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Abstract: debris-covered

glaciers from debris-free glaciers is difficult

Distinguishing

when using optical remote sensing images to
extract glacier boundaries. Glacial changes in the
Yigong Zangbo basin was analyzed on the basis
of visible, near-infrared and thermal-infrared
band images of Landsat5 in the support of the
ancillary digital elevation model (DEM). The
glacier area gradually declined from 1988
(930.84 km?) to 2000 (918.46 km?) and 2010
(907.16 km?®). In addition, the glacial area
decreased by 1.03 km*/year between 1988 and
2000 and by 1.13 km?/year between 2000 and
2010. The areas of the debris-covered glaciers
showed a slight increase from 63.39 km’, 69.64
km?, to and 69.67 km® in 1988, 2000 and 2010,

respectively.

1. Introduction

The cryosphere is one of the main factors
that affect changes in global sea level. Alpine
glaciers are the most sensitive to climate change
and are used as indicator for climate change [1].
Glacier retreat is accelerating with global
warming as the amounts of CO, and other
greenhouse gases increase [1]. To obtain
information regarding the distribution and
changing trends of glaciers, glacier inventory
programs have been launched by the National
Snow and Ice Data Center (NSIDC), the World
Data Center in Cambridge (WDC-C) for
Glaciology, the Oceanic  and
(NOAA), the

National Aeronautics and Space Administration

National

Atmospheric  Administration

(NASA) and other agencies [2]. There are over
36,000 glaciers in the western China, only a few
of them are under long-term observations [3].
Tianshan Glacier No. 1, the headwater of River
Urumqi, is the only one with nearly 30 years of
observation data [4]. The Chinese glacier
inventory was built over 20 years and completed
in 1999. This inventory mainly reflects the status
of glaciers during the first aerial mapping period
(late 1950s to late 1970s) in China and is a
comprehensive collection of aerial photographs,
topographic maps and field survey data for
individual glaciers and for China’s basic glacier
data census [5, 6]. However, the Chinese glacier
inventory does not reflect glacial changes in
recent decades.

With the development of satellite imaging
technology, remote sensing images can be used
to identify glaciers for real-time, dynamic and
large-scale  monitoring. = Remote  sensing
technology can be used to monitor alpine
glaciers that have no field survey data. There are
over 100 large alpine glaciers in western China.
Generally, the terminuses of glacier tongues in
this region are covered under a thick layer of
moraines [1]. The spectral characteristics of
glaciers depend on their material, glacial
moraine and snow and ice compositions. The
spectral information for this debris is similar to
that of the bare rocks around the glacier. Thus,
these glaciers are difficult to distinguish. This
problem affects glacier boundary extraction.
surface

However, the temperature  of

debris-covered glaciers is lower than that of the
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surrounding rock due to the underlying glacier.
Therefore, the surface temperature can be used
to identify debris-covered glaciers.

Although synthetic aperture radar (SAR)
data are widely used to identify debris-covered
glaciers[7,8,9], the cost is high. Therefore, our
study used the free Landsat TM optical and
thermal infrared images to extract the boundaries
of debris-covered glaciers. This study aimed to
improve the accuracy of glacier identification
and to analyze dynamic glacial changes in the
Yigong Zangbo basin between 1988 and 2010.
In addition, the impacts of the glaciers on
hydrological factors (e. g., moraine lakes) were
determined.

2. Study area

The study area is the sub-watershed of the
Yigong Zangbo (94°32' - 95°12'E, 30°15' -
30°38'N) that is located next to the Parlung
Zangbo in the eastern region of the
Nyaingentanglha mountains and at the eastern
end of the Himalayas. This area is under the
administration of the Bomi County of Tibet
Autonomous Region (Figure 1). The area is
1662 km? and the elevation of the terrain is high
in the north and low in the south with an altitude
of 2200 to 6500 m. The topography is
characterized by high mountains and deep
valleys and is dotted with numerous glaciers and
snow-capped mountains. Yigong Zangbo River
is a first order tributary of the Parlung Zangbo
River and a second order tributary of the
Brahmaputra  River.  Southwest  maritime
monsoons from the Indian Ocean makes this
area with plenty of precipitation [10].
Consequently, temperate-glaciers form in this
area. The moisture-laden warm air current from
the Indian Ocean enters the Parlung Zangbo
along the Brahmaputra River and results in an
apparent altitudinal climatic zonation from the
bottom of the valley to the ridge of the
watershed. The climate is subtropical under 2700
m, warm and semi-humid highland at 2700-4200

m, and cold-humid temperate zone above 4200

m. The records of the Bomi meteorological
station from 1961 to 2010 show that the mean
annual temperature in the Yigong Zangbo basin
is 8.8°C, with an average temperature of 16.7°C
in July and 0.28°C in January [11]. In addition,
the mean annual precipitation is 808 mm, and
precipitation in summer accounts for 40%, and
33%, 24% and 3% for spring, autumn and winter,

respectively.
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Figure 1 Yigong Zangbo River basin

As a sub-watershed of the Yigong Zangbo
Basin, the study area accounts for 12.3% of the
Yigong Zangbo Basin (Figure 1). In addition, the
glacial accounts for 30.6% area of the Yigong
Zangbo Basin. According to records from the
Global Land Ice Measurements from Space
(GLIMS), there are 207 glaciers in the study area,
covering a total area of 1017 km®, or 61.2% area
of the study area, with most glaciers situated at
an altitude of higher than 3500 m. 14 of these
10 km* [12].

Temperate-glacier flows rapidly and has active

glaciers are larger than
geological processes, and seasonal changes of
temperature and precipitation are significant, and
the equilibrium line is low [13]. Thus, these
glaciers are extremely sensitive to global
warming.
3. Data and methods
3.1 Data

Landsat TM (Path 135 and Row 39) images
in 1988, 2000 and 2010 (Table 1), downloaded
from the United States Geological Survey

(USGS) website, were used for glacier change
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analysis. Due to cloudy and rainy weather,
clouds may cover 51% to 90% of the optical
images of the study area, which affects the visual
identification and computer classification of
glaciers, Consequently, we selected the limited
TM images with less or without cloud for glacier
inventory. Generally, images in late summer are
ideal for glacier boundary identification because
of significant snowmelt and less snow
interference [8]. However, most glaciers situate
at an altitude of higher than 3500 m in the
Yingong Zangbo Basin, there is still seasonal
sSnow coverage on some glaciers even in summer,
which causes misinterpretation. Certainly, this
situation and misinterpretation, which is not
possible to completely remove, also exist in the
Randolph Glacier Inventory that is a globally
complete collection of digital outlines of glaciers.
According to the seasonal precipitation
proportion mentioned in the section of study area,
precipitation in autumn and winter is less than
one third of the annual precipitation, therefore
there is not so much seasonal snow accumulation
on glaciers in 1988 and 2010. For the image on
12 May 2000, which is almost the end of spring,
seasonal snow on glaciers began to melt because
of air temperature rise, so there is not so much
big difference of glacier appearance on the
remote sensing images in the different seasons.
Landsat TM images are widely used for
glacial identification, inventory and dynamics
analysis (Pfeffer et al., 2014). There are seven
bands in the Landsat 5 TM, in which bands 1
(0.42-0.52 pm), 2 (0.52-0.60 pum), 3 (0.63-0.69
pm), 4 (0.76-0.90 pm), 5 (1.55-1.75 um) and 7
(2.08-2.35 pm) are optical bands, and band 6
(10.4-12.5 pm) is a thermal infrared band. The
thermal radiation intensity of ground object is
recorded in the thermal infrared band, it is
related to the temperature, and higher
temperatures correspond with stronger thermal
infrared radiation [14]. Therefore, the thermal
infrared band is typically used to retrieve ground

object temperature. Thermal infrared images can

be taken during the day and night, but the

resolution is lower than that of optical band

images.
Table 1 Landsat TM images
Date Resolutio  Resolutio  Clou
(yyyy-mm-dd nforband n for band d
) 1-5, 7 (m) 6 (m) cover
1988-2-5 30 120 3%
2000-5-12 30 120 1%
2010-3-21 30 120 1%

The DEM data from the Shuttle Radar
Topography Mission (SRTM) had a resolution
of 90 m. However, the resolution can be
improved to 30 m by smoothing with 11 * 11
Neighborhood Statistics and resampling. The
processed DEM data were used to extract the
boundaries of the Yigong Zangbo basin and the
study area, and to analyze changes in the glacier
terminus altitude. The temperature data from the
Bomi meteorological station (1961-2010) were
obtained from the National Meteorological
Information Center of China, and were used to
analyze the impacts of temperature changes on
glaciers.

3.2 Data preprocessing

The TM optical (band 1-5 and 7) and
thermal infrared (band 6) bands were calibrated,
and conducted atmosphere correction with Fast
Line-of-sight Atmospheric Analysis of Spectral
(FLAASH), and
terrain radiation correction with the improved C
modification method [15]. The

Hypercubes implemented
brightness
temperature is obtained from the TM band 6 and
is re-sampled to a resolution of 30 m in order to
match the optical band resolution. In addition,
the brightness temperature data are normalized.
All data are converted to the same projection
(WGS 1984, UTM 47N), and cropped to obtain
the images and vector data of the study area.
3.3 Glacier identification
For debris-covered glaciers, the
pre-processed TM images are classified using
the spectral reflectance of optical bands and the

brightness temperature of thermal infrared band.
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Because optical characteristics and the thermal
infrared radiation values of illuminated areas
differ from those of the shaded areas, the images
are divided into illuminated areas and shaded
areas [16] according to D values calculated from

formula (1).
D=¢p-4 (D

where ¢ is the solar azimuth at the time of image
acquisition and A is the aspect angle derived
from the DEM. When D is in the range of [-90°,
90°], the area of the image is an illuminated area
in that time, otherwise in a shaded area. The
illuminated and shaded areas are monitored and
classified with the likelihood
classification (MLC) method, respectively. The

maximum

training samples are selected based on the
ground object characteristics of the optical band
and the temperature characteristics of the
thermal infrared band. In addition, the DEM data
are used to facilitate interpretation. Finally, the
areas classified as illuminated or shaded are
merged to complete the classification.

Due to sample selection errors, and
distinguishing snow and glacier difficultly in the
thermal infrared and optical bands, a
semi-automatic post correction is performed on
the classification results. In addition, the remote
sensing images from the summer, which have
significant cloud coverage, are used as
references to reduce interference from snow.
Finally, the corrected raster data for the glaciers
(Glacier
Inventory of China) and GLIMS [12]. Finally,
the TM images in 1988, 2000 and 2010 are

classified using this method to obtain glacier

are vectorized referring to CGI

boundaries and to distinguish clean glaciers from
debris-covered glaciers.
4. Results

The glacial areas in 1988, 2000 and 2010
were 930.83 km?, 918.46 km® and 907.16 km’
(Table 2 & Figure 2), respectively. The areas of
the debris-covered glaciers in 1988, 2000 and
2010 were 63.39 km’, 69.64 km” and 69.67 kn’,

respectively. The area of the debris-covered
glaciers slightly increased from 1988 to 2000,
however, no significant changes occurred after
2000. The debris-covered glaciers were mostly
located at the glacier tongues and sides. The rate
of glacier retreat was 1.08 km” a”' between 1988
and 2010. The glacial area decreased by 12.38
km’ with a retreat rate of 1.03 km” a™' from 1988
to 2000. In addition, the glacial area decreased
by 11.30 km® from 2000 to 2010 with a retreat
rate of 1.13 km® a'. The retreat rate increased by
9.71% between 2000 and 2010 relative to the
retreat rate occurred between 1988 and 2000.
Table 2 Changes in glacial area (km’) in
the Yigong Zangbo basin (1988-2010)

Clean  Debris-covered
sum
glacier glacier
1988 867.44 63.39 930.83
2000 848.82 69.64 918.46
2010 837.49 69.67 907.16
1988-
-12.38
2000
2000-
-11.3
2010
1988-
-23.68
2010
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Figure 2 Glacial area, volume, and water
equivalent in the Yigong Zangbo basin
(1988-2010)

The glacier shrinkage in the southeastern
Tibetan Plateau (such as Yigong Zangbo basin)
was the most pronounced in the Tibetan Plateau
[3,17,18,19]. Furthermore, glacier retreat shows
accelerating since 2000. The glacial volumes
were 139.61 km’, 137.13 km® and 135.35 km’ in
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1988, 2000 and 2010 (equivalent to 128.02,
125.75 and 124.12 km® of water), respectively
(Figure 2). Over 22 years, the glacial area
decreased by 23.68 km® and the glacial volume
decreased by 4.25 km®, which represented a

reduction of 39.02x10° m® water equivalent

(Table 2).
5. Discussion
Under global warming, temperature

increase can cause glacier melting and retreat
[20,21,27,28]. The general pattern of glacial
retreat was controlled by regional climate
[3,22,23]. The majority of glaciers in the Tibetan
Plateau have been receding since the 1980s
[19,24,25]. Zhang et al. [26,29] indicated that
the altitude of the maritime glacier equilibrium
line was not sensitive to changes in precipitation,
and Shi et al. [1] also proved that maritime
glaciers had poor sensitivity to changes in

precipitation.
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Figure 3 Changes in the annual mean
temperature at the Bomi meteorological station
(1961-2010) (the black line for equation y1, and
the blue line for equation y2, and the red line for
equation y3)
However, increasing temperatures
accelerated glacier melting and significantly
impacted changes in maritime glaciers. The
analysis of data from the Bomi meteorological
station, the closest meteorological station to the
study area, indicates an overall increasing trend
in temperature of the Yigong Zangbo basin from
1961 to 2010 (Figure 3), with a growth rate of
approximately 0.297 °C/decade. The temperature
increased significantly faster between 1988 and

2010, with +0.521 °C/decade from 1988 to 2000

and +0.848 °C/decade from 2000 to 2010. The
rapid rise rate in the recent decade could have
been the main reason for the accelerated glacier
retreat since 2000.
6. Conclusions

The optical and thermal infrared band
images of TM in 1988, 2000 and 2010 were used
to identify and accurately extract the glacier
boundaries in the Yigong Zangbo basin. These
measurements were based on the surface
temperature differences among the clean glaciers,
debris-covered glaciers and surrounding rocks.
Changes in the glacial area, water equivalent,
length and glacier terminus elevation were
analyzed. In addition, changes in the moraine
lake areas and the impacts of temperature
increase on glaciers were further discussed.

Overall, the glaciers were receding and
melting, with an area reduction of 23.68 km?
over 22 years. The areas of debris-covered
glaciers, accounted for approximately 7% of the
total glacial area, were 63.39 kmz, 69.64 km® and
69.67 km® in 1988, 2000 and 2010, respectively,
and slightly increased between 1988 and 2000.
The glaciers retreated at a rate of 1.03 km?/year
between 1988 and 2000, at a rate of 1.13
km’/year between 2000 and 2010. Glacial
melting was accelerated after 2000, resulted in

an accelerated reduction in glacial area.
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