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Abstract

Heterogeneous mass wastage has been found across the northwestern Tibet Plateau, and
both slight positive and negative average mass budgets were observed using different data
sets during the past decades. The north bank of the Bangong Co Basin partly covers the
Western Kunlun Mountains and Karakoram Mountains. The assessment of glacier mass
budget in this region over a long period is of particular interest to understanding the re-
gional diversity of the mass changes of glaciers. Changes in glacier mass in the area of
concern were assessed by differentiation of digital elevation models (DEMs) from the
earliest available topographic maps, the Shuttle Radar Terrain Mission (SRTM), and the
Advanced Space-borne Thermal Emission and Reflection Radiometer (ASTER) stereo
images. Results show that glaciers in this basin have in general experienced a decelerated
mass loss but with regional differences. Glaciers were found to have lost a volume of 4.45
+0.63 km?® from 1968 to 2007, corresponding to —0.18 + 0.03 m a™! water equivalent (w.e.)
in the north bank of the Bangong Co Basin. Loss of glacier mass in this region from 1999
to 2007 was 0.11 £ 0.12 m w.e. a”', which was approximately half the loss that occurred
from 1968 to 1999 (-0.20 = 0.01 m w.e. a!). From 1968 to 1999, higher mass losses were
found in the north with smaller losses in the south, while from 1999 to 2007 there was
more loss of mass in the southeast and a somewhat balanced mass budget in the northeast.

DOI: http://dx.doi.org/10.1657/AAAR00C-13-129

Introduction

Approximately 30% of the rise in the global mean sea level
(3.2 mm a™) in the past decade can be attributed to changes in
glaciers (Gardner et al., 2013; IPCC, 2013). The determination of
glacier mass balance is one of the primary focuses of glaciologists
(Khalsa et al., 2004). Glacier shrinkage has been linked to climate
warming during recent decades, and it has been observed in all
key mountain systems, for example, the Himalayas (Bolch et al.,
2012), Tian Shan (Surazakov and Aizen, 2006; Sorg et al., 2012),
Altai (Surazakov et al., 2007; Narozhniy and Zemtsov, 2011), and
others (Yao et al., 2012; Neckel et al., 2014). Despite the fact that
most glaciers in the Tibetan Plateau (TP) have experienced a con-
tinuous and accelerating recession during the last several decades
(Yao et al., 2012; Wei et al., 2014), heterogeneous behavior of
mass budgets since 2000 has been detected in the TP. Observations
showed mass gains for glaciers in the central north and northwest-
ern TP that were different from the mass loss for glaciers in other
parts of the TP (Neckel et al., 2014). Arguments exist for a slight
mass gain or loss in the Karakoram Mountains and Western Kun-
lun Mountains (Gardelle et al., 2012b; Kiib et al., 2012; Gardner
et al., 2013). Further investigation is required regarding ice mass
changes in regions not covered well by previous studies. Changes
in mass must also be considered on longer time scales. The Ban-
gong Co (also referred to as Pangong Tso or Nganglha Ringpo)
Basin receives runoft from both the Karakoram and Western Kun-
lun Mountains. Recent study has shown that, from the 1970s to
2009, the glaciers in the Bangong Co Basin experienced a general
recession in area at a rate of 0.12% a™' (Wei et al., 2014). Changes
in glacier mass in this region during a similar period are of particu-
lar interest to researchers and can aid understanding of the glacier
behavior of the past 40 years.
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The harsh complex topography and extreme weather have re-
stricted the extent and duration of glaciological field observations
of glaciers in remote locations. The geodetic method supplies an
alternative to measure the mass budgets (Kédb, 2002; Khalsa et
al., 2004; Shangguan et al., 2009). The goal of the present study
is to assess changes in glacier volume in the Bangong Co Basin
by investigating glaciers on the north bank of the basin (here, for
short, simplified as NBBCB) using the geodetic method based on
historical topographic maps, the Shuttle Radar Topography Mis-
sion (SRTM), and the stereo images of the Advanced Space-borne
Thermal Emission and Reflection Radiometer (ASTER). After
relative adjustments of horizontal and vertical biases between the
digital elevation models (DEMs) derived from the three data sets,
the specific mass balance of glaciers were calculated for the peri-
ods investigated and the mass budget of the whole NBBCB was
determined as the weighted average.

Study Area

The study area is located in the northwestern TP
(33°60'-34°28'N, 78°44’-80°18’E; Fig. 1) and corresponds to
the 57421 entry of the World Glacier Inventory (see Wei et al.,
2014). This region is surrounded by the southern part of the West-
ern Kunlun Mountains, the northeast of the Karakoram Mountains,
and Bangong Co to the south. Bangong Co is a transboundary lake
basin between western TP and Kashmir. It has a long, narrow shape
and a length of 125 km. In the center of the study area was a lake
named Ze Co (Dré Tso) with an area of 112.7 km? and an altitude
of 4961 m fed by the surrounding highly glacierized area according
to the topographic conditions in the Western Kunlun Mountains
(Wang et al., 1998; Shi et al., 2008). The Chinese Glacier Inventory
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FIGURE 1. Sketch map of the study area. Glacier outlines were based on the Chinese Glacier Inventory of 2009 (Wei et al., 2014).

Subregions are indicated as I, I, III, and IV.

of 2009 (CGI2009) recorded 1023 glaciers in the NBBCB with a
total area of 534.77 km? and equilibrium line altitudes (ELAs) of
5594-6519 m (Wei et al., 2014). There were 7 glaciers larger than
10 km?, with the largest one (24.2 km?) located on the eastern bank
of Ze Co. In the period between the 1970s and 2009, glaciers in
this area showed moderate recession with an area of shrinkage of
7.07% (0.18% a™') (Wei et al., 2014). The climate pattern of the
NBBCB is predominantly westerly influenced and can be charac-
terized as cold and arid. As indicated by the measurements by the
scientific expedition of Chinese Academy of Sciences in the 1980s,
the mean annual air temperature was between —6 and —4 °C and
the annual precipitation was within the range of 50-75 mm (Wang
et al., 1998; Shi et al., 2008; Maussion et al., 2014). From 1955
to 2004 in the northwestern TP the mean annual air temperature
increased by 1.4 °C and the annual precipitation showed a slight
increase (Wang et al., 2008).

In the NBBCB, there are four highly glacierized regions where
all of the glaciers larger than 10 km? were distributed. For conveni-
ence, the four regions were classified into assessment subregions
I, II, III, and IV, respectively (Fig. 1 and Table 1). Subregions I
and IV were more highly glacierized and had larger mean glacier
sizes than other subregions. Subregion IV had the highest glacier
tongue but the smallest glacier extent and range of ELA. The most
pronounced shrinkage in glacier extent was found in Subregion III,
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with the smallest mean glacier size of 0.74 km? and an annual area
recession rate of 0.27% a’'. The area recession rates during the
period from the 1970s to 2009 were only 0.03% a™' and 0.02% a™'
for glaciers in Subregions I and 11, respectively (Wei et al., 2014).

Data and Methods
HISTORICAL TOPOGRAPHIC MAPS

The historical topographic maps used in the present study
were constructed from aerial photographs taken in 1968 and 1980
with a scale of 1:50,000. These maps provide a fine depiction of
glacier surface topography and have been widely used for glacio-
logical purposes (Shangguan et al., 2008; Li et al., 2010; Shang-
guan et al., 2010; Zhang et al., 2010; Zhang et al., 2012a; Zhang et
al., 2012b; Xu et al., 2013). To obtain data coverage for the glaciers
in the subregions, 10 topographic maps were collected. Three of
these maps covered only Subregion III and were constructed in
1980; the others covering Subregions I, II, and IV were constructed
in 1968 (Fig. 1 and Table 2). All maps used the coordinates of the
BJ54 GEOID (datum level is Yellow Sea mean sea level at Qingdao
Tidal Observatory in 1956) and were georeferenced into WGS84/
EGM96 with a spatial resolution of 30 m (called TOPO hereaf-
ter). According to the national photogrametrical mapping standard,
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TABLE 1

Statistical characteristics of glaciers in four subregions based on the Chinese Glacier Inventory of 2009. The annual area recession was
derived from Wei et al. (2014).

Total Mean Largest Annual area
area size size ELA Altitude Mean slope recession
Region No. (km?) (km?) (km?) (m) (m) ©) (%0la)
1 74 90.74 1.23 23.10 5965-6384 5402-6668 13.9 0.03
11 54 53.13 0.98 24.18 5991-6518 5466-6780 18.1 0.02
I 75 55.87 0.74 16.74 5741-6334 5442-6619 15.9 0.27
v 42 94.38 2.25 16.59 5866-6278 5511-6610 13.9 0.10

these topographic maps were constrained by nominal vertical ac-
curacies better than 5 m for gentle slope area <6° and 8 m for areas
with slopes between 6° and 25° (GB/T 12343.1-2008, 2008). In
the NBBCB, the mean slope of glaciers ranged from 13.9° to 18.1°
(Table 1). The accuracy of these TOPO maps was here considered
better than 8 m on the glacierized terrain.

SRTM DEM

The SRTM DEM has a spatial resolution of approximately 90
m (hereafter referred to as SRTM) and was derived from C-band
radar interferometry using data collected in February 2000 (van
Zyl, 2001). The SRTM was packaged into 1° x 1° tiles with the
coordinate system of WGS84/EGM96 and a specified vertical ac-

curacy of 16 m with a 90% confidence level (Berthier et al., 2006).
However, studies have shown that the accuracy in flat areas was
better than 10 m and was significantly impacted by slope (Berthier
et al., 2004; Carabajal and Harding, 2005; Rodriguez et al., 2006;
Jacobsen, 2010). In the present study, three original SRTM tiles
(Table 2) were selected from the United States Geological Sur-
vey (USGS) (http://dds.cr.usgs.gov/srtm/version2_1/SRTM3/) to
roughly demonstrate the glacier surface characteristics of 1999.
The penetration of the SRTM C-band into snow and ice can affect
the results recorded regarding changes in glacier surface elevation.
Penetration depth can range from O to 10 m depending on tempera-
ture and water content (Dall and Madsen, 2001; Papa et al., 2002;
Berthier et al., 2006). A separate SRTM DEM simultaneously ac-
quired by X-band beam served as an alternative measurement to

TABLE 2

Details of data sets used in the study.

Scale/
Data set Tile spatial resolution ~ Acquired time Coverage
Topographic Map 144E010008 1:50,000 1968.09 I
144E010009
144E011008
144E011009
144E012008 1968.09 I
144E012006 1980.11 11
144E013006
144E013007
144E010007 1968.09 v
144E011007
SRTM N34E080 90 m 2000.02 I
N33E079 III
N34E079 All
ASTER AST_L1A_00311222007052823_20090505000534_30212 15m 2007.11 LILIV
AST_L1A_00309042005053355_20071111212026_20563 2005.09 111
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quantify the penetration depth, because the penetration depth of
the X-band beam is much smaller than C-band, and the elevation
difference between these two data sets was considered as a first
approximation for the penetration of C-band into snow and ice
(Gardelle et al., 2012a). Their comparison of the SRTM C-band
and X-band showed a 1.94 m average penetration of SRTM C-band
signal into snow and ice in the study area. According to the require-
ments for the comparison of multisource DEMs, the SRTM was
resampled into 30 m spatial resolution.

ASTER DEM

Due to their high spatial resolution (15 m) and reliability,
ASTER stereo images have been widely used with the geodetic
method for the determination of changes in glacier volume and
mass balance (San and Suzen, 2005; Bolch et al., 2008; Kiib,
2008; Toutin, 2008; Miller et al., 2009; Trisakti et al., 2009). The
vertical accuracies of DEMs extracted from ASTER images var-
ied in the range of 7-20 m (Kiib, 2008; Toutin, 2008). Fujisa-
da (1998) recommended the stereo images acquired in autumn
as suitable for DEM extraction because of the low snow/cloud
conditions and the superior radiometric contrast on the glacier-
ized terrain. An ASTER stereo image pair acquired in November
2007 was used in the present study and covers all glaciers in the
subregions, except for Subregion III which had significant cloud
cover. This was substituted with another ASTER image acquired
in September 2005 (Table 2). The ASTER DEMs were gener-
ated using the DEM Extraction Model of ENVI 4.7 and more
than 20 ground control points (GCPs) on ice-free terrain for each
subregion. These GCPs were obtained from TOPO and Landsat
ETM+ images (acquired in 2008) as the elevation and horizontal
references, respectively. The DEMs were then georeferenced into
the coordinate system of WGS1984/EGM96 with a spatial reso-
lution of 30 m (hereafter referred to as ASTER). The similar trend
and characteristics between TOPO, SRTM, and ASTER indicate
that the three corresponding DEMs were coincident and applica-
ble for estimation of glacier mass budgets based on the geodetic
method (Racoviteanu et al., 2007).

BIAS CORRECTIONS OF DEMS AND ERROR COMPUTATION

The complex conditions regarding acquisition, genera-
tion, and production of data sets create the relative distortion
manifested as horizontal and vertical biases that exist even be-
tween DEMs acquired in the same area (Berthier et al., 2005).
These biases produce the considerable uncertainty in results
based on elevation differences of multi-DEMs and should be
adjusted before assessing changes in glacier volume (Dall and
Madsen, 2001; Racoviteanu et al., 2007; Shugar et al., 2010).
Uncertainty can be estimated using both absolute and relative
accuracy. The former should be assessed by field measurements,
which are frequently unavailable for remote regions, but the lat-
ter is widely used and can be estimated using reference data sets
with higher spatial resolution and quality (Bolch et al., 2011;
Gardelle et al., 2012b; Kaib et al., 2012; Pieczonka et al., 2013;
Xu et al., 2013). In the present study, TOPO served as the refer-
ence DEM. Adjustments were carried out based on the elevation
differences over ice-free terrain by assuming that no changes
in elevation had occurred during the study period, which was
relatively short (decades). To identify the non-glacierized area
and remove the influence of glacier fluctuation, a mask of the
glaciers was obtained by merging the ice coverage derived from
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the modified Chinese Glacier Inventory of the 1970s (CGI1970)
and CGI2009 (Wei et al., 2014). In general, the elevation differ-
ences in the non-glacierized area showed a strong relationship
to topography attributes, that is, aspect, slope, altitude, and max
curvature (K#idb, 2005; Pieczonka et al., 2010; Miliaresis and
Paraschou, 2011; Gardelle et al., 2012a; Pieczonka et al., 2013).
There is a significant correlation between standardized eleva-
tion differences due to the horizontal shifts and the correspond-
ing slope and aspect, and this relationship can be described by a
sinusoidal relationship as a universal co-registration correction
(Nuth and Kéib, 2011). To fulfill the requirements for compar-
ing different data sets, the SRTM DEMs were resampled into
a common spatial resolution of 30 m. This resolution harmo-
nization resulted in elevation biases that can be taking into ac-
count the relationship between elevation differences and cor-
responding maximum curvatures (Gardelle et al., 2012a). These
relationships between elevation differences versus aspect and
maximum curvature were then used for relative adjustments
(Fig. 3). Extreme outliers cannot be taken into account well and
must be removed using a threshold method, for example, £100
m in previous studies by Berthier et al. (2010) and Bolch et
al. (2011) and £80-150 m by Gardelle et al. (2013). Statisti-
cal characteristics of elevation differences have also been used
(Hohle and Hohle, 2009; Pieczonka et al., 2013). Herein, pixels
representing elevation differences outside the range of 5%—-95%
were excluded to correct for biases, and then errors were com-
puted (Gardelle et al., 2013; Pieczonka et al., 2013). The hori-
zontal displacements after the above-mentioned adjustments are
listed in Table 3. Results showed that the horizontal biases of
ASTER relative to TOPO and SRTM were larger than that be-
tween TOPO and SRTM. The most significant bias was found
in Subregion I between ASTER and SRTM with a y-direction
displacement of 142.92 m. The displacements between SRTM
and TOPO were less than 13.64 m, indicating superior agree-
ment between the two data sets. This can be observed via the
distribution of the frequency histogram of elevations from the
adjusted DEMs (Fig. 2).

After relative adjustments, the residual elevation differences
over non-glacierized area indicated better accuracy relative to the
reference DEM. For repeated measurements, the error E_of mean
elevation difference among DEMs should be evaluated using the
standard deviation (SD) based on error propagation:

E,=SD/\N (1)

where N is the number of independent measurements. A slightly
conservative decorrelation distance of 600 m was selected for the
four subregions under the assumption that the auto-correlation of
pixels separated by this distance was negligible (Berthier et al.,
2010; Bolch etal., 2011). The auto-correlation distance may be dif-
ferent if the spatial resolution is different. Koblet et al. (2010) used
the decorrelation distance of 100 m for DEMs with 5 m spatial
resolution. Based on the Moran’s I auto-correlation index, Gardelle
et al. (2013) identified auto-correlation distances of 492 + 72 m for
DEMs with 40 m spatial resolution that corresponded to nine re-
gions of the Pamir-Karakoram-Himalaya mountain ranges. Finally,
the accuracy E can be estimated with the combination of mean
elevation difference £ (Bolch et al., 2011):

E=\E,>+E; )
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FIGURE 2. Histograms of elevation distributions for the multi-DEMs covering four subregions. The altitude interval is 50 m.

TABLE 3 decreased significantly and was approximately equal to zero after

Displacement between multi-DEM:s in four subregions. adjustments. The final accuracy was controlled within +1.54 m.

This indicates that the adjustments between DEMs are acceptable

SRTM-TOPO ASTER-SRTM ASTER-TOPO and the bias-corrected data sets are suitable for determining the

Region Item (m) (m) (m) changes in surface elevation of glaciers in the study area.
1 X -0.35 —42.90 —66.15
Y —0.15 142.92 79.89 ESTIMATION OF GLACIER MASS BALANCE

The difficulty in converting changes in glacier volume to mass

1I X -2.64 34.12 27.14

budget places an important limitation on the geodetic measure-
Y ~13.64 55.65 35.70 ment according to the heterogeneous firn-ice transition (Nuth et
al., 2010; Huss, 2013). Under the assumption of a stable density
profile, a simple and constant density of 900 kg m~ is usually used
1 X 5.31 21.88 13.83 for glaciers (Zemp et al., 2010; Bolch et al., 2011; Pieczonka et
Y -5.24 19.23 18.20 al., 2013). In addition, Kddb et al. (2012) used density scenarios
of 600 kg m~ for the accumulation area and 900 kg m= for the
ablation area to analyze the sensitivity of density in mass balance
estimation of Himalayan glaciers. On the basis of a firn compac-
Y 1.03 28.08 31.36 tion model, Huss (2013) proposed a constant density of 850 kg
m~ for ice-to-mass conversion. Due to the lack of density profile
estimations for the NBBCB, a constant density of 850 kg m~ with
The estimated errors were calculated and are shown in Table an uncertainty of =60 kg m~ was used here as recommended by

4. The E , whose original values ranged from —15.80 to 25.36 m, Huss (2013).

v X -2.29 34.78 16.79
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Correction for the seasonality of glacier mass balances should
be considered when deriving mass balance from geodetic measure-
ments that do not cover time periods that correspond to an integer
number of years (Gardelle et al., 2012b). Because the mean annual
precipitation in the study area is less than 100 mm, seasonality was
here assumed to be negligible relative to other uncertainties (Wang
et al., 1998; Maussion et al., 2014).

The overall glacier mass balance of the whole basin was cal-
culated as the glacier-area-weighted average. This method was
chosen because the mass budgets of glaciers in the subregions were
representative of glaciers influenced by the similar geographical
settings (Bolch et al., 2012; Kédb et al., 2012; Pieczonka et al.,
2013). The glacier areas of the subregions used for averaging were
extracted from the specific glacier coverage.

Results

The results of this work revealed an average decrease in surface
elevation of 7.75 + 1.10 m for glaciers in the NBBCB from 1968 to
2007, corresponding to an overall volume loss of 4.45 + 0.63 km?
(=0.10 = 0.02 km® a™') and equivalent to a slight mass deficit of 0.18
+0.03 mw.e. a”' (Table 5). The current results also show a slowdown
of the mass deficit during the early years of the 21st century. On
average, the surface lowering in the period 1968-1999 was 7.03 +
0.40 m (-0.20 £ 0.01 m w.e. a!). The lowering was only 0.98 + 0.97
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maximum curvature in subregion II.

m from 1999 to 2007, corresponding to specific mass balances of
-0.11+0.12m w.e. a’’.

There were regional differences in the changes in glacier mass
in the subregions during the considered periods (Table 5 and Fig.
4). The mass wastage from 1968 to 1999 was not homogeneously
distributed. The mass losses of glaciers in Subregions II and III
(-0.18 £0.02 m w.e. a' and —0.17 £ 0.01 m w.e. a”! respectively)
were slightly less pronounced than those of Subregions I and IV
(-0.22 £ 0.01 m w.e. a™'). From 1999 to 2007, mass wastage de-
creased but showed a more diverse pattern than in the early period,
that is, more negative mass balance for glaciers in Subregion II
(-0.16 = 0.16 m w.e. a™), less mass loss for glaciers in Subregion
1(-0.08 £ 0.08 m w.e. a™!), and intermediate values for Subregions
IIT and IV (~-0.11 m w.e. a™"). This spatially heterogeneous change
in glacier mass during 1968 and 2007 was less obvious than that of
the mass changes during the periods 1968—1999 and 1999-2007,
with mass deficits of 0.16 = 0.05 m w.e. a' to 0.19 + 0.02 m w.e.
a”! in the subregions investigated here.

Discussion

In this study, geodetic measurements based on historical topo-
graphic maps, SRTM, and ASTER stereo images were used to de-
termine the changes in glacier volume and mass balance. Although
relative adjustments of horizontal and vertical biases were carried
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TABLE 4

Statistical characteristics of original and adjusted errors of multi-DEMs assessed in four subregions in the non-glacierized area.

Original (m) Adjusted (m) E
Region Data sets E, SD E, SD N (m)
1 SRTM-TOPO -4.04 9.19 -0.01 9.04 713 0.34
ASTER-SRTM 4.29 29.27 -0.07 19.43 713 0.73
ASTER-TOPO 0.26 29.63 -0.43 21.60 713 0.92
II SRTM-TOPO -4.41 11.21 0.48 8.06 329 0.65
ASTER-SRTM 25.36 35.18 0.50 24.66 329 1.45
ASTER-TOPO 21.87 36.71 0.36 27.25 329 1.54
11T SRTM-TOPO =2.77 8.81 0.18 6.40 226 0.46
ASTER-SRTM -5.22 33.35 0.03 16.69 226 1.11
ASTER-TOPO -7.99 37.06 -0.01 20.03 226 1.33
v SRTM-TOPO -3.63 10.62 -0.03 9.80 1128 0.29
ASTER-SRTM -13.12 32.74 -0.62 21.29 1128 0.89
ASTER-TOPO -15.80 29.4 -0.59 23.35 1128 0.91

out, the remaining uncertainty in the estimations of the radar pen-
etration depth and density profile for ice-to-mass conversion is
worth discussing.

The comparison between SRTM C-band (5.7 GHz) and
X-band (9.7 GHz) was used to assess the radar penetration into
snow and ice by assuming the penetration depth of X-band to be
negligible (Gardelle et al., 2012a, 2013). Studies have reported a
penetration depth of ~4 m for a radar beam at ~10 GHz targeting
an Antarctic ice sheet. Reports also indicate that the penetration
depth varies with the water content of surface snow cover (Davis
and Poznyak, 1993; Surdyk, 2002). Glaciers in the NBBCB are
predominantly westerly influenced and have higher temperatures
and more snow moisture than the Antarctic ice sheet (Wang et al.,
2008). For these reasons, the penetration depth of the SRTM X-
band beam into snow and ice was expected to be less than the value

given in the literature for the Antarctic ice sheet (Gardelle et al.,
2012a). The penetration depth correction is suitable under the as-
sumption that the influence of slight penetration of the X-band is
negligible compared to other confounding factors.

Another limitation of geodetic measurement is the ice-to-
mass conversion. In a study of the Svalbard Glacier, Nuth et al.
(2010) found no significant changes in the depths of firn-ice tran-
sition over the course of 8-10 years and depicted the distribu-
tion of glacier density using an exponential function of elevation.
Nevertheless, it is not suitable to extrapolate this function to gla-
ciers in other regions with such little knowledge of the density
profile. To assess the sensitivity of the density conversion factor,
the maximum differences between three density scenarios were
calculated using the approach utilized by Gardelle et al. (2013):
(1) a constant density of 900 kg m~ throughout, (2) 850 kg m™

TABLE 5

Changes in glacier surface elevation and mass during the periods investigated. The periods investigated for Subregion III were 1980-1999,
1999-2005, and 1980-2005. For other subregions, the periods were 1968—1999, 1999-2007, and 1968-2007. MED indicates the mean eleva-

tion difference (m), and SMB indicates the specific mass balance (m w.e. a™).

Region 1968-1999 1999-2007 1968-2007

MED SMB MED SMB MED SMB
1 -8.19+0.34 -0.22 £ 0.01 -0.78 £0.73 —0.08 = 0.08 -8.90 +0.92 -0.19 £ 0.02
11 —6.45 +0.65 -0.18 £0.02 -1.51+1.45 -0.16 £ 0.16 -7.89+1.54 -0.17 £ 0.04
1 =3.77+0.46 —0.17 £ 0.01 -0.77«1.11 —0.11+0.17 —4.67+1.33 —0.16 £ 0.05
v -7.94 +0.29 -0.22 £ 0.01 —-1.00 = 0.89 -0.11+0.10 -8.19+0.91 —0.18 £0.02
Average —7.03 £ 0.40 —0.20 = 0.01 -0.98 +0.97 —0.11x0.12 =775+ 1.10 -0.18 £0.03
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FIGURE 4. Differences in glacier surface
elevation during the periods investigated
after relative adjustments. (a) SRTM-
TOPO (1968-1999); (b) ASTER-SRTM
(1999-2007); (¢) ASTER-TOPO (1968-2007).

Kilometers

throughout, and (3) 900 kg m™ for the accumulation area and 600 elevation of glaciers in each subregion derived from the TOPO
kg m~ for the ablation area (Kiéb et al., 2012). The accumulation maps (Pieczonka et al., 2013; Wei et al., 2014). The ELAs were
area was distinguished using the ELA estimated by the median 6129, 6191, 6038, and 6062 m in Subregions I, II, III, and IV,
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respectively. The largest difference in mass balance was 0.08 m
w.e. a”! in Subregion IIT during the period 1999-2005, and the
other differences were approximately 0.02 m w.e. a™'. The small
difference in mass balance estimation due to different ice-to-mass
conversion factors may be negligible relative to other uncertain-
ties (Gardelle et al., 2013).

Glaciers in the NBBCB experienced a more moderate mass
wastage from 1968 to 2007 than glaciers in other regions dur-
ing the corresponding period. Bolch et al. (2011) found a mass
deficit of 0.32 + 0.08 m w.e. a™' from 1970 to 2007 in the Hima-
layas of Nepal using Corona KH-4B and Cartosat-1 data. A more
negative mass balance of —0.35 + 0.15 m w.e. a! was observed
from 1976 to 2009 in Tian Shan using KH-9 Hexagon and SPOT5
data (Pieczonka et al., 2013). In situ measurements showed pro-
nounced glacier mass deficits of 0.6 to 0.8 m w.e. a' occurred
from 1957 to 2008 in the Russian Altai (Narozhniy and Zemtsov,
2011). The current estimation of the change in glacier mass in the
study region was consistent with previous conclusions of slight
area reduction. Glaciers in the NBBCB shrunk in area by 7.1%
(0.18% a™") from the 1970s to 2009. This is a moderate area re-
duction for glaciers in the Tibetan Plateau interior area (Wei et
al., 2014).

A decelerated mass loss of glaciers in the NBBCB during
previous decades was detected in the present study. The subre-
gions showed slightly negative mass budgets from 1999 to 2007,
and smaller specific mass balances than from 1968 to 1999. Di-
rect comparisons with other studies are difficult because the study
areas and investigated time span were not identical. However,
the current results were closely consistent with the overall trend
that glaciers in the northwestern TP have experienced more bal-
anced mass budgets in the past decade, especially in the Western
Kunlun Mountains and Karakoram Mountains, relative to other
parts of the TP, that is, the Central TP, Gangdise range, Nyain-
gentanglha range, and Himalayas (Bolch et al., 2012; Gardelle
et al., 2012b; Jacob et al., 2012; Yao et al., 2012; Gardner et al.,
2013; Neckel et al., 2014). Based on the Ice, Cloud, and Land
Elevation satellite (ICESat) data and SRTM DEM, a slight posi-
tive mass balance was detected from 2003 to 2009 in the Western
Kunlun Mountains with the mass budget ranging from +0.03 +
0.25 m w.e. a! (Neckel et al., 2014) to +0.14 = 0.16 m w.e. a’!
(Gardner et al., 2013, converted into mass budget). For the Kara-
koram Mountains, the mass budget was approximately balanced
with a slightly negative mass balance of —0.10 + 0.16 m w.e. a™!
from 2003 to 2009 based on ICESat and SRTM data (Gardner et
al., 2013, converted into mass budget) and a mass gain of +0.11
+0.11 m w.e a”' from 2000 to 2008 calculated using SRTM and
SPOTS data (Gardelle et al., 2012b). It should be noted that surg-
ing or advanced glaciers identified from changes in glacier extent
were widely observed in these regions (Shangguan et al., 2007;
Fujita and Nuimura, 2011; Scherler et al., 2011; Yao et al., 2012;
Wei et al., 2014). Nevertheless, no evidence of positive mass bal-
ance was found for any glaciers located in the subregions during
the study periods (Fig. 4). However, 12 advanced glaciers were
found among the investigated glaciers during the period from the
1970s to 2009 (Wei et al., 2014). These advanced glaciers were
all smaller than 0.8 km? and the most pronounced area increase
was only 0.03 km?.

Conclusions

Systematic differences in the changes in glacier mass were
apparent from region to region. And additional detection of signals

indicative of changes in glacier mass may decrease the uncertainty
in the estimation of the contribution of changes in glacier mass to
increases in the magnitude of the sea level rise. The present study
assessed the glacier mass budgets in the NBBCB using the his-
torical topographic maps, SRTM, and ASTER stereo images. The
study indicated that pre-processing of relative correction for the
vertical and horizontal distortion between data sets derived from
different sources is necessary and can be assessed by statistical
analysis.

Overall the elevation of glacier surface in the study area de-
creased by 7.75 £ 1.10 m during 1968 and 2007. This resulted in
a volume loss of 4.45 + 0.63 km® and an average mass wastage of
0.10 £ 0.02 km® w.e. a™! that corresponded to —0.18 +0.03 m w.e. a™
for glaciers in the NBBCB. A decelerated deglaciation was also ob-
served during the recent decade although there were regional differ-
ences. From 1999 to 2007, the mass wastage was almost half (-0.11
+0.12 m w.e. a™!) the loss that occurred during 1968 and 1999.
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