0.3221 0.3985 0.5315
(N.S.) (N'S) (N.S.) (N'S) (N.S.)
Z-statistic —0.6378 0.14578 0.82617 —0.12149 —0.14578
Sarkand
p-value 0.5236 0.8841 0.4087 0.9033 0.8841
(N.S.) (N'S) (N.S.) (N'S) (N.S.)
Z-statistic 0.90517 0.21867 0.49812 1.0995 1.7979
Usharal
shara p-value 0.3654 0.8269 0.6184 0.2715 0.07219
(N.S.) (N'S) (N.S.) (N'S) (N.S.)

N.S.—nonsignificant.

The average annual trend changes were assessed as significant, since all values

were less than p-value < 0.05. The same picture was observed in the summer period
(June-August). However, if we consider the change in trends by month, there were some
differences. Significant positive trends were noted at the three studied meteorological
stations (Taldykorgan, Kogaly, and Sarkand); the p-values were significantly less than 0.05.
At Usharal MS, there was a significant trend only in June; in June and August, the trends
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were insignificant. The results obtained are consistent with the results obtained in the
Ishfaq Farooq (2021) study. Ishfaq Farooq [14,35] studied the air temperature time series for
Kazakhstan using the M-K statistical test. The results showed that there was a significant
increase in the average annual temperature in Kazakhstan from 1970 to 2017.

The results of the Mann-Kendall test showed that there were no statistically significant
linear trends in precipitation for the period under study, at almost all stations, although
strong interannual variability was observed in the time course. Statistically insignificant
trends were observed at Sarkand MS in the average annual and summer season, but
negative trends were noted (Z-statistic: —0.12149 in summer; —0.14578 per year). Similar
results were obtained for other regions of Kazakhstan by Talipova et al. (2021) [36] and
Shahgedanova (2018) [37]. Thus, we can conclude that climate change for the study area
was observed in the form of an increase in air temperature and statistically insignificant
positive trends in changes in precipitation.

5. Discussion

An intensive reduction in glacier area was confirmed by many previous
studies [2,4,6,10,15,20,24,32,38-45]. However, our results show rates of area reduction
of about —0.8% a~! for the period 1956-2001, and —1.3% a~! for the period 2001-2016,
which are the highest values among all the glacial zones of the world and Central Asia, in-
cluding Altai and Pamir [6,33,36,37]. It is important to note that the rate of decline increased
rapidly, and amounted to —0.8%, —1.1%, 2.2%, and —1.3% a~! for the periods 1956-2001,
2001-2012, 2012-2016, and 2001-2016, respectively. If we compare the rate of reduction in
the area of glaciers in the study area with other glacial regions of the world, then significant
differences can be observed. For example, according to the studies by Tielidze and Wheate
(2018) [46], the reduction in the area of glaciers in the Greater Caucasus over the period
1960-1986 amounted to 11.5% (—0.44% a~1), and for 19862014, this figure was 19.5%
(—0.69% a~1). In the research by Tennant et al. (2012) [47], glacier reduction in the Cana-
dian Rockies was —28.3% (—0.4% a~!) in the period of 1919-1985, —7.6% (—0.5% a~!) in
the period of 1985-2001, and —9.9% (2.0% a~!) in the period of 2001-2006. In the European
Alps, according to Paul et. al. (2020) [48], the total glacier area shrunk from 2060 km? in
2003 to 1783 km? in 2015/16, i.e., by —13.2% (—1.1% a~1).

However, the features of the geographical location of the Tien Shan mountain system,
in particular the natural zone, as well as the climatic conditions, are significantly different
from the above-mentioned mountain systems. That is, the mountain system is located in
the arid and semiarid region of Central Asia, surrounded by deserts. In addition, the speed
of acceleration is significantly higher compared to other ranges of the Tien Shan mountain
system [5,15,39,40,42].

Such a significant reduction in the areas of glaciers is fully consistent with other
studies, which found that the greatest area loss occurred primarily in the peripheral areas
with low-altitude ranges [10,49]. The study by Aizen et al. (2006) [43], for 1977-2003 in
the inner region of Tien Shan, and Narama et al. (2006) [44], for 1971-2002 in the western
Tien Shan, indicated a glacial decrease of 8-9% or 0.26-0.29% a~!, while glacier reduction
in the peripheral ranges of the northern Tien Shan was remarkably faster. For example,
in the Ile and Kungey Alatau, the glacier reduction speed was —0.73% a~" for the period
of 1955-1999 [32]. The southern part of the Zhetysu Alatau was studied by Kokarev and
Shesterova (2014) [49]; the calculated rate was about —0.86% per year.

The glaciers of the outer Tien Shan receive the greatest amount of precipitation, and
they are very sensitive to even the slightest temperature changes due to the high rate
of mass transfer. On the contrary, the glaciers of the inner Tien Shan react to climate
change with a longer delay, since the accumulation and, consequently, the mass turnover
of predominantly cold glaciers are relatively small [10,50-53].

This may be due to the peculiarities of the geographical location of the Zhetysu
Alatau, as well as the morphometric parameters of glaciers (the type and size of glaciers),
the location along the altitudinal strip, and factors such as climate. An increase in air
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temperature also has implications for snow cover, such as a decrease in snow amounts and
an increasing intensity of snowmelt [2,54,55].

Regions with predominantly small glaciers are more sensitive to changes due to the
shorter response time of glaciers to climate change [56,57]. It has also been reported that
smaller glaciers with a large edge area-to-length ratio are shrinking faster than larger
glaciers at the same rate of melt [58]. In the Zhetysu Alatau, the vast majority of glaciers
are small, at less than 1 km? in size. Small glaciers cover more than half of the total area,
which is common in midlatitudes.

An additional reason for the greater loss of area may be the lower height of the glaciers
of the Zhetysu Alatau. An increase in mean annual temperatures without a significant
increase in precipitation will shift the ELA about 150 m upwards per degree [59]. At low
altitudes, this upward shift in the ELA increases the risk of the entire glacier area falling
into the ablation zone (Figure 11). A reduction in glaciers was found at all altitudes of the
study area during the study period. However, the greatest changes in the area were shown
by glaciers lying on the slopes of the western and northwestern exposures. Most of the
glaciers lying on the slopes of the southern exposures were outside the study area, but
those that were not showed a noticeable reduction.

@) Before climate change

Valley Glacier

Mountain Glacier
Small Glacier

ELA1
(b) After climate change but before glacier readjustment
AN ELA1

c) After readjustment to climate change

Figure 11. Schematic of the response of the three types of glaciers to climate change (from IPCC,
2013) [59].
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Moreover, because of the western orientation, the Zhetysu Alatau ranges are also
under the influence of warm western air masses originating over deserts located to the
south of Lake Balkhash [54,60]. The exposure to moist air masses and dominating wind
directions is strongly controlling the ELA elevation on ice [61]. Furthermore, the long-
distance westerly winds are a carrier of fine-grained loess from the deserts of Central Asia
to Tien Shan [60,62], polluting the glacial surfaces and intensifying the melting rate [59].
The frequency of dust storms directed to the Zhetysu Range has increased during the last
few decades [62], so the shrinkage rate of our study area, located in the western Zhetysu
Alatau, is almost three times as severe (—0.86% per year) as the Bortala River in the eastern
Zhetysu Alatau (—0.32% per year) [63].

The rates of temperature change were observed in the mountainous areas of Zhetysu
Alatau (Kogaly MS), where the average rate of change was 0.12 °C/10 years. The trends
in summer temperature changes (June-August) showed that mountainous and foothill areas
had the highest values, which ranged from 0.19 °C/10 years (Kogaly MS) to 0.25 °C/10 years
(Taldykogan MS). A warming climate leads to increasing glacier melt and as well as less
snow accumulation, which in turn causes a lower albedo in the glacier surface [63-65]. The
upward trend in temperature caused an increase in rainfall rate rather than snowfall in the
high-altitude zones, leading to a decrease in accumulation and an acceleration of ablation,
especially during summer [65].

6. Conclusions

We have presented a new and updated catalog of glaciers for the Zhetysu Alatau range
for the period of 2001-2016. Glaciers were detected in all seven river basins for the Zhetysu
Alatau using Landsat satellite images from 2001 to 2016. With area loss rates of about
—0.8% and —1.3% a~! for the periods of 1956-2001 and 2001-2016, our results showed a
higher rate than other regions of the Central Asian mountains, including Tien Shan, Altai,
and Pamir. In addition, the rates of area shrinkage were significantly higher than other
ranges of the Tien Shan mountain system, which were —0.8%, —1.1%, 2.2%, and —1.3% a~!
for the periods of 1956-2001, 2001-2012, 2012-2016, and 2001-2016, respectively.

For a more detailed analysis of the reason for the sharp reduction in the glacier, we
analyzed climate data using the nonparametric Mann-Kendall test. Analyzing weather
station climatic data, we found a significant increase in temperature at all stations. The
trends in summer temperature changes (June-August) showed that mountainous and
foothill areas had the highest values, ranging from 0.19 °C/10 years (Kogaly MS) to
0.25 °C/10 years (Taldykogan MS). An analysis of the trends in change showed that a
steady increase in air temperature has been observed in the study area over the past decades.

It was found that climatic conditions play a main role in the state of glaciers. The
location of the region under study on the periphery of the mountain system has less
favorable conditions than the inner ranges. Moreover, a significant increase in temperature
and a slight change in precipitation played a main role in the negative balance of glaciation
in the Zhetysu Alatau.
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