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ABSTRACT

Temporal changes in the properties of glaciers located on the central Tibetan Plateau
are a sensitive indicator of climate change and the water supply. To estimate the region-
wide glacier budgets for three study sites covering the region extending from West-
Geladandong to Bugyai Kangri, we compared 1968/1969 topographic maps, the 2000
SRTM DEM, and recent ASTER DEMs for glacier mass budget calculations. Between
~1969 and ~2015, the specific mass budget was —0.31 £ 0.05 m w.e. a™! for the entire
Tanggula Mountains, which is lower than the global average. This ongoing mass loss
is mainly caused by increasing summer temperatures since the 1960s. Heterogeneous
glacier behavior can be explained by a combination of factors, including meteorological
conditions, proglacial lakes, and surge-type glaciers.

INTRODUCTION

High Mountain Asia (HMA) has the greatest den-
sity of glaciers outside of the polar regions, and the
glacier meltwater produced in this region has a sig-
nificant impact on global sea level rise and region-
al water resources (Immerzeel et al., 2010; Kaser et
al., 2010; Yao et al., 2012). During 2003-2009, the
amount of glacier mass lost from HMA was equiva-
lent to a global sea level rise of ~0.13 + 0.04 mm a™'
(Matsuo and Heki, 2010),and 1.7 + 1.9 Gt a™' of the
glacier meltwater drained into endorheic basins on
the Tibetan Plateau (Neckel et al., 2014). The rapid
glacier retreat has enhanced runoff from the Tibetan
Plateau in northwest China by more than 5.5% since
the last decade of the 20th century (Yao et al., 2007),
and glacier meltwater from the Himalayas has con-
tributed ~3.5% and ~2.0% of the annual average river
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discharge of the Indus and Ganges basins, respectively
(Kaib et al., 2012).

Mass balance is the most useful and direct metric
of glacier change (Bolch et al., 2011). Glaciological
and geodetic methods provide two different means
of calculating mass balance (Zemp et al., 2015). The
earliest glaciological observations of mass balance
started in Europe and Scandinavia in the 1940s, fol-
lowed by HMA in the 1950s (Zemp et al., 2009). The
geodetic method involves the comparison of multi-
temporal elevation data sets, and its history can be
traced back to the early 20th century (Zemp et al.,
2015).The glaciological method provides reliable and
high-temporal-resolution glacier mass balance esti-
mates; however, the number of glaciological moni-
toring sites is small because glaciers are located in
remote alpine and high-latitude regions. For example,
the mass balance has been measured on only 26 out
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of the 85,700 glaciers of HMA, and only one glacier
on the inner Tibetan Plateau, the Xiao Dongkemadi
glacier (XDG), has more than 20 years of mass bal-
ance records (Pu et al., 2008;Yao et al., 2010a; Wang
et al., 2013;Yu et al., 2013; Zemp et al., 2013; Arendt
et al., 2015; Tshering and Fujita., 2016). With the de-
velopment of geodetic technology and the increased
availability of elevation data, the geodetic method
provides thickness and volume change information
for large samples of glaciers that span entire moun-
tain ranges, which is important for quantifying the
contributions from glacier meltwater to hydrologi-
cal processes. Mass budget estimates on the Tibetan
Plateau have been obtained using geodetic methods
since the mid-20th century (Bolch et al., 2008; Wang
et al., 2013; Neckel et al., 2014;Y1 and Sun, 2014).
Existing studies have mainly focused on the Hima-
layas and the Karakoram, western Kunlun, and Tien
Shan mountain ranges (Gardelle et al., 2013; Ke et al.,
2015a; Pieczonka and Bolch, 2015). However, there
are currently no region-wide glacier mass budgets for
larger regions or entire mountain ranges in the Tang-
gula Mountains.

The Tanggula Mountains represent an important
climatic divide on the Tibetan Plateau. The delivery of
moisture to their southern slopes is influenced mainly by
the Indian monsoon, whereas it is controlled primarily
by continental air masses on the northern slopes (Tian
et al., 2001; Li et al., 2015). The Dongkemadi region is
located within the Tanggula Mountains. The China—Ja-
pan Joint Expedition launched the first systematic inves-
tigation of this region in 1989, and intensive glaciologi-
cal studies have continued since then (Fujita and Ageta,
2000; Gao et al., 2012; Huang et al., 2013; Wu et al.,
2015; Li et al., 2016; Shi et al., 2016). Although the mass
budgets of glaciers in the Dongkemadi region have been
calculated from 1969 to 2009 using multiple geodetic
methods (Shangguan et al., 2008; Li et al., 2012; Ke et
al.,2015Db), glacier mass budgets have not been presented
for the entire Tanggula Mountains.

This study has three aims. The main objective is to as-
sess the region-wide glacier mass budgets for the entire
Tanggula Mountains from ~1969 to ~2015. The second
objective aims to verify the mass budgets calculated using
glaciological and geodetic methods. The third objective is
to investigate spatial patterns of glacier mass change and
to discuss the potential reasons for these changes.

STUDY AREA

The Tanggula Mountains are located within the cen-
tral Tibetan Plateau, extending from the Chibzhang Co
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in the northwest to the Bugyai Kangri in the southeast.
They serve as a geographical boundary between the
Yangtze and Nujiang river basins (Yao et al.,, 2010b).
The highest peak of the Tanggula Mountains is located
in the Geladandong range, with an elevation of 6621
m above sea level (m a.s.l.). According to the Second
Glacier Inventory Dataset of China, the total glacier-
covered area of the Tanggula Mountains was 1843.9 km?
in 2007 (Liu et al., 2015). In this study, mass budgets
are determined for three study sites spreading across
the Tanggula Mountains to capture the glaciological
variability of the entire mountain range. The locations
of each study site are displayed in Figure 1, together
with the extent of the corresponding subregions used
to extrapolate the mass budgets for the entire Tanggula
Mountains. The eastern site (Bugyai Kangri) is main-
ly influenced by the Indian monsoon (Gardelle et al.,
2013), whereas the Indian monsoon and continental air
masses are dominating the northwestern sites (Dongke-
madi and West-Geladandong) (Tian et al., 2001).

Systematic glaciological and meteorological obser-
vations have been performed since 1989 in the Dong-
kemadi river basin. The mean annual temperature is
approximately —6.0 °C. In 2009, the annual precipi-
tation was 622 mm, of which >90% fell during the
summer months of June—August (He et al., 2009).The
highest monthly average temperatures (>0 °C) oc-
curred during June—September (Li et al., 2015). Gla-
ciological mass balance has been measured at the XDG
since 1989.

DATA AND METHODS

Topographic maps, Landsat TM/OLI, Terra ASTER
images, and SRTM!1 data were used to obtain informa-
tion about glacier boundaries and surface elevations in
different periods. Detailed information on the remote
sensing data used is listed in Table 1.

DEM Generation and Evaluation
Topographic Maps

Three 1:100,000-scale topographic maps were pro-
duced in 1973 and 1974, respectively. Aerial photo-
graphs were acquired in 1969 for Dongkemadi and
West-Geladandong and in 1968 for Bugyai Kangri.
The equidistant elevation of the 1:100,000-scale topo-
graphic map is 20 m, and the nominal vertical accura-
cies of these topographic maps were within 5 m for
areas with slopes <6° and 8 m for areas with slopes
between 6° and 25°, according to the China National
Standard for Photogrammetry (State Bureau of Sur-
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FIGURE 1. Sketch map of the Tanggula Mountains that shows the areas covered by the elevation data used in

this study and the glacier boundaries covering the study sites based on Landsat TM images obtained in 2000. The
background is a hillshade image derived from SRTM data, and the red stars indicate meteorological stations

distributed around the Tanggula Mountains.

TABLE 1

Detailed information on the remote sensing data sets.

Sensor Date” ID Spatial resolution Coverage range
Landsat TM 22/09/1999 LT51360381999265BKT00 30 m Bugyai Kangri
Landsat TM 12/04/1999 LT51380371999103BJC00 30 m West-Geladandong
Landsat TM 30/08/2000 LT51370372000243BJC00 30 m Dongkemadi
Landsat TM 22/02/2010 LT51380372010053BKT00 30 m West-Geladandong
Landsat OLI 30/12/2015 LC81370372015364LGNO0 15m Dongkemadi
ASTER 11/02/2003 L1A_00302112003044645 15 m Dongkemadi
ASTER 29/10/2007 L1A_00310292007043915 15 m Dongkemadi
ASTER 21/02/2010 L1A_00302212010045147 15 m West-Geladandong
ASTER 25/10/2014 L1A_00310252014043401 15 m Bugyai Kangri
ASTER 29/12/2015 L1A_00312292015044606 15 m Dongkemadi

"Dates given as dd/mm/yyyy.

veying and Mapping, 2007). The map-based DEMs
(hereafter Topo DEM) were generated from the topo-
graphic maps using the ANUDEMS5.23 software with
a spatial resolution of 15 m.To compare the map with
the SRTM data, the Topo DEMs were transformed to
the WGS1984 UTM zone 46 coordinate system, and
their spatial resolutions were resampled to 30 m.

SRTM

The SRTM DEM covers the region between 60°N
and 56°S and is based on single-pass synthetic aperture
radar interferometry (InSAR). Two antenna pairs, oper-
ating in the C-band (5.7 GHz) and X-band (9.7 GHz),
simultaneously illuminated and recorded radar signals
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during February 2000 (Farr et al., 2007). The SRTM1
(C-band) data with a spatial resolution of 30 m was used
and acquired in February 2000. These data refer to the
1999 glacier surfaces at the end of the ablation season
(Rignot et al., 2001). The vertical reference coordinate
of the SRTM data set is the WGS84 EGM96 geoid
(http://earthexplorer.usgs.gov/). The absolute vertical
accuracy of the SRTM1 data sets is 16 m, and the rela-
tive vertical accuracy is 6 m (within 90% confidence)
(Rabus et al., 2003).

ASTER Imagery

The ASTER sensor is part of the Terra satellite plat-
form, and it provides multispectral imagery covering
the Earth’s surface between 82°N and 82°S. Stereo im-
ages from ASTER are suitable for DEM generation in
mountainous terrain, and have been widely employed to
assess changes in glacier volume and mass budget (K34ib,
2008; Bolch et al., 2011). In this study, we used Level
1A ASTER stereoscopic images to generate the DEMs.
These images were acquired in February 2010, October
2014, and December 2015 for the West-Geladandong,
Bugyai Kangri, and Dongkemadi sites, respectively, un-
der small amounts of fresh snow and no cloud cover
conditions. An ASTER DEM with a spatial resolution
of 30 m was generated using the “DEM Extraction”
module of ENVI 5.2, and the coordinate system was
defined using the datum WGS1984 UTM zone 46.
More than 300 randomly distributed points from the
1:100,000 topographic map were considered as ground
control points.

Meteorological Data

The relationship between glacier mass budgets and
climate variability was explored by analyzing summer
temperatures and annual precipitation data measured
at four meteorological stations distributed around the
Tanggula Mountains (Fig. 1). The temperature and pre-

cipitation data from each station were provided by the
Chinese National Meteorological Center (CNMC;
http://data.cma.cn/site/index.html) (Table 2). We used
the meteorological data from the four stations to repre-
sent the spatial and temporal variations in meteorologi-
cal conditions across the study area.

DEM Coregistration and Accuracy
Planimetric and Vertical Adjustments of the DEMs

Previous studies have described a method for coreg-
istering two DEMs based on the relationship between
horizontal shifts and the corresponding slope and aspect
values (Nuth and Kiib, 2011; Pieczonka et al., 2013).
Here, the horizontal shift is determined by minimizing
the root mean squared error of the elevation differences
observed in glacier-free areas; the terrain is assumed to
be stable over the study period. We chose the SRTM as
the master DEM when coregistering the other DEMs.
Table 3 lists the magnitude and direction of the shift
vector between the master and slave DEMs. After the
planimetric adjustment, the vertical bias between the
DEMs can be adjusted by using the relationships be-
tween the elevation differences and the maximum cur-
vature derived, for both glaciated and glacier-free areas
(Gardelle et al., 2012).

Radar Penetration and Seasonality
Correction

As the penetration depth of radar in snow and ice is
directly affected by local climatic conditions, the degree
to which measurements of glacier surface are underes-
timated varies regionally (Kaib et al., 2012; Gardelle et
al., 2013). We compared available ICESat GLA14 foot-
prints with SRTM elevation data in order to assess the
penetration depth, following Kiib et al. (2012). As the
SRTM data we used were acquired in February 2000,
we selected footprints acquired around February. Foot-
prints acquired in 2006 and 2008 were selected for West-

TABLE 2

Details of meteorological stations distributed around the Tanggula Mountains.

Altitude Period
Station Latitude (°N) Longitude (°E) (m as.l) Annual T. °C)  Annual P. (mm) covered
Dingqing 95.36 31.25 3873.1 3.5 649.3 19542016
Zaduo 95.18 32.54 4066.4 0.7 530.6 19562016
Tuotuohe 92.65 33.95 4533.1 -39 291.2 19562016
Anduo 91.1 32.35 4800.0 -2.5 444.8 1965-2016

Note: Annual T. and Annual P. are the means of annual temperature and annual precipitation from 1950s to 2016, respectively.
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TABLE 3

Displacement vectors in X and Y directions between
the master (SRTM) and slave DEMs.

Region Item Topo—SRTM Aster—-SRTM

X (m) -10.28 -113.01
Bugyai Kangri

Y (m) —89.40 -1.45

. X (m) 5.00 —8.80

Dongkemadi

Y (m) -14.35 76.10

X (m) -58.05 -1.74
West-Geladandong

Y (m) —77.43 138.31

Note: positive values of X andY indicate shifts to east and north,
respectively; negative values of X andY indicate shifts to west and south,
respectively.

Geladandong, and footprints acquired in 2004 and 2008
were selected for Dongkemadi. Unfortunately, there
were no useful ICESat tracks that crossed Bugyai Kan-
gri. Therefore, we assumed a penetration depth of 2.5 +
0.5 m, which corresponds to the mean of the penetra-
tion depth estimates for East Nepal and Bhutan given
by Kiib et al. (2012). We eliminated the differences as a
result of elevation changes that occurred between 2000
and when the ICESat data were acquired by assuming a
linear rate of change.

The glaciers were divided into ablation and accu-
mulation areas by the approximate mean value of the

median elevation (Appendix Table A1). The median el-
evations in West-Geladandong and Dongkemadi were
5750 and 5600 m, respectively. The results in West-Ge-
ladandong showed a mean penetration depth of 0.3 £
3.6 m for the glacier-free area, 1.1 = 3.8 m for the abla-
tion area, and 3.8 = 5.0 m for the accumulation area. In
the Dongkemadi region, the penetration depths were
0.1 £ 4.3 m for the glacier-free area, 3.7 £ 3.8 m for
the ablation area, and 4.4 = 2.7 m for the accumula-
tion area, respectively. The mean values over the entire
glacier-covered area in the two regions were 2.1 = 4.5
m and 3.8 * 3.5 m for West-Geladandong and Dong-
kemadi, respectively. The uncertainty about the penetra-
tion depth was evaluated by the standard error (Kdib et
al., 2012).

The ASTER DEMs were acquired between Octo-
ber and February, and the SRTM DEM was obtained in
February. Thus, we must be able to account for possible
mass changes during this 1-5 month period in order to
estimate the mass budget over an integer number of years.
Glaciers in the Tanggula Mountains are the summer ac-
cumulation type (Fujita, 2008). Recent field observations
indicated that no winter accumulation occurred on the
XDG, and more than 90% of the precipitation occurred
in summer over this mountain region (He et al., 2009).
Thus, the seasonality correction was set to 0. For exam-
ple, the ASTER image covering West-Geladandong was
acquired in February 2010, and this image approximates
the surfaces of glaciers it displays in 2009.

Elevation Difference (m)

-50 -25 -15 -5 5

15 25 50 L 1 J km

FIGURE 2. Elevation differences in the Dongkemadi region between 1969 (Topo DEM) and 2000 (SRTM),

before (left) and after adjustment (right).
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FIGURE 3. Stake network on the Xiao Dongkemadi
glacier (XDG).

Accuracy Assessment

The relative uncertainties of DEMs prior to and af-
ter the adjustments were evaluated for non-glaciated
terrain, which remained stable over the study period.
Following Pieczonka et al. (2013), we set the 5% and
95% quartiles as the thresholds for eliminating outliers.
The remaining pixels were employed to evaluate the
uncertainties. The normalized median absolute devia-
tion (NMAD; 1.482 X median (|9~c—xi|), where X is
the elevation difference and x; is the median elevation
difference), the radar wave penetration accuracy, the
mean elevation difference (MED, Ah), and the uncer-
tainty in the assumed density (Ap = 60kg m™ ) were
used to estimate the overall mass budget uncertainty.
The NMAD is proportional to the median of the ab-
solute differences between the errors and the median
error (Hohle and Hohle, 2009). This metric provides
a rather pessimistic assessment of the relative vertical
accuracy (Kronenberg et al., 2016). The assumed den-
sity of 850 + 60kg m™ corresponds to the value sug-
gested by Huss (2013). The uncertainty in the thick-

ness changes (1 was calculated using Equation (1)

)
DEM:
considering the radar wave penetration accuracy (Ap)
and the NMAD (A0) for the glacier-free terrain after

DEM coregistration. The relative uncertainty between
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the Topo DEM and the ASTER DEM can be described
directly by the NMAD because the DEMs are derived
from optical images. The overall mass budget uncer-
tainty (u,,) was estimated from Equation (2), where ¢ is
the time period, Al is the MED of the glacier area, and
p,, (1000kg m~)and p (850kg m™) denote the densities
of water and ice, respectively.

Uppm = (AG)Z + (Ap)z (1)

2 2
o= |[ Ay AP [ e o PT 2
M t pw t pW

Glaciological Mass Balance Observations
on the Xiao Dongkemadi Glacier

The mass balance of the XDG has been monitored
since 1989. By 2015, 24 stakes had been set up on the
surface of the glacier (Fig. 3), at sites ranging in elevation
from 5400 m a.s.]. to 5750 m a.s.1.The net balance is ob-
tained by measuring changes in stake heights and snow-
pit features that occur in the ablation and accumulation
areas. The measurements recorded at each stake include
the height of the stake above the glacier surface, the
density and thickness of the snow, the occurrence of
superimposed ice layers, and the structure of the snow-
pit profile (Pu et al., 2008). The mass balance b at each
stake and in each snow pit can be calculated as follows:

b=ASXps+AIXp, 3)

where AS and Al denote changes in snow and ice layer
thickness, and p, and p, denote the densities of snow
and ice, respectively.

The mass balance at each stake is assigned to a cor-
responding altitude range, and the specific mass balance
is depicted as a function of altitude. These data are then
extrapolated to the whole glacier. The total mass balance
B can be calculated as follows:

BZZS;xbﬂ, @

where S is the total area of the glacier,and S and b_are
the area and specific mass balance of each altitudinal
range, respectively.
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TABLE 4

Statistics of the original and adjusted relative uncertainties between the Topo, SRTM, and ASTER DEM:s in the
three subregions.

Original Adjusted
Regions Item MED (m) STDEV MED (m) STDEV NMAD . (m)
Topo-SRTM -13.7 32.7 -0.9 32.6 3.1 3.2
Bugyai Kangri Aster-SRTM -61.3 35.4 2.6 35.4 4.2 4.3
Aster-Topo —~78.2 40.8 3.3 38.4 2.8 2.8
Topo-SRTM -3.5 12.2 0.3 11.8 1.0 3.6
Dongkemadi Aster-SRTM -56.9 12.3 -0.1 12.2 1.3 3.7
Aster-Topo —60.3 16.9 0.2 16.4 1.3 1.3
Topo-SRTM -12.3 27.3 0.5 27.2 3.2 55
\()}(]eel?c;andong Aster-SRTM —67.6 16.0 -0.2 9.3 1.8 4.8
Aster-Topo -79.9 29.1 0.6 28.9 2.7 2.7

Note: MED is mean elevation difference; STDEV is standard deviation; NMAD is the normalized median absolute deviation.

REsuLTS

Validation between Glaciological and
Geodetic Results

The results of both glaciological and geodetic
methods indicated significant mass loss from the
XDG for the period 1999-2015 (Table 5). The
changes in the specific mass budget determined us-
ing the geodetic method agreed with the glaciologi-
cal results for the different periods between 1999
and 2015. The absolute differences in mass budgets
between the two methods were <5% for the pe-
riods 1999-2002, 1999-2007, and 1999-2015. The
low absolute differences seen during many of these
periods indicated that the mass budget estimated by
geodetic methods compared favorably with the gla-
ciological results. The lower uncertainty suggested
increased confidence in the mass budgets estimated
using the geodetic method.

Mass Budgets for the Entire Tanggula
Mountains

Before averaging elevation changes, we excluded all
elevation differences exceeding =100 m in order to
identify the largest realistic glacier elevation changes.
Between ~1969 and ~2015, a significant surface low-
ering of 0.36 £ 0.06 m a™' occurred within the entire
Tanggula Mountains (Fig. 4 and Table 6). This down-
wasting resulted in an average surface lowering of 0.27
+ 0.14 m a™! between ~1969 and 1999 (Fig. 5). This rate
of downwasting was lower than that observed in 1999—
2015, when the rate of surface lowering was 0.60 + 0.35
m a' (Fig. 6).The overall specific mass budgets of entire
Tanggula Mountains for the periods ~1969 to ~2015,
~1969 to 1999, and 1999 to ~2015 were —0.31 £ 0.05,
—0.23 £ 0.12,and —0.51 + 0.30 m w.e. a !, respectively.

Between ~1969 and ~2015, West-Geladandong ex-
perienced the lowest specific mass loss of 0.22 + 0.06
!, and Dongkemadi and Bugyai Kangri showed

mw.e.a

TABLE 5
Mass budgets calculated using the two methods for the XDG during 1999-2015.

Glaciological results

Geodetic results

Absolute diff.

Period (m w.e.a™) (m w.e.a™) (%)
1999-2003 —0.30 —0.29 £ 0.79 1.9
1999-2007 —0.38 —0.36 £ 0.33 4.5
1999-2015 —0.42 —0.41 £ 0.21 1.2

Note: The absolute diff. is the absolute difference for mass balance results, calculated from the two methods, with the uncertainty excluded from the geodetic

method value.
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FIGURE 4. Glacier surface elevation differences between ~1969 and ~2015.
TABLE 6
Glacier mass budgets and surface elevation changes for each subregion in the Tanggula Mountains.
~1969 to 1999 1999 to ~2015 ~1969 to ~2015
Glacier area MED SMB MED SMB MED SMB
Region (km?) (ma™) (m w.e.a™) (ma™) (m w.e.a™) (ma™) (m w.e.a™)
Bugyai Kangri 130.5 -0.31£0.10  -0.26%£0.09 -0.74£0.28 —0.63£0.25 —-0.44+0.06 —0.37£0.06
Dongkemadi 73.6 -0.25+0.12  —0.21£0.10 —0.87+0.23 —0.7410.21 —-0.46+0.06 —0.3910.04
West Geladandong 178.4 -0.25£0.18  -0.21%+0.16 -0.3910.44 -0.331£0.38 —0.2610.06 —0.22%0.06
Total/average 382.5 -0.271£0.14  -0.23£0.12 -0.60£0.35 -0.51£0.30 —0.36+0.06 —0.31%+0.05

Note: MED is mean elevation difference; SMB is specific mass balance.

similar mass losses 0of 0.39 £ 0.04 and 0.37 = 0.06 m w.c.
a”!, respectively. For the period ~1969—-1999, the great-
est mass loss was 0.26 = 0.09 m w.e.a™' in Bugyai Kan-
gri, which was slightly greater than that noted in Dong-
kemadi (0.21 + 0.10 m w.e.a™!) and West-Geladandong
(0.21 £ 0.16 m w.e.a ). Continuous mass loss occurred
in the entire Tanggula Mountains between 1999 and
~2015. The mass losses in Dongkemadi (0.74 + 0.21
m w.e.a ') and Bugyai Kangri (0.63 * 0.25 m w.e.a™)
were larger than that those noted in West-Geladandong
(0.33 £ 0.38 m w.e.a”') from 1999 to ~2015.The rela-
tively low mass loss in West-Geladandong might reflect-
ed the different time periods considered for each region;
however, no ASTER scenes were available after 2010 for
West-Geladandong. The glaciers in the Tanggula Moun-
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tains experienced accelerating mass loss during the pe-
riod 1999 to ~2015, compared with the previous period
(~1969-1999).

DiscussioN

Existing studies of glacier changes in the Tanggula
Mountains indicated overall glacier shrinkage. During
the past 30 years, the glaciers in the eastern and central
parts of the Tanggula Mountains shrank by 15.3% and
22.2%, respectively (Liu et al., 2016; Wang et al., 2016).
However, the relatively large glaciers in the Dongke-
madi and Geladandong regions shrank by less than 5%
between 1969 and the early 21st century (Ye et al., 2006;
Li et al., 2012). Continuous reductions in surface eleva-
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tion of 12.6 £ 6 m and 3.4 m occurred in the Dongke-
madi region for the periods 1969-2000 and 2003-2008,
respectively (Li et al., 2012; Ke et al., 2015b). Consid-
ering the penetration of C-band single beam radar at
Dongkemadi (3.8 = 3.5 m), our result (7.4 £ 3.6 m)
agreed with that of Li et al. (2012) (12.6 £ 6 m).

Although glaciological and geodetic methods repre-
sent two recognized means of calculating mass budgets,
the mass budgets calculated using glaciological (-0.54 m
w.e.a™) and geodetic (—0.81 m w.e.a™") methods showed
significant discrepancies on a global scale during the first
decade of the 21st century. This discrepancy might be
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FIGURE 7. Variations in the mass balance of the XDG
and summer temperature and annual precipitation at
Anduo station from 1989 to 2015.

attributed to the number of glaciers considered and the
conversion density, rather than a systematic difference
between the two methods (Zemp et al., 2015). A widely
used conversion density of 850 + 60 kg m™, which was
proposed by Huss (2013), had been applied in many re-
gions (Shangguan et al., 2015; Bolch et al., 2017).

The satistactory verification of mass budget calcu-
lations for the XDG obtained in this study indicated
that the geodetic method was an accurate and credible
method for calculating glacier mass budgets, compared
with glaciological results. Ke et al. (2015b) calculated
a specific mass budget of —0.42 + 0.08 m w.e. 2! in
the Dongkemadi region between 2003 and 2008 us-
ing ICESat data and employing a conversion density of
750 kg m™. However, adjusting these results using the
standard conversion density (850 *+ 60 kg m™?) produces
a mass budget of approximately —0.48 = 0.09 m w.e.a™ !,
which was less than the value of —0.74 £ 0.21 m w.e.
a~! for 1999-2015 calculated in this study. There were
two possible reasons for the discrepancy between these

two studies. On the one hand, the ICESat footprint only
extended across the eastern part of the Dongkemadi re-
gion, meaning that the use of the mass budget of the
eastern part to represent the entire region may lead to
biased results. On the other hand, the time span of the
present study was 10-year longer than the ICESat time
series, and the trend towards mass loss accelerated at the
XDG after 2010 (Fig. 7).

Regional mass-balance estimates are required to assess
the contributions of glacier changes to hydrological pro-
cesses. In most studies, the average mass balance of the
glaciers monitored was generally selected to represent
the regional value (Yao et al., 2012; Zemp et al., 2013).
In the Tanggula Mountains, there is only one long-term
monitored glacier (the XDG), which occupies an eleva-
tion range of 5376-5910 m. Using the mass budget of
the XDG to represent the regional value will therefore
result in an underestimation of mass loss (Table 7). The
mass budget measured using the glaciological method at
the XDG cannot cover the entire study area, particularly
low-altitude areas (the termini of some glaciers are lower
than 5400 m; Appendix Table A1) that experience high
ablation. ICESat altimetry data are valuable for estimat-
ing large-scale mass budgets (Gardner et al., 2013). For
medium and small scales, the regional mass budget cal-
culated from ICESat depends on the selected scales and
the locations of the footprints (Neckel et al., 2014; Ke et
al., 2015b). Compared with the mass budgets calculated
using the glaciological method and ICESat altimetry, the
multi-temporal DEMs used in the present study can pro-
vide a more representative estimate of the regional mass
budget because they cover entire mountain ranges.

Glacier mass budgets are sensitive to climate change,
and the glaciological method provides a high-resolution
mass balance for studying glacier—climate interactions.
The annual mass balance of the XDG and the summer
temperature and annual precipitation measured at An-
duo station between 1989 and 2015 are shown in Figure
7.The variations in mass loss showed a positive relation-
ship with summer temperature (correlation coefficient
of 0.79; p < 0.01) and a negative relationship with an-
nual precipitation (correlation coefficient of —0.40; p <

TABLE 7
Mass budgets of the XDG, the Dongkemadi region, and the Tanggula Mountains during different periods.

Xiao Dongkemadi

Dongkemadi region

Tanggula Mountains

Period (m w.e.a™) (m w.e.a™) (m w.e.a™)
1969-1999 —0.06 £ 0.10 -0.21 £ 0.10 -0.23 £0.12
1999-2015 -0.41 £ 0.21 -0.74 £ 0.21 -0.51 £ 0.30
1969-2015 -0.17 £ 0.04 -0.39 £ 0.04 -0.31 £ 0.05
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FIGURE 8. Summer temperature and annual precipitation measured at the meteorological stations around the

Tanggula Mountains between ~1969 and 2015: (a) Dingqing, (the meteorological data for 1969 are missing); (b)
Zaduo; (c) Tuotuohe; and (d) Anduo.

TABLE 8

Variations in summer temperature and annual precipitation around the Tanggula Mountains for the periods
~1969-1999, 1999-2015, and ~1969-2015.

Station Temperature (°C 10a™) Precipitation (% 10a™)

(slope) 1969-1999 1999-2015 1969-2015 1969-1999 1999-2015 1969-2015
Dingqing (S) 0.13 0.41 0.22%* 3.7 -7.3 2.4
Anduo (S) 0.20 0.55 0.27* 2.2 —13.4 3.6
Zaduo (N) 0.27¢ 0.28 0.38™ 1.8 1.7 1.5
Tuotuohe (N) 0.18 0.07 0.30** —4.8 3.2 6.0

Note: * within 95% confidence; ™ within 99% confidence.

0.05). Increases in summer temperature (0.4 °C 10a™',as  tation (Wang et al., 2010; Wiltshire, 2014). The sum-
determined by linear fitting) and fluctuations in annual ~ mer temperature and annual precipitation around the
precipitation (which contains a weak trend of —1.3%  Tanggula Mountains varied among the different regions
10a™, as determined by linear fitting) resulted in the ob-  and periods of time (Fig. 8). The Dingqing and Zaduo
served continuous mass loss from the XDG from 1989  stations are located in the eastern region of the Tang-

to 2015. gula Mountains, while the Tuotuohe and Anduo stations
The changes in the mass budget likely resulted from  are located in the western region (Fig. 1). The linear
a combination of changes in temperature and precipi-  fits of summer temperature and annual precipitation at
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the four stations during different periods are listed in
Table 8. Over 1969-2015, the annual precipitation in
the Tanggula Mountains increased slightly at rates rang-
ing from 1.5% to 6% 10a™, and significant increases
in summer temperatures of 0.22-0.38 °C 10a™' were
noted. Between 1969-1999 and 1999-2015, acceler-
ated increases in summer temperatures occurred on the
southern slopes, whereas similar or lower values were
found on the northern slopes. The amount of precipita-
tion that fell on the southern slopes decreased sharply
in 1999-2015, reversing the slow increase that occurred
from 1969 to 1999; however, precipitation changed only
slowly on the northern slopes.

Oerlemans (2005) revealed that the effects of a 1 °C
warming on the mass budget of a glacier is equivalent
to that of'a 25% increase in precipitation. Between 1969
and 2015, increase in temperature and slight precipita-
tion changes resulted in the continuous mass loss in the
Tanggula Mountains. Over 1999-2015, the large ob-
served rates of temperature increase and the heteroge-
neous precipitation changes (which reflected decreases
at Dingqing and Anduo, no change at Zaduo, and an in-
crease at Tuotuohe) caused the overall accelerated mass
loss compared to the period ~1969—-1999.

The formation and expansion of proglacial lakes
can affect the retreats of individual glaciers (Sakai et
al., 2009; Gardelle et al., 2011). The lake-terminating
glaciers in Bugyai Kangri had retreated more rapidly
than the land-terminating glaciers within the same re-
gion (Liu et al., 2016). Proglacial lakes enhanced the
glacier mass losses because of calving (Bolch et al.,
2011). In the Dongkemadi region, the mass budget
was comparable at glaciers A and B during all of the
investigated periods (Fig. 1 and Appendix Table A2).
However, the terminus of glacier A was 100 m lower
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than that of glacier B, and glacier A was more than
twice the size of glacier B (Table Al). Large glaciers
with low terminal elevations experienced greater mass
losses than small glaciers with termini at high eleva-
tions (Wei et al., 2015), meaning that the mass loss of
glacier A would be greater than that of B.The discrep-
ancy between the measurements and the observations
can be attributed in part to the expansion of a pro-
glacial lake at the terminus of glacier B (Fig. 9). The
lake formed after 1969 and grew significantly between
2000 and 2015 (Fig. 9). The rapid growth of the pro-
glacial lake increases the risk of outburst lood hazards
in the Tanggula Mountains.

The two advancing glaciers in West-Geladandong,
glaciers C and D (Fig. 1), showed positive surface eleva-
tion changes of 2.9 £ 4.2 m and 6.6 = 4.2 m between
1999 and 2009, respectively. Hence, we examined the
changes at the glacier boundaries using Landsat TM
images. Two images from 1999 and 2010 showed an
obvious advance and increase in the areas covered by
glaciers C and D (Fig. 10, parts ¢ and d). These results
agreed with the increase in the surface elevations of
the two glaciers from 1999 to 2009. Distinct areas of
mass loss and gain could be recognized on glaciers C
and D:significant mass gains were measured in the gla-
cier tongue regions, while clear mass losses occurred
in the middle parts of these glaciers, and slight mass
gains were noted the upper parts of the glaciers (Fig.
10, part a). These area changes and patterns of elevation
change may indicate that glaciers C and D are surge-
type glaciers.

The total mass budget for the entire Tanggula
Mountains between ~1969 and ~2015 (-0.31 + 0.05
m w.e.a ') was similar to that reported for several other
regions around the Tibetan Plateau, including the Ne-

FIGURE 9. Proglacial lake
(blue) derived from Landsat
images. (a) Proglacial lake in
2000 with an area of 0.07 km?,
and (b) proglacial lake in 2015
with an area of 0.12 km?.
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(a) Elevation differences between ASTER (2009) and SRTM (1999) images for glaciers C and D;

(b) Landsat TM from 1999 showing the 1999 glacier boundary (dashed line) and the 2010 glacier boundary (solid
line); (c) 2010 Landsat TM image for glacier C; and (d) 2010 Landsat TM image for glacier D.

pal Himalayas (—0.32 + 0.08 m w.e.a™" for 1970-2007;
Bolch et al.,, 2011) and the Aksu—Tarim catchment
(—0.33 £ 0.15 m w.e.a”' for 1976-2009; Pieczonka et
al., 2013), but was lower than that in the Chinese Altai
Mountains (=0.43 £ 0.03 m w.e. a ! for 1958-2008;
Wei et al., 2015), as well as the average value deter-
mined from 37 reference glaciers worldwide (—0.40 m
w.e. a”! for 1980-2011; Zemp et al., 2013). The mass
budget changes determined for the studied glacier were
—0.23 £ 0.12 m w.e. a”! for ~1969-1999 and —0.51 *
0.30 m w.e. a”! for 1999 to ~2015, and indicated ac-
celerated mass losses in the Tanggula Mountains in the
recent decade.

CONCLUSIONS

Multi-temporal DEMs provide a spatially representa-
tive resource for estimating regional mass budgets. This
study presents mass budgets derived by the geodetic
method for the entire Tanggula Mountains over the
past four decades. The glaciological and geodetic meth-
ods yielded similar mass budget estimates for the XDG
for 1999-2015. Continuous mass loss in the Tanggula
Mountains has been measured since ~1969.The glacier
mass budgets were negative for the period ~1969-1999
(-0.23 £ 0.12 m w.e. a™'), and an accelerated mass loss

of 0.51 + 0.30 m w.e. a' has been measured in recent
years. Between ~1969 and ~2015, the mass budget cal-
culated using the geodetic method for the entire Tang-
gula Mountains (—0.31 + 0.05 m w.e. a™!) was lower
than the global average value derived from glaciological
observations.

Heterogeneous glacier behavior is caused by a range of
factors, including meteorological conditions, the devel-
opment of proglacial lakes, and surge-type glacier behav-
ior. Glaciers C and D experienced mass gains since 1999,
and significant transfers of mass from the middle parts to
the lower parts of these glaciers indicated that they were
surge-type glaciers. Although the accelerated mass loss in
the Tanggula Mountains was caused mainly by increases
in summer temperatures, the formation and expansion of
proglacial lakes would enhance the mass losses from gla-
ciers. The rapid growth of proglacial lakes in the Tanggula
Mountains should be monitored carefully.
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APPENDIX

TABLE A1

Characteristics of the glaciers investigated in this study, based on the Second Glacier Inventory Dataset of China.

Long Lat Area  Min_Elev  Med_Elev Slope Aspect
Region GLIMS_ID (degree)  (degree)  (km?) (m) (m) (degree)  (degree)
Dongkemadi G092105E33116N  92.105 33.116 5.8 5288.9 5574.9 13.3 95.8
GO092106E33096N  92.106 33.096 2.8 5346.9 5583.9 13.9 95.2
GO092110E33135N  92.110 33.135 1.2 5416.0 5647.0 19.6 113.8
GO092014E33147N  92.014 33.147 0.5 5383.7 5569.7 23.7 35.9
G092017E33093N  92.017 33.093 0.1 5547.0 5655.0 23.0 331.5
G092020E33141N  92.020 33.141 1.3 5302.4 5567.4 16.6 32.4
G092021E33088N  92.021 33.088 0.4 5516.9 5707.9 18.3 252.4
G092022E33094N  92.022 33.094 0.3 5382.5 5653.5 21.4 343.3
G092028E33083N  92.028 33.083 1.0 5452.9 5714.9 19.2 236.9
G092032E33095N  92.032 33.095 1.7 5301.8 5633.8 22.2 352.8
G092037E33139N  92.037 33.139 2.9 5269.8 5553.8 15.8 349.5
G092040E33099N  92.040 33.099 0.1 5731.3 5867.3 26.8 266.8
G092054E33149N  92.054 33.149 1.4 5308.9 5596.9 16.3 8.8
GO092063E33116N  92.063 33.116 19.4 5241.0 5637.0 10.4 273.8
G092063E33082N  92.063 33.082 16.0 5280.9 5666.9 12.0 183.5
GO092071E33148N  92.071 33.148 4.4 5263.4 5610.4 12.3 2.7
G092093E33145N*  92.093 33.145 6.5 5277.6 5599.6 10.5 0.4
G092096E33078N  92.096 33.078 5.6 5292.8 5618.8 10.4 167.8
G092112E33153N"  92.112 33.153 2.4 5374.8 5571.8 11.5 30.5
Bugyai Kangri G094626E31817N  94.626 31.817 2.7 4908.1 5544.1 25.1 208.2
G094626E31837N  94.626 31.837 4.3 4874.9 5623.9 21.3 293.6
G094631E31856N  94.631 31.856 1.9 4939.4 5519.4 26.4 310.6
G094638E31869N  94.638 31.869 1.6 5073.2 5383.2 20.9 332.4
G094667E31807N  94.667 31.807 35.5 4190.4 5702.4 17.0 213.0
G094692E31769N  94.692 31.769 1.6 5105.8 5381.8 19.7 200.6
G094702E31775N  94.702 31.775 0.8 5023.1 5554.1 29.4 171.2
G094728E31782N  94.728 31.782 223 4328.3 5796.3 18.9 176.2
G094767E31791N  94.767 31.791 1.5 4875.1 5193.1 22.3 117.8
G094809E31808N  94.809 31.808 4.4 4790.7 5400.7 241 48.0
G094659E31864N  94.659 31.864 2.3 4907.3 5398.3 29.4 23.2
G094684E31847N  94.684 31.847 15.4 4678.4 5558.4 18.3 27.2
G094720E31839N  94.720 31.839 9.4 4785.4 5590.4 17.6 26.6
G094745E31824N  94.745 31.824 13.6 4618.2 5597.2 18.0 36.9
G094775E31816N  94.775 31.816 10.1 4820.2 5348.2 15.0 30.6
G094796E31823N  94.796 31.823 1.1 5129.6 5377.6 18.9 349.6
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TABLE A1l

(Continued)
Long Lat Area  Min_Elev  Med_Elev Slope Aspect
Region GLIMS_ID (degree)  (degree)  (km?) (m) (m) (degree)  (degree)
West-Geladandong ~ G090854E33544N  90.854 33.544 2.7 5360.8 5661.8 18.9 345.0
G090878E33547N  90.878 33.547 5.7 5323.5 5741.5 16.4 7.5
G090890E33413N  90.890 33.413 16.1 5406.1 5704.1 7.4 105.9
G090891E33555N  90.891 33.555 1.0 5500.8 5758.8 20.3 303.7
G090896E33572N  90.896 33.572 3.0 5391.0 5698.0 13.6 348.4
GO090901E33443N"  90.901 33.443 11.4 5403.2 5838.2 12.7 138.6
G090903E33508N  90.903 33.508 4.3 5448.9 5825.9 16.0 86.1
G090911E33545N  90.911 33.545 12.8 5331.5 5693.5 12.1 471
G090911E33519N  90.911 33.519 4.8 5435.2 5760.2 12.6 121.6
G090913E33483N  90.913 33.483 1.5 5651.9 5910.9 13.8 127.4
G090916E33469N  90.916 33.469 8.6 5409.3 5764.3 15.8 83.2
G090917E33492N  90.917 33.492 4.8 5391.2 5759.2 16.5 63.3
G090921E33452N  90.921 33.452 2.3 5529.3 5836.3 14.7 129.8
G090934E33529N  90.934 33.529 4.4 5409.3 5744.3 15.0 77.5
G090807E33440N  90.807 33.440 1.3 5596.2 5692.2 11.5 96.5
G090819E33418N  90.819 33.418 1.0 5495.8 5759.8 11.4 267.9
GO090830E33408N  90.830 33.408 2.8 5458.2 5810.2 9.7 262.4
G090838E33394N  90.838 33.394 3.2 5415.9 5693.9 8.0 249.8
G090840E33469N  90.840 33.469 2.4 5550.7 5856.7 171 257.9
G090842E33532N  90.842 33.532 1.3 5526.5 5724.5 17.2 300.8
GO090847E33480N¢  90.847 33.480 9.0 5379.1 5851.1 14.3 314.7
G090847E33437N  90.847 33.437 29.8 5379.1 5779.1 10.8 305.7
G090852E33393N  90.852 33.393 0.5 5566.3 5843.3 12.6 208.6
GO090858E33379N  90.858 33.379 6.3 5404.5 5713.5 7.8 2741
G090866E33502N  90.866 33.502 27.8 5318.1 5782.1 13.4 300.8
GO090884E33381N  90.884 33.381 7.4 5362.7 5652.7 6.3 134.2

Note: "< and P represent the Glaciers A, B, C and D, respectively; Long and Lat represent the longitude and latitude, respectively; Min_Elev and Med_Elev
represent the minimum and median elevations, respectively.

TABLE A2
Mass budgets of glaciers A and B during the periods 1969-1999, 1999-2015, and 1969-2015.

Mass balance (m w.e.a™)

Name GLIMS_ID 1969-1999 1999-2015 1969-2015
A G092093E33145N 0.03+0.07 —0.33+0.03 —0.25+0.03
B G092112E33153N 0.04£0.07 —0.33+0.03 —0.24%0.03

Note: The detailed information of glaciers A and B are shown in the Table A1.
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