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Abstract

Under global warming, many glaciers worldwide are receding. However, recent studies have sug-
gested the extension of the Karakoram Anomaly, a region of anomalous glacier mass gain, into
the western Kunlun and eastern Pamir mountains. However, the eastern limit of this anomaly in
the Kunlun Mountains is unclear. This study, using changes in glacier area and surface elevation,
estimates the eastern limit of the Kunlun-Pamir-Karakoram anomaly at ~85°E. Over the past 50
years, glaciers west of 85°E in the Kunlun Mountains decreased in area from 8401 to 7945 km” at
a rate of —0.12+0.07% a~", showed a reduction in the rate of retreat through time and have
recently gained mass, with surface elevation changes of 0.15+0.35ma™" over the period of
2000-2013. Glaciers east of 85°E have experienced greater rates of area change (—61 + 12 km®
and —0.43 +0.13% a~') over the past 50 years, accelerated area loss in recent years and elevation
change rate of —0.51 +0.18 ma~" between 2000 and 2013. These patterns of elevation and area
change are consistent with regional increases in summer temperature in the eastern Kunlun
Mountains and slight cooling in the western Kunlun Mountains.

1. Introduction

Since the beginning of this century, most glaciers have retreated worldwide at an increasing
rate (Dehecq and others, 2019). However, there are important regional differences in glacier
changes and behavior in High Mountain Asia (HMA). The Karakoram Range has been iden-
tified as a region where glaciers have remained stable or even advanced since the late 1990s
(Hewitt, 2005). Gardelle and others (2013) indicated that the ‘Karakoram Anomaly’ should
include the Pamir regions and be renamed as the ‘Pamir-Karakoram Anomaly’ because of
the similar mass gain during early 21st century in the central Karakoram (0.10 +0.16 m
w.e. a~!) and western Pamir (0.14 + 0.13 m w.e. a!). Recent studies have shown that anomal-
ous glacier behavior probably occurs in the nearby west Kunlun Mountains and Pamir (Kaéb
and others, 2015; Brun and others, 2017; Berthier and Brun, 2019; Farinotti and others, 2020),
the extent of mass gain could even reach to the central of the Tibet Plateau from 2003 to 2009
(Neckel and others, 2014). Changes in ice flow velocity were shown to be unrelated to the
surge-type glaciers in the Karakoram and the west Kunlun Mountains, but there was a signal
of increased ice deformation and sliding due to glacier thickening and associated mass gaining
(Dehecq and others, 2019). This accelerating ice velocity contrasted with the other parts of
HMA, where the glacier flow decreased. Farinotti and others (2020) suggested more mass
gain in the west Kunlun Mountains compared to the results in the Karakoram. Negi and others
(2021) also reported that there was no glacier anomaly in the eastern Karakoram (—0.10 £ 0.07 m
w.e. a~") in the early 21st century. However, few studies have focused on the exact extent of this
anomaly.

The Kunlun Mountains in the northern sector of the Tibetan Plateau are located in the cen-
ter of HMA. The remoteness and harsh environmental conditions of the Kunlun Mountains
have prevented the collection of in situ glacier observations. This impedes our understanding
of spatial and temporal changes of glaciers in this region. Satellite data obtained from a wide
range of sensors provide data for studying changes in these remote glaciers (Paul and others,
2015). So far, most studies about glacier changes in the Kunlun Mountains concentrate on the
west Kunlun Mountains. Using Landsat 7 TM/ETM+ and the Chinese glacier inventory data,
Shangguan and others (2007) revealed that 278 glaciers (with a total area of 2711.57 km?) in
the west Kunlun Mountains reduced in area by only ~0.40% from the 1970s to 2001.
Comparing two Chinese glacier inventory datasets, Bao and others (2015) observed the glacier
area (283 with a total area of 2822.04 km?) in the west Kunlun Mountains decreased by 3.4+
3.1% from 1970 to 2010. Based on ICESat/GLAS data and Shuttle Radar Topography Mission
(SRTM) elevation data, glacier surface elevation decreased for glaciers located below 5800 m
a.sl. but increased for glaciers situated above 6000 m a.sl. (Wu and others, 2014), and
these glaciers gained mass during 2003-2009 (Bao and others, 2015) in the west Kunlun
Mountains. Recently, Wang and others (2018), using multiple DEM sources, estimated average
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glacier mass change of —0.06 + 0.13 m w.e. a~ " in the west Kunlun
Mountains between 1970s and 1999. However, Zhou and others
(2018) inferred a nearly stable or slight mass gain state in the
west Kunlun Mountains from 1970s to 2000. Differences between
these studies are related partly to the variations in the extent of
the regions considered in the analysis. The presence of surge-type
glaciers in west Kunlun, confirmed by observations of ice velocity
and terminal changes (Yasuda and Furuya, 2015; Chudley and
Willis, 2018), further complicates studies of mass change in the
region. To our knowledge, studies of glacier change across the
entire Kunlun Mountain region have not been carried out to
date. Hence, there is a need to systematically analyze the spatial
distribution of glacier change in the entire Kunlun Mountains
to investigate the extent of the mass-balance anomaly.

In order to find the eastern limit of the Kunlun-Pamir-
Karakoram Anomaly, this study quantifies changes in glacier
area and surface elevation across the Kunlun Mountains. We
examine spatial and temporal changes in glacier area between
three glacier inventories (1970s to 2016) and calculate surface ele-
vation and mass changes for over 70% of the glaciers in the region
between 2000 and 2013.

2. Study area

The Kunlun Mountains (33°-38°N, 74°~100°E) are situated in the
northern part of the Tibetan Plateau (Fig. 1) and span ~2000 km
from west to east. The main ridge is above 5500 m a.s.l. The cli-
mate in the west and the central Kunlun Mountains is controlled
mostly by westerlies nearly all year, while the climate in the east
Kunlun Mountains is affected by both westerlies in the wintertime
and, occasionally, by Asian monsoon systems in the summertime
(Shi, 2002; Tian and others, 2007; Yao and others, 2013; Ma and
others, 2017; Thompson and others, 2018). Although the whole
mountain range is situated in a cold and dry region, annual pre-
cipitation can reach ~200 mm at 5000 m a.s.l., and 400 mm at
5900 m a.sl. (Zhang and Li, 1999). The high terrain of the
Kunlun Mountains results in a large number of glaciers.
According to the second Chinese Glacier Inventory (CGI-2)
(Liu and others, 2012), there are 8452 glaciers with a total area
of 11099 +400 km® in the Kunlun Mountains, with numerous
large glaciers in the west and central Kunlun and small ones in
the east (Fig. 1). Most of the glaciers are characterized as the con-
tinental type.

3. Data and methods
3.1 Data sources

3.1.1 Landsat OLI images and previous glacier inventories
Landsat 8 Operational Land Imager (OLI) images (N =38) col-
lected between 2014 and 2017 are used to delineate recent glacier
extents, with the majority of the imagery (79%) collected between
2015 and 2016 (Supplementary Table S1). Two Chinese Glacier
Inventories from the 1970s (CGI-1) and 2006-2010 (CGI-2) are
compared with the inventory created in this work to assess glacier
area change in the Kunlun Mountains from the 1970s to 2016.
Different dates are assigned to glacier boundaries delineated for
the eastern, central and western parts of the Kunlun Mountains
in CGI-1 and CGI-2 (Supplementary Table S2). CGI-1 was com-
piled with topographical maps at 1:50 000 and 1:100 000 scales,
aerial photos and field validation, while CGI-2 was based on
Landsat TM images with a band-ratio threshold method together
with visual interpretation (Guo and others, 2015).
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3.1.2 SRTM and TanDEM-X DEM

In this study, the non-void filled NASA SRTM DEM (Version 1;
https://dx.doi.org//10.5066/F7K072R7) and the TanDEM-X DEM
90 m from TanDEM-X mission are used to calculate glacier sur-
face elevation change between 2000 and 2013. The SRTM
DEMs are processed from InSAR data acquired from 11 to 22
February 2000, with WGS84, coordinate system set to EGM96
geoid (Farr and Kobrick, 2000). The nominal absolute vertical
accuracy of SRTM DEM is ~15m at the 90% confidence level,
equal to an RMSE ~10m (Wan and others, 2020). The
TanDEM-X DEMs used in this study are processed from InSAR
data acquired in winter 2013 (Supplementary Table S3). The
height of TanDEM-X DEM is ellipsoidal height, which is the
sum of the ellipsoidal height and orthometric height.

Absolute vertical accuracy of TanDEM-X DEM is below 10 m
at the 90% confidence level (https:/geoservice.dlr.de/web/data-
guide/tdm90/). There are slightly different observation periods
within and between regions due to TanDEM-X coverage from
different time periods and regions. This may cause some uncer-
tainty that is difficult to directly quantify, although it can be
considered small for an observational period of ~13 vyears
(Braun and others, 2019).

3.2 Methods

3.2.1 Glacier boundary delineation

Visual interpretation and automatic classification are generally
used to extract glacier boundaries. Compared to visual interpret-
ation, automatic classification is suitable to obtain glacier bound-
aries over large areas. However, for glaciers covered by debris,
manual validation and correction are needed (Xiang and others,
2013). Considering additional modifications and adjustments
are required after automatic classification, we extracted glacier
boundaries manually for the 2016 inventory. Images with snow
and cloud coverage <10% were selected preferentially. Images
with >10% overall cloud coverage but no cloud in glacierized
areas were also considered. In regions where glaciers were persist-
ently influenced by snow and cloud in 2016, we chose high-
quality images from adjacent years. All images were projected
onto the WGS84 UTM (Zone 43N) coordinate system and
resampled to 15m resolution, and SWIR1, Green, and Blue
were used for band synthesis (Paul and others, 2009). The bound-
aries of debris-covered glaciers were identified by using a combin-
ation of many features, such as the water ponds and ice cliffs on
glacier surface, elevation profiles of valley bottoms and the visible
drainage system at glacier termini. All those features could be veri-
fied in Google Earth (see detailed extraction examples in
Supplementary Fig. S1). After boundary delineation, the area of
each glacier was calculated on the WGS84 spheroid and Albers
equal-area map projection centered on 95°E, 30°N with standard
parallels at 15°N and 65°N (Ye and others, 2017). Because of
the limitations of the image resolution, glaciers with areas of
<0.01 km?* cannot be reliably discriminated from Landsat images
(Paul and others, 2009; Leigh and others, 2019) and were
excluded from this study (<36 pixels). Furthermore, glaciers in
CGI-2, which were used to examine glacier surface elevation
changes between 2000 and 2013, were modified with 2000
Landsat 7 ETM+ images by visual interpretation.

3.2.2 Geodetic method

Multi-temporal DEMs have been extensively used to calculate the
geodetic glacier mass balance. In this study, SRTM DEM and
TanDEM-X elevation data were used to estimate the geodetic gla-
cier mass balance in the Kunlun Mountains. All the DEMs were
projected to the coordinate system of WGS84 UTM zone 43
N/EGM96 and were resampled bilinearly to 30 m to reduce the
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Fig. 1. Distribution of studied glaciers in the Kunlun Mountains and meteorological stations (pink triangles) around the study area. Pink rectangles are the outlines
of the TanDEM-X DEMs used to calculate the elevation change, covering nearly 70% of the glacier area in the Kunlun Mountains, and black dashed lines are the
dividing lines for the west, the central and the east Kunlun Mountains for the estimation of glacier area change.

impact of different resolutions. TanDEM-X DEMs were translated
to the orthometric height using global EGM96 geoid model (https:/
cddis.nasa.gov/926/egm96/egm96.html) before co-registration. In
order to obtain optimal results, the TanDEM-X DEMs were
co-registered vertically to the SRTM DEM on stable ground
using an iterative approach (Nuth and Kaéb, 2011). Stable regions
were selected in the non-glacier areas with <15° slope (results
from SRTM DEM), without vegetation and water.

Statistical methods were utilized to minimize errors from spa-
tial matching and data resolution. The non-glacierized regions
were generally considered stable over decades, which could help
to assess the matching bias of spatial de-correlation (Berthier
and others, 2007). The shift distance and std dev. of the
TanDEM-X DEM are shown in Supplementary Table S4. In
order to minimize error in the elevation change estimation, values
above +100 m (usually around data gaps and near DEM edges)
were removed assuming these values were outliers (Berthier and
others, 2010). Gardelle and others (2012) demonstrated the cor-
relation between elevation difference of different DEMs and max-
imum surface curvature; the relationship between glacier and
non-glacier regions showed a robust consistency, which was
used to correct the residual error of elevation difference in our
study. Detailed formulas and fitted equations were presented in
the Supplementary material and Figure S2.

The elevation difference between two DEMs represented the
volume change of the glacier surface, assuming that the density
profile remained constant and only ice was lost or gained
(Paterson, 1994; Zemp and others, 2010). To transform volume
change into mass change, we assume a density of 850kgm™
and an additional uncertainty of 60 kgm™ on account of the
lack of measured data (Zemp and others, 2010). Mass balance
was estimated by a density conversion formula (1), which could
be expressed as follows:

p
S—xZAhS, 1)

where B is mass balance, p is transition density, S, is glacier area, n
is the number of pixels in the glacier region, Ah; represents the
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surface elevation difference of i pixel in different times corre-
sponding to the relevant DEMs and S, represents the area of a
pixel.

3.2.3 Meteorological data processing

Monthly air temperature and precipitation observations from
meteorological stations (Fig. 1) near to the Kunlun Mountains
are used to calculate the variations of temperature and precipita-
tion from 1960 to 2015. The observation data are derived from
the National Meteorological Information Center, China
Meteorological Administration. Considering the scarceness of
meteorological stations around the Kunlun Mountains, especially
around the west Kunlun, ERA5 reanalysis data are used to analyze
the temporal and spatial distribution of temperature and precipi-
tation variations. The data are the fifth-generation meteorological
dataset of the European Centre for Medium-Range Weather
Forecasts (ECMWEF), providing data on the global weather and
climate for the past 40-70 years, which has much higher temporal
resolution and more accurate atmospheric conditions than
the previous ERA versions and perform well in terms of precipi-
tation in high altitude compared with some other reanalysis pro-
ducts (Hersbach and others, 2020; Huai and others, 2021).
ERA5-Land monthly averaged data from 1980 to 2020 are used
to calculate the summer and winter precipitation changes. The
average elevation of glaciers in the Kunlun Mountains is ~5000
m, so the ERA5 monthly averaged data on 500 hPa level (corre-
sponding to ~5500 m a.s.l.) are selected for analyzing upper air
temperature change in the glacierized area. Before using ERA5
reanalysis data, we evaluated it with meteorological station obser-
vations (see section 4.3).

3.3 Accuracy assessment

3.3.1 Glacier area

The error of co-registration (E,;) can be ignored as the Landsat 8
images have already been orthorectified by the USGS with high
accuracy (Guo and others, 2013). Hence, the error of boundary
identification can be related to image resolution, which was esti-
mated by creating a buffer of half-pixel for the Landsat images
and 15m for the CGI-1 as the discriminant error (Paul and
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others, 2013). The error of the glacier area can be calculated as
formula (2):

1
EA:NXES, (2)

where N is the number of pixels of glacier boundary and S is the
resolution of the images.

The final uncertainty of glacier area change was estimated
using the methods by Guo and others (2013). The errors (Ec)
are regarded as follows according to the error propagation (3):

Ec = /E} + E3, 3

where E; and E, represent the error of glacier area in each period.

3.3.2 Mass balance

The relative uncertainties of the DEMs before and after the adjust-
ments are calculated on the basis of glacier-free terrain (derived
from SRTM DEM). We calculated the uncertainty of the glacier
elevation changes (Uyy,) using the std dev. of the averaged eleva-
tion change (STD,,) (Wan and others, 2020), the number of
values (after removing spatial autocorrelation) in the non-glacier
area (Nuth and Kaib, 2011; Paul and others, 2015) and the aver-
aged absolute difference (AAD) between the median elevation
change on the glacier and off-glacier terrain (Berthier and Brun,
2019) in the formula (4):

STD
Ush = >——20 1 AAD, 4)

~/Nett

where N, is the number of pixels calculated. Due to the strong
spatial autocorrelation, the influence of this should be removed.
Negr is estimated by the formula (5) as following:

PxN

2 ®

Negt =

where N is the total number of pixels in the stable regions, P is the
pixel resolution and d is the distance of spatial autocorrelation.
We choose a de-correlation distance of 600 m (20 pixels) for
the TanDEM-X DEM to minimize the effect of auto-correlation
(Nuth and Kaib, 2011).

For the uncertainty arising from glacier boundary, a previous
study (Paul and others, 2013) suggested a 3% error for alpine
regions and a ratio between the glacier perimeter and area
(Rpa) of 5.03km™". Braun and others (2019) observed Rpa
values of individual regions range from 0.67 to 10.81 km™", and
they scaled the error and applied a larger area measurement
error in valley glaciers. In this study, the uncertainty of glacier
extent was calculated by the formula (6) proposed by Braun
and others (2019):

Uy = _ Rem o ©6)

RP/A Paul and others
where U, is defined as the uncertainty of glacier area and Rp, 4 the
ratio between the perimeter and area.

Additionally, since the radar data of C-band and X-band are
different from each other, it is necessary to compensate for the
signal of different radar penetration depth in snow and ice
(Neelmeijer and others, 2017). Previous studies (Lin and others,
2017; Li and others, 2021) showed that the spatial variability of
C-band radar penetration was large, and the radar penetration
of X-band in high altitude regions was too large which limits
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their use for deriving annual geodetic mass balances. Millan
and others (2015) observed the penetration depth of
TanDEM-X could reach 5-6 m in region with a higher elevation
(>3500 m) in October, and a maximum value (7 m) above 2500
m in February due to the dry snow condition.

Thus, we corrected the C-band penetration according to the
results from Li and others (2021): the penetration depth of each
SRTM scene was set to the maximum at the head of the glacier,
and a correction for C-band radar penetration was applied to
each altitude bin with a linear model. For the X-band penetration,
we used the same correcting method as C-band and choose 7 m as
the maximum value. This ensured methodological consistency in
the study and the results could be an upper bound for the eleva-
tion change. Std dev. was used to estimate the uncertainty (Upey)
of penetration depth.

When using elevation differencing to calculate glacier mass
change, a final possible source of error is the timing of each acqui-
sition during the mass-balance year. Huintjes and others (2015)
explained that glacier mass balance is dominated by snowfall, sub-
limation, refreezing and snow/ice melt in general. For a glacier of
summer-accumulation type in the Tibetan Plateau, snowfall as
well as melt occur mainly in the ablation season (Maussion and
others, 2014). In addition, during the dry and cold accumulation
season (both winter and spring), the slight mass gain caused by
snowfall might be largely consumed by the mass loss related to
sublimation, while the small amounts of melting snow can be oft-
set by the re-freezing process (Huintjes and others, 2015; Li and
others, 2018). Liu and others (2019) considered that the seasonal
variation between late winter and spring could be ignored when
calculating annual mass balance. Hence, we did not take into
account the impact of seasonal differences over a 13-year study
period because the uncertainty assessment of mass balance should
capture this impact.

The total uncertainty of mass balance in this study was
estimated using formula (7) as Braun and others (2019). We con-
sidered the error from glacier elevation change, glacier boundar-
ies, uncertainty from the conversion density and radar signal
penetration:

AMN (U2 (UsV - (U,\ Upen Y
U= (E) ((A—h) *(7) *(7) +(A—t“’)’ @

where AM/At represents the mass-balance estimate, A the glacier
area and p the density for volume-to-mass conversion.

4. Results and discussion
4.1 Glacier area changes

Glacier area changes of the different regions in the Kunlun
Mountains in the past 50 years are summarized in the
Supplementary materials (Tables S2, S5). The year of the previous
inventories was determined by the date of images used, and gla-
ciers marked high uncertainty in the CGI-1 were removed from
the study. After removing glaciers marked as high-uncertainty
in CGI-1 from the analysis, 7232 glaciers in the Kunlun
Mountains, with a total area of 11558 +375km” in the 1970s,
were considered. From 1970s to 2016, a total glacier area change
of —593 + 424 km? (—5.41 +4%) was observed over the Kunlun
Mountains. The maximum absolute glacier area change occurred
in the west Kunlun Mountains (=455 + 313 km?), and the min-
imum occurred in the east (—60 + 12 km?). These spatial patterns
are partly related to the glacier size, as average glacier areas in the
West Kunlun Mountains are larger than those in the east.
Comparing the relative rate of glacier area change in the sub-
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Supplementary Table S2), we observe consistent and strongly P CGI'; -2
negative rates of area loss in the eastern Kunlun Mountains | CGl-2 to our inventory
(—0.43£0.13% a~" between 1970s and 2016), large increases in —~ i
the rate of area loss in the central Kunlun Mountains (—0.01% '<§ :
a~! prior CGI-2, and —0.24% a™" after CGI-2), and consistent S 04
but relatively lower rates of area loss in the western Kunlun g
Mountains (—0.12% a™" overall). I
. 6 i1 e 1s a0
Glacier area changes aggregated over a 0.1 x 0.1° grid indi- =
cated that between CGI-2 and our 2016 inventory glaciers in < 5
the Kunlun Mountains decreased overall but there was spatial het- s 7
erogeneity (Fig. 3 and Supplementary Fig. S3). The shrinkage of <
glaciers in the west was small (most <0.40% a™"), while in the
east it was larger (>1.20% a~"), and the shrinkage of small glaciers
in the west (most <0.5% a™"') was much smaller than it is in the 4

east (>1.50% a~"). From 83°E to the east, the rate of glacier area
shrinkage began to increase after the CGI-2 inventory (~2006),
and the slope of glacier area shrinkage rate reached the maximum
near 85°E (Fig. 4).

In order to explore the similarities of glacier changes between
the Kunlun Mountains and the Karakoram and Pamir regions, we
compared the glacier shrinkage rate in the Kunlun Mountains
with the results reported for other regions on the Tibet Plateau
over the past several decades (Supplementary Table S6). Glacier
area decreased slightly in the western Karakoram by 0.03% a™"
from 1973 to 2014 (Qureshi and others, 2017). The rates of glacier
shrinkage in the west Kunlun Mountains and central Kunlun
Mountains are lower than those in the eastern Pamir and central
Himalaya, and the value of eastern Pamir is slightly higher than
that in the west Kunlun Mountains. The smaller glacier area
reduction in these regions is different from those in other ranges
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Longitude (°E)

Fig. 4. Longitudinal distribution of glacier area change rate before and after CGI-2 in
1° grids, black dash line represents the transition line. Red and blue dash lines
represent the piecewise linear fitting of the CGI-1 to -2 and CGI-2 to 2016,
respectively.

of the Tibet Plateau, which is considered as the ‘Anomaly’ in the
HMA.

4.2 Glacier surface elevation and mass-balance changes

The average surface elevation change of glacier in the Kunlun
Mountains was 0.08+0.14ma~' between 2000 and 2013.
Assuming a surface density of 850 + 60 kg m~>, the corresponding
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Fig. 5. Glacier elevation changes from 2000 to 2013. The sub-regions (red dash lines) segmentation is according to the glacierized area. The spatial distribution of
glacier elevation change in 0.1° grid, and the spatial distribution of averaged glacier elevation change in the numbered sub-regions.

Table 1. The surface elevation change and mass balance of the sub-regional
glaciers in the Kunlun Mountains over the period of 2000-2013

Elevation change Mass balance

Name Regions (ma™) (m w.e. a7

West Kunlun Mountains  Sub-region 0.15+0.35 0.13+0.30
1

Western part of central ~ Sub-region 0.14+0.20 0.12+0.17

Kunlun Mountains 2

Ulugh Muztagh Sub-region —0.11+£0.06 —0.09 £0.05
3

Bukatage Mountains Sub-region —0.01+0.09 —0.00 +0.07
4

Aemye Ma-chhen Range Sub-region -0.51+£0.18 —0.43+0.15
5

The number of each sub-region refers to Figure 6.

average mass change was 0.07 + 0.12 m-w.e. a~ ' during the period,
which is consistent with the results (0.06 +0.17 m w.e. a~') from
Shean and others (2020). Our results confirm the mass-balance
anomaly observed in the Kunlun Mountains and identify the lon-
gitude where surface elevation and mass changes transition from
positive to negative values, moving west to east. The most positive
elevation change of 0.15+0.35m a™! (0.13+£0.30m we. al)
was observed in the west Kunlun Mountains (Fig. 5; Table 1),
and was similar to the mass balance (0.14+0.08m w.e. a ')
estimated by Brun and others (2017). The most negative change
was found in the eastern Kunlun Mountains in Aemye
Ma-chhen Range of —0.51 +0.18 ma~", which is similar to the
value of —0.68+0.29ma™" calculated by Shean and others
(2020) (Supplementary Table S7).

Glacier surface elevation change in four glacierized regions
reflected typical characteristics of surge-type glaciers, namely
lowering of the reservoir zone and thickening of the receiving
zone (Neckel and others, 2014) (Fig. 6). There were 38
advancing glaciers in the Kunlun Mountains from CGI-2 to
2016. Figure 5a shows that most glaciers were in a state of
mass gain in the accumulation zone, while four glaciers surged
from 2000 to 2013. In the Ulugh Muztagh (Fig. 6b), there was
one surging glacier and most glaciers were in a state of mass
loss. In the Bukatage Mountains (Fig. 6c) glaciers on northern
slopes showed mass loss, but several glaciers on the southern
slopes showed mass gains in their reservoir zones. The
Monuomaha Glacier (GLIMS-id G091032E36060N) surged
over 1km from the 2009 (CGI-2) to 2016 (this inventory;
Supplementary Table S8). Glaciers in the Aemye Ma-chhen
Range (Fig. 6d) showed clear mass loss, and no surging glaciers
were detected.
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For further analysis of the spatial distribution of surface eleva-
tion change, we provided the results averaged over 0.1 x 0.1° grids
(Fig. 5). The surface elevation change was positive (~0.15 + 0.35
ma™') in the west but negative (~—0.51+0.18 m a™') in the east,
with a transition in the western part of the central Kunlun
Mountains near 85°E (Fig. 7). Glaciers in the west Kunlun
Mountains (Sub-region 1) were in a state of mass gain (0.13 £
0.30m w.e. a~!, Table 1), consistent with previous values
(Supplementary Table S9). A mass balance of 0.12 +0.17 m w.e. a~*
was found in the central Kunlun Mountains (Sub-region 2),
with clear mass loss (—0.09+0.05m w.e. a~') in the eastern
Kunlun (Sub-region 3). Notably, glaciers in the Bukatage
Mountains (Sub-region 4) were on average stationary (—0.00 +
0.07m w.e. a~"), and this may be linked to the surging glaciers
in this region. Glaciers in the eastern-most sub-region (Aemye
Ma-chhen Range) experience substantial mass loss (—0.43 +
0.15m w.e. a ).

Nevertheless, Zhou and others (2018) estimated mass balance
in the Tibet Plateau and its surroundings areas from the
mid-1970s to 2000 using Hexagon KH-9 and SRTM DEMs, and
found mass balances of 0.02 +0.10 and —0.06 +0.12 m w.e. a~" in
the west Kunlun Mountains and Ulugh Muztagh, respectively.
Our results indicated that mass gain in the west Kunlun
Mountains increased between the mid-1970s to 2000 and 2000
to 2013, and mass loss in the Ulugh Muztagh accelerated. These
can explain the different spatial distribution of the area shrinkage
rate in the Kunlun Mountains, i.e. slightly decelerating in the west,
slightly accelerating in the central and largely reduced in the east
(Fig. 2). The area of glaciers (7187.15 km?) used to calculate the
surface elevation change accounts for nearly 70% of the total gla-
cier area (10965.07km?) in the whole Kunlun Mountains.
Therefore, the state of mass balance should represent the variation
in the entire mountains to a large extent. We inferred that the west
Kunlun Mountains belong to the domain of the Karakoram
Anomaly (Hewitt, 2005) and the eastern limit of the
‘Kunlun-Pamir-Karakoram Anomaly’ was near 85°E.

4.3 Effect of air temperature and precipitation variations

Global warming has led to a general shrinkage of glacier area, but
there is a clear spatial heterogeneity in the mass balance in differ-
ent regions. Glacier change is a reflection of climate fluctuations:
summer temperature and solid precipitation are the most import-
ant drivers of glacier mass balance in the HMA (Wang and
others, 2010; Bao and others, 2015; Kang and others, 2020;
Bhattacharya and others, 2021). Analysis of measurements of
meteorological stations indicates that mean summer temperature
shows a significant upward trend from 1960 to 1999. However,
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Fig. 7. Longitudinal distribution of the surface elevation change of glaciers with dif-
ferent sizes in the Kunlun Mountains over the period of 2000-2013.

the upward trends are not significant over the period 2000-2015.
Furthermore, the upward trends of annual precipitation from
2000 to 2015 are more significant than the value during 1960-
1999 (Supplementary Fig. S4), which might cause the recent
anomaly mass balance in Kunlun Mountains. However, the
meteorological stations near Kunlun Mountains are far away
from the glacier area, especially in the west Kunlun Mountains.
Therefore, ERA5 reanalysis data were used to analyze the spatial
distribution of climate change in the glacier area. Air temperature
and precipitation from Wudaoliang station with an elevation near
5000 m a.s.l. near the Kunlun Mountains are used to evaluate the
adaptability of ERA5 reanalysis data and the results show that
their trends are consistent over the period of 1980-2015 (see in
Supplementary Figs S5, S6). So, we use the ERA5 reanalysis
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99°15'0"E

b), Bukatage Mountains (c) and Aemye Ma-chhen Range (d) in the Kunlun

data to draw a picture of climate change in our study area and
analyze the possible driving factors of the spatial heterogeneity
of glacier mass balance. There is no trend in winter precipitation,
but an overall increasing trend in summer precipitation.
Generally, more than 70% of annual precipitation occurs in the
summer in the Kunlun Mountains. The summer temperature
increased strongly in the east Kunlun Mountains while very
slightly in the west Kunlun Mountains (Fig. 8), which is similar
to the recent anomalous cooling of summer air temperature in
Karakoram (Forsythe and others, 2017). Furthermore, mass
balance of glaciers in the east part is more sensitive to tempera-
ture than those in the west part (Sakai and Fujita, 2017).
Hence, the large mass loss in the east Kunlun Mountains is
mainly caused by the obviously increasing summer tempera-
ture. Glacier mass balance in the dry, cold regions is mostly
influenced by the solid precipitation (Bhattacharya and others,
2021). Therefore, anomaly mass gain in the west Kunlun
Mountains is probably influenced by the increasing trend of
summer precipitation along with the very slight change in sum-
mer temperature.

5. Conclusion

The Kunlun Mountains located in the northern Tibet Plateau, are
connected to the Karakoram Mountains in the west and stretch to
the far eastern part of the Tibet Plateau. Studying glacier change
in this region can not only reveal the eastern limit of
Kunlun-Pamir-Karakoram Anomaly, but also help us to understand
the patterns in glacier change from west to east in the northern
Tibet Plateau. Based on the glacier area and surface elevation varia-
tions, we found that the eastern limit of the positive mass-balance
anomaly was located near 85°E. In the western part of this limit,
the rate of glacier area change was —0.13+0.10% a~" before 2009
(CGI-2), and was —0.10 £ 0.57% a™" after 2009 (CGI-2), the surface
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Fig. 8. Trend rates of summer upper air (500 hPa) temperature, winter and summer precipitation from ERA5 data during 1980-2020. Black dot indicates the trends
are significant at 99% confidence levels, and blue dot denotes the cell with glacier. The temperature in west Kunlun Mountains rises slightly in summer and grad-
ually increases eastward, and there is no trend in winter precipitation, but an overall increasing trend in summer precipitation.

elevation increased slightly (~0.15+0.35ma"") between 2000 and
2013. However, in the eastern part, the glacier area decreased signifi-
cantly (—0.43 +0.13% a™') and showed accelerating shrinkage. In
the Aemye Ma-chhen Range the glacier surface elevation was low-
ered the most (~0.51+0.18 ma™"). The spatial patterns of glacier
change in the west and the east Kunlun Mountains appear to be
linked to summer temperature, which increased strongly in the
east Kunlun Mountains and very little in the west Kunlun
Mountains. Increases in summer precipitation in the west Kunlun
Mountains may also contribute to the mass-balance anomaly that
extends to 85°E.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/jog.2022.30.

Data availability. The Chinese Glacier Inventory data are available at http:/
westdc.westgis.ac.cn/glacier. We downloaded the Landsat images and SRTM
from the USGS (https://earthexplorer.usgs.gov/). TanDEM-X 90 m DEMs
are available at https://geoservice.dlr.de/web/dataguide/tdm90/provided by
German Aerospace Center (DLR). The python scripts for DEM coregistration
provided by Shean and others (2019) are available on Github, and helped us a
lot. The ERA-5 monthly averaged data on pressure levels from 1979 to present
are available at https://www.copernicus.eu/en.

Acknowledgements. We thank the Scientific Editor Shea Joseph, the
Associate Chief Editor Hester Jiskoot, and the anonymous reviewers for
their constructive comments. Here, we thank all the institutions, groups and
China Meteorological Administration for sharing data and methods. This
work is supported by the Strategic Priority Research Program of the Chinese

https://doi.org/10.1017/jog.2022.30 Published online by Cambridge University Press

Academy of Sciences (grant No. XDA20060201), the National Natural
Science Foundation of China (42130516) and the Second Tibetan Plateau
Scientific Expedition and Research Program (2019QZKK020102).

Author contributions.

All authors contributed to the study conception and design. Ninglian Wang designed the
study. Qian Liang, Anan Chen, Xuewen Yang, Ting Hua and Zhijie Li were involved in
the discussions. Qian Liang compiled the data, performed the analysis and generated the
figures. Qian Liang and Ninglian Wang wrote the manuscript with help from all other
authors. Daqing Yang helped revise the manuscript.

References

Bao W], Liu SY, Wei JF and Guo WQ (2015) Glacier changes during the
past 40 years in the West Kunlun Shan. Journal of Mountain Science 12
(2), 344-357. doi: 10.1007/s11629-014-3220-0

Berthier E and 5 others (2007) Remote sensing estimates of glacier mass bal-
ances in the Himachal Pradesh (West Himalaya, India), Remote Sensing of
Environment 108(3), 327-338. doi: 10.1016/j.rse.2006.11.017

Berthier E and Brun F (2019) Karakoram geodetic glacier mass balances
between 2008 and 2016: persistence of the anomaly and influence of
a large rock avalanche on Siachen Glacier. Journal of Glaciology 65,
494-507. doi: 10.1017/jog.2019.32

Berthier E, Schiefer E, Clarke GKC, Menounos B and Rémy F (2010)
Contribution of Alaskan glaciers to sea-level rise derived from satellite
imagery. Nature Geoscience 3(2), 92-95. doi: 10.1038/NGEO737

Bhattacharya A and 8 others (2021) High Mountain Asian glacier response to
climate revealed by multi-temporal satellite observations since the 1960s.
Nature Communications 12, 4133. doi: 10.1038/s41467-021-24180-y


https://doi.org/10.1017/jog.2022.30
https://doi.org/10.1017/jog.2022.30
http://westdc.westgis.ac.cn/glacier
http://westdc.westgis.ac.cn/glacier
http://westdc.westgis.ac.cn/glacier
https://earthexplorer.usgs.gov/
https://geoservice.dlr.de/web/dataguide/tdm90/provided
https://geoservice.dlr.de/web/dataguide/tdm90/provided
https://www.copernicus.eu/en
https://www.copernicus.eu/en
https://doi.org/10.1007/s11629-014-3220-0
https://doi.org/10.1007/s11629-014-3220-0
https://doi.org/10.1007/s11629-014-3220-0
https://doi.org/10.1007/s11629-014-3220-0
https://doi.org/10.1016/j.rse.2006.11.017
https://doi.org/10.1017/jog.2019.32
https://doi.org/10.1038/NGEO737
https://doi.org/10.1038/s41467-021-24180-y
https://doi.org/10.1038/s41467-021-24180-y
https://doi.org/10.1038/s41467-021-24180-y
https://doi.org/10.1038/s41467-021-24180-y
https://doi.org/10.1017/jog.2022.30

Journal of Glaciology

Braun MH and 8 others (2019) Constraining glacier elevation and mass
changes in South America. Nature Climate Change 9, 130-136. doi: 10.
1038/541558-018-0375-7

Brun F, Berthier E, Wagnon PK, Kiib A and Treichler D (2017) A spatially
resolved estimate of High Mountain Asia glacier mass balances from 2000
to 2016. Nature Geoscience 10, 668-673. doi: 10.1038/nge02999

Chudley TR and Willis IC (2018) Glacier surges in the north-west West
Kunlun Shan inferred from 1972 to 2017 Landsat imagery. Journal of
Glaciology 65(249), 1-12. doi: 10.1017/jog.2018.94

Dehecq A and 6 others (2019) Twenty-first century glacier slowdown driven
by mass loss in High Mountain Asia. Nature Geoscience 12(1), 22. doi:10.
1038/541561-018-0271-9

Farinotti D, Immerzeel WW, de Kok RJ, Quincey DJ and Dehecq A (2020)
Manifestations and mechanisms of the Karakoram glacier anomaly. Nature
Geoscience 13, 8-16. doi: 10.1038/s41561-019-0513-5

Farr TG and Kobrick M (2000) Shuttle radar topography mission produces a
wealth of data. Eos, Transactions American Geophysical Union 81(48), 583-585.

Forsythe N, Fowler HJ, Li XF, Blenkinsop S and Pritchard D (2017)
Karakoram temperature and glacial melt driven by regional atmospheric cir-
culation variability. Nature Climate Change 7(9), 664-670. doi: 10.1038/
nclimate3361

Gardelle ], Berthier E and Arnaud Y (2012) Impact of resolution and radar
penetration on glacier elevation changes computed from DEM differencing.
Journal of Glaciology 58(208), 419-422. doi: 10.3189/2012JoG11]J175

Gardelle J, Berthier E, Arnaud Y and Kaib A (2013) Region-wide glacier
mass balances over the Pamir-Karakoram-Himalaya during 1999-2011.
The Cryosphere 7(4), 1263-1286. doi: 10.5194/ tc-7-1263-2013

Guo WQ and 10 others (2015) The second Chinese glacier inventory: data,
methods and results. Journal of Glaciology 61(226), 357-372. doi: 10.
3189/2015j0g14j209

Guo WQ, Liu SY and Wei JF (2013) The 2008/09 surge of central Yulinchuan
Glacier, Northern Tibetan Plateau, as monitored by remote sensing. Annals
of Glaciology 54(63), 299-310. doi: 10.3189/2013A0G63A495

Hersbach H and 42 others (2020) The ERA5 global reanalysis. Quarterly
Journal of the Royal Meteorological Society 146, 1999-2049.

Hewitt K (2005) The Karakoram anomaly? Glacier expansion and the ‘eleva-
tion effect’, Karakoram Himalaya. Mountain Research and Development 25
(4), 332-340. doi: 10.1007/s00382-014-2409-9

Huai BJ, Wang JY, Sun WJ, Wang YT and Zhang WY (2021) Evaluation of
the near-surface climate of the recent global atmospheric reanalysis for
Qilian Mountains, Qinghai-Tibet Plateau. Atmospheric Research 250,
105401. doi: 10.1016/j.atmosres.2020.105401

Huintjes E, Neckel N, Hochschild V and Schneider C (2015) Surface energy
and mass balance at Purogangri ice cap, central Tibetan Plateau, 2001-2011.
Journal of Glaciology 61(230), 1048-1060.

Kiib A, Treichler D, Nuth C and Berthier E (2015) Brief communication:
contending estimates of 2003-2008 glacier mass balance over the
Pamir-Karakoram-Himalaya. The Cryosphere 9, 557-564.

Kang SC, Guo WQ, Zhong XY and Xu M (2020) Changes in the mountain
cryosphere and their impacts and adaptation measures. Climate Change
Research 16(2), 143-152. doi: 10.12006/j.issn.1673-1719.2019.257

Leigh JR and 5 others (2019) Identifying and mapping very small (<0.5 km?)
mountain glaciers on coarse to high-resolution imagery. Journal of
Glaciology 65(254), 873-888. doi: 10.1017/j0g.2019.50

Li C, Jiang L, Liu L and Wang H (2021) Regional and altitude-dependent esti-
mate of the SRTM C/X-band radar penetration difference on High Mountain
Asia glaciers. IEEE Journal of Selected Topics in Applied Earth Observations
and Remote Sensing PP(99), 1-1. doi: 10.1109/JSTARS.2021.3070362

Li SH, Yao TD, Yang W, Yu WS and Zhu ML (2018) Glacier energy and
mass balance in the inland Tibetan Plateau: seasonal and interannual vari-
ability in relation to atmospheric changes. Journal of Geophysical Research:
Atmospheres 123(12), 6390-6409. doi: 10.1029/2017JD028120

Lin H, Li G, Cuo L, Hooper A and Ye QH (2017) A decreasing glacier mass
balance gradient from the edge of the Upper Tarim Basin to the Karakoram
during 2000-2014. Scientific Report 7, 6712. doi: 10.1038/s41598-017-07133-8

Liu L and 5 others (2019) Accelerated glacier mass loss (2011-2016) over the
Puruogangri ice field in the inner Tibetan Plateau revealed by bistatic
InSAR measurements. Remote Sensing of Environment 231, 111241. doi:
10.1016/j.rse.2019.111241

Liu SY, Guo WQ and Xu JL (2012) The second glacier inventory dataset of
China (Version 1.0) (2006-2011). National Tibetan Plateau Data Center.
doi: 10.3972/glacier.001.2013.db. CSTR: 18406.11.glacier.001.2013.db.

https://doi.org/10.1017/jog.2022.30 Published online by Cambridge University Press

1175

Ma JR, Guan XD, Guo RX, Gan ZW and Xie YK (2017) Mechanism of non-
appearance of hiatus in Tibetan Plateau. Scientific Reports 7(1), 4421. doi:
10.1038/541598-017-04615-7

Maussion F and 5 others (2014) Precipitation seasonality and variability over
the Tibetan Plateau as resolved by the High Asia Reanalysis. Journal of
Climate 27(5), 1910-1927.

Millan R, Dehecq A, Trouvé E, Gourmelen N and Berthier E (2015)
Elevation changes and X-band ice and snow penetration inferred from
TanDEM-X data of the Mont-Blanc area. 2015 8th International
Workshop on the Analysis of Multitemporal Remote Sensing Images
(Multi-Temp) PP, 1-4. doi: 10.1109/Multi-Temp.2015.7245753

Neckel N, Kropacek J, Bolch T and Hochschild V (2014) Glacier mass
changes on the Tibetan Plateau 2003-2009 derived from ICESat laser altim-
etry measurements. Environmental Research Letters 9(1), 014009. doi: 10.
1088/1748-9326/9/1/014009

Neelmeijer J, Motagh M and Bookhagen B (2017) High-resolution digital
elevation models from single-pass TanDEM-X interferometry over moun-
tainous regions: A case study of Inylchek Glacier, Central Asia. ISPRS
Journal of Photogrammetry and Remote Sensing 130, 108-121. doi: 10.
1016/j.isprsjprs.2017.05.011

Negi HS, Kumar A, Kanda N, Thakur NK and Singh KK (2021) Status of
glaciers and climate change of East Karakoram in early twenty-first century.
Science of the Total Environment 753, 141914. doi: 10.1016/j.scitotenv.2020.
141914

Nuth C and Kiidb A (2011) Co-registration and bias corrections of satellite
elevation data sets for quantifying glacier thickness change. The
Cryosphere 5(1), 271-290. doi: 10.5194/tc-5-271-2011

Paterson WSB (1994) The Physics of Glaciers, 3rd Edn. New York: Pergamon.

Paul F and 19 others (2013) On the accuracy of glacier outlines derived from
remote-sensing data. Annals of Glaciology 54(63), 171-182. doi: 10.3189/
2013a0g63a296

Paul F and 24 others (2015) The glaciers climate change initiative: methods
for creating glacier area, elevation change and velocity products. Remote
Sensing of Environment 162, 408-426. doi: 10.1016/j.rse.2013.07.043

Paul F and Svoboda F (2009) A new glacier inventory on Southern Baffin Island,
Canada, from Aster data: Ii. Data analysis, glacier change and applications.
Annals of Glaciology 50(53). 22-31. doi: 10.3189/172756410790595921

Qureshi MA, Yi CL, Xu XK and Li YK (2017) Glacier status during the per-
iod 1973-2014 in the Hunza Basin, Western Karakoram. Quaternary
International 444, 125-136. doi: 10.1016/j.quaint.2016.08.029

Sakai A and Fujita K (2017) Contrasting glacier responses to recent climate
change in high-mountain Asia. Scientific Reports 7, 13717. doi: 10.1038/
541598-017-14256-5

Shangguan DH and 8 others (2007) Glacier changes in the West Kunlun Shan
from 1970 to 2001 derived from Landsat TM/ETM + and Chinese glacier
inventory data. Amnals of Glaciology 46(1), 204-208. doi: 10.3189/
172756407782871693

Shean DE and 5 others (2020) A systematic, regional assessment of High
Mountain Asia glacier mass balance. Frontiers in Earth Science 7, 363.
doi: 10.3389/feart.2019.00363

Shean DE, Bhushan S, Lilien D and Meyer J (2019) dshean/demcoreg:
Zenodo doi Release. doi: 10.5281/zenodo.3243481

Shi YF (2002) Characteristics of late quaternary monsoonal glaciation on the
Tibetan Plateau and in East Asia. Quaternary International 97, 79-91.

Thompson LG and 12 others (2018) Ice core records of climate variability on the
Third Pole with emphasis on the Guliya ice cap, western Kunlun Mountains.
Quaternary Science Review 188, 1-14. doi: 10.1016/j.quascirev.2018.03.003

Tian LD and 7 others (2007) Stable isotopic variations in west China: a con-
sideration of moisture sources. Journal of Geophysical Research:
Atmospheres 112, D10112. doi: 10.1029/2006]JD007718

Wan ZJ, Wang YT, Hou SG, Huai BJ and Liu Q (2020) A doubling of glacier
mass loss in the Karlik Range, easternmost Tien Shan, between the periods
1972-2000 and 2000-2015. Journal of Glaciology 67(261), 1-12. doi: 10.
1017/j0g.2020.76

Wang YT and 5 others (2018) Glacier anomaly over the west Kunlun
Mountains, Northwest Tibetan Plateau, since the 1970s. Journal of
Glaciology 64(246), 624-636. doi: 10.1017/jog.2018.53

Wang NL, He JQ, Pu JC, Jiang X and Jing ZF (2010) Variations in equilibrium
line altitude of the Qiyi Glacier, Qilian Mountains, over the past 50 years.
Chinese Science Bulletin 55(33), 3810-3817. doi: 10.1007/s11434-010-4167-3

Wu HB, Wang NL, Guo ZM and Wu YW (2014) Regional glacier mass loss
estimated by ICESat-GLAS data and SRTM digital elevation model in the


https://doi.org/10.1038/s41558-018-0375-7
https://doi.org/10.1038/s41558-018-0375-7
https://doi.org/10.1038/s41558-018-0375-7
https://doi.org/10.1038/s41558-018-0375-7
https://doi.org/10.1038/s41558-018-0375-7
https://doi.org/10.1038/ngeo2999
https://doi.org/10.1017/jog.2018.94
https://doi.org/10.1038/s41561-018-0271-9
https://doi.org/10.1038/s41561-018-0271-9
https://doi.org/10.1038/s41561-018-0271-9
https://doi.org/10.1038/s41561-018-0271-9
https://doi.org/10.1038/s41561-018-0271-9
https://doi.org/10.1038/s41561-019-0513-5
https://doi.org/10.1038/s41561-019-0513-5
https://doi.org/10.1038/s41561-019-0513-5
https://doi.org/10.1038/s41561-019-0513-5
https://doi.org/10.1038/nclimate3361
https://doi.org/10.1038/nclimate3361
https://doi.org/10.3189/2012JoG11J175
https://doi.org/10.5194/ tc-7-1263-2013
https://doi.org/10.5194/ tc-7-1263-2013
https://doi.org/10.5194/ tc-7-1263-2013
https://doi.org/10.5194/ tc-7-1263-2013
https://doi.org/10.3189/2015jog14j209
https://doi.org/10.3189/2015jog14j209
https://doi.org/10.3189/2013AoG63A495
https://doi.org/10.1007/s00382-014-2409-9
https://doi.org/10.1007/s00382-014-2409-9
https://doi.org/10.1007/s00382-014-2409-9
https://doi.org/10.1007/s00382-014-2409-9
https://doi.org/10.1016/j.atmosres.2020.105401
https://doi.org/10.12006/j.issn.1673-1719.2019.257
https://doi.org/10.12006/j.issn.1673-1719.2019.257
https://doi.org/10.1017/jog.2019.50
https://doi.org/10.1109/JSTARS.2021.3070362
https://doi.org/10.1029/2017JD028120
https://doi.org/10.1038/s41598-017-07133-8
https://doi.org/10.1038/s41598-017-07133-8
https://doi.org/10.1038/s41598-017-07133-8
https://doi.org/10.1038/s41598-017-07133-8
https://doi.org/10.1016/j.rse.2019.111241
https://doi.org/10.3972/glacier.001.2013.db
https://doi.org/10.1038/s41598-017-04615-7
https://doi.org/10.1038/s41598-017-04615-7
https://doi.org/10.1038/s41598-017-04615-7
https://doi.org/10.1038/s41598-017-04615-7
https://doi.org/10.1109/Multi-Temp.2015.7245753
https://doi.org/10.1109/Multi-Temp.2015.7245753
https://doi.org/10.1088/1748-9326/9/1/014009
https://doi.org/10.1088/1748-9326/9/1/014009
https://doi.org/10.1088/1748-9326/9/1/014009
https://doi.org/10.1016/j.isprsjprs.2017.05.011
https://doi.org/10.1016/j.isprsjprs.2017.05.011
https://doi.org/10.1016/j.scitotenv.2020.141914
https://doi.org/10.1016/j.scitotenv.2020.141914
https://doi.org/10.5194/tc-5-271-2011
https://doi.org/10.5194/tc-5-271-2011
https://doi.org/10.5194/tc-5-271-2011
https://doi.org/10.5194/tc-5-271-2011
https://doi.org/10.3189/2013aog63a296
https://doi.org/10.3189/2013aog63a296
https://doi.org/10.1016/j.rse.2013.07.043
https://doi.org/10.3189/172756410790595921
https://doi.org/10.1016/j.quaint.2016.08.029
https://doi.org/10.1038/s41598-017-14256-5
https://doi.org/10.1038/s41598-017-14256-5
https://doi.org/10.1038/s41598-017-14256-5
https://doi.org/10.1038/s41598-017-14256-5
https://doi.org/10.1038/s41598-017-14256-5
https://doi.org/10.3189/172756407782871693
https://doi.org/10.3189/172756407782871693
https://doi.org/10.3389/feart.2019.00363
https://doi.org/10.5281/zenodo.3243481
https://doi.org/10.1016/j.quascirev.2018.03.003
https://doi.org/10.1029/2006JD007718
https://doi.org/10.1017/jog.2020.76
https://doi.org/10.1017/jog.2020.76
https://doi.org/10.1017/jog.2018.53
https://doi.org/10.1007/s11434-010-4167-3
https://doi.org/10.1007/s11434-010-4167-3
https://doi.org/10.1007/s11434-010-4167-3
https://doi.org/10.1007/s11434-010-4167-3
https://doi.org/10.1017/jog.2022.30

1176

West Kunlun Mountains, TP, 2003-2009. Journal of Applied Remote
Sensing 8(1), 083515. doi: 10.1117/1.JRS.8.083515

Xiang LZ and 7 others (2013) Variation of glaciers and response to climate
change in Bomi County of Tibet Autonomous Region in 1980-2010.
Journal of Glaciology and Geocryology 35(3), 593-600. doi: 10.7522/j.issn.
1000-0240.2013.0068

Yao TD and 13 others (2013) A review of climatic controls on 8180 in pre-
cipitation over the Tibetan Plateau: observations and simulations. Reviews of
Geophysics 51(4), 525-548.

Yasuda T and Furuya M (2015) Dynamics of surge-type glaciers
in West Kunlun Shan, Northwest Tibet. Journal of Geophysical
Research: Earth Surface 120(11), 2393-2405. doi: 10.1002/2015
jf003511

https://doi.org/10.1017/jog.2022.30 Published online by Cambridge University Press

Qian Liang and others

Ye QH and 5 others (2017) Glacier changes on the Tibetan Plateau derived
from Landsat imagery: mid-1970s-2000-13. Journal of Glaciology 63
(238), 273-287. doi: 10.1017/j0g.2016.137

Zemp M and 6 others (2010) Reanalysis of multi-temporal aerial images of
Storglacidren, Sweden (1959-99) — part 2: comparison of glaciological and volu-
metric mass balances. The Cryosphere 4, 345-357. doi: 10.5194/tc-4-345-2010

Zhang QS and Li BY (1999) Environmental Changes of Karakorum-Kunlun
Mountains in Late Cenzoic rea. Beijing: China Environmental Science
Press, pp. 12-14.

Zhou YS, Li ZW, Li J, Zhao R and Ding XL (2018) Glacier mass balance in
the Qinghai-Tibet Plateau and its surroundings from the mid-1970s to
2000 based on Hexagon Kh-9 and SRTM Dems. Remote Sensing of
Environment 210, 96-112. doi: 10.1016/j.rse.2018.03.020


https://doi.org/10.1117/1.JRS.8.083515
https://doi.org/10.7522/j.issn.1000-0240.2013.0068
https://doi.org/10.7522/j.issn.1000-0240.2013.0068
https://doi.org/10.7522/j.issn.1000-0240.2013.0068
https://doi.org/10.1002/2015jf003511
https://doi.org/10.1002/2015jf003511
https://doi.org/10.1017/jog.2016.137
https://doi.org/10.5194/tc-4-345-2010
https://doi.org/10.5194/tc-4-345-2010
https://doi.org/10.5194/tc-4-345-2010
https://doi.org/10.5194/tc-4-345-2010
https://doi.org/10.1016/j.rse.2018.03.020
https://doi.org/10.1017/jog.2022.30

	The eastern limit of &lsquo;Kunlun-Pamir-Karakoram Anomaly&rsquo; reflected by changes in glacier area and surface elevation
	Introduction
	Study area
	Data and methods
	Data sources
	Landsat OLI images and previous glacier inventories
	SRTM and TanDEM-X DEM

	Methods
	Glacier boundary delineation
	Geodetic method
	Meteorological data processing

	Accuracy assessment
	Glacier area
	Mass balance


	Results and discussion
	Glacier area changes
	Glacier surface elevation and mass-balance changes
	Effect of air temperature and precipitation variations

	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


