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ABSTRACT

Changes in glaciers in response to climate change in the eastern Nyaingéntanglha Range were
studied using Landsat TM/ETM+/OLI. The entire mountain range contained approximately 6,426
glaciers, covering an area of 6508.03 + 252.02 km? in 1999. The glaciers shrank from 1999 to 2015
and the total ice cover was reduced by 1285.99 + 6.01 km?, accounting for 19.76 + 3.78% of the
glacierized area in 1999. The mean loss of glacier area was 1.24%-a"' during 1999-2015. The
analysis of meteorological data showed a remarkable pattern in mean annual air temperature
(especially after 1998), whereas the annual precipitation displayed a stable pattern from 1989 to
2011. The glacier shrinkage in the region can probably be attributed to the increase in air
temperature. The largest glaciers in the area show a maximum elevation of about 5,200-5,400
m a.s.l. in 1990, 2013, and 2015. The altitude of glaciers varied from 4,000 m a.s.l. to 6,000 m a.s.l.
and the majority of the glaciers were distributed between 4,800 m and 5,800 m. All glaciers,
regardless of their orientation, have shrunk, but glaciers mainly south-facing retreated faster than
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those facing others directions.

Introduction

Glaciers located around the Asian highlands play an
important role in the local water cycle (Fujita, Ohta,
and Ageta 2007). They collect solid precipitation in
winter and release it with a seasonal delay as melt-
water in the summer (Hagg et al. 2007). Thus, they
provide an important and reliable water supply for
downstream populations and natural systems during
drought years when other water sources are depleted
(Meier et al. 2007; Immerzeel, van Beeke, and Bierkens
2010; Narama et al. 2010; Jacob et al. 2012). However,
they can also cause natural hazards, which represent a
continuous threat to human lives and infrastructure in
many places, such as glacial lake outburst floods
(GLOFs) and landslides (Kaib, Reynolds, and
Haeberli 2005). So it is very important to accurately
evaluate glacier area changes for water management
and supply (Wang et al. 2013, 2014). Because of their
high sensitivity to changes in the climatic environment
(Hag, Jain, and Menon 2012), glaciers are regarded as
a key indicator for early detection of global climate

change (e.g., Dyurgerov and Meier 2000; Kéib et al.
2012; Masiokas et al. 2008; Oerlemans 2005; Yao et al.
2012). Based on remote sensing data, several studies
have shown glacier recession on the Tibetan Plateau
throughout the past fifty years (Bolch et al. 2010a;
Ding et al. 2006; Duan et al. 2009), and this recession
has accelerated in the past decade (Tian, Yang, and
Liu 2014; Wang et al. 2013). Therefore, changes in
glacier coverage must be closely monitored as climate
change continues. Although glacier changes have been
observed since an early comprehensive field survey of
glaciers in 1958 (Ren 1988), long-term observations of
glacier changes, as well as of the relationship between
these variations and climate change at high altitudes,
have been limited in highly rugged terrains and under
harsh weather conditions. Multi-temporal remote-sen-
sing and multi-spectral image data is ideal to obtain
and study glacier changes at higher elevations simul-
taneously providing detailed information regarding the
present state of glaciation (Paul 2000; Bolch et al.
2010a).
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Few studies have reported glacier area changes, glacier
distribution characteristics, and the relationship between
glacier variations and climate change for the entire region
of the eastern Nyaingéntanglha Range. Only parts of the
region or the mass balance of glaciers near the eastern
Nyaingéntanglha Range are addressed by previous studies
(Gardelle et al. 2013; Ji, Yang, and Li 2014; Loibl,
Lehmkuhl, and GriefSinger 2014; Loibl and Lehmkuhl
2015; Yang et al. 2010, 2011, 2013). In this study, we
analyzed glacier area changes and glacier characteristics
throughout the period 1999-2015 using Landsat TM,
ETM+, and OLI data and the Advanced Thermal
Emission and Reflection Radiometer (ASTER) Global
Digital Elevation Model (GDEM). The aims of this study
are to (1) extract the glacier extents of 1999, 2013, and 2015
for the eastern Nyaingéntanglha Range using Landsat
scenes; (2) identify glacier spatial distribution characteris-
tics and present a detailed analysis of glacier changes; and
(3) attempt to explain the possible climatic drivers for
detected glacier variations.

Study area

The eastern Nyaingéntanglha Range is located at the
southeastern margin of the Tibetan Plateau, and cov-
ers an area of approximately 80,000 km? (Loibl,
Lehmkuhl, and Grielinger 2014). It divides the
watershed of the Nujiang and Yarlung Tsangpo
(Figure 1). This eastern Nyaingéntanglha Range con-
sists of high mountains with numerous summits
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higher than 6,000 m a.sl. Average ridge altitudes
increase from approximately 4,500 m asl. to
5700 m asl in the main range of the eastern
Nyaingéntanglha Range (Loibl and Lehmkuhl 2015).
The glaciers are classed as a monsoonal temperate
type in the eastern Nyaingéntanglha Range, with high
monsoon precipitation features, characterized simul-
taneously by both ablation and accumulation during
the summer months (Fujita and Ageta 2000; Li et al.
2010).

This region marks a transition zone between warm-
wet subtropical and cold-dry plateau conditions (Leber,
Holawe, and Héusler 1995), and is influenced by the
intrusion of the Indian summer monsoon via the
Brahmaputra Valley in summer and the prevailing wes-
terly winds in winter. In summer, warm, wet monsoonal
air masses that cross the area predominantly from the
south through the Yarlung Tsangpo valley transport
abundant precipitation, with cumulative precipitation
of 1,000-3,000 mm, the highest average precipitation
rate of the entire Tibetan Plateau (Yang et al. 2008).
The mean air temperature in the summer is approxi-
mately 1-5°C at the equilibrium-line altitude (Shi and
Liu 2000). At the Nyingchi meteorological station in the
central part of the eastern Nyaingéntanglha Range (29°
40'N, 94°20'E, 2,991 m as.l; Figure 2), more than 70
percent of the annual precipitation occurs from June to
September. However, winter circulation patterns are
dominated by the westerlies, which convey cold, dry air
masses from the Tibetan Plateau (Loibl and Lehmkuhl
2015).
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Figure 1. Location map of study region in Tibet (A) and overview of the study area in southeastern Tibet (B).
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Figure 2. Monthly mean temperature and total precipitation in
Nyingchi meteorological station during 1970-2011.

Data and methods
Satellite data and digital elevation model

To obtain detailed information on glacier extents in the
eastern Nyaingéntanglha Range, Landsat TM, ETM+,
and OLI scenes (Table 1) from the U.S. Geological
Survey (USGS; http://glovis.usgs.gov/) were used to
obtain glacier outlines for three periods, around 1999,
2013, and 2015. We selected images captured during
the melting season and additional scenes in similar time
periods, because alternatives were used to ensure that
the glacier outlines could be delineated properly
(Table 1). For example, if part of an image was influ-
enced by snow and clouds, we used different images, in
which snow and clouds were not distributed at the
same location. We also used Landsat 8 scenes to deline-
ate glacier outlines for 2013 and 2015. Landsat 8,
launched on February 11, 2013, carried two instru-
ments: the OLI sensor and the Thermal Infrared
Sensor (TIRS). It also provided improved signal-to-

Table 1. Utilized Landsat scenes.
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noise (STN) radiometric performance quantized across
a 12-bit dynamic range compared with the 8 bits used
by Landsat ETM+. The greater 12-bit quantization per-
mits improved measurement of subtle variability in
surface conditions, the performance of which enables
better characterization of land-cover states and condi-
tions (Roy et al. 2014). In this study, we found that
Landsat 8 is a valuable data source to identify glacier
margins with up-to-date data that are consistent and
comparable with those from earlier Landsat series.
Information about glacier distribution characteristics
(aspect and elevation data) was obtained with the aid
of a medium-resolution digital elevation model, which
was derived from the Advanced Thermal Emission and
Reflection Radiometer (ASTER) Global Digital
Elevation Model (GDEM), with 30 m resolution
(http://www.gscloud.cn/).

Meteorological data

To analyze possible climatic drivers for glacier variations,
we selected nine meteorological stations (Chamdo,
Nyingchi, Bomi, Nagqu, Suoxian, Takako, Dingqing,
Jiali, and Damxung) at high elevations around the eastern
Nyaingéntanglha Range on the Tibetan Plateau with
continuous climate-parameter observations from 1970
to 2011 (Figure 1 and Table 2); the data are available
free of charge from the China Meteorological Data
Sharing Service System (http://cdc.cma.gov.cn/).

Method

Glacier identification

Earlier studies on the identification of glacier borderlines
used supervised classification, unsupervised classification,
the normalized-difference snow index (NDSI), and

Path/Row Acquisition Data Sensor Cloud Cover Path/Row Acquisition Data Sensor Cloud Cover
137/39 September 10, 1998 ™ 22 137/40 September 27, 2013 ETM+ 2
136/39 July 23, 2003 ETM+ SLC off 7 136/40 September 28, 2013 OLI 6
135/39 September 23, 1999 ETM+ 5 135/40 August 4, 2013 OLI 18
135/39* July 21, 1999 ETM+ 23 134/40 August 13, 2013 OLI 36
134/39 July 3, 2001 ETM+ 10 134/40% September 14, 2013 OLI 17
134/39* September 8, 2005 ™ 19 137/39 September 9, 2015 oLl 14
137/40 September 10, 1998 ™ 20 136/39 October 20, 2015 OLI 6
136/40 November 14, 2001 ™ 1 136/39* August 19, 2016 oLl 8
135/40 November 4, 2000 ™ 9 135/39 August 10, 2015 oLl 14
135/40% October 22, 2001 ™ 19 135/39* July 25, 2015 OLI 4
134/40 July 3, 2001 ETM+ 23 134/39 October 6, 2015 oLl 1
134/40% September 8, 2005 ™ 16 137/40 September 9, 2015 OLl 12
137/39 August 2, 2013 oLl 22 136/40 August 9, 2015 OLI 24
136/39 August 11, 2013 OLI 20 136/40* November 7, 2016 OLI 3
136/39* August 3, 2013 ETM+ SLC off 35 136/40* December 17, 2016 OLI 0
135/39 August 4, 2013 oLl 16 135/40 July 25, 2015 OLI 2
135/39* August 12, 2013 ETM+ SLC off 26 134/40 October 6, 2015 OLI 6
134/39 August 13, 2013 oLl 2 134/40% August 21, 2016 oLl 35

*Remote scenes provide additional information to extract glacier outlines supplementarily.
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Table 2. Utilized meteorological stations in this study.

Station’s Name Latitude (N) Longitude (E) Altitude (m) Start Time
Jiali 30°40' 93°17' 4,488 1954.11
Nyingchi 29°40' 94°20' 2,991 1954.01
Bomi 29°52' 95°46' 2,736 1955.01
Naqu 31°29' 92°04' 4,507 1954.07
Suoxian 31°53' 93°47' 4,022 1956.11
Takako 28°25' 92°28' 3,860 1959.07
Dingqing 31°25' 95°36' 3,873 1954.01
Dangxiong 30°29' 91°06' 4,200 1962.08
Chamdo 31°09" 97°10 3,306 1954.01

segmentation of ratio (Aniya et al. 1996; Gartton, Howarth,
and Marceau 1990; Paul 2000; Tian, Yang, and Liu 2014).
Supervised classification uses the maximum-likelihood
classification with training samples, and unsupervised clas-
sification utilizes the ISODATA clustering. The NDSI is
based on the high reflectance of snow in the visible region
and its low reflectance in the SWIR region (Kulkarni et al.
2002; Paul et al. 2002). Compared with these glacier-map-
ping approaches, segmentation of ratio is considered to be
a robust and convenient algorithm to extract glacier bor-
derlines (Andreassen et al. 2008; Paul et al. 2002). The band
ratio method is based on the fact that ice has a high
reflection of visible radiation and a strong absorption of
shortwave infrared (SWIR) spectrum. We used a semiau-
tomated method to determine glacier outlines. The method
involved the following four steps. (1) Calculation of the
band ratio: for the Landsat TM and ETM+ imageries,
TM3/TM5 was used to retrieve glacier outlines, whereas
TM4/TM6 was used for the OLI scenes. (2) Determination
of the threshold: a ratio greater than or equal to the thresh-
old could be assigned 1 and identified as a glacier. The
thresholds vary by regions. Pan et al. (2012) used 2.3 as a
threshold for the western Lenglongling of Qilian
Mountain, northeastern Tibetan Plateau. Jiang, Yang, and
Tian (2012) selected a threshold of 1.8 to identify glacier
from other surface types in the Malan Mountains of
Kunlun Ranges, northwestern Tibetan Plateau. After
repeated attempts, we adopted a threshold of 2 for the
Landsat TM and ETM+ images, whereas a threshold of 1
was used to delineate glacier outlines in the OLI images;
thus, glacier could be clearly distinguished from surround-
ing surface features. (3) Creation of the binary images and
conversion of data: we used decision-tree classification to
identify glaciers. Ratios greater than or equal to the thresh-
old value could be assigned 1 and identified as a glacier, and
ratios less than the threshold value could be assigned 0 to
represent any feature other than glaciers. Then, we con-
verted these grid data into vector data, which were assigned
the value 1. (4) Visual interpretation: although segmenta-
tion of ratio is considered a robust and convenient algo-
rithm to extract glacier extents, it should be verified with
visual interpretation to eliminate misclassification (Paul
et al. 2002). Data assessments conducted under the

Global Land Ice Measurements from Space (GLIMS) fra-
mework confirmed that visual interpretation remains the
best tool for extracting higher-level information from satel-
lite images for glaciers worldwide, especially debris-covered
glaciers (Paul, Huggel, and Kdab 2004; Raup et al. 2007).
Finally, we used the method to identify the glacier outlines.
For the Landsat TM/ETM+ imageries, we used bands 5, 4,
and 3 as red, green, and blue false-color composites to
delineate glacier outlines, and bands 6, 5, and 4 to make
false-color composites for the Landsat 8 data. We also
utilized Google Earth and the GDEM to indirectly identify
the debris-covered parts. For example, supraglacial ponds
and creeks beginning at the end of the terminus helped to
determine the most likely position of those termini (Bolch
et al. 2010a). Otherwise, we used an automated method to
identify debris-covered parts based on the scenes and the
GDEM (Song et al. 2007), and used Google Earth as a
verification tool.

Ridgeline extraction

Ridgelines were extracted automatically using the
stream delineation tools of ArcGIS on a hole-filled
inverse GDEM, but most of the results were not cor-
rect. Therefore, we manually identified ridgelines using
Google Earth and imported the data to ArcGIS 10.2.
We then used the trace tool to delineate ridgelines in
the eastern Nyaingéntanglha Range. Subsequently, the
ice-cover shape files generated using segmentation of
ratio were cut by ridgelines into individual glaciers.

Error estimation

Seasonal snow, clouds, and debris-covered ice are the
major causes of misclassification of areas, and evaluat-
ing these errors is essential. There are several methods
that can be used to assess misclassified areas: (1) field
measurements, (2) multitemporal uncertainty measure-
ments (Hall et al. 2003; Silverio and Jaquet 2005), and
(3) buffer approach (Bolch et al. 2010b; Granshaw and
Fountain 2006). In this article, we utilized the buffer
method to estimate uncertainties. Visual interpretation
of stable landforms, such as mountain peaks and lateral
moraines, in the Landsat images led to a mean hori-
zontal shift of approximately one pixel or less for the
TM images (<30 m) and less than half a pixel for the
ETM+ scenes (<15 m). The uncertainty of glacier map-
ping depends on the resolution of the utilized imagery
and the conditions at the time of acquisition. Under
optimal conditions, accuracy of less than half a pixel
can be achieved (Bolch et al. 2010a). Finally, a buffer
size of 10 m was chosen for each glacier. Our results
showed that the uncertainty in mapping glacier area
was approximately 3.87 percent in 1999, 4.56 percent in
2013, and 4.70 percent in 2015.



Calculation of glacier area change

To calculate of the change of glacier area in the eastern
Nyaingéntanglha Range between 1999 and 2015, we
used the annual percentage of area change (APAC) to
represent the rate of glacial retreat. The area change can
be calculated using the following formula (Tian, Yang,
and Liu 2014; He et al. 2015a):

ASi/Si
% % 100% (1)

APACi =
where i is the order number of studies, AS; is the
variation of glacier area (km?), S; is the glacier area at
the initial status (km?), and AT, is the time-span of
period i.

Results
The features of regional climate change

Nine meteorological stations, as described earlier, were
selected to analyze the trends of regional climate
change during the past forty years. We mainly analyzed
the mean annual air temperature (MAAT), annual pre-
cipitation, and the break point for temperature
(Figure 3 and Table 2). For the temperature and pre-
cipitation data, running means of approximately
eight years for temperature and precipitation were per-
formed for 1970-2011 (Figure 3A, B).
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The Mann-Kendall test is a method to detect a time
series’ trends and sudden changes (Hirsch, Slack, and
Smith 1982). For any samples of n variables, X1, X2 - - .
Xn» pi is the accumulative total of samples that x; > x;
(I £ <), the statistic parameter d; was calculated as
follows:

dk:zk:pi@gkgn) @)
E[dk] = @ 2<k<n) (3)
k(k — 1)(2k + 5)

Var[dk] = 2<k<n) (4)

72
According to the previous assumption, the statistical
index (UF) is calculated as follows:

 dk — E[dk]
Var|dk]

UF k=1,2,3,...,n (5)
Similarly, the statistical variable (UB) for the reversed time
series x is also calculated by the previous method (Zhao
etal. 2010). To analyze changes in MAAT based on records
of the nine meteorological stations, we also used the Mann-
Kendall test. The result revealed that the region experi-
enced significant increase in MAAT during the period
1970-2011, which was particularly apparent after 1998
where the curves of UF and UB intersect. Therefore, the
curve for UF showed a tendency of continuous increase
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Figure 3. (a) changes of annual average temperature, (b) annual mean precipitation in the nine meteorological stations from 1970 to
2011, (c) Mann-Kendall analysis of annual air temperature during 1960-2011.
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(Figure 3C). The increasing trend of MAAT was approxi-
mately 0.32°C-(10yr)", and MAAT increased by approxi-
mately 1.3°C during the past forty years. The changes of
temperature are more rapid at higher elevations than at
lower elevations (Mountain Research Initiative EDW
Working Group 2015; You et al. 2010). Yao et al. (2012)
analyzed the changes of temperature at various altitudes
and found that the warming rate increased with the height
of the stations, especially in winter. We also further divided
the nine meteorological stations into two groups according
to the altitude (low, 2,700-4,000 m a.s.l; high, 4,001-
4,510 m a.s.l.). The result showed that the rate of warming
is more rapid at higher elevations (0.42°C-(10a) 1 than in
lower elevations (0.27°C-(10a)™!) in the eastern
Nyaingéntanglha Range, which indicated that the rate of
warming was higher in the glaciated areas in our study
area. During the past forty years, annual precipitation in
the eastern Nyaingéntanglha Range has remained stable,
with no evidence of changes. The mean annual precipita-
tion at the nine meteorological stations was 577 mm
(Figure 3B).

Characteristics of glacier distribution

Previous studies indicated that very small glaciers also
represented an important source of water in poorly
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glacierized alpine catchments, and were a key factor in
local landscape evolution. An inventory of all ice bodies as
small as 0.01 km® in area, or even smaller, would be
required to conduct evaluations with smaller errors
(Bahr and Radi¢ 2012; Colucci et al. 2015; Hughes 2008,
2010; Pfeffer et al. 2014; Serrano, Trueba, and Garcla
2011). We divided glaciers based on size: <0.1, 0.1-0.5,
0.5-1.0, 1.0-5.0, and >5.0 km* (Table 3). Figure 4A shows
the distribution of glacier coverage in the eastern
Nyaingéntanglha Range. The largest number of glaciers
fall within the size class 0.1-0.5 km? and together cover an
area of approximately 608.12 km” (equivalent to 9.3 per-
cent of the original area in 1999), whereas glaciers with
areas greater than 5.0 km® covered the largest total area,
approximately 44.4 percent of the total glacier area in
1999. We also calculated the total glaciated area at different
altitudes at every 200 m interval. The largest glaciers in the

Table 3. The glacier area by glacier size classes in the eastern
Nyaingéntanglha Range for 1999-2013.

1999 2013
Glacier Area (km?)  Area (km®)  Number  Area (km®  Number
0.01-0.1 83.32 1772 115.22 3193
0.1-0.5 608.12 2459 565.95 2361
0.5-1.0 613.93 848 580.62 807
1.0-2.0 884.39 644 729.52 516
2.0-5.0 1430.47 455 1227.30 390
>5.0 2893.61 248 2253.67 194
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Figure 4. (a) The area and number of glaciers per size class in 1999. (b) Glacier area distribution at different elevations. (c) Glacier
area coverage by aspect. (d) Glacier area change at different elevations for 1999-2015.



area show a maximum elevation of 5,200-5,400 m a.s.l. in
1990, 2013, and 2015, and the altitude of the glaciers varied
from 4,000 m to 6,000 m (Figure 4B). The glaciers were
mainly distributed at approximately 4,800-5,800 m with
an area of approximately 5,445.04 km? (84.7%), and the
minimum glacier-area scatters were distributed at
4,000 m, covering an area of approximately 43.93 km?
(0.7%) in 1999. Figure 4C shows the distribution of glacier
coverage in each aspect. In detail, the glaciers with north
and northeast orientations comprised 32 percent of the
total area in 1999, and relatively few glaciers faced south
and southwest.

Glacier change

The size of the glaciers reduced by 19.76 + 3.78 percent in
the eastern Nyaingéntanglha Range, at a rate of approxi-
mately 1.24 %-a ' between 1999 and 2015, and at an
accelerating rate in the second period (2013-2015) com-
pared with the first period (1999-2013; Table 4).

The shrinkage features differed among different size
classes from 1999 to 2013 (Table 3). The maximum
shrinkage occurred in the greater than 5.0 km® size
class, with an area loss of approximately 22.1 percent.
The total number of glaciers increased significantly in
sixteen years; there were 6,426 glaciers in 1999 and
7,469 glaciers in 2015. However, the number of glaciers
belonging to the smallest size class (<0.1 km?) increased

Table 4. The glacier
Nyaingéntanglha Range.

area and change in the eastern

Number Annual Percentages
of Variation Rate  of Area Change
Time Glaciers Area (km?) (%) (%-a")
1999 6,426 6,508.03 + 252.02
2013 7,461 5,499.54 + 250.66 —15.50 + 3.85 -1.1
2015 7,469  5222.04 + 246.01 —5.05 = 4.47 -2.53
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by 1,421 from 1999 to 2013, whereas the number of
large glaciers decreased.

As shown in Figure 4B, the majority of the glaciers
were distributed between 4,800 m and 5,800 m,
accounting for 84.7 percent of the total area in 1999.
The most prominent glacier shrinkage occurred at
4,000 m and 4,200 m, where decreases of 44.24 percent
and 38.30 percent took place in 1999-2015, respec-
tively. The minimum glacier decrease of 11.15 percent
was observed at 6,000 m (Figure 4D). Glaciers facing
south, southwest, and southeast shrank more rapidly
than those facing other directions (Figure 4C).

The changes in absolute and relative area varied with
glacier sizes (Figure 5). The larger glaciers had a large
absolute area change (Figure 5A), and the relative
shrinkage was small (Figure 5B). This trend gradually
became linear with increasing glacier size.

Discussion
The response of glaciers to climatic change

To evaluate the possible climatic drivers of the glacier
variations observed in this study, a thorough analysis of
glacier responses to climate change is crucial. There is a
time lag in the response of glacier variation to climate
change (Pan et al. 2012). The time lag primarily depends
on glacier type, size, thickness, and so forth (Ma et al.
2010; Tian, Yang, and Liu 2014; Yao et al. 2004), and
glacier response time is directly proportional to ice thick-
ness (Jéhannesson, Raymond, and Waddington 1989).
The empirical format about the relationship between the
glacier area and thickness was H = —11.32 + 53.21 A®?
(where H is mean glacier thickness [m] and A is glacier
area [km?]; Kulkarni 2006), so thickness is directly pro-
portional to its areal extent (Chaohai and Sharma 1988).
The lag time is longer for larger glaciers. A previous study

-60

-804

50 75 100 125

Glacier area (kmz)

25 150

Figure 5. (a) Absolute change in glacier area for 1999-2013 versus initial glacier area. (b) Relative change in glacier area from 1999

to 2013.
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compared mountain glacier changes in different regions
of the world based on statistical data and found that
glacier response lagged behind climate change by
approximately twelve to thirteen years (Wang and
Zhang 1992). McClung and Armstrong (1993) proposed
that there was a time period of ten years between the
temperate glacier terminus and its mass balance for Blue
Glacier in Olympic National Park, Washington. A recent
study suggested a probable time lag of approximately five
to eight years for the western Lenglongling mountains in
the northeastern part of the Tibetan Plateau, with indivi-
dual areas of less than 1 km? (Pan et al. 2012). Although
the glaciers of the eastern Nyaingéntanglha Range are
highly sensitive to climate change (Yang et al. 2010,
2013), most glaciers are relatively large, with individual
areas of approximately 1.01 km®. The time lag, which we
have assumed to be from eight to ten years in our study
area, should be considered. To investigate the possible
climatic drivers of glacier variation, we analyzed the
mean annual air temperature and annual precipitation
from 1989 to 2011, accounting for this time lag.
Analyzing change in the mean annual air temperature
(MAAT) and a running mean of approximately
eight years revealed a remarkable pattern of increase
(Figure 3A), especially after 1998, which we determined
from nonparametric Mann-Kendall rank statistics
(Figure 3C). The rate of temperature increase was 0.59°
C (10a) 7! for the study area between 1989 and 2011,
which is significantly higher than that for China as a
whole (0.22°C (10a) ~%; Liu et al. 2009a). Compared with
the rising temperature trend, annual precipitation seemed
to display a stable pattern during the past forty years. We
also analyzed the running mean precipitation for a period
of eight years, and the results showed that precipitation
increased between 1989 and 1998 and decreased from
1999 to 2011 (Figure 3B). An increase in precipitation
favors glacier accumulation, and will result in a decrease
in glacier runoff throughout a year. During winter, pre-
cipitation falls as snow over the entire glacier surface,
which leads to a high albedo in the following melting
season. According to Fujita, Ohta, and Ageta (2007),
precipitation can effectively decrease glacier runoff in
the early melting season (May-June) for the Da and
Xiao Dongkemadi Glaciers of the Tibetan Plateau,
because glacier runoff in those months is typically less
than in the highest melting season (July-August). Thus,
high-albedo snow cover can effectively prevent a glacier
surface from melting under strong solar radiation (Fujita,
Ohta, and Ageta 2007).

However, temperature increase results in an
increased proportion of liquid precipitation and a
decrease in albedo in the glacierized area for glaciers
with accumulation, especially for summer-accumulation

glaciers. This phenomenon leads to reduced accumula-
tion and accelerated ablation, and results in significant
glacier melt (Wang et al. 2014). Glaciers have retreated
in the eastern Nyaingéntanglha Range between 1999
and 2015. Although precipitation tended to increase
from 1989 to 1998, it could not compensate for the
mass loss of glacier ice from the melting associated
with increasing temperature. In summary, the glacier
retreat in the eastern Nyaingéntanglha Range from
1999 to 2015 can be attributed to the considerable
increase in air temperature. Liu et al. (2009b) have
confirmed that there was an increasing tendency in
temperature for the entire Tibetan Plateau based on
data from 116 weather stations, and that this warming
was more prominent at the higher elevations than at
lower elevations. Song, Pei, and Zhou (2012) analyzed
the characteristics of the surface air temperature change
over the Tibetan Plateau for the past fifty years and
found that the surface air temperature increased from
a cold period (mid-1960s to early 1980s) to a warm
period (mid-1980s to present) with abrupt changes in
the 1980s. Zhou et al. (2010) stated that Zhadang Glacier
in the Nam Co Basin of Tibet is extremely sensitive to
changes in air temperature. Previous studies focusing on
the Tibetan Plateau have shown that increasing tem-
perature is the main factor causing glaciers to shrink
(Pan et al. 2012; Tang, Lv, and He 2013; Tian, Yang, and
Liu 2014; Wang et al. 2014; He et al. 2015b). Relative to
the mean annual air temperature (MAAT) from 1989 to
2005, the MAAT increased by 0.79°C during the period
2006-2011, whereas precipitation decreased by 46 mm,
which indicates that the glaciers in this region are likely
to continue retreating during the next few years. A
previous study suggested that if the temperature change
was less than or equal to 0.5°C, precipitation change
would play an important role in glacier variations, and
that if the temperature change was greater than 0.5°C,
glacier variations would mainly depend on the tempera-
ture change (Gao, Tang, and Feng 2000). Our results
revealed that the temperature increased by 0.79°C dur-
ing the second period (2006-2011) relative to the first
period (1989-2005) in the eastern Nyaingéntanglha
Range, which indicates that the glaciers will rapidly
shrink in the next few years, which is consistent with
the results of our research.

Background and previous work

In the past decades, glacier changes have been widely
observed on the Tibetan Plateau (Ye et al. 2006;
Narama et al. 2010; Jiang, Yang, and Tian 2012;
Gardelle et al. 2013; Tian, Yang, and Liu 2014; He
et al. 2015a), and the results have suggested that glaciers



have been retreating in recent years. For example, the
Qilian Mountain in the northeastern Tibetan Plateau
has shown 12 * 4 percent shrinkage between 2000 and
2010 (Tian, Yang, and Liu 2014), Gongga Mountain in
the eastern Tibetan Plateau has shown a 4.3 percent
decrease from 2001 to 2010 (Li et al. 2013), and Yulong
Snow Mountain in the southeastern Tibetan Plateau
has shown 16.6 percent retreat between 2001 and
2009 (Du 2011). Our result showed that glaciers of
the Nyaingéntanglha Range had lost 19.76 + 3.78 per-
cent of their area from 1999 to 2015, with an APAC of
1.24 %-a~', which indicated a higher rate of shrinkage
compared with other studies. Compared with the
change of glacier area, the glacier mass balance is the
most relevant variable to climate variability (Vincent
2002). A recent study estimated glacier mass changes
on the Tibetan Plateau using ICESat GLAS data and the
Shuttle Radar Topography Mission (SRTM), and the
greatest mass loss was identified for the Qilian
Mountains, eastern Kunlun Mountains, eastern
Nyaingéntanglha Range, Henduan Mountains, and the
central and eastern Himalayas; whereas a balanced
mass or a slight mass gain was detected for the central
Tibetan Plateau (Neckel, Kropacek, and Bolch 2014).

Conclusions

This study demonstrated that it is very meaningful to
use multitemporal remote-sensing images to analyze
glacier area changes for regions where observational
data records are not sufficient. Our approach and the
availability of Landsat scenes allow for the repeated
monitoring of glacier variations without costs in our
study. According to the area variations of about 6,426
glaciers in the eastern Nyainqéntanglha Range, it is
revealed that the glacier area has been reduced by
19.76 + 3.78 percent during the period 1999-2015
using different satellite data, with the annual percentage
of area change (APAC) approximately 1.24 %-a " at an
accelerating rate in 2013-2015. The glacier area shrink-
age is related to climate change, the attributes of the
glacier, and so on. However, the main cause of long-
term glacier area variation in the eastern
Nyaingéntanglha Range was likely the increase in air
temperature, and the glaciers will continue to rapidly
shrink in the next several years. With most mountain
glaciers shrinking, the long-term observation of some
typical glaciers is still necessary in future work.
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