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Abstract: Change in glacier area in the Kuksu and Kunes river basins, which are tributaries to
the internationally important Ile River, were assessed at two different time steps between 1962/63,
1990/93, and 2010/12. Overall, glaciers lost 191.3 + 16.8 km? or 36.9 + 6.5% of the initial area.
Glacier wastage intensified in the latter period: While in 1962/63-1990/93 glaciers were losing 0.5%
a1, in 1990/93-2010/12, they were losing 1.2% a~1. Streamflow of the Ile River and its tributaries do
not exhibit statistically significant change during the vegetative period between May and September.
Positive trends were observed in the lle flow in autumn, winter, and early spring. By contrast,
the calculation of the total runoff from the glacier surface (including snow and ice melt) using
temperature-index method and runoff forming due to melting of multiyear ice estimated from
changes in glacier volume at different time steps between the 1960s and 2010s, showed that their
absolute values and their contribution to total river runoff declined since the 1980s. This change is
attributed to a strong reduction in glacier area.

Keywords: glacier changes; Tien Shan mountains; glacier runoff

1. Introduction

Water security is one of the major problems in Central Asia. Most rivers start in the glacierized Tien
Shan Mountains and have snow and glacier nourishment [1,2]. The rapidly growing water consumption,
caused by population growth, expansion of agriculture, industrial development, and poor water
management, can be potentially aggravated by the decline in snow resources in the mountain runoff
formation zone and glacier degradation, which occurs across the mountains of Central Asia in response
to the observed climatic warming [3]. A strong reduction in area and volume of the Tien Shan glaciers
since the mid-20th century has been reported in a number of studies [1,4-16].

Between the 1950s and the early 1970s, glaciers in Tien Shan remained mostly in a stable condition.
An acceleration of the glacier degradation across most of the Tien Shan occurred at the beginning of
the 1970s. This is confirmed by negative mean values of annual mass balance which, in 1969-1994,
were —570 mm w.e. at the Abramov Glacier, —550 mm w.e. at the Karabatkak Glacier, and —310 at
the Golubin Glacier [17], and the continuing reduction in the extent of glaciers approximately since
1973 [6,9-11,18-24]. Glaciers located in the outer ranges experienced stronger retreat [16] while glaciers
locate in the intermountain basins exhibited slower retreat [25] due to the higher absolute elevations
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and higher elevation of the equilibrium line altitude (ELA). Glacier retreat intensified further from the
beginning of the 20th century, ranging from 0.8-1.1% a~! in the outer ranges [11,16,26] to 0.30-0.35%
a1 in the Eastern and Inner Tien Shan [6,25,27].

At present, despite the observed glacier recession, there is no evidence for a decline in river
discharge in the natural glacierized catchments [20,28-31]. However, further glacier degradation is
projected for the region, in line with the projected climatic warming, eventually leading to a decline in
discharge, especially in the summer months [32-34]. In the glacierized catchments, streamflow draws
water from liquid precipitation and from melting of seasonal snow, glacier, and ground ice. Changes
in the contribution of the melting glacier ice can be masked by variability in precipitation [2]. It is,
therefore, important to assess a relative contribution of the melting glacier ice to the streamflow.

Most of the major rivers of Central Asia are transboundary. Assessments of water resources,
including changes in the extent of glaciers and their contribution to the streamflow are important for
policy-makers at national and international levels [35]. The Ile River is one of the main transboundary
rivers in Central Asia, whose glacierized catchment is shared by China and Kazakhstan. More than
70% of runoff of the Ile River is formed in China. The Ile River flows into Lake Balkhash, located in
south-eastern Kazakhstan, contributing about 80% of the total river inflow into the lake. The Balkhash
is one of the largest endorheic lakes in Central Asia and sustainability of the Ile’s runoff is crucial for
maintaining the hydrological and ecological regimes of the lake [36,37], as well as for the economy and
ecosystems in this vast region [20].

Although two glacier inventories were conducted in the Chinese sector of the Ile basin,
our knowledge of glacier change in this region is less detailed than in other regions of Central
Asia, where multiple inventories have been conducted with the time step of 10-20 years [2]. The First
Chinese Glacier Inventory (FCGI) was derived from the aerial photography obtained in 1959-1963 [38].
The Second Chinese Glacier Inventory (SCGI) was based on the satellite imagery from 2007-2009 [39].
Between these periods, glaciers of the Upper Ile glacier system lost 24.2 + 8.8% of their area [8,40].
However, there was no evaluation of changes in the rates of glacier area and volume reduction at
different time steps since the 1960s, or contribution of glacial melt water into the streamflow.

This paper has three objectives: (i) Building on previous research, to provide an assessment of
glacier change at different time steps between the 1960s and 2012/13 in the three sub-basins (Kunes,
Kuksu, and Qiedeke) of the Chinese sector of the Ile River Basin (C-IRB); (ii) examine temporal trends
in seasonal discharge of the Ile and its tributaries; and (iii) assess glacier runoff in the study area and
evaluate changes in glacier component of the Ile River runoff.

Glacier runoff is defined in different ways in Central Asia, meaning either total runoff from glacier
surface or runoff generated by melting ice [2]. We use terms ‘total glacier runoff’ or ‘runoff from
glacier/glacierized surfaces’ denoting runoff generated by melting snow on the glacier surface, firn,
and ice. The term ‘glacier ice runoff’ refers to runoff generated specifically by melting glacier ice.

2. Study Area

The transboundary Ile basin accommodates the glacier systems of the Northern Tien Shan and
the Jetisu (also known as Jungar or Dzhungarskiy) Alatau Mountains (Figure 1). The vast majority of
glaciers are located in the C-IRB, which has a total area 61,640 km?, 3% of which is glacierized. In 1963,
there were 2373 glaciers with a total area and ice volume of 2022.66 km? and 142.18 km3, respectively,
distributed between the five sub-basins: The Khorgos, Kax, Kunes, Kuksu, and Tekes [8]. Of these
sub-basins, the Kuksu and Tekes are most the heavily glacierized and accommodate over 70% of the
total glacier area and 76% of the glacier ice volume.

According to [41], the mean annual runoff of the Ile is 17.0 km? (as measured at the Yamadu
station) and the mean depth of runoff is 275.8 mm. Of this, Kazakhstan receives 11.7 km?® while
0.00096 km3 is delivered from Kazakhstan to China by the Tekes, which is a tributary to the Ile. It was
previously estimated that glaciers supply about 16.5% of the total surface runoff [8].
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Figure 1. Study area. Stations used for trend analysis are underlined.

The main features of climate of the Tien Shan Mountains (including the Eastern Tien Shan),
which can be described as temperate continental, were analyzed in [42]. The absolute elevations exceed
6000 m a.s.l. in the region, and both temperature and precipitation regimes depend on and vary with
elevation. Temperature inversions are an important feature of the winter climate (November to March)
in the lower mountains below approximately 2000 m a.s.1. [42,43]. In the warm period (May to August),
mean air temperature at the equilibrium line altitude (ELA) varies between —2.5 and +4.2 °C [8].

The highest annual precipitation (>800 mm) is observed in the Kax and Kunes river basins [41].
In other regions of the C-IRB, annual precipitation decreases to 200 mm, and the same annual totals
are observed in the Ile Depression near the Kazakhstan border (Figure 2). Mean elevation of the
snow line increases from 3710 m in the Kunes River basin to 3840 m in the Kuksu basin, in line with
decreasing precipitation.
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Figure 2. Annual cycle of precipitation in the research area for the selected meteorological stations.
Locations of the stations is shown in Figure 1.



Water 2019, 11, 1668 4 of 25

There are two different types of vertical distribution of annual precipitation in the study region [44].
In the more humid Kax and Kunes river basins, annual precipitation increases from 450-500 mm at the
altitude 1000 m to 1200 mm at the climatic snow line elevation. Within the rest of the C-IRB territory,
annual precipitation changes from 200-250 mm in the Ile Depression at an absolute elevation of 600 m
a.s.l. to 780 mm at the altitude of the climatic snow line.

Summer precipitation accounts for about 60% of the annual precipitation, while precipitation
falling from May to September accounts for over 80% of the annual total [39]. Both temperature and
precipitation regimes can vary within the individual river basins due to complex orography. Figure 2
illustrates annual cycles of precipitation at different stations.

3. Data and Methods

3.1. Meteorological and Streamflow Data and Calculation of Trends

Monthly data on temperature, precipitation, and streamflow were collected in the C-IRB at the
stations listed in Table 1 and shown in Figure 1. These data were used for the analysis of the long-term
trends and for the calculation of total glacier runoff and its components. Streamflow data from fours
stations (Jiefangdaqgiao, Qiedeke, Yamadu, and Zaketei) were used for trend analysis. Data from other
stations were not used because of the insufficient length of the time series, large gaps in the data, or the
modification of streamflow by dams and reservoirs.

Table 1. Hydrometeorological stations in the Chinese sector of the Ile River Basin (C-IRB). Locations of
the stations are shown in Figure 1.

Name River Altitude, m a.s.l. Start Year Missing Data Area, km? Glacierized Area, %

Yamadu Tle 700 1953 1954-1956 49,186 2.8
. 1988-1990, 1992,

Sandaohezi Ile 530 1989 1994-2001 61,640 2.2
Jiefangdaqgiao ~ Tekes 1640 1985 1985, 1986 8635 8.0
Qiafuqihai Tekes 900 1956 1956 27,402 3.6

Tehezhuan Tekes 1700 2002 2002-2004 6293
Zeketai Kunes 870 1960 1969-1971, 1974 4123 1.0
Waulasitai Kax 1440 1957 2005-2010 5081 6.0

. 1953-1954,

Tuohai Kax 830 1953 1993-1994 8656 3.6
Piliging Piliging 860 1956 1994 794 0.0
Qiedeke Qiedeke 940 1956 1968-1970 291 3.0

Huiwugiao ~ Khorgos 1290 2003 2003 1160

To examine long-term changes in precipitation and streamflow, the two-side Mann-Kendall (MK)
test [45] was applied to monthly and seasonal data. The MK test is a non-parametric test with low
sensitivity to abrupt breaks in the time series due to missing data [46].

Trend analysis was performed for two time periods, 1960-2010 and 1987-2010. The second period
was used in order to include the Jiefangdagqiao station (Table 1).

3.2. Assessment of Changes in Glacier Area

In order to assess temporal variability in glacier retreat rates, data from FCGI and SCGI for
1962-1963 [38] and 2007-2009 [39], respectively, were used, and new inventories for the Kuksu, Kunes,
and Qiedeke basins were compiled for four time steps using Landsat imagery (Table 2).
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Table 2. Satellite imagery used in this study. Source: United States Geological Survey Global
Visualization Viewer [47].

River Basin Date Satellite and Sensor Resolution
2 August 1990 Landsat 5TM
22 August 1994 30m/15 m
Koksu 31 August 2012 Landsat 7 ETM+ (multi-spectral/panchromatic)
7 September 2012
1 August 2013 Landsat 8 OLI TIRS
2 August 1990 Landsat 5TM
28 August 1993
Kunes 22 August 1994 30m/15m
31 August 2012 Landsat 7 ETM+
7 September 2012
29 August 2014 Landsat 8 OLI TIRS
20 September 1991 Landsat 5TM
Qiedeke 13 August 2012 Landsat 7 ETM+ 30 m/I5m
11 August 2014 Landsat 8 OLI TIRS

The FCGI and SCGI data were derived from the GLIMS database [48]. The mean uncertainty
in the calculation of glacier area in FCGI and SCGI in the Ile basin was estimated as +7.6% [40] and
+4.8% [39], respectively. The data of the glacier hypsometry for these two inventories were derived
from the Randolph Glacier Inventory (RGI), versions 4.0 [49] for FCGI and 5.0 [50] for SCGL. In the
new glacier inventories, glaciers in the same region as in FGGI were mapped and those mapped in
FCGI were used for the calculation of glacier change.

All Landsat imagery was processed to level L1T by the distributor, i.e., it was orthorectified using
a digital elevation model (DEM) and surface reference points. The dataset GLS2000 [51] served as the
basis for geometric correction. The root-mean-square error (RMSEy y) in the GLS2000 data set was
less than one pixel, which corresponds to an accuracy of +30 m [51]. All images were re-projected
into the 1984 WGS UTM projection, Zone 44. All images were acquired during the ablation period
with minimum seasonal snow and cloud cover (Table 2). Most of the satellite images were of good
quality, except several Landsat 7 images which had data gaps (showing as black stripes on the images).
To overcome this problem, scenes from more than one acquisition in the same year were used, whereby
the best quality scene was selected (Table 2).

ASTER GDEM2 [52] were used to derive river basin boundaries and to assist with determining
morphological characteristics, boundaries, and aspects of glaciers. ASTER GDEM2 has horizontal
resolution of 75 m and vertical resolution of 30 m. The overall vertical accuracy was determined by
the ASTER GDEM validation team [52] as +£17 m at 95% confidence level. Previous assessments of
ASTER accuracy in the Tien Shan using ground control points (GCP) confirmed that vertical accuracy
of ASTER GDEM2 in the region is +15 m [53].

Glacier outlines were mapped using the semi-automated band ratio methods (TM3/TM4 or
OLI4/OLI5) with manual correction, by using the false-color composite bands TM 5, 4, 3 and OLI 6, 5,
4 [54-56]. Panchromatic images with spatial resolution of 15 m were used in manual corrections to
decrease the mapping uncertainty. The uncertainty of glacier area change due to the co-registration of
satellite images was determined using the buffer method described in [57]. The consecutive pairs of
scenes were co-registered and a network of 10-15 tie points was established for each pair of scenes
using clearly identifiable terrain features whose location did not change. The derived RMSEy y values
ranged between +5.8 and +6.2 m. A buffer with a width of half of RMSEy y was created along the
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glacier boundaries in the individual scenes, and the uncertainty term was calculated as an average
ratio of the original glacier areas to the areas with a buffer increment. The accuracy of glacier mapping
without manual correction +4.3%, +4.4%, and +3.1% on the Landsat 8, 7, and 5 images, respectively.
For those glaciers, whose outlines were corrected manually, the operator’s error was calculated by the
repeated delineation of 25 glaciers by several operators. For these glaciers, the mean uncertainty value
was estimated as +4.8% Landsat 8 and 7, and +4.5% for Landsat 5.

In addition to glacier area, glacier length was measured as a distance between the top of the glacier
and the terminus of its longest branch along the central flow line.

We note that in our hydrological analysis, glacier area data from the Chinese sector of the Tekes,
Kax, and Khorgos river basins were used. This was obtained from the inventory published in [16],
completed using the same methods and calculation of uncertainty as in this study.

3.3. Calculation of Runoff from Glacier Surface

Runoff from glacier surface, including runoff formed due to the melt of seasonal snow, firn,
and ice, was estimated using two methods: Degree-day model and empirical temperature-based index.
In addition, runoff forming due to the melt of multiyear ice was calculated from changes in ice volumes
between glacier inventories. These methods require information on the degree-day factors (DDFs)
for snow and ice and knowledge of relative contribution of snow and ice melt in runoff from glacier
surface which, in turn, require temperature and precipitation data as well as knowledge of regional
vertical temperature gradients.

DDFs were calculated using Equation (1):

f=-a/g, )

where f is DDE, a is surface ablation (mm), and ¢ is a sum of positive temperatures (°C) over a selected
period [58].

Mass balance measurements and high-elevation meteorological observations enabling the
calculation of local temperature gradients are limited in the study area. We used the glaciological
(stake) ablation measurements from the Tuyuksu Glacier (43°4’0” N; 77°429” E), which has been the
World Glacier Monitoring Service (WGMS) reference glacier for Central Asia since 1957 ([17] and
earlier years) to calculate the degree-day factors for snow and ice melt. At the Tuyuksu glacier, changes
in surface elevation due to melt (accumulation) of snow and ice are measured using a network of 120
stakes at approximately 10-day intervals. These intervals were screened for the occurrence of liquid
precipitation and those featuring liquid precipitation were excluded from analysis. Measurements
from the 2008-2012 periods were used.

Vertical temperature gradients from the Ile Alatau were used to calculate changes in temperature
with elevation and at the elevation of individual stakes. Temperature data were obtained from several
meteorological stations located at different elevations leading to the Tuyuksu glacier [31], including
the Tuyuksu meteorological station located at 3438 m a.s.l. A well-known step-change in temperature
of —1 °C between the glacier ice and the surrounding terrain was accounted for when calculating
the degree-day factors for ice but not for snow because of the assumption of a spatially continuous
SNOW cover.

The mean values of snow and ice DDFs for the 2008-2012 period were —2.3 mm °C~! and
—4.6 mm °C~!, respectively. The worldwide average DDF value for snow was estimated as
—4.1 + 1.5 mm day~! °C~! [59] and values obtained in this study are low in comparison with DDFs
reported for other glaciers located mainly in more humid regions of Europe, North America,
and southern Asia [60]. DDF values vary considerably between and within regions, due to the
relative importance of individual energy components providing energy for melt [60], and tend to
be lower in dry regions (e.g., Central Asia) [60,61]. Negative nocturnal temperatures and summer
snowfalls, typical of Tuyuksu, also tend to reduce DDF values.
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3.3.1. Calculation of Runoff from Glacier Surface Using Degree-Day Model

The positive degree-day (PDD) method [60] was used for the calculation of runoff from the
glacierized surface in the Qiedeke River basin for the 1961-2010 period, in line with the availability of
the Qiedeke streamflow and runoff data (Table 1). Its steps are illustrated by Figure 3. The APHRODITE
(Asian Precipitation—Highly Resolved Observational Data Integration Towards Evaluation of Water
Resources) [62,63] reanalysis daily product version V1101 (for precipitation) and V1204R1 (for
temperature) with spatial resolution of 0.25 degree were used for the study area. The spatial
resolution of the APHRODITE reanalysis is too coarse to resolve spatial temperature variability with a
glacier. Values of vertical temperature gradients from the Tuyuksu region (Section 3.3) were applied to
estimate temperature change with elevation at a sub-grid scale.

!

3P during t<0 (Snow)

!

ts — temperature which is required
for snow melt

tice = 3(t>0)

till the end of the
> F(t=0)>ts ablation period

Ablation < Sg

'+\

Runoff
S

i+l

Figure 3. The scheme of the positive degree-day (PDD) glacier runoff model. t—daily temperature,
P—daily precipitation, ts—sum of the temperature which is needed for complete snow melt,
Sg—eglacier area.

Using daily temperature data, the dates when temperature crossed a threshold of 0 °C were
determined for autumn and spring. These dates were used to calculate a sum of solid precipitation over
the cold period. Following the onset of positive temperatures in spring, sums of daily temperatures
required for snow melt were calculated by using the DDF for snow (Section 3.3). Once this value had
been reached, it was assumed that all snow had melted and the ablation of ice had begun. In the next
step, a sum of positive daily temperatures was calculated up to the onset of negative temperatures
in autumn. Ice ablation during the warm period was calculated as a product of the sum of positive
temperatures during the assumed period of ice melt and the DDF for ice (Section 3.3). This method
enables separate calculation of snow melt and ice melt.
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3.3.2. Calculation of Glacier Runoff Using Temperature-Index Method

Glacier runoff using the empirical Krenke-Khodakov temperature-index Equation (2) based on
the assumption that annual accumulation at the ELA is equal to the ablation which constitutes runoff
from glacierized surface including snow and ice melt [64]:

A =1.33(ts + 9.66)>%° )

where A is annual accumulation at ELA (mm water equivalent (w.e)); and ts is average summer (June to
August) air temperature (°C), calculated using air temperature obtained from the nearest weather
stations, environmental lapse rate a step change in temperature of 1 °C between glacier and ice-free
surface. The uncertainty of the calculation of 1 runoff using this method is estimated as 16 g/cm?
(11%) [64].

3.3.3. Calculation of Glacier Runoff from Changes in Ice Volume

The amount of runoff formed due to the melt of multiyear ice was estimated as the loss of ice
volume (expressed as water equivalent using ice density of 900 kg m~3) between the consecutive
glacier inventories. A range of empirical power-law scaling equations are available and used as a
simple and robust method for estimating glacier volume from observations of area [65-69] and many
others. In this study, we used the same scaling relationships as in FCGI to maintain consistency with
this study for three periods of glacier area assessment [8,38]:

H=53.21x5%%-11.23 (3)

H =344 x 8" (4)

where H is the glacier thickness (m) and S is the glacier area (km?). Equation (3) is used for cirque,
valley-cirque, and valley glaciers, and Equation (4) is used for hanging glaciers. Following the
estimation of glacier thickness, ice volume was calculated as:

Vg =S x H/1000 ®)
where Vy is the glacier ice volume (km?).

3.3.4. Separation of Runoff Components

The term ‘glacier runoff’ has varying meanings in literature on glacier hydrology of Central
Asia[1,2,70,71]; (Section 1). A more precise definition is ‘runoff from glacier surface” which is comprised
by runoff formed by the melt of snow, firn, and ice (in the ablation zone and under the moraines),
and subglacial drainage and liquid precipitation flowing into the river network from glacier surface [72].
The relative contributions of these components are poorly quantified in Central Asia [2]. Examples of
existing studies include empirical hydrograph separation by [73], and attempts of separation based on
isotopic analysis—which, so far, have been based on limited sampling [74-77]. Sosedov [70] modeled
mean values of the components of glacier runoff in the northern Ile Alatau using data from the glacier
inventory of 1955 and mass balance data from the Tuyuksu glacier for 1957-1974. The estimated relative
contributions of different components [70] are shown in Table 3. It was shown that approximately
60% of glacier runoff is contributed by the melt of solid precipitation accumulated during the current
balance year (components s and f in Table 3). The share of subglacial melt water is two—-three orders
of magnitude lower than any other component of glacial runoff, and is usually not considered in the
assessment of water balance.
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Table 3. Average value of glacier runoff components at the northern slope of the Ile Alatau [70].

Runoff Volume

Glacier Runoff Components Index
10° m3 %
Snow melting at the firn area f 41.8 16.1
Snow melting at the terminus s 114.5 44
Ice melting at the terminus g 101.9 39.1
Ice melting under the moraine j 2.2 0.8
Total 260.4 100

When mass balance of a glacier is close to zero or positive, glacial runoff is entirely determined
by the precipitation of the current year. In this case, it is justified to equate annual accumulation at
the ELA to ablation across the glacier area and to glacial runoff [78,79]. However, during the period
of intensive glacier wastage, observed in Central Asia since the 1970s, this balance is violated and
melting of multiyear ice becomes an important component of glacial runoff. Thus, during the period of
1961-2012, mean glacier mass change in the C-IRB was —0.5~-1.0 103 kg m~2 a~! [13].

Our monitoring of snow and ice melt on the Tuyuksu glacier (Section 3.3) showed that relative
contributions of runoff components, shown in Table 3, have changed during the period of intensive
degradation of glaciers. On average, between 1998 and 2016, the snow (f and s in Table 3) component
accounted for 33% (475 mm) of runoff from the glacier surface, while the ice component (g and j)
accounted for 67% (1213 mm). This proportion was used in this study to calculate relative contributions
of snow and ice in runoff from glacierized surface. We note that during the years with strong positive
temperature and negative precipitation anomalies (e.g., 2008, 2014), ice melt accounted for as much
as 90% of the total glacier runoff. Similar temperatures were observed in the region in the 1970 [31],
suggesting a similarly high contribution from ice melt.

It was assumed that all liquid precipitation runs off glacier surface. Liquid precipitation is a
relatively small component of runoff from glaciers in Central Asia and accounts for no more than 7%
of its total value [64]. Evaporation losses from the snow-ice surface in the study area are balanced by
condensation [19,80].

4. Results

4.1. Changes in Glacier Area in the Kuksu, Kunes, and Qiedeke River Basins

The statistics of, and changes in, glacier area observed in the Kuksu and Kunes river basins at
different time steps are shown in Tables 4 and 5. The FCGI data for the Qiekeke River basin included
only 19 glaciers with a total area of 14.02 km?, which declined by 2% in 1991 (0.1% a~!) and by 31% in
2014 (0.6% a~!) in comparison with the 1962/63 survey.

Table 4. Changes in glacier number, total area, and minimum elevation of glacier tongues averaged
over the samples.

v Number Area, km? Hmin,m Number Area,km? Hmin, m
ear
Kuksu Kunes
1962/63 625 421.6 3680 250 96.7 3554
1990 648 376.8 +11.3 - - - -
1993 - - 240 81.5+24 -
2007/09 493 2935+ 14.1 3761 193 51.8+2.5 3615

2011/12 638 2792+ 84 3746 193 524 +1.6 3615
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Table 5. Area and changes in the extent of clear ice in the Kuksu and Kunes river basins.

Year 1960s 1990s 2010s
Area, km? 518,3 450, 4 326, 9
Period 1960s-1990s 1990s-2010s 1960s-2010s
Area change, km? 67.8+5.9 123.5 +10.9 191.3 +16.8
Rate, km? a~! 24+02 56+0.5 39+03
Area change, % 13.1 + 8.8 274 + 8.4 36.9 +£6.5
Rate, % a~! 0.5 +0.003 1.2 +£0.003 0.8 = 0.001

In the much more heavily glacierized Kuksu and Kunes basins, between 1962/63 and 2011/12,
glaciers lost 186.7 km? or 36% (0.8% a~!) overall. We found 56 small glaciers, which were not registered
by FCGI, with a total area of 4.7 km?. These glaciers were excluded from analysis for consistency
with the FCGI data. Between 1962 and 2012, 245 glaciers with a combined area of 38.97 km? (or
7.5% of the total glacierized area as in 1962/63) melted completely. Of these, 141 glaciers with a total
area of 19.4 km? disappeared between 1962/63 and 1993, and 104 between 1993 and 2012. In the
1962/63-1990/93 and 1990/93-2012 periods, 53 and 110 glaciers, respectively, split (86 and 24 glaciers
in Kuksu and Kunes river basins). Between the 1960s and the 2010s, glacier length has declined on
average by 300 m, from 1.14 km to 0.84 km.

Changes in the extent of glacier areas are shown in Tables 4 and 5. The total glacier area in both
river basins decreased by 191.30 km? (36.9%) between the FCGI and SCGI. However, within this
period, glacier retreat intensified substantially. Between 1990/92 and 2012, glaciers in both basins on
average lost area at a rate of 1.4% a~!, while between 1962/63 and 1990/92, the rate of area reduction
was 0.5% a1

In both river basins, over 70% of all glaciers have areas less than 0.5 km?2. In 2012, in the Kunes
basin, these glaciers accounted for approximately 40% of the total glacierized area. In the Kuksu basin,
glaciers with individual areas of 2.0-5.0 km? prevailed and had the highest share (23%) of the total
glacierized area. The mean glacier area declined from 0.68 km? to 0.44 km? and from 0.39 km? and
0.27 km? in the Kuksu and Kunes basins, respectively, between 1962/63 and 2012/13.

In the 2010s, in both basins, hanging glaciers dominated by number (48%); however, the largest
area (158.7 km? or 48%) was occupied by valley and cirque-valley glaciers (Figure 4a). Most glaciers
(76%) have northern aspect and cover more than 80% of the total glacier area (Figure 4b). Distribution
of glaciers by elevation at the three steps of assessment is shown in Figure 4c.

Similar to the other regions of the Tien Shan [2,5,11,25,26,81-83], the rates of glacier area loss
depended on the initial size of glaciers (Table 6; Figure 5). The largest absolute loss characterized larger
glaciers. Small glaciers (<1 km?), located at all elevations, exhibited the largest relative area reduction.
Between the 1960s and 2010s, the small glaciers lost over 40% of their total area. The medium-size
glaciers (2-10 km?) lost 26-31% of their area. There were only two glaciers with individual areas in
excess of 10 km?, and it is difficult to evaluate area change in this class.

While degradation of glaciers in all size classes less than 10 km? intensified between the 1990s
and the 2000s, the strongest increase in glacier area loss rate characterized the smallest glaciers with
individual areas under 0.5 km? (Table 6; Figure 5). We note that in the 1960s—90s, the rate of relative
change in area of these very small glaciers was lower than that of glaciers with an area between 0.5 km?
and 1 km?. A possible explanation of this discrepancy is uncertainty of the FCGI assessment, which was
higher for very small glaciers [40]. The range of individual glacier area reduction of all glaciers varied
widely between 4% to complete melt, depending on the specific features of local topography.
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Figure 4. Distribution of glacier area by type (a), aspect (b) in 2010s, and elevation in 1960s, 1990s,
and 2010s (c).

Table 6. Changes in glacier area by size class.

Size Class, Number Total Clear Ice Area, km? Area Loss, %/(% a™1)
km? 1962/63 1962/63 1990/93 2007/09 2012/13  1960s-1990s  1990s-2010s 1960s-2010s
<05 634 1168+89  1051+47 527425  627+30 (3?1) (3?(;,) (32)
0.51-1.0 118 83.1+63 63429  463+22  435=x21 (g‘é) (2316) (f%)
1.01-2.0 65 879+ 6.7 711+32  541+26  50.6+24 (397) (22?1) (6129)
2.01-5.0 46 1367 +104 1287+58 1111+53 1015+49 (062) (12};) (365)
5.01-10.0 10 653+50  564+25 519425 44922 (345) (12(;) (gé)
+4 7 3
10.01-15.0 1 102+ 0.8 106+05  9.8+05 99+05 (+01) 06) 01)
17 8 23
>15 1 182+ 1.4 152407 171+08  139+07 06) 07) 05)
Total 875 518.3 4504 343.1 326.9 (103'51) (217'24) (306;
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Figure 5. Scatter plot of (a) absolute glacier area loss and (b) relative area loss over the two assessment
periods versus the initial glacier areas as in 1962/63 and 1990/93.

Changes in areas of glaciers of different types are in agreement with changes in area of glaciers of
different size. The biggest relative loss (48-54%) of area characterized the cirque-hanging and hanging
glaciers, which are usually small (Figure 5a) and are considered to be more sensitive to climate change
than other types of glaciers [15,84]. In absolute terms, the largest wastage rate characterized larger
valley glaciers, which is typical of the Tien Shan [10,25]. The cirque-valley and valley glaciers lost
26-29% of their initial areas, which is less than glaciers of other types (Figure 6a). There is a notable
difference between temporal trends in the wastage of glaciers of different types. Area loss of cirque,
cirque-valley, and valley glaciers intensified from the 1990s, with the latter two experiencing twice
as much relative area loss in the 1990s-2010s than in the 1960s-1990s. By contrast, and despite a
larger overall relative reduction in area, there was no change in the rate of relative area loss of the
cirque-hanging and hanging glaciers, possibly due to the protective influence of the topographic
features favorable for their existence and/or uncertainties of FCGI.
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Figure 6. Glacier area loss (a) by morphological types as percentage of the initial glacier area and per
year for the two assessment periods, and (b) by aspect.
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Over the entire period, in relative terms, the highest area loss characterized glaciers located
on slopes with southern (73%) and south-eastern (52%) aspect, while the lowest area loss (31%)
characterized glaciers with northern aspect (Figure 6b). In absolute terms, glaciers located on the
north-facing slopes lost more because they dominate in the region (Figure 6b).

Between the 1960s and 2010s, the mean elevation of glacier tongues increased by 49 + 15 m and
60 + 15 m in the Koksu and Kunes river basins, reaching 3745 m a.s.l. and 3615 m a.s.l,, respectively
(Figure 4c).

Figure 7 illustrates the relationship between changes in glacier areas and elevation of glacier
tongues. The largest reduction characterized glaciers with the lowest elevation, especially those whose
tongues were positioned below the mean regional ELA. At the same time, the existence of small glaciers
at all elevations (as well as the response of hanging or cirque-hanging glaciers discussed above) shows
their capacity to adjust to the changing of climate conditions in the favorable topographic setting.
We also note that glaciers located in the intermountain basins showed lower sensitivity to the observed
climate change. This is probably due to the difference in the ELA: In the outer ranges of the Tien Shan,
the ELA is positioned at 3550-3600 m, while in the intermountain regions, it reaches 4500 m [1,78].

4400 4o—o

4200

4000

= 3800

3600 o3 20 e,

Elevation, m

3400
3200

3000

2800 . . T T .

Area reduction, km?

Figure 7. Absolute changes in glacier area versus the elevation of glacier termini between 1962/63 and
2012. Red line is mean regional ELA.

4.2. Changes in Streamflow

Figure 8 illustrates annual cycles of streamflow of five of the studied rivers. The river nourishment
varies depending on the characteristics of the catchments and location of the gauging sites. Thus,
precipitation and ground-water nourishment predominate in the non-glacierized Piliging catchment
where streamflow peaks in spring, following snow melt. Similarly, at the Zeketai station, the Kunes
River is nourished predominantly by precipitation and its flow peaks in spring, following snow melt
and in line with precipitation maximum. Streamflow of these two rivers exhibits a strong correlation
with precipitation (Table 7). The Tekes catchment, represented here by the Jiefangdagiao station, has
the highest glacierization (Table 1) and its streamflow peaks in July and August, when glaciers melt.
Its streamflow, as well as that of the Ile at the Yamadu station and Qiedeke which also peak in summer,
exhibit moderate correlation with precipitation but strong correlation with air temperature (Table 7).

The time series of seasonal streamflow and results of the MK test are shown in Figures 9 and 10,
respectively. There were no statistically significant (at 95% confidence level) linear trends in streamflow
in most months at three out of four gauging sites. At the Yamadu site, positive trends were registered
in autumn (SON: T = 0.21, p = 0.04), winter (DJF: T = 0.30, p = 0.01), and early spring (MAM: T = 0.20,
p = 0.04) during the 1960-2010 and 1987-2010 periods. During the latter period, the increase was
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stronger than over the whole period of observations. A strong increase in the spring streamflow was
evident from the mid-1990s, possibly indicating stronger and earlier snow melt and its contribution
to discharge. Positive trends in winter streamflow were registered at Jiefangdaqiao (DJF: T = 0.116,
p = 0.050) from 1987 (similarly to the catchments with high glacierization in the northern Tien Shan [31]
and at the Zeketai station during the 1960-2010 period). At Zeketai, however, trends in winter
streamflow were inconsistent between the shorter and the extended periods of assessment.

1000 60
m 5o

. m .
- 30

. £
£ £
- 20
- 10
1 T T T T T T T T T T T O

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sept. Oct. Nov. Dec.

=¢=—_QQiedeke
=>é=Yamadu

== Piliging
==Jiefangdaqgiao

Precipitation
== Zeketai

Figure 8. Precipitation (mm) and streamflow (m3s71 averaged over the 1960-2010 period for different
stations. Locations of the stations are shown in Figure 1.

Table 7. Mean annual streamflow, mean of annual sum of precipitation and Pearson correlation
coefficient between monthly streamflow and monthly precipitation and temperature for the
1960-2010 period.

Correlation of Correlation of

Station Streamflow, m3 s~1 Precipitation, mm Streamflow and Streamflow and
Precipitation Temperature
Qiedeke 4.1 445 0.57 0.87
Piliging 5.7 447 0.77 0.57
Zeketai 47.6 506 0.96 0.84
Yamadu 374.8 278 0.49 0.87
Jiefangdagqiao 62.0 457 0.68 0.77

During the warm period, statistically significant negative trends were registered in June at
the Jiefangdaqiao station during 1987-2010, and in August at the Qiedeke station over the entire
assessment period (Table 1). Streamflow in June is dominated by snow melt, while in August, the ice
melt component dominates. It appears that the small Qiedeke catchment is affected despite the low
glacierization of 3% (Table 1).

The observed long-term changes and shorter-term variability in streamflow are consistent with
those observed in other regions of the Tien Shan [31]. Thus, in northern Tien Shan, positive trends
were registered in autumn and winter across the region, and in spring at lower elevations, while there
were no significant trends in summer streamflow except positive trends in the catchments with high
(over 10%) glacierization. In all study catchments, a decrease in streamflow was observed in the
mid-1970s-1980s. This is also consistent with variability in streamflow in northern Tien Shan and
Jungar Alatau, which was attributed to changes in atmospheric circulation and associated negative
anomalies in precipitation [31].
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Figure 9. Time series of seasonal mean streamflow (m3 s—1) (a-d) and precipitation and temperature
anomalies during the warm season (May to September) (e-h). Note that different scales are used for
different rivers.
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Figure 10. Trends in monthly streamflow (% a~!) over the two periods of individual records
calculated using the Mann-Kendal test for Yamadu (a), Jiefangdagqiao (b), Zeketai (c) and Qiedeke (d)
stations. Solid bars represent trends significant at 0.05 confidence level. Different scales are used for
different rivers.

4.3. Runoff from Glacier Surfaces Calculated by PDD and Temperature-Index Methods

The glacier runoff in the Qiedeke catchment was analyzed by two methods, PDD and temperature
index (Sections 3.3.1 and 3.3.2). The results from the application of the PDD method are presented
for ice melt, while the results of the temperature-index methods show combined snow and ice runoff.
The PDD method shows that mean runoff generated by melting of glacier ice during 1962-2010 was
26.3 x 10° m3 a~! (Figure 11). The Krenke-Khodakov method showed that mean total runoff from the
glacier surface (including snow and ice melt) during the same period was 17.0 x 10° m® a~! (Figure 11).
A discrepancy in absolute values of runoff, calculated using these two methods, is significant, with the
PDD method generating higher runoff values despite the fact that this is runoff generated by ice
melt only. However, both runoff time series exhibit very similar temporal trends, possibly because
both are driven by the same temperature data set. The MK test showed that there was a significant
negative trend in both time series between 1962 and 2010, with a T value of —0.27 and coefficients of
determination of 0.20-0.22.

The temperature-index method was only applied to the Zeketai and Yamadu data sets,
with calculation for the Zeketai station being limited to the period of 1972-2010 due to the availability of
temperature data (Table 1, Figure 9). The MK test showed significant positive trend (t = 0.27, p = 0.02)
in the total glacier runoff at the Zeketai station for the 1972-2010 period, and significant negative trend
(t=-0.18, p = 0.01) for the Yamadu station during 1960-2010. The significant positive trend in the total
glacier runoff could be explained by the significant positive trend of temperature (T = 0.56, p = 0.001) at
this station, which is positioned at a higher elevation than the Yamadu station (t = —0.13, p = 0.24).
The mean share of runoff from the glacierized surfaces during the warm period (May to September) was
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24% for Qiedeke, 17% for the Ile at Yamadu, and 8% for the Kunes at Zeketai (Figure 10). The Quideke
catchment is the smallest of all, and despite a relatively low glacierization of 3% (Table 1), runoff from
glaciers appears to be a dominant source of nourishment. Importantly, it was runoff from glaciers that
sustained the river flow in the 1970s when strong positive anomalies in temperature and negative
anomalies in precipitation were observed across the Tien Shan [31], and particularly in 1974 and 1977
when positive June-July-August (JJA) temperature anomalies of 1.4 °C and 2.2 °C were registered at
the Qiedeke station.
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Figure 11. Glacier runoff by the PDD and the temperature-index methods Qiedeke.

4.4. Calculation of Runoff from Melting of Muli-Year Ice from Changes in Ice Volume

Runoff generated by melting of the multiyear ice and its contribution to river runoff was calculated
from changes in glacier volume (Section 3.3.3) for the Yamadu station, because this gauging site is
located further downstream on the Ile river. In order to calculate changes in glacier volume affecting
runoff measured at Yamadu, changes in glacier area and volume for the Khorgos, Kax, and the Chinese
sector of the Tekes basin were required, in addition to the Kuksu and Kunes basins. These were
obtained from previous assessments [16] and are shown in Tables 8 and 9. In all, 58.4 km? of glacier ice
was lost between 1962 and 2012 in this sector of the Ile basin (Table 9). The relative loss of volume varied
between 31% in the Kax sub-basin and 51% in the Khorgos sub-basin. This lost ice volume, converted
into water equivalent, constitutes a component of runoff formed through the loss of multiyear ice
(Table 10). As shown in Section 3.3.4, under the condition of rapid glacier retreat, this component
represents 67% of the total runoff from the glacierized surface, while snow and firn melt contributes
33%. The total runoff from the glacierized surface was estimated using this ratio (Table 10).

Table 8. Glacier ice area (km?) in C-IRB.

Basin 1962/63 1990 2000 2007 2008 2011 2012

Khorgos 55.2 45.3 41.7 30.7 32.2 31.6 314
Kax 421.6 359.2 336.9 314.1 316.8 311.5 309.7
Kunes 96.7 82.9 69.0 51. 8 57.5 56.6 524
Kuksu 421.6 376.8 342.0 293.5 314.3 309.1 279.2
Tekes 1027.6 852.4 789.9 847.8 709.3 697.4 693.5
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Table 9. Changes in the extent of glacier ice and volume in the main sub-basins of C-IRB between 1963

and 2011/12.
Basin Area Loss Ice Volume, km? Ice Volume Loss
km? % 1963 2011 r. km? %

Kax -104.8 -25 28.17 19.55 -8.62 =31

Kunes -40.1 —41 3.45 1.76 —1.68 -49

Kuksu -112.5 =27 23.08 14.15 -8.94 -39
Tekes -330.2 -32 85.35 46.19 -39.15 —-46
Total -611.0 =30 142.18 82.69 -59.49 —42

Table 10. Change in the share of total glacier runoff in the Ile river runoff at the Yamadu station.
Qgi—runoff from melting of multiyear ice; Qgr—total glacier runoff; Veg. period—vegetative period
between May and September.

Measured River Runoff % of Qjce in Qriver Liquid % of Qglacial in Qriver
Time : Qjce km® AT Qglacial
Period Year Veg. Period 15;71 Year P:/reii.d Pricnpltafion m a1 Year Veg. Period
Qriver v Qriver v o a
m3is1  km® mds!1 km?
1963-1991 347.9 11.0 511.4 8.1 15 13.6 18.5 0.18 24 21.8 29.6
1992-2000 391.1 124 579.3 9.2 14 113 15.2 0.15 23 18.1 243
2001-2007 422.6 134 608.6 9.6 22 l6.4 229 0.22 3.5 26.2 36.5
2008-2011 399.1 12.6 531.1 84 0.6 4.8 7.1 0.06 0.95 7.5 11.3
Mean 391.5 124 567.4 8.9 14 11.6 159 0.16 231 18.5 253

The highest per annum contribution of the melting multiyear ice to the Ile runoff of 2.2 km? a™!
was observed during the 2001-2007 period (Table 10), during the period of high positive temperature
anomalies at all of the stations (Figure 9e-h). The highest relative contributions characterized the
1963-1994 and 2001-2007 periods, when this component accounted for 18.5% and 22.9% of the Ile flow,
respectively. The high contribution of the multiyear ice melt in the former period is due to a relatively
low flow of the Ile (Figure 7), due to the drought conditions, while contribution of the multiyear ice
melt was close to average. The high contribution in the latter period is due to a sharp increase in glacier
shrinkage in the region as a whole [16], reaching 1.2% a~! in the Kuksu and Kunes basins (Table 4).
More recently, in the 2008-2011 period, runoff due to the melt of multiyear ice declined to 0.6 km3 a1
This period, however, is very short and re-evaluation may be required for extended years. Overall,
in 2001-2011, runoff formed due to the melt of the multiyear ice showed the same values as in the
1990s, but its values declined in the 1980s in comparison with the earlier years. This change in means
is statistically significant at the 0.05 confidence level.

5. Discussion

This study assessed changes in the extent of clear glacier ice in the Kuksu, Kunes, and Qiedeke
basins at several time steps. The results contribute to the knowledge of glacier change in the Tien Shan
in two ways. Firstly, they enable an assessment of changes in the rates of glacier retreat between FCGI
and SCGI [38,39]. Secondly, they complete the assessment of glacier change in the C-IRB, enabling
assessment of impacts of climate and glacier change on the Ile runoff and water availability in this
arid region.

The mean rate of glacier area loss in the Kuksu and Kunes basisns was 0.8% a~! between FCGI
and SCGI when the region lost 36.9 + 6.5% of glacier area overall. Within this period, however, glacier
shrinkage intensified from 0.5% to 1.2% a~! in the 1960-1990 and 1990-2011/12 periods, respectively
(Table 4). The observed acceleration of glacier shrinkage is consistent with that reported for other
regions of the Tien Shan [10,11,16]. Within the C-IRB region, the Kunes basin exhibited the highest
(41%) loss of glacier area, which is surpassed only by the Khorgos basin (42%) (Table 8). The Kuksu
basin, where glaciers are positioned at higher elevations, by contrast, exhibited one of the lowest losses
of 25%, comparable with the Kax basin (27%).
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In this study, we assessed changes in the extent of glaciers originally documented in the
FCGI. However, our reassessment of the FCGI results for the Kuksu and Kunes basins revealed
an underestimation of glacier extent by FCGI. In these two basins alone, 56 glaciers were not accounted
for. Although their area constitutes about 1% of the glacier area as in the 1960s, other new inventories
revealed that as late as in 2011/12, a number of glaciers with the total area more than 25 km? were
mapped in other catchments of the C-IRB region, which were not documented in the original survey [40].

The data on glacier areas, together with the data on DJFs for snow and ice and partitioning of
the total glacier runoff between the snow and ice components as measured at the Tuyuksu glacier,
were used to evaluate the contribution of runoff due to ice melt and total runoff from the glacierized
surfaces to river runoff. These contributions are poorly quantified in Central Asia [2] and, despite
uncertainty associated with the methods of assessment, they provide an insight in water balance
in C-IRB.

To date, there are no statistically significant trends in total river runoff in summer at any of
four gauging sites in the C-IRB, although there are statistically significant negative trends at the
Jiefangdagiao site and the Qiedeke site in June and August, respectively. An increase in the cold-season
discharge of the Ile was observed at the Yamadu station. These results are consistent with those
published for other regions of the Tien Shan [29,31].

Both the PDD and the temperature-index methods show reductions in glacier runoff due to
the melt of ice, and due to the combined melt of ice and snow. There is, however, a considerable
discrepancy in the absolute values of runoff calculated by both methods, with the PDD method
providing higher estimations in the Qiedeke basin (Figure 11). The total glacier runoff values, estimated
using Krenke-Khodakov formula (Equation (2)), show that total glacier runoff accounts for, on average,
27% of the Qiedeke River, exceeding 60% in the very hot and dry years in the 1970s (Figure 12).
The higher runoff values generated by the PDD method appear to provide unrealistically high
values of the runoff due to ice melt in comparison with the total Qiedeke River runoff. The ablation
measurements at the Tuyuksu glacier were conducted at approximately the same elevations (3480
and 3800 m) as the elevation of glacier tongue in the Qiedeke basin where they descend to 3300 m.
However, the Qiedeke basin is characterized by lower humidity and, possibly, different importance of
energy balance components, all of which can affect DDFs [60], leading to a poor performance of the
PDD method. A more detailed assessment of PDD for snow and ice, and energy balance components
and weather conditions, driving PDD at the Tuyuksu glacier, is required and will be performed in the
future using data from the Automatic Weather Stations (AWS) installed on the Tuyuksu in 2015.

Although the temperature-index method was initially designed to calculate runoff for glaciers in
the state of equilibrium, rather than under the conditions of rapid glacier retreat [64], there is a close
agreement between the share of total glacier runoff in the total Ile River runoff at the Yamadu station,
estimated by the temperature-index (17%) and ice volume reduction (18.5%) methods. Figure 13
provides a comparison of the annual Ile runoff at the Yamada station and total glacier runoff derived
by the two methods. While the total annual river runoff has increased in the last two decades, in line
with positive anomalies in precipitation (Figures 9 and 10), glacier runoff has been changing, in line
with a decline of the glacier area driven by increasing JJA temperature (Table 8, Figure 9).

It should be noted that the uncertainty of the presented calculations of glacier runoff is high and is
contributed to (i) the use of an empirical formula [64]; (ii) transfer of DDFs and partitioning of runoff
from northern to eastern Tien Shan, despite the strong spatial variability characterizing DDFs [59,61];
(iii) use of the snow-ice runoff partitioning, which although changed from that obtained for the period
of glacier stability [70], is applied uniformly to the 1963-2011 period; and (iv) the use of empirical
volume-area scaling which, although known to accurately estimate the aggregate volume of a large
number of glaciers, does not vary with time despite the strong wastage of glacier [65]. In the future,
it will, therefore, be important to use and compare several different approaches, such as modeling and
isotopic analysis.
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Figure 12. The share of the total glacier runoff in June-July-August (JJA) river runoff at Qiedeke (a),
Zeketai (b) and Yamadu (c) stations.
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and runoff due to the melt of multiyear ice.

6. Conclusions

The main conclusions of this study are as follows:

1.  In the Kuksu, Kunes, and Qiedeke basins of the C-IRB region, glaciers lost 191.3 km? or 36.9% of
their initial area between the 1960s and 2010s;

2. Glacier wastage intensified from 0.5% to 1.2% a~! in the 1962/63-1990/93 and 1990/93-2012
periods, respectively;
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3. There were no statistically significant trends in the streamflow of the Ile and its tributaries during
the warm season to date, although negative trends were registered in the Qiedeke streamflow in
August and, more recently, in the Tekes flow at Jiefangdaqiao in June;

4.  Positive trends were registered in the Tekes flow at Jiefangdaqiao in winter and in the Ile flow at
Yamadu in autumn, winter, and early spring, in line with similar trends observed in other regions
of the Tien Shan; and

5. The estimations of total glacier runoff and runoff formed through the loss of multiyear ice in the
Ile basin showed a reduction in both absolute values and its share in total river runoff since the
1980s in contrast to total river runoff.
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