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ARTICLE INFO ABSTRACT

Glacier melt water is an important water resource in arid regions of central Asia during the dry seasons, and it is
very susceptible to climate disturbances. In this paper, based on the glacier datasets of the first and second
Chinese Glacier Inventories, the glacier change in the Chinese Tien Shan from 1960s to 2010 was quantify by
assessing the Annual Percentages of Area Changes (APAC), Annual Percentages of Volume Changes (APVC), and
Equilibrium Line Altitude (ELA). The results indicated that the mean glacier area and mean glacier volume
decreased by 0.7% =+ 0.6% per year and 0.83% = 0.73% per year in the Chinese Tien Shan during the period
of 1960-2010, respectively. The mean ELA increased by 24.87 + 126.84 m during the study period. In addition,
we also found that the glacier retreat in the Bogda Mountains was the fastest, mainly due to the sensitivity of
small glaciers to climate change, with an APAC of —0.86% =+ 0.49% per year and APVC of —1.04% + 0.55%
per year, and the mean ELA increased by 44.35 *= 55.07 m. Moreover, increases in both air temperature (in
terms of Thawing Degree-Day (TDD) and Freezing Degree-Day (FDD)) and precipitation were found over the
study area during the past five decades. However, such increases in precipitation did not result in any significant
changes in the ratio of annual snowfall to total precipitation (S/P) across the Chinese Tien Shan Mountains.
Hence, the glacier shrinkage mainly resulted from the significant increase in TDD and FDD in the study region.
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1. Introduction

Glacial melt is an important hydrological process in High Mountain
Asia, and changes in temperature and precipitation are expected to
affect the melt characteristics (Aizen et al., 1997; Immerzeel et al.,
2010; Kraaijenbrink et al., 2017; Sorg et al., 2012). A study in the Sary-
Djaz-Kumaric River Basin of Tien Shan indicated that glacier melt in-
creased by 5.4% in summer during the period of 1961-2005, 5.0% of
which was due to rising temperature and only 0.4% due to increasing
precipitation (Wang et al., 2015a, 2015b). Tien Shan is also known as
the “water tower” in central Asia due to wide distribution of glaciers
and snow (Immerzeel and Bierkens, 2012; Jansson et al., 2003; Kaser
et al., 2010; Viviroli et al., 2007). Additionally, the melt-water from
glaciers and snow in mountain ranges is an essential freshwater re-
source, especially if downstream climates are arid, water demands are
high and glaciers are abundant during the summer (Immerzeel et al.,
2015). However, due to the average increase in air temperature, it was
generally accepted that the glaciers widely retreated in area, mass, and

* Corresponding author.
E-mail address: mjzhang2004@163.com (M. Zhang).

https://doi.org/10.1016/j.coldregions.2018.05.010

Received 1 November 2017; Received in revised form 7 May 2018; Accepted 31 May 2018

Available online 01 June 2018
0165-232X/ © 2018 Elsevier B.V. All rights reserved.

ice volume in the Tien Shan Mountains during the past several decades
(Aizen et al., 1997; Bolch, 2007; Farinotti et al., 2015; Li et al., 2016;
Sakai et al., 2015). Therefore, it is necessary to understand the response
of glacier variation to climate change by determining the relationships
between glacier change and climatic signals (e.g., air temperature and
precipitation) (Kenzhebaev et al., 2017; Oerlemans et al., 1998).

The changes in glacier area and volume in the Tien Shan Mountains
have been understood in recent decades (e.g., Aizen et al., 2006;
Farinotti et al., 2015; Li et al., 2004; Li et al., 2010; Li et al., 2011;
Pieczonka and Bolch, 2015; Pieczonka et al., 2013). For example, based
on the topographic maps, the Digital Elevation Data from Shuttle Radar
Topography Mission (SRTM DEM) and Advanced Space borne Thermal
Emission and Reflection Radio meter (ASTER) images, Aizen et al.
(2006) found that the glacier areas of Akshiirak and Ala Archa in the
central Tien Shan Mountains decreased by 12.9% and 15.7% during the
period of 1943-2003, respectively. He et al. (2015) reported that gla-
cier area decreased by 0.81% per year on average in Tomur Peak,
Alatau, Nalati, Tianger, and Harlik (excluding Barkol) Mountains of the
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Chinese Tien Shan from 1990 to 2011.

It is noted that glacier mass balance is a direct, undelayed signal of
climatic change; however, the number of glaciers with an observed
mass balance is very low. In general, an assumed step change in the
equilibrium line altitude (ELA) induces an immediate step change in
specific mass balance (Haeberli, 1998). The resulting specific mass
balance is the outcome of the shift in equilibrium line altitude (AELA)
and the gradient of mass balance with altitude as weighed by the dis-
tribution of glacier surface area with altitude (hypsometry). The hyp-
sometry represents the local/individual or topographic part of the
glacier sensitivity, whereas the mass balance gradient mainly reflects
the regional or climatic part. The ELA is best determined by careful
measurements of mass balance stakes and snow pits on the glacier
surface; then, the isolines of the zero balance may be drawn, and their
altitude is called ELA (Braithwaite and Miiller, 1980; Hewitt and Young,
1990; Hock and Jensen, 1999; @strem and Brugman, 1991). Therefore,
glacier mass balance is zero at the equilibrium line, and then, the ELA is
also widely used to study the relationship between glaciers and climate
change (Mukhopadhyay and Khan, 2017). In addition, the ELA is sen-
sitive to perturbations in either precipitation and air temperature; for
example, it increases in response to decreasing snowfall and/or in-
creasing frequency of positive air temperatures, and vice versa (Benn
and Lehmkuhl, 2000).

As few glaciers can be measured directly in terms of in situ ELA,
alternative approaches to estimate ELA are needed to quickly assess
glacier change (Braithwaite and Miiller, 1980; Braithwaite and Raper,
2009; Ding and Xie, 1991). For example, the ELA of the Last Glacial
Maximum in northwest Barguzinsky of Northern Baikal was re-
constructed using four common methods (Osipov, 2004): the median
elevation of glacier (Meierding, 1982); accumulation area ratio, which
is defined as the ratio of the accumulation area to the total glacier area
(Meier and Post, 1962); toe-head wall altitude ratio, which is in-
troduced in detail in section “2.5 Toe-to-Headwall Altitude Ratio
(THAR)” (Porter, 1981); and Gefer's method, which indicated that the
ELA can be determined as the arithmetic mean between the elevation of
the lowest point of a glacier and the mean elevation of mountain
summits surrounding its field (Kalesnik, 1963). These methods are
generally used to calculate the ELA when no direct ELA data of in situ
mass balance are obtained. Accordingly, they are widely adopted to
assess the relationship between modern glaciers and climate change
(e.g., Cui and Wang, 2013; Osmaston, 2005; Sakai et al., 2015).

As a consequence, glacier changes are among the clearest signals of
the ongoing warming trends existing in nature (Haeberli, 1998). When
climate changes, the energy/mass balance in a glacier changes first, and
it is a direct/undelayed signal; then, the geometry/temperature of a
glacier changes. In the end, these changes lead to glacier advance or
retreat, which are indirect/delayed signals and show a time interval
between climate change and glacier advance or retreat (Haeberli et al.,
1989; Wood, 1990). Therefore, glacial parameters, such as glacier area,
glacier volume, and glacier elevation, can be used to understand the
response of glaciers to climate change. However, few glaciers have been
studied in situ. To investigate the general characteristics of the existing
glaciers in China, the compilation of the first Chinese Glacier Inventory
(CGI-1) was carried out by Chinese glaciologists during the period
1978-2002 (Shi et al., 2009). These data were finally released in the
early 2000s, and the results were also submitted to the International
Commission on Snow and Ice for a World Glacier Inventory (WGI).
After that, to have new and complete knowledge of glacier changes, the
compilation of the second Chinese Glacier Inventory (CGI-2) was also
initiated in 2007 and released in 2014 (Guo et al., 2014, 2015). The two
surveys indicated that the glaciers in China have significantly retreated
during the past several decades, and they provided the chance to
quantify the glacier changes at a large scale (Liu et al., 2015).

In the Chinese Tien Shan, most works on the glacier change have
mainly focused on the problems of one or several glaciers/glacierized
basins (e.g., Farinotti et al., 2015; He et al., 2013a, 2013b; He et al.,
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2015; Huai et al., 2014; Zhu et al., 2014). For example, Farinotti et al.
(2015) studied the glacier change in the Tien Shan and indicated that
glacier area decreased by 18 + 6% from 1961 to 2012. Due to the lack
of Chinese glacier data, their study did not include the glaciers in the
eastern regions of the Bogda Mountains, i.e., the eastern Bogda, Barkol,
and Harlik Mountains, located in the eastern Chinese Tien Shan. For-
tunately, the CGI-2 provides many glacial parameters, such as glacier
area, length, and elevation (see in section “2.2 Glacier Datasets”),
which are useful to understand the glacier behaviour during the past
five decades.

The basic character and total decrease of glaciers (e.g., changes in
number and area) can be quickly realized based on the two CGIs.
However, how the glacier changes and the reasons for change in the
Chinese Tien Shan during the past several decades are still unclear, such
as the rates of glacier change and ELA shift. In addition, the spatial
pattern of glacier change and how climate change affects these patterns,
which are very important, are addressed in this paper. Herein, based on
the datasets of the two CGIs, we will assess the glacier change and link
it to the climate change according to the following order: “Glacier re-
treat-ELA shift-Climate change”. The assessment of glacier change, i.e.,
the rate of change in area/volume and ELA shift, and the cause of
glacier change in the Chinese Tien Shan are the main aims with respect
to this paper. For the aims, we first calculated the rate of glacier change
in the Chinese Tien Shan by the two glacial parameters, i.e., Annual
Percentages of Area Changes (APAC) and Annual Percentages of
Volume Change (APVC). After that, the ELAs of glaciers are assessed
based on the two methods of using the Median Elevation of the Glacier
and using the toe-to-headwall altitude ratio. To understand the spatial
discrepancies in glacier retreat, the study area was divided into five
sub-regions. In addition, the meteorological datasets of air temperature
and precipitation will be used to interpret the cause of glacier retreat in
the Chinese Tien Shan.

2. Description of study area, datasets, and methods
2.1. Study area

Tien Shan is located in the arid region of central Asia, running ap-
proximately 2400 km from west to east, and the eastern 1700 km is
located in China. The eastern end of the Tien Shan is usually understood
to be east of Urumqi in Western cartography, and this range is widely
used by some studies (e.g., Farinotti et al., 2015; Kenzhebaev et al.,
2017; Sorg et al., 2012). In Chinese cartography, however, the Tien
Shan also includes the Bogda, Barkol, and Harlik Mountains (excluded
in Western cartography). In this paper, our study focused on glaciers in
the Chinese Tien Shan, including glaciers in the Bogda, Barkol, and
Harlik Mountains. It is acknowledged that high mountains of the Chi-
nese Tien Shan can obstruct the moisture of mid-latitude westerlies to
form precipitation (Bothe et al., 2010; Bothe et al., 2012; Yao et al.,
2012). In addition, the interaction between the westerly disturbance
and the atmospheric circulation from the Siberian high can also trigger
the precipitation in mountain landforms (Aizen et al., 1995). Accord-
ingly, the precipitation in high mountains is usually greater than that in
plains of the Chinese Tien Shan. To understand the spatial difference of
glacier change in this paper, the glacierized region was divided into five
sub-regions following the traditional method of glacier research in
China (Shi et al., 1988), i.e., the South Chinese Tien Shan (R1), Middle
Chinese Tien Shan (R2), North Chinese Tien Shan (R3), Bogda (R4), and
Harlik (R5) Mountain as shown in Fig. 1. There were 7934 glaciers
distributed in the Chinese Tien Shan following the dataset of CGI-2 (Liu
et al., 2015), and 5700 glaciers with a total area of 3281.06 km? were
used to assess glacier change in the Chinese Tien Shan Mountains in this
paper. The median elevations of the glaciers range from approximately
3000ma.s.] to 5500 ma.s.l. and glacier areas <50km? are mostly
distributed at approximately 4000 m a.s.1.



Y. Che et al.

Cold Regions Science and Technology 153 (2018) 144-155

75°E 80°E 85°E 90°E
OZ L - 1 " . el OZ
> KAZAKHSTAN Junggar Basin i %
< — " (Gurbantunggut Desert), < <
z | R4 Z
e] o
=1 =
< | <
Z Z
At A
< E Legend =
CHINA = Il Glacier  PEMU0),
oz 5 5 {___} Sub-Region . oz
= ,\ Tarim Basin 0 150 300km - =
‘ ‘ e (Taklimakan Desert) Desert -192
75°E 80°E 85°E 90°E

Fig. 1. Map showing the distribution of glaciers in the Chinese Tien Shan. The Chinese Tien Shan Mountains were divided into five sub-regions, i.e., R1: South
Chinese Tien Shan, R2: Middle Chinese Tien Shan, R3: North Chinese Tien Shan, R4: Bogda Mountains, and R5: Harlik Mountains. The distribution of deserts in China

is based on Wang et al. (2005).

2.2. Glacier datasets

The glaciers in the Chinese Tien Shan Mountains have been com-
piled in some glacier inventories, such as the World Glacier Inventory
(WGI) (WGMS, National Snow and Ice Data Center (NSIDC), 1999),
Global Land Ice Measurement from Space (GLIMS) (Bishop et al., 2004),
and Randolph Glacier Inventory (RGI) (RGI, 2017). The CGI-2 is the
currently the most recent and authoritative in terms of glacier data in
the Chinese Tien Shan. The two datasets of CGIs are available online at
the Cold and Arid Regions Science Data Center at Lanzhou (http://
westdc.westgis.ac.cn).

When determining the relationship between glacier data from the
CGI-1 and CGI-2, we found some mismatches of specific glaciers. For
example, (I) some glaciers of CGI-2 were not compiled in the work of
CGI-1; however, these glaciers did not form in recent decades. (II) One
glacier in CGI-1 was divided into two or more parts due to glacier re-
treat. Each separate part of the glacier has its own characteristics of
glacier movement and independent response to climate change; for
example, the Urumgqi Glacier No. 1 was separated into two glaciers (the
eastern and western branches) in 1993. (III) Some small glaciers in CGI-
1 entirely disappeared (Xu et al., 2015), but the accurate date of glacier
disappearance was not precisely confirmed. (IV) The area variations of
some glaciers were statistically anomalous (e.g., increased or decreased
by many times the original area in CGI-1). This is possibly related to
glacier dynamics, such as avalanche or glacier surge (Gardelle et al.,
2012; Quincey et al., 2011), but the underlying reason is difficult to
confirm on a case-by-case basis. These factors may be little help in in-
vestigating the changes of glacier resources, while greatly impacting the
calculation of the rate of glacier change. For example, one glacier ex-
isted in CGI-1 and disappeared, and it is not found until the in-
vestigation of CGI-2. We can know the decreased glacier area, while
how long it existed and when it disappeared are not confirmed. To
accurately calculate the rate of glacier retreat in the Chinese Tien Shan
during recent decades, mismatched information must be considered.
Hence, we only chose glaciers without mismatched information, and
5700 glaciers were considered in this paper. In addition, as it is difficult
to obtain the images covering the study area at the same time, the in-
vestigation time for glacier inventory is usually defined as a period
spanning several years. The imaging times of most glaciers in CGI-1
were during the period 1960-1965, while those in CGI-2 were during
the period 2006-2010 in terms of the Chinese Tien Shan. Accordingly,
the glacier changes between the two inventories are expressed as gla-
cier change from the 1960s to 2010 in this paper.
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2.3. Glacier area and volume

The Annual Percentage of Area Changes (APAC) has been widely
used to assess changes in glacier area over time (e.g., Ding et al., 2006;
Nie et al., 2010; Zhang et al., 2011), and the formula is:

AS
S; At

APAC =

€8]

where APAC is the annual percentage of area change, S; is the area of
the glacier in the 1960s (i.e., CGI-1), AS = S, — S; is the change in area
of the glacier during the study period, S, is the area of the glacier in
2010 (i.e., CGI-2), and At = 50years is the time span of the study
period.

In addition, the volume-area scaling was used in some previous
studies (e.g., Bahr, 1997; Erasov, 1968; Radic¢ et al., 2007, 2008; Radi¢
and Hock, 2010) to calculate the volumes of glaciers:

V=cA (2)
where V and A are volume and area of a single glacier, while c and y are
scaling parameters of the glacier. Bahr (1997) determined y = 1.375
and ¢ = 0.191 m>®*~ 2" for mountain glaciers based on theoretical con-
siderations, while Chen and Ohmura (1990) confirmed ¢ = 0.2055
m®~% when y = 1.36 for 63 mountain glaciers. Radi¢ and Hock (2010)
calculated the regional and global ice volumes from regional glacier
area data of WGI using Eq. (2) with ¢ = 0.2055 m®~2Y and y = 1.375.
In their study, the regions of glacier distribution referred to 19 regions
globally, including North and East Asia, High Mountain Asia, and
Central Europe. In addition, the errors of scaling coefficients y and ¢
were also assessed, which indicated that the uncertainties of volume-
area scaling, including the values of y and c, were acceptable for the
assessment of regional and global glacier resources. Here, we adopted y
= 1.375 and ¢ = 0.2055 m®~ 2" to calculate the volume of each glacier
in this paper. Similar to APAC, the Annual Percentage of Volume
Change (APVC) in unit time was defined as:

AV
VI At

APVC =
3

where APVC is the annual percentage of volume change for a single
glacier, V; is the volume of the glacier in the 1960s, AV = V5, — V; is
the change in volume of the glacier from CGI-1 to CGI-2, V, is the
volume of the glacier in 2010, and At = 50 years is the time span of the
study period in this paper.
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2.4. Median Elevation of the Glacier

The Median Elevation of the Glacier (MEG) is a key parameter in the
glacier inventory database and is often used for quick ELA estimates
(Braithwaite and Raper, 2009; Meierding, 1982). Ding and Xie (1991)
and Xie et al. (1996) noted that the MEG was approximately equal to
the ELA deduced by mathematical theory. They also compared MEG to
ELA for 16 reference glaciers, which showed high correlations. Sakai
et al. (2015) found that the decadal ELAs were in accordance with the
MEGs of glaciers in High Mountain Asia. Here, we assumed that the
MEGs could be used as a proxy for the ELAs of glaciers in the Chinese
Tien Shan Mountains. The MEGs of glaciers in the Chinese Tien Shan
Mountains were derived from the datasets of CGI-1 and CGI-2 in this

paper.
2.5. Toe-to-Headwall Altitude Ratio (THAR)

Generally, ELA is defined as a function of glacier elevation, and it
can be rapidly calculated by (Aa, 1996; Murray and Locke III, 1989;
Osipov, 2004; Porter, 1981; Torsnes et al., 1993):

ELA = Epin + AEX 1 ()]

where ELA and E.;, are the equilibrium line altitude and minimum
elevation of a glacier, respectively, AE is the vertical range between the
maximum and minimum elevation of a glacier (i.e., AE = Epax - Emin),
and r is a ratio between the maximum and minimum altitude of a
glacier. This method is generally called the “Toe-to-Headwall Altitude
Ratio” (THAR). Murray and Locke IIT (1989) found through calculation
that the ratios of 0.35-0.40 were the best parameters. Torsnes et al.
(1993) and Aa (1996) took the ratio of 0.40 to calculate the ELAs of
glaciers, while Osipov (2004) used the ratio of 0.42. The ratios ranged
from 0.35 to 0.42, and the variations mainly depend on the continental
degree of the local conditions (Osipov, 2004). In this paper, the ratio (r)
of 0.42 was adopted to calculate the ELA, and the results of calculated
ELA were compared with the widely used MEG in the 1960s and 2010.

2.6. Meteorological datasets

In this paper, the daily air temperature and precipitation datasets
(SURF_CLI.CHN_PRE DAY GRID 0.5 and SURF_CLI CHN_TEM DAY_
RID_0.5) at spatial resolutions of 0.5° x 0.5° were used to assess the cli-
mate change across the Chinese Tien Shan. The datasets derived from the
China Meteorological Data Sharing Service System (http://data.cma.cn/),
which were made from the spatial interpolation of the Thin Plate Spline
based on the > 2470 meteorological stations in China since 1961, were
used (NMIC, 2012a, 2012b). The quality of the two datasets was very
high and was assessed by the organization publishing the data (NMIC,
2012a, 2012b) and Zhao and Zhu (2015). In recent years, the datasets
have been widely applied to study climate change in China (e.g. Dong
et al., 2014; Lin et al., 2015; Ren et al., 2015; Shen et al., 2015; Wang
et al., 2013). For instance, Wang et al. (2016a, 2016b) described the
change in snowfall on the Tibetan Plateau based on the datasets of daily
air temperature and precipitation.

2.7. Trend analysis methods

When studying the change in climatologic time series, the detection
of significant trends is usually tested. In this paper, two non-parametric
methods, i.e., the Mann-Kendall trend test and Sen's slope estimator,
were used to detect the meteorological variable trends in the Chinese
Tien Shan.

2.7.1. Mann-Kendall trend test

The Mann-Kendall trend test (Kendall, 1975; Mann, 1945) has been
widely used to quantify the significance of trends in meteorological
time series (e.g., Douglas et al., 2000; Gocic and Trajkovic, 2013; Partal
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and Kahya, 2006; Salami et al., 2016; Tabari and Marofi, 2011; Yang
and Tian, 2009). The Mann-Kendall test is calculated by the formula-
tions below:

n—1 n
S = Z Z sgn(x; — x;)

i=1 j=i+l 5)
+1,ifx; —x; >0
sgn(x; —x) =40, ifx;—x=0
—1,ifx;—x; <0 6)
m
1
Var(s) = [—[n(n —1@n+5) = Y 6t — 12 + 5)”
18 o o
S ifs >0
JVar(s)
Z; =10, ifS>0
5L ifs <0
JVar(s) (8)

where S is the Mann-Kendall test statistic value, n is the number of data
points, x; and x; are the values in time seriesiand j (j > i), respectively,
sgn(x; — x;) denotes the sign function of (x; — x;), m is the number of
tied groups, and t; denotes the number of ties of extent i; a tied group is
a set of sample data with the same value. The statistic Z; is calculated by
Egs. (5) and (7). Positive values of Z; indicate increasing trends, while
negative Z; values show decreasing trends. The trend test is conducted
with a specific a significance level. When |Zs| > Z;_,/», the null hy-
pothesis is rejected, and a significant trend exists in the time series, and
vice versa. In this work, the significance level a = 0.5 (i.e., the 5%
significance level) was used. That is, the null hypothesis of a non-
significant trend is rejected if |Zs| > 1.96 at the 5% significance level.

2.7.2. Sen's slope

Sen (1968) developed the non-parametric procedure for estimating
the slope of a trend in a sample of N pairs of data, which was frequently
used in meteorological time series (e.g., Lettenmaier et al., 1994; Gocic
and Trajkovic, 2013; Partal and Kahya, 2006; ElNesr et al., 2010). The
slope of any two values in observational data is expressed as:

Xi — X
17k =12, N
j—k

L;
9
where x, and x; are the data values at times k and j (j > k), respec-
tively.

If there is only one datum in each time period, then N = n(n — 1)/2,
where n is the number of time periods. If there are multiple observa-
tions in one or more time periods, then N < n(n — 1)/2, where n is the
total number of observations. Therefore, the N values of L; are ranked
from smallest to largest, and the median slope value, i.e., Sen's slope
estimator, is computed as:

L[(N+1)/2], if N is odd
Linea =

%{L[N/z] + L[(N+2)/2]}, if N is even (10)

L; reflects the data trend and the slope of its trend, which is also
tested at a specific probability to obtain the confidence interval. In this
study, the Mann-Kendall trend test and Sen's slope estimator are jointly
used to assess the trends in meteorological variations. Likewise, the
statistical test at a significance level a = 0.5 was used.

3. Results
3.1. General characteristics of glaciers
As mentioned above, 5700 glaciers in CGI-1 and CGI-2 were used,

respectively, and they corresponded one-by-one with the glaciers
measured from the 1960s to 2010. As shown in Fig. 2a, there were 1829


http://data.cma.cn

Y. Che et al. Cold Regions Science and Technology 153 (2018) 144-155
= S S
g = R

(@) ©)
=) 1= - C— Total area
S | S
@ 2 —— Number | S
) — O
° S -
Pt = ~ K —
= “g 5§ S
4 < 2 =
1 9 © T e}
EE g £
£ ] e 5
g ] - 3 &7 L 2=
o s
el mEEEEHE g7 2
F I N N Iy =al
a (=
S | = \.\ e
) S 4
e} = \.\
= ] ]
8 T T T T T T T T T T =} T T T T T @ L o o
B - 8 n =g e o o o 9 - 8 NN = Qg wvw S 9o 9 9
S 8 9 v o~ & T Q@ 9w 9 S o 9 v o~ & 7 9 9w 9w
L S T 2 R Vo= a e © 2 ]
Area size (km”) Area size (km")
2
(]
z] ©
f=3
ooy v 1
& =
£ 8]
e 3
g o
= (=)
=1
5 %1
= ] .
=
o . . - - - - -
— i (=3
2 9 2 3299w S 8§ % %
VAR T S VU= - S
v .z = ° =&

Area size (km2)

Fig. 2. Box plots showing the variations in MEG (a), total area and number (b), and mean area (c) for each size class. In plot (a), the lower boundary of the box
indicates the 25th percentile, the upper boundary of the box indicates the 75th percentile, the dashed line in the box is the mean value, the solid line within the box
marks the 50th percentile (median), whiskers below and above the box present the 10th and 90th percentiles, respectively, and crosses below and above whiskers

indicate outliers. In plot (c), error is the standard deviation.

glaciers (32.09% of the total) with areas < 0.1 km?, and the sum of
their area was 98.81 km? (3.01% of the total area) (Fig. 2b). The gla-
ciers with areas ranging from 0.2 km? to 10 km? accounted for 77.02%
of the total, while their number accounted for 48.21%. There were
5015 glaciers (87.98% of the total number) with areas <1 km? (36.33%
of the total area). There was only one glacier (160.03 km?, CGI-2 code:
5Y673K0001, GLIMS-ID: GO80211E42128N) where the area was >
100 km?. Therefore, the existing glaciers in the Chinese Tien Shan were
dominated by small glaciers with glacier areas <1 km?. In addition, the
mean area of glaciers with different sizes can be clearly seen in Fig. 2c.

3.2. The changes in glacier area and volume

During the period of the 1960s-2010, 90.72% (5171 glaciers) of the
total number of glaciers showed decreases in terms of area in the
Chinese Tien Shan, while other glaciers increased in area (Fig. 3a).
Additionally, the same number of glaciers decreased in terms of glacier
volume using the volume-area scaling (Fig. 3b). In addition, spatial
discrepancies of glacier change were significant. Though a small
number of glaciers were enlarged in some places, especially in the re-
gion of R2, most glaciers presented shrinkage during the study period.
To assess the relative rate of glacier area change, the APAC of each
glacier was calculated. The results showed that the APAC of glaciers in
the whole region was —0.7% = 0.6% per year (arithmetic mean *+
standard deviation) (Table 1). To understand the spatial discrepancy in
terms of the glacier change, those in the five sub-regions were analysed.
The strongest relative decrease was found at sub-region R4 with an
APAC of —0.86% =+ 0.49% per year, while the weakest relative de-
crease was located in sub-region R1 with an APAC of
—0.61% = 0.61% per year.
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In addition, the volume of glaciers in the Chinese Tien Shan had
decreased on average by 0.83% = 0.73% per year (Fig. 3b). Likewise,
the APVCs of each glacier in the five sub-regions were also calculated.
The results suggested that the strongest decrease in glacier volume was
in sub-region R4 with an APVC of —1.04% =+ 0.55% per year, and the
weakest decrease appeared in region R1 with an APVC of
—0.73% * 0.77% per year (Table 1).

3.3. ELA change of glaciers

The ELA of each glacier was calculated using MEG and THAR, and
the ELAs from the two methods were compared in the 1960s and 2010,
respectively (Fig. 4). In the 1960s, the correlation coefficient (r) of MEG
and ELA-THAR was above 0.97 (Fig. 4a), and the linear regression
equation was y = 0.95x% + 178.9 (R* > 0.95, R? denotes the coeffi-
cient of determination; p < 0.0001, p denotes the significance level of
statistic test). In 2010, the correlation coefficient was also above 0.97
(Fig. 4b), and the regression equation was y = 0.93x + 244.11
(R? > 0.95, p < 0.0001). Hence, we confirmed that the MEG and ELA-
THAR can be used as a practical alternative of ELA in the Chinese Tien
Shan. In this paper, the arithmetic mean values of MEG and ELA-THAR
were herein regarded as the ELA for each glacier in the 1960s and 2010,
respectively.

The ELA shift of each glacier was calculated as shown in Fig. 5. In
the 1960s, the mean ELA of the Chinese Tien Shan Mountains was
3970.35 + 289.83ma.s.l. (Table 1). In the sub-regions, the highest
ELA of glaciers was located in sub-region R1 at
4402.86 = 196.52ma.s.l., while the lowest ELA was
3873.7 = 187.91ma.s.l in sub-region R4. By 2010, the mean ELA of
all glaciers in the Chinese Tien Shan Mountains increased to
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Fig. 3. Spatial distribution of the Annual Percentage of Area Change (APAC) (a) and Volume Change (APVC) (b) for each glacier in the Chinese Tien Shan Mountains

from the 1960s to 2010. A negative value indicates glacier shrinkage.

3995.22 + 257.56 m a.s.l. Similarly, the highest ELA of glaciers was in
R1 at 4433.19 = 180.36 ma.s.l., while the lowest ELA was
3918.05 * 188.39ma.s.l. in region R4. On the whole, the amount of
glacier retreat in the Chinese Tien Shan accounted for 71.58%, and the
amounts of glacier retreat in terms of area and volume were different,
because they were different indictors of the response of glaciers to
climate change and used the different methods. The mean ELA of gla-
ciers in the Chinese Tien Shan increased by 24.87 + 126.84ma.s.l.
during the period of the 1960s-2010.

The most significant change of glacier ELA was in R4 with AELA of

Table 1

44.35 = 55.07 m. In addition, we obtained an obvious phenomenon,
that is, the smallest AELA of glaciers in the sub-regions was in region R2
with 13.23 * 178.23m, as shown in Table 1 and Fig. 5. Although the
ELA of glaciers in sub-region R2 presented a state of relative stability,
the ELA variation of each glacier was different. For example, some
AELAs were positive, i.e., the ELA of glaciers moved to higher elevation
or glacier mass loss, while other AELAs were negative, i.e., the ELA of
glaciers moved to lower elevation or glacier mass increased. In addi-
tion, the largest standard deviation of 178.23 m partly accounted for
this phenomenon. The changes in glacier area and volume also showed

Descriptive statistics of the Arithmetic mean, standard deviation, maximum and minimum of Annual Percentage of Area Change (APAC) and Volume Change (APVC)
from 1960s to 2010, ELA in 1960s (ELA1960s) and 2010 (ELAg,0) and their difference (AELA = ELA5p,0 — ELA1960s) in the Chinese Tianshan Mountains.

Sub-region Total
R1 R2 R3 R4 R5
APAC (%) Mean —-0.61 —-0.65 -0.72 —-0.86 —0.66 -0.7
St. Dev. 0.61 0.69 0.53 0.49 0.49 0.6
Max 1.76 1.97 1.92 1.21 0.67 1.97
Min -1.93 -1.99 -1.91 -1.87 -1.79 -1.99
APVC (%) Mean -0.73 —-0.76 —-0.87 —-1.04 —-0.81 —-0.83
St. Dev. 0.77 0.85 0.63 0.55 0.58 0.73
Max 2.77 3.13 3.05 1.84 0.98 3.13
Min —-1.98 -2 -1.97 -1.95 -1.91 -2
ELAj960s (ma.s.l.) Mean 4402.86 3984.62 3898.83 3873.7 4044.74 3970.35
St. Dev. 196.52 303.39 238.69 187.91 168.29 289.83
Max 5584 6346 4860.9 4935.7 4471.8 6346
Min 3405 3365.8 3228.5 3437.6 3678.1 3228.5
ELA3p10 (ma.s.l.) Mean 4433.19 3997.85 3929.43 3918.05 4078.12 3995.22
St. Dev. 180.36 215.38 239.37 188.39 159.55 257.56
Max 5403.1 5271.77 4781.87 4998.62 4435.19 5403.1
Min 3973.42 3481.36 3258.66 3511.81 3747.31 3258.66
AELA (m) Mean 30.33 13.23 30.6 44.35 33.38 24.87
St. Dev. 137.1 178.23 72.2 55.07 60.15 126.84
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this pattern in space.

3.4. Climate change in glacierized regions

To interpret the glacier shrinkage in the Chinese Tien Shan, the
climate change in the study region was analysed using the Mann-
Kendall trend test (Kendall, 1975; Mann, 1945) and Sen's slope (Sen,
1968). The air temperature is an important indicator of glacier melting,
and the glacier ablation generally occurs when the air temperature is
higher than 0°C (Braithwaite, 1995; Hock, 2005). In this study, the
Thawing Degree-Day (TDD) and Freezing Degree-Day (FDD) were used
as indexes of air temperature and calculated accordingly. Increasing
positive TDD can accelerate glacier melting, while decreasing negative
FDD is beneficial for glacier storage in cold environments. As shown in
Figs. 6a and 7a, there were significantly increased trends ranging from
0.2 °C per year to 12.6 °C per year over the Chinese Tien Shan, and the
trends of most grid cells were statistically significant at the 0.05 level.
For the whole glacierized region, the increasing trend of TDD was very
significant (Fig. 6e), and the mean TDD increased by 3.1 °C per year
(p < 0.001) during the period of 1961-2010. In addition, FDD pre-
sented a significantly increased trend, except for some places (Figs. 6b
and 7b), such as R4, most regions of central R2, and a part of eastern
R3. However, the mean FDD presented a significantly increasing trend
of 4.9°C per year (p < 0.01) during 1961-2010 in the entire glacier
region (Fig. 6f). In general, the increasing trends of TDD and FDD in-
dicated that glacier melting in the Chinese Tien Shan was accelerating
and that their protective effect from cold storage (i.e., the environment
of low temperature) weakened during the past decades.

To understand the input of glacier mass, the precipitation amount
(P) and the ratio of annual snowfall to total precipitation (S/P) were
calculated in the Chinese Tien Shan. As shown in Fig. 6¢, there were
significantly increasing trends in the precipitation amount in northern
regions of the Chinese Tien Shan (e.g., Junggar basin), while there was
no significant trend in southern regions of the Chinese Tien Shan (e.g.,
Tarim Basin). In the sub-regions, there were large differences in terms
of the trend of precipitation change (Fig. 6¢ and 7c). For instance,
significant increases were only observed in the eastern mountains of R1
(Sen's slope > 3mm/yr, p < 0.05), eastern mountains of R2 and R3
(Sen's slope > 1.5mm/yr, p < 0.05), eastern mountains of R4 and
western mountains of R5 (Sen's slope > 1 mm/yr,p < 0.05) (Fig. 6¢).
Additionally, the precipitation changes in other mountains were not
significant at the 0.05 significance level. For annual precipitation in the
whole glacierized region, however, there was a significantly increased
trend from 1961 to 2010 with a slope of 1.2mm/yr (p < 0.01)
(Fig. 6g).

In addition, it is acknowledged that snowfall is very important to
feed glaciers. Guo and Li (2015) found that the air temperature of 2 °C
was a nice threshold to distinguish the snowfall and rainfall in the
Chinese Tien Shan. Here, precipitation was defined as the snowfall
when the daily mean air temperature was below 2 °C, and the S/P was
calculated for each grid cell in the study region. Clear and significant
trends were detected in terms of S/P in some grids of the glacierized
region (Fig. 6d); for example, several grid cells of R2 and R3 showed a
significantly decreasing trend in S/P. However, there was no significant
trend detected in the annual S/P for the whole study region from 1961
to 2010 (Fig. 7h). In other words, although precipitation presented a
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Fig. 5. The spatial distribution of the ELA variation (AELA) of glaciers during the 1960s-2010 in the Chinese Tien Shan Mountains. The positive values denote an

increasing ELA, while the negative values denote a decreasing ELA.
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significantly increasing trend, there was no significant trend for S/P in
the Chinese Tien Shan.

4. Discussion
4.1. Glacier retreat in area

Based on the dataset of CGI-1 (1960s) and some references of glacier
area change in the Chinese Tien Shan, including ~3000 glaciers, Wang
et al. (2011b) indicated that the area-weighted APAC of glaciers de-
creased by 0.31% per year (the result was more reliable from 1960 to
1990-2006). Their work underestimated the rate of glacier shrinkage
because they did not consider the different timespans of study works
and used the same time period of 1960-2010, while most works had
been conducted during the period of 1990-2006. Xu et al. (2015) found
that the total glacial area decreased by ~0.6% per year in the Ili River
Basin (mainly covering the inner region of western R2 and south-
western R3 in this paper) from the 1960s to late 2000s, which was
similar to the results in R2 (—0.65% * 0.69% per year) and R3
(—0.72% = 0.53% per year) in this paper. Based on twelve glaciers
with observed records located in nine river basins, Wang et al. (2015a,
2015b) noted that the larger changes in glacier area occurred in the
Urumgqi River Basin and Toutun River Basin in the central Chinese Tien

Shan. The glacier area decreased by 0.83% per year and 0.77% per year
during the period of 1964-2005 (corresponding to a glacier area re-
duction of 34.2% and 31.5% in total), respectively. The two basins are
located in eastern R3 in this paper, and they had similar retreat rates in
terms of the glacier area (Fig. 3a). In the Manas River Basin, i.e., located
in the centre of region R3, the glacier area decreased by 0.6% per year
during the period 1972-2013 (Xu et al., 2016). In the Bogda Mountains,
i.e., region R4, the study on the change in glacier area was also con-
ducted by Li et al. (2016), which indicated that the glacier area was
reduced by 21.6% and that 12 glaciers vanished during the period of
1962-2006 (i.e., decreased by 0.5% per year). The glacier area on the
southern slopes decreased by 25.3% during the period 1962-2006 (i.e.,
decreased by 0.58% per year), which was a stronger decrease than that
on the northern slopes, which decreased by 16.9% (i.e., decreased by
0.38% per year), based on some investigated glaciers in the Bogda
Mountains (Li et al., 2010; Wang et al., 2016a, 2016b).

In addition, the glaciers in different mountains of the Chinese Tien
Shan showed different rates of glacier retreat from different studies,
mainly ranging from —0.27% per year to —0.92% per year during the
past several decades (He et al., 2013a, 2013b; He et al., 2015; Huai
et al., 2014; Wang et al., 2009; Wang et al., 2014a, 2014b; Zhu et al.,
2014). Even in the same region, the different studies from different
research teams showed different retreat rates. For example, in the Ili



Y. Che et al.

10 1(a) PDD
Eg
S
26 %
]
7y é '&fl
o
Q
w2 2 J B=
0 - . . . .
R1 R2 R3 R4 RS
Regions
P
4@
S
S
22 =
o
2 =
.§ 0 1
wn
-2
R1 R2 R3 R4 RS
Regions

Sen's Slope

Cold Regions Science and Technology 153 (2018) 144-155

10
(b) NDD

= 81
<2
O =
| B
P ]
Z 4
=
A 2]

0

R1 R2 R3 R4 RS
Regions
1.0
(d) S/p

0.5

0.0 % E ? = =
-0.5
-1.0 y

R1 R2 R3 R4 RS
Regions

Fig. 7. Sen's slopes of climatic factors for sub-regions, including (a) Thawing Degree-Day (TDD), (b) Freezing Degree-Day (FDD), (c) Precipitation (P) and (d)
Snowfall to Precipitation (S/P). In plots, the lower and upper boundaries of the box indicate the 25th and 75th percentiles, respectively. The black line within the box
marks the 50th percentile (median), while the red line within the box marks the mean value of Sen's slope for all grid cells in each sub-region. The whiskers below and
above the box present the 10th and 90th percentiles, respectively, and crosses below and above whiskers indicate outliers. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

River Basin, Wang et al. (2011a, 2011b) presented a decreased area of
approximately 0.2% per year, while Xu et al. (2015) noted that the
glacier area decreased by ~0.6% per year, which mainly resulted from
the different glacier datasets and discrepancies in the study periods that
were used. The arithmetic mean of the APAC for glaciers in High
Mountain Asia was —0.57% per year from 1960 to 2010 as described
by Cogley (2016), who noted that the shrinkage rates were more ne-
gative than —0.8% and that relatively rapid shrinkage could be de-
tected in the Tien Shan Mountains. In general, these studies have poor
comparability in understanding the different patterns of glacier retreat
in space. However, we used the glacier datasets of CGI-1 and CGI-2 and
used closed timespans in this paper, and glaciers with uncertainty were
removed (mentioned in “ Section 2.2 Glacier Datasets”). Hence, we
believed that the results of this paper were closer to the true values of
glacier area change.

4.2. Glacier decrease in volume

The glacier volume was generally derived from field data, such as
ground penetrating radar and borehole measurements (e.g.,
Bogorodsky et al., 1985; Flowers and Clarke, 1999). The measurements
require several people to work together at the same time and come with
relatively high costs; such measurements are not applicable to being
extended into mountains. Therefore, there were only a few individual
glaciers with a volume derived from field data (Radi¢ and Hock, 2010).
In the Chinese Tien Shan Mountains, Wang et al. (2012) assessed the
volume change of six glaciers measured using ground penetrating radar,
which showed that the volume decrease was much different. In addi-
tion, most of the observation was implemented in the ablation area, so
volume data in terms of an entire glacier are still rare. Thus, more direct
ice volume measurements are still needed to constrain the scaling
parameters and further understand the glacier volume change in
mountains.

4.3. Glacier changes in the different area sizes

The relative changes in small glaciers were usually higher than
those of large ones with respect to the area changes, which indicated
that the small glaciers were more sensitive to climate change than large
glaciers (Knight, 1998; Nesje and Dahl, 2000; Wang et al., 2011a,
2011b). To understand the glacier retreat of different sized areas in the
Chinese Tien Shan during the 1960s-2010, the glaciers were classified
into ten groups, i.e., (0, 0.1], (0.1, 0.2], (0.2, 0.5], (0.5, 11, (1, 2], (2,
5], (5, 101, (10, 20], (20, 501, and (50, + ). The changes in APAC,
APVC and AELA of each group were summarized as shown in Fig. 8. We
found that the changes in the APAC of glaciers belonging to the groups
of 0-10 km? were very significant. The APACs of glaciers belonging to
groups of 10-50 km? were slightly positive. It was noted that of those
glaciers, there were only 16 glaciers (Fig. 2) that had relatively large
uncertainty due to limited samples. A similar pattern was shown in the
APVC of different groups (Fig. 8c and d). With respect to the change in
the ELA of different groups, the AELA of small glaciers was also sig-
nificant, especially the ELAs of glaciers smaller than 0.1 km? which
rose by 27-38 m (Fig. 8e and f). In general, the retreat rates of small
glaciers were more significant than those of large ones, that is, the small
glaciers were more sensitive to climate change in the Chinese Tien
Shan. However, the process of the response of glacier retreat to climate
change was very complex, requiring a physical glacier-climate model
for simulations and analysis (Ebrahimi and Marshall, 2016; Huss and
Fischer, 2016; Zecchetto et al., 2016). For example, Zecchetto et al.
(2016) revealed that the response time of a small glacier terminus to
temperature was ~3.8 years in the Alps using the non-linear model.

4.4. Distribution of small glaciers

As mentioned above, small glaciers showed greater sensitivity than
large ones in terms of climate change. We also found greater shrinkage
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in small glaciers than that in large ones in the Chinese Tien Shan. It was
noted that the rate of glacial retreat in R4 (i.e., the Bogda Mountains)
was the most significant, while the climate changes in the region were
not the most significant compared with other regions. For example, the
increase in the Sen's slope of TDD in R5 (i.e., the Harlik Mountains) was
larger than that in the other four sub-regions (Fig. 7a), while the most
significant increase in FDD was in R3 (North Chinese Tien Shan). That
is, the increase in air temperature in R4 was the most significant, while
the glaciers in this region showed the most significant retreat. To fur-
ther understand this spatial discrepancy of glacial retreat in the Chinese
Tien Shan, we compared the distribution of small glaciers <1km? in
the different sub-regions, as shown in Fig. 9. It was obvious that the
percentage of small glaciers in R4 was larger than that in the other sub-
regions (Fig. 9), with 89.70% and 93.35% in the CGI-1 and CGI-2, re-
spectively. We deduced that the large rate of glacial retreat in R4 was

mainly a result of the small glaciers. The increase in air temperature
and lack of a significant increase in S/P were direct reasons for glacier
shrinkage in the Chinese Tien Shan mountains.

5. Conclusions

It was accepted that the glaciers in the Chinese Tien Shan have
widely retreated in the past several decades. In this paper, based on the
datasets of the first and second Chinese Glacier Inventories (i.e., CGI-1
and CGI-2), the rates of glacier retreat in the Chinese Tien Shan were
quantitatively assessed from the 1960s to 2010. The results indicated
that the glacier area decreased on average by 0.7% =+ 0.6% per year
(i.e., APAC of —0.7% = 0.6%) in the Chinese Tien Shan Mountains,
and glacier volume decreased by 0.83% * 0.73% per year (i.e., APVC
of —0.83% = 0.73%). The ELA of glaciers was distributed at
3970.35 * 289.83ma.s.l. of the Chinese Tien Shan in the 1960s and
moved to 3995.22 + 257.56 ma.s.l. in 2010. The ELA has risen on
average by 24.87 * 126.84 m during the period of the 1960s-2010. In
sub-regions, the glacier shrinkage in R4 (i.e., the Bogda Mountains) was
the most significant, with an APAC of —0.86% = 0.49% per year and
an APVC of —1.04% =+ 0.55% per year, and the ELA increased by
44.35 + 55.07 m from the 1960s to 2010.

In addition, to understand climate change in terms of glacier retreat
in the Chinese Tien Shan, the TDD, FDD, P, and the ratio of S/P during
the period of 1961-2010 were assessed. We found that there were
significant increases in TDD and FDD during the study period, and the
rates of increase were 3.1 °C per year (p < 0.001) and 4.9 °C per year
(p < 0.01), respectively. There was no significant increasing trend in
S/P, except for several grid cells, though a significant increasing trend
existed in precipitation with a rate of increase 1.2mm per year
(p < 0.01). Hence, glacier retreat in the Chinese Tien Shan Mountains
mainly resulted from the increase in the air temperature. In addition,
the spatial discrepancies of glacier retreat in the different sub-regions
were very significant, which was determined by both climate change
and glacier characteristics, such as the air temperature, precipitation,
snowfall, and glacier morphology (e.g., the distribution of small gla-
ciers). Besides, to further understand the process between glacier
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retreat and climate change, a glacier physical process model is needed
in the future, and more field work will also need to be done.
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