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A B S T R A C T

Joint monitoring of the variations of glaciers and lakes within a basin is essential for an accurate understanding
of region-wide climate change and the water cycle process. The central Kunlun-KekeXili region is an ideal
experimental field due to the wide distribution of glaciers and lakes. In this study, we first investigated the
glacier mass balance of 2000–2015/16 for seven major glacier clusters by utilizing high-resolution SPOT-6/7
stereo imagery and the SRTM DEM. The final results revealed an overall mass balance of −0.16 ± 0.05m w.e./
a. for the study region (with a total glacier area of 967 km2). Secondly, ICESat/GLAS altimetry data were used to
quantify the water-level change of 2003–2008/09 for the two largest glacier-fed closed lakes (i.e., LexieWudan
Lake and KekeXili Lake) in this region. Based on this, we applied a strategy which establishes the statistical
relationship between the lake area change and the lake water-level change for 2003–2008/09 to estimate the
specific water level using the corresponding lake area. We then further calculated the variation in lake water
storage between 2000 and 2015. The results showed that the water storage of LexieWudan Lake and KekeXili
Lake increased by 1.82 ± 0.14 km3 and 1.90 ± 0.38 km3, respectively. For each lake basin, meanwhile, the
glaciers lost −0.18 ± 0.03 km3 and −0.21 ± 0.04 km3 of water, accounting for 9.9% and 11.1% of the in-
crease in lake water storage for LexieWudan Lake and KekeXili Lake, respectively. Our results not only de-
monstrate that glacier meltwater has only a limited impact on the lake expansion in this region, but they also
provide new evidence for the warming and wetting process of the climate in the northern part of the
Qinghai–Tibet Plateau.

1. Introduction

The Qinghai–Tibet Plateau (QTP), which is also known as the “third
pole” of the Earth, contains a large number of alpine glaciers and lakes,
both of which are sensitive indicators of climate change. Studies have
shown that glaciers across the QTP and its surroundings have experi-
enced apparent mass loss (Yao et al., 2012; Zhou et al., 2018) since the
1970s, while most of the lakes in the interior of the QTP have been
expanding (Song et al., 2013; Lei et al., 2013, 2014). After the 2000s,
both the glaciers and lakes have shown an accelerated change tendency
(Zhang et al., 2011; Song et al., 2013; Lei et al., 2014; Jiang et al., 2017;
Kääb et al., 2015; Brun et al., 2017). Within the QTP, the variation of
the glaciers and lakes not only plays an important role in regulating the
regional water balance, especially for a closed lake basin, but also
brings several potential risks for the ecological environment of the
plateau (Tong et al., 2016). Therefore, conducting a joint investigation
into the glacier mass change and lake water budget of the QTP is of

great significance.
For monitoring glacier mass change, field measurement (also known

as the glaciological method) is not only laborious and time-consuming,
but is also a very challenging task, due to the harsh natural environ-
ment. With the rapid development of remote sensing technology, the
geodetic method based on the differencing of various topography data
acquired in different epochs has been widely used (Gardelle et al.,
2013; Kääb et al., 2015; Brun et al., 2017, Li et al., 2017b). Compared
to a considerable number of glacier investigations in the QTP’s sur-
roundings (e.g., the Himalaya/Karakoram mountains), the inner QTP
glaciers have received relatively little attention, especially in the
northern region. Over the whole inner QTP, geodetic-based estimates
suggest that the glaciers, overall, have been in a negative state of mass
budget for 2000–2016, with an apparent acceleration after 2008. For
example, from a comparison of ASTER digital elevation models (DEMs),
Brun et al. (2017) reported an overall mass change of −0.14 ± 0.07m
w.e./a for 2000–2016, for which the rate of mass loss increased from
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−0.01 ± 0.19m w.e./a for 2000–2008 to −0.24 ± 0.20m w.e./a for
2008–2016, despite a substantial overlap of error bars. Moreover, based
on ICESat laser altimetry data of 2003–2008/09, Gardner et al. (2013)
and Brun et al. (2017) also reported a slightly negative mass balance of
−0.01 ± 0.10m w.e./a and −0.06 ± 0.06m w.e./a, respectively. At
a sub-region spatial scale, the existing studies have revealed a strongly
heterogeneous pattern of glacier mass change within the QTP. For ex-
ample, the glaciers in the northwest of the QTP experienced relatively
weak surface thinning (e.g., −0.07 ± 0.14m/a over the Ulugh Muz-
tagh region (Fig. 1) for 1975–2000) (Zhou et al., 2018) or even pro-
nounced thickening (e.g., 0.44 ± 0.26 and 0.86 ± 0.31m/a Zengse
Kungri and Songzhi Peak for 2003–2009) (Neckel et al., 2014; Phan
et al., 2017). In contrast, the central QTP (e.g., Tanggula Mountains)
suffered from serious surface down-wasting, with a rate of elevation
change increasing from −0.26 ± 0.14m/a for 1976–2000 (Zhou
et al., 2018) to −0.68 ± 0.29 or −0.88 ± 0.41m/a for 2003–2009
(Neckel et al., 2014; Phan et al., 2017). In particular, in the north of the
QTP (i.e., the central Kunlun-KekeXili region), the existing results of the
glacier elevation change exhibited a contradictory situation, e.g.,
−0.90 ± 0.28m/a in Neckel et al. (2014) versus 0.03 ± 0.47m/a in
Phan et al. (2017) for 2003–2009. However, despite being a 1°× 1°
geographic grid, Brun et al.’s (2017) results implied that this region
may have been in a state of mass deficit for 2000–2016. Accordingly,
how the glaciers of this region respond to climate variation at a fine
spatial scale is still an issue that deserves to be solved, especially con-
sidering the spatial distribution of the glaciers being relatively dis-
persed.

In addition, by exploying ICESat (Ice, Cloud, and land Elevation
Satellite) data, previous studies have shown that the vast majority of
lakes in the northern part of the QTP have experienced varying degrees
of water-level rise, with the rate ranging from 0.04m/a to 0.53m/a for
2003–2009 (Zhang et al., 2011; Phan et al., 2012; Song et al., 2014b).
Recent studies analyzing ICESat data and CryoSat-2 radar altimetry
data revealed that, for the period of 2003–2014/2015, the lakes of the
northern QTP, as a whole, experienced the most significant water-level
rise compared to other regions within the plateau (Song et al., 2015a;

2015b; Jiang et al., 2017). For example, for KekeXili Lake and Lex-
ieWudan Lake, the two largest glacier-fed closed lakes, the rates of
water-level rise increased from 0.29m/a and 0.34m/a for 2003–2009
(Song et al., 2014b) to 0.40m/a and 0.45m/a for 2010–2015 (Jiang
et al., 2017), respectively. However, for the period corresponding to the
glacier monitoring of this study (i.e., 2000–2015), the lake volume
change, which is the most direct reflection of regional surface water
storage, is still unknown, although Zhang et al. (2017) estimated the
lake volume change across the whole QTP from the early 1970s to
2015. To estimate lake volume change, specific lake water levels at the
beginning and end of the observation period must be known. In parti-
cular, for a study period in which lake water levels are unavailable
(e.g., 2000–2015), in general, the previous studies first established a
functional relationship between lake area and water level for a certain
period with continuous water-level measurements (e.g., 2003–2009) by
using a first-order (linear) or second-order regression model, and then
calculated the unmeasured lake water levels based on the corre-
sponding lake areas (Song et al., 2013, 2014a; Zhang et al., 2013a).
Nevertheless, in this study, we directly build on the statistical re-
lationship between lake level change and area change, to estimate the
unmeasured water level and further calculate the lake volume change.

Once the lake storage change is known, we can quantitatively
evaluate the contribution of glacier meltwater to lake expansion in a
closed lake basin, based on an assumption that the glacier mass loss is
completely transferred to the lakes (Lei et al., 2012, 2013). With regard
to the causes of lake expansion, especially the contribution of glacier
meltwater, Song et al. (2014b) and Zhang et al (2017), from the angle
of qualitative analysis and quantitative evaluation, respectively, con-
cluded that for the whole of the QTP glacier meltwater plays an im-
portant but not a dominant role in lake growth. In addition, for local
areas, quantitative evaluations, based on either integrated physical
models (e.g., hydrological models, glacier-melt models, and heat-bal-
ance equations) or an indirect estimate of glacier meltwater (based on
the hypothesis mentioned above) have mainly concentrated on the
central QTP, due to the abundant in-situ observation data, e.g., in
Seling Co Lake (Lei et al., 2013; Tong et al., 2016) and Nam Co Lake

Fig. 1. Overview of the study region. The background is the Landsat 8 false-color image with a spatial resolution of 30m. Note that CKL refers to the central Kunlun
Mountain. The basin boundaries come from the HydroSHEDS (hydrological data and maps based on Shuttle Elevation Derivatives at multiple Scales) dataset (http://
hydrosheds.cr.usgs.gov).
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(Wu et al., 2014a,b; Li et al., 2017a). However, to date, the contribution
of glacier meltwater to lake water-level rise is still unclear in the north
of the QTP.

In view of the above issues, the aims of this study included two main
aspects. Firstly, by using SPOT-6/7 stereo imagery acquired in 2015/16
and Shuttle Radar Topography Mission (SRTM) DEMs from 2000, we
generated the first high-resolution map of glacier elevation change in
the central Kunlun-KekeXili region (including seven sampling regions)
and obtained a region-wide glacier mass change figure based on the
geodetic method. Secondly, we estimated the water storage change of
two typical glacier-fed closed lakes (i.e., LexieWudan Lake and KekeXili
Lake) between 2000 and 2015 using the strategy mentioned above. We
then roughly quantified the contribution of glacier meltwater to the
lake expansion based on the assumption mentioned above. The results
of this work will help to improve the understanding of the responses of
glaciers and lakes to climate change and the relationship between them
in the northern part of the QTP.

2. Study region

The central Kunlun-KekeXili region is located in the north of the
QTP, with an average altitude of above 5000m. Owing to the harsh
natural environment characterized by a cold and dry climate, this area
is sometimes referred to as “no man’s land”. On this plateau, the mean
annual air temperature is, on average, about −10 °C, and the annual
precipitation is 173–494mm (Li et al., 1996). More than 90% of the
precipitation occurs from May to September, implying that the glaciers
in this region belong to the summer-accumulation type. In addition,
affected by the intense westerly winds, this area is one of the regions
with the highest wind speed in the entire QTP (Li et al., 1996). Fur-
thermore, throughout the whole region, the terrain is relatively flat and
there are some scattered mountains, among which the highest peak is
Xinqingfeng Mountain with an altitude of about 6800m (Fig. 1). In

these high altitudes, the glaciers and ice caps are fully developed and
together cover a total area of 1810 km2 in the northern part of the QTP.
From optical images, it appears that the glacier surface are relatively
clean and that debris is almost non-existent. In addition, there are a
large number of alpine lakes of all shapes and sizes in this region. Of
these lakes, KekeXili Lake and LexieWudan Lake, which both cover an
area of more than 200 km2, are the largest glacier-fed endorheic lakes.
In particular, over the LexieWudan basin, the minimum distance from
glacier front to lake inlet is only about 20 km. This is thus an ideal
experimental region for evaluating the response of lakes to glacier
changes. In the KekeXili basin, the water from Yinma Lake seasonally
overflows into KekeXili Lake. In addition, these three lakes, despite
being located in adjacent areas, have different phenological features,
possibly due to the differences in hydrochemical characteristics,
bathymetry, and lake shape (Yao et al., 2013).

3. Dataset

3.1. SPOT-6/7 imagery

As an extension of the SPOT mission, two advanced
satellites—SPOT-6 and SPOT-7 (pushbroom imaging systems) were
successfully launched on September 9, 2012, and June 7, 2014. Both
satellites were designed with the same orbit setting (sun-synchronous
orbit with a 98.2° inclination at an altitude of 694 km) and phased 180°
from each other, allowing the satellites to revisit anywhere with a
minimum period of one day. The panchromatic and multispectral
images are acquired simultaneously with a ground sample distance
(GSD) of about 2.1 m and 8.4m (nadir condition), corresponding to a
nominal resolution of 1.5m and 6m by oversampling processing in the
ground segment (SPOT-6/7 User Guide). The radiometric coding of the
images is 12 bits, which is higher than that in the previous SPOT series
satellites. Benefiting from the exceptional agility of the telescope

Table 1
Detailed information about the remote sensing data used in this study.

Satellite/sensor Acquisition date Path/row B/H Resolution Usage

SPOT-6/7 20/09/2015 (CKL-1)
09/10/2015 (CKL-2)
12/09/2015 (YulangGangri)
30/11/2016 (Xinqingfeng)
05/03/2016 (Malan)
29/02/2016 (Yuxuefeng)
02/11/2015
(JinyangGangri)

0.53
0.55
0.55
0.39
0.53
0.39
0.56

Space:
Pan: 1.5m; MS: 6m
radiation:
12 bits

Extracting DEMs and monitoring glacier thickness change

Landsat 5/TM 08/05/2000
19/05/2004
26/10/2004
12/07/2006
03/10/2007

139/035
139/035
139/035
139/035
139/035

Space:
MS: 30m
radiation:
8 bits

Generating lake and glacier boundaries

Landsat 7/ETM+ 17/06/2000
03/10/2001*

26/10/2001*

16/10/2003
21/10/2005
17/05/2006
02/04/2007
27/10/2007
16/12/2008
30/09/2009
02/11/2015

139/035
138/035
139/035
139/035
139/035
139/035
139/035
139/035
139/035
139/035
139/035

Space:
Pan: 15m; MS: 30m
radiation:
8 bits

Landsat-8/OLI 21/07/2015
09/10/2015 139/035

139/035

Space:
Pan: 15m; MS: 30m
radiation:
16 bits

SRTM DEM (C-band and X-
band)

02/2000 Space: 30m Monitoring glacier thickness change and the first-order
penetration depth estimation of the C-band radar

ICESat/GLAS 2003–2009 Footprint diameter:∼70m
Sample interval: 175 m

Measuring lake water-level change

* Represents the images used as the reference for delineating glacier outlines.
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instrument, the two satellites can offer a flexible base-to-height (B/H)
ratio to generate stereo or tri-stereo data. Over the QTP, they have been
successfully used to estimate glacier elevation changes (Ragettli et al.,
2016; Kääb et al., 2018). In this study, we selected the classic stereo
mode (forward and backward viewing geometry) with a B/H ratio be-
tween 0.39 and 0.56 (Table 1). All of these images have had radiometric
and sensor distortion corrections performed.

3.2. Landsat 5/7/8 imagery

We collected a total of 18 Landsat images (five scenes for Landsat 5,
11 scenes for Landsat 7, and two scenes for Landsat 8) to retrieve the
time-series lake boundaries and to provide a reference for the glacier
outlines in 2000. Because of the Scan Line Corrector (SLC) failure of the
Landsat 7 satellite on May 30, 2003, the Landsat 7 images have con-
tained wedge-shaped data gaps since that date, causing approximately
22% data loss for each scene. All of the images we used belonged to the
highest-quality Level 1 Precision Terrain (L1TP) data. Due to that the
geo-registration accuracy of the data is better than 12m, they can be
directly used to perform a pixel-level time-series analysis (https://
landsat.usgs.gov/landsat-collections). Moreover, regarding the issue of
data selection, a vital and universal criterion is that the fraction of cloud
coverage in the optical images should be as small as possible, especially
over the glaciers and lakes, as well as their nearby zones. More con-
cretely, for glacier areas, we should avoid utilizing images affected by
heavy seasonal snowfall, which can make it difficult to distinguish exact
glacier outlines. For lake areas, in order to obtain more accurate
boundaries, we chose images acquired in the non-freezing period. With
regard to the few images inevitably contaminated by cloud, we em-
ployed the images close to their acquisition dates to assist with the
complete delineation of lake/glacier boundaries. Details are given in
Table 1.

3.3. SRTM DEM

In this study, we used the SRTM 1 arc-second (∼30m) global ele-
vation data (SRTM-GL1) from the U.S. Geological Survey to investigate
the glacier elevation change. Compared to the raw data products, the
voids of this dataset have been filled (but may still exist in some areas).
By checking the SRTM non-void-filled elevation data, we found that this
study region is not affected by data gaps. Moreover, the SRTM X-band
DEMs released by the DLR with a spatial resolution of ∼25m (Ludwig
and Schneider, 2006) were used to estimate the first-order approx-
imation of the penetration depth of the C-band radar. For technical
reasons, the swath width of the SRTM X-band DEM is limited to 50 km,
resulting in incomplete data coverage for the land surface (Roth et al.,
2001). For example, in the YulangGangri Ice Cap and the Xinqingfeng
and Malan mountains, the X-band DEM data are unavailable. It should
be noted that the SRTM C-band DEM provides the orthometric height
with the EGM96 geoid as the vertical datum, while the X-band data
represent the ellipsoid height with respect to WGS84. For the horizontal
datum, they are both referenced to the WGS84 ellipsoid (Farr et al.,
2007).

3.4. ICESat/GLAS elevation data

The ICESat satellite launched in January 2003 is the first spaceborne
laser altimeter mission and its main payload is the Geoscience Laser
Altimeter System (GLAS) instrument (with a pulse wavelength of
1064 nm) (Zwally et al., 2002; Zhang et al., 2011). ICESat data are
acquired in the form of a footprint (or facula) with a nominal diameter
of ∼70m (in practice with a size of 50–105m) sampled at a spacing of
about 172m along the track (Zwally et al., 2002; Duan and
Bastiaanssen, 2013). Due to the design of the polar orbit, the ICESat
sample track is relatively sparse at low and middle latitudes (e.g., the
QTP), with a cross-track distance ranging from hundreds of meters to

dozens of kilometers. In addition, studies have proven that ICESat/
GLAS elevation data have an excellent altimetry and geolocation ac-
curacy, corresponding to decimeter and meter levels, respectively
(Zwally et al., 2002, 2008; Phan et al, 2012; Zhang et al., 2013b).
Hence, ICESat/GLAS elevation data have been widely used for mon-
itoring the fluctuation of inland lake water levels (Zhang et al., 2011,
2013b; Phan et al., 2012; Song et al., 2013). In the present study, we
exploited the latest version L2-level altimeter product (GLA14; Release
34), which can be freely downloaded from the National Ice and Snow
Data Center (NISDC). The data are referenced to the TOPEX/Poseidion
ellipsoid and EGM 2008 geoid.

4. Data processing

4.1. Glacier change estimation

4.1.1. Glacier boundaries
In this study, we did not generate our own glacier outlines, but

directly used the Second Chinese Glacier Inventory (CGI-2, version 1.0)
(Liu et al., 2014), which was produced based on Landsat TM/ETM+
images taken mainly during 2006–2010 (Guo et al., 2015). The position
accuracy of the CGI-2 boundaries is about± 10m for manually revised
clean-ice outlines (Guo et al., 2015). Over this study area, the CGI-2
outlines represent the glacier extent in 2005. In consideration of pos-
sible glacier advance and retreat within our study period, we manually
edited the CGI-2 boundaries to obtain the most extensive glacier extent
by reference to the Landsat 5 TM images from 2000 and the orthor-
ectified SPOT-6/7 images from 2015/16. Furthermore, based on the
final glacier elevation change map, we made a slight adjustment for the
boundaries in the accumulation zones (only for Xinqingfeng and Malan
mountains).

4.1.2. SPOT-6/7 DEM generation
We processed all of the SPOT-6/7 stereo images via the OrthoEngine

module of PCI Geomatica 2014. Due to that there are no in-situ ground
control points (GCPs) in this study region, we chose to automatically
collect the GCPs from the SRTM C-band DEM. To be specific, the first
step was to orthorectify the SPOT-6/7 panchromatic images (with a
resolution of 1.5 m) by utilizing the SRTM data. The second step was to
implement an automatic GCP collection program in the PCI Geomatica
software, with the orthorectified image and the SRTM DEM as the
horizontal and vertical references, respectively. Meanwhile, in order to
improve the accuracy of the stereo model, between 30 and 48 tie points
(TPs) used for assisting the orientation were automatically identified
based on the correlation matching technique (Table 2). We found that it
was very necessary to visually check every GCP and TP. We first re-
moved some GCPs measured in glacier areas and mountain ridges/
valleys with possibly inaccurate elevation information. Similarly, some
TPs located in the vicinity of cloud and shadow were also discarded
(only for the EKL-1 and EKL-2 regions). The final model residuals in the
image space were below 0.52 pixels (Table 2). Finally, the extracted
DEMs were resampled to the 30-m resolution in UTM projection and a
median filter was carried out with a sample window of 3× 3.

4.1.3. DEM differencing
With regard to the differencing process for the DEMs, we mainly

followed the strategy of Zhou et al. (2017, 2018). Specifically, we first
employed the classic three-dimensional registration method proposed
by Nuth and Kääb (2011) to make the SRTM DEMs match the SPOT-6/7
DEMs. Subsequently, we checked and corrected the maximum curva-
ture-, elevation-, slope-, and aspect- dependent biases by applying the
fitted polynomial based on the statistics over ice-free regions to the
glacier areas. In addition, given the fact that for this pushbroom-type
sensor, weak variations of the satellite attitude (caused by slight jitter)
can induce bias along the direction of the flight and/or cross-track in
the resulting DEM products (Berthier et al., 2007; Leprince et al., 2007;
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Nuth and Kääb, 2011), by visually checking the final elevation differ-
ence maps, we did not find along- or cross-track bias. Finally, for pixels
whose values are larger than the three-fold standard deviation of glacier
elevation change of the altitude band they belong to, we removed them
as outliers. As for the ice-free areas, the detailed statistics are given in
Table 2.

4.1.4. Estimation of the penetration depth difference between the SRTM C-
band and X-band DEMs

In general, since C-band radar can penetrate into glacier ice by up to
1–2m and into dry snow by up to 10m (Rignot et al., 2001), in order to
more accurately quantify the glacier thickness changes, the impact of
the penetration depth needs to be eliminated as much as possible,
especially for snow-covered areas. In this study, following the method
of Gardelle et al. (2013), we provided the first-order approximate es-
timate of the C-band penetration depth by subtracting the SRTM C-band
DEM from the X-band DEM. Details of the data processing can be found
in Zhou et al. (2018). It should be emphasized that the penetration
depth we obtained actually represents the penetration depth difference
between C-band and X-band radar, as the X-band radar can also pene-
trate into dry snow by up to 2–6m (Dehecq et al., 2016; Round et al.,
2017; Lambrecht et al., 2018; Kääb et al., 2018). Based on the elevation
difference map, a penetration depth difference curve as a function of
altitude was obtained, and was then used to perform the correction for
each pixel in the glacier areas. For the JinyangGangri Ice Cap, the SRTM
X-band DEM does not cover the whole study region, resulting in no
penetration depth corrections at high altitudes (above 5700m). Given
that the obtained penetration depth difference basically showed a linear
trend (Fig. 2), we linearly extrapolated the curve to the unmeasured
zones and obtained a region-wide average penetration difference of
3.14m, which is slightly higher than the original result of 2.26m. In
addition, for regions where the SRTM X-band DEMs are unavailable
(such as the Xinqingfeng, Malan, and YulangGangri regions), we did not
follow the frequently used strategy of employing the average penetra-
tion corrections in the nearby regions (Gardelle et al., 2013), but in-
stead adopted the penetration trend of the adjacent areas and further
made a reasonable adjustment (referring to linear extrapolation in ac-
cordance to the corresponding glacier hypsometry). Our strategy should
be more reasonable, as it takes into account the difference in glacier
hypsometry for different regions. To be specific, the penetration trend
in Wuxuefeng Mountain was used to estimate the corrections for Xin-
qingfeng and Malan mountains. For the YulangGangri Ice Cap, the re-
sult for the JingyangGangri Ice Cap was employed. The final average
penetration depth differences were 3.43m for Qinqingfeng Mountain,
3.26m for Malan Mountain, and 2.55m for the YulangGangri Ice Cap
(Table 3).

4.1.5. Calculation of geodetic mass balance and uncertainty assessment
To calculate the mass balance, the first step was to obtain the glacier

hypsometry and to generate a glacier thickness change curve as a
function of altitude for each sub-region. For the data gaps in the

elevation difference map, they were filled by the average elevation
change calculated by valid pixels in the same altitude band. The region-
wide volume change could then be obtained by an integral operation of
the thickness change and the area for each altitude interval. Ultimately,
a conversion factor of 850 ± 60 kg/m3 was used to translate the vo-
lume change into mass change (Gardelle et al., 2013; Huss, 2013). In
particular, given that the pattern and magnitude of elevation change of
the surge-type glaciers were totally different from those of the non-
surge-type glaciers, their mass balances (b) were separately calculated
using Eq. (1) and added to the final region-wide results based on an
area-weighting strategy.

=
∑

b
f r h

s
( Δ )c

2

(1)

where r is the spatial resolution of the elevation difference map (30m),
and hΔ and s respectively represent the thickness change of each pixel
and the glacier area for a given glacier. fc denotes the conversion
coefficient (0.85 ± 0.06).

To evaluate the total uncertainty of the mass balance, the random
error and systematic error need to be considered comprehensively. For
the random error, we first took into account the uncertainty of the
glacier thickness change, which mainly depended on the errors of the
DEMs and the penetration depth difference estimation. In fact, the latter
also depends on the DEM error, as it was determined by the differencing
of the DEMs. Given the fact that high altitudes in this study area are
almost completely covered by ice and snow, we used the standard de-
viation of the elevation difference of the entire ice-free area to represent
the uncertainties of the glacier elevation change and penetration dif-
ference estimation for each altitude band. Furthermore, in order to
consider the influence of spatial autocorrelation between DEMs, we
fitted an experimental semivariogram using a spherical model in ice-
free regions. The obtained autocorrelation distance ranges from 80m to
240m for the penetration depth difference maps, and from 150m and
330m for the glacier elevation difference maps. Considering that gla-
cier areas generally have a higher autocorrelation than stable regions
(Rolstad et al., 2009), we conservatively assumed that the auto-
correlation distance in glacier areas was four times that in ice-free re-
gions. The uncertainty of the glacier thickness change (σ hΔ ) for each
altitude band (i) was then calculated by Eqs. (2)–(4):
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where σ denotes the standard deviation of the elevation difference in

Table 2
The aerial triangulation information and the statistics of elevation differences over the ice-free areas. Note that STD denotes the standard deviation. NMAD is the
abbreviation for normalized median absolute deviation (Höhle and Höhle, 2009).

Region No. GCPs No. TPs Residual(pixel) Statistics of elevation differences over ice-free areas (after correction) (m)

Mean Median STD NMAD No. Samples

CKL-1 5 39 0.38 0.11 −0.04 11.05 5.73 96,688
CKL-2 14 30 0.52 0.24 0.36 7.46 3.36 204,712
YulangGangri 32 47 0.22 −0.10 −0.12 3.89 2.19 185,664
Xinqingfeng 26 48 0.48 0.08 0.10 3.29 2.39 549,226
Malan 28 45 0.29 −0.01 0.01 3.90 2.30 503,286
Yuxuefeng 25 44 0.24 −0.03 −0.06 4.05 2.39 201,514
JinyangGangri 28 48 0.37 0.00 −0.11 3.89 2.95 137,335
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the ice-free regions, and the subscripts “p” and “g” represent the glacier
elevation difference map and the penetration depth difference map,
respectively. Neff g,i and Neff p,i denote the number of independent ob-
servations for each elevation band. Nt is the total number of observa-
tions for a given altitude interval. dg and dp denote the autocorrelation
distance for non-glacier areas. The uncertainties of the volume change
(σ VΔ ) and the mass balance (σ m rdnΔ , ) were then respectively calculated
by Eqs. (5)–(7), based on the strategy of Zhou et al. (2018):
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where Si is the glacier area for each altitude band.
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where σ fΔ is the uncertainty of the conversion factor (60 kg/m3). SΔ is
the uncertainty of the glacier boundaries, which was assumed to be an
error of 10% in this study (Maurer et al., 2016). St is the total glacier
area for each investigated region. σ mΔ 0 refers to the initial mass balance
uncertainty.
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where σabs p_ represents the uncertainty caused by the absolute pene-
tration depth of the C-band radar (i.e., considering the uncertainty in-
duced by the penetration depth of the X-band radar). In this study, we
conservatively assumed that this was in the order of 1.5m, corre-
sponding to a mass change of 1.28m w.e. (Gardelle et al., 2013). Pvoid

denotes the proportion of data voids for each region (Fig. 4). The aim of
introducing this term was to consider the uncertainty caused by the
data gaps. More details concerning the accuracy evaluation can be
found in Zhou et al. (2018). In addition, it should be highlighted that
we did not take the influence of seasonal snowfall into account this
study, as the images we used were acquired mainly from September to
March, where the precipitation can be considered negligible. Further-
more, for the systematic error, we used the absolute mean of the ele-
vation differences in ice-free area to approximately represent it. The
corresponding mass balance uncertainties (σ m sysΔ , ) are between 0.00
and 0.20m w.e. (Table 2). Finally, the total uncertainty of the mass
balance (σ mΔ ) can be obtained by Eq. (8).

= +σ σ σm m rdn m sysΔ Δ ,
2

Δ ,
2 (8)

4.2. Lake change estimation

4.2.1. Lake boundary extraction
We first filled the data gaps in the Landsat 7/ETM+ images using a

simple toolbox (Landsat Gapfill) in ENVI software. A band ratio method
(band 4/band 5 for Landsat 5/7 TM/ETM+ images, band 5/band 6 for
Landsat 8 OLI images) with an empirical threshold of 2.0 was then
applied to automatically identify the lake outlines (Li et al., 2017a). The
initial lake boundaries were then refined by visually comparing the
Landsat false-color images (RGB: bands 5/4/3). For some images more
or less contaminated by cloud, we made a further revision in local zones
of the lake boundaries by reference to the multi-temporal Landsat
images. Moreover, since LexieWudan Lake merges with several nearby

Fig. 2. The elevation change between the SRTM C-band and X-band DEM for each 50-m altitude band. (a) CKL-1. (b) CKL-2. (c) JinyangGangri Ice Cap. (d)
Wuxuefeng Mountain.

Table 3
The first-order approximation of the penetration depth of C-band radar in the central Kunlun-KekeXili region (unit: meter).

Region CKL-1 CKL-2 Wuxuefeng Xinqingfeng Malan YulangGangri JinyangGangri

Average penetration depth difference (m) 2.12 1.82 2.76 3.43 3.26 2.55 3.14
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small lakes during its expansion, in the course of editing the lake
boundaries, we excluded these lakes when they were completely se-
parated, but included them when they merged into one lake (Fig. S1).

4.2.2. ICESat/GLAS data processing, lake water volume change estimation,
and uncertainty assessment

In order to ensure the consistency of the reference datum, we first
transformed the TOPEX/Poseidon ellipsoid and EGM2008 geoid into
the WGS84 ellipsoid and EGM96 geoid, respectively. We then took the
saturation correction of the GLAS detector into consideration, as spec-
ular reflection occurring on a flat lake surface easily induces distortion
of the altimetry echo pulses. In this study, the average saturation cor-
rection was about 0.40m, with a maximum of 1.38m. For some foot-
prints whose saturation correction values were characterized by
“−999” (suggesting that these points need to be corrected but do not
have valid correction values), they were excluded to avoid introducing
potential bias (Abdallah et al., 2011). The performance of the saturation
correction is shown in Fig S2. Subsequently, we employed a two-step
procedure to check and remove outliers (Zhang et al., 2011). The first
step was to remove the gross error possibly induced by the cloud cov-
erage, based on a visual inspection. However, in this study, we did not

find this type of error. Next, in consideration of the vertical accuracy of
the ICESat/GLAS altimetry data, we set a threshold of standard devia-
tion of 15 cm to remove some footprints causing a large deviation (Fig.
S2).

After performing the above corrections, the ICESat footprints were
used to analyze the lake water-level change for 2003–2008/09. To
obtain the lake volume change within the study period, the lake water
levels for 2000 and 2015 were needed. Given that a rise of lake water
level is generally expressed by the expansion of the lake area, there may
be a certain relationship between the lake water-level change and the
lake area change. Let us imagine that a lake can be approximately re-
presented by a bowl. When the water level rises by Δh, from a vertical
section, a functional relationship = ∙ θΔh Δx tan( )can be easily estab-
lished, where θdenotes the slope and Δxrepresents the horizontal dis-
placement of the boundary caused by the surface expansion. However,
in practice, since the lake shape and the horizontal displacement of the
boundary are not regular and highly variable (Fig. S1), the lake area
change can be expressed by a generalized function: =ΔS F(Δx). Based
on this, the relationship between the lake water-level change and the
area change can be established by = ∙−F S θΔh (Δ ) tan( )1 . In addition, as
the change could be positive (increase) or negative (decrease), the

Fig. 3. Glacier thickness changes for 2000–2015/16 in the central Kunlun-KekeXili region. Note that the red circles denote the glaciers in the surge phase during our
study period. (a) YulangGangri Ice Cap. (b) JinyangGangri Ice Cap. (c) CKL-1. (d) CKL-2. (e) Wuxuefeng Mountain. (f) Xinqingfeng Mountain. (d) Malan Mountain.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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functional model can be further extended as = ∙−F S θ|Δh| (|Δ |) tan( )1 .
Thus, we can use regression analysis to establish the relationship be-
tween the area change and the water-level change (in an absolute
sense), assuming that the mean slope of the terrain around the lakes is a
constant varying with the lakes. It should be noted that, in this study,
we only retrieved the lake boundaries for the times with significant
water-level fluctuations (i.e., in late spring/early summer and autumn)
and performed the differencing operation in pairs of two arbitrary
measurements to build the statistical relationship between the lake
level change ( H|Δ |) and area change (|ΔS|). According to the established
statistical model, we could extrapolate the lake water level using the
lake areas for 2000 and 2015, and further estimate the lake water vo-
lume change ( VΔ Lake) using Eq. (9) (Lei et al., 2013; Tong et al., 2016).

= − × × + +V H H A A A AΔ 1
3

( ) ( )Lake 2 1 1 2 1 2 (9)

where H and A denote the lake water level and lake area, respectively.
The subscripts “1″ and “2” represent the beginning and the end ob-
servation times.

To evaluate the accuracy of the lake volume change, we used the
prediction interval of the regression model to approximately represent
the uncertainty of the extrapolated water level (σH). With regard to the
uncertainty of the lake area (σS), it was calculated by the product of the
lake perimeter and the image resolution (15m), based on an assump-
tion of one pixel error for the lake boundary. Finally, according to error
propagation law, the uncertainty of the lake volume change (σ VΔ lake) was
obtained by Eq. (10), supposing that the error of each term in Eq. (9)
follows a Gaussian distribution.
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5. Results

5.1. Glacier thickness change and mass balance

From Fig. 3, it can be seen that almost all of the glaciers among the
investigated areas experienced different degrees of surface thinning
near their toes, except for the surging glaciers. Based on the median
elevation of each glacier from the Randolph Glacier Inventory (RGI)
Version 6.0 (RGI Consortium, 2017), we approximately estimated the
position of the region-wide glacier equilibrium line by using the mean
of them and further divided glaciers areas into two parts—the ablation
zones and the accumulation zones (Fig. 4). To be specific, for the ab-
lation zones, the highest rate of surface down-wasting of
−0.51 ± 0.05m/a appeared in the Xinqinfeng region, followed by the
Malan and Wuxuefeng regions with a value of −0.47 ± 0.06m/a and
−0.43 ± 0.10m/a, respectively. The other regions also exhibited
pronounced surface lowering, ranging from −0.26 ± 0.06m/a to
−0.18 ± 0.06m/a. For the accumulation zones, the Malan and Wux-
uefeng regions showed slight thinning at a rate of −0.05 ± 0.08m/a
and −0.06 ± 0.06m/a, respectively, while the CKL-2 exhibited a
nearly stable condition (0.00 ± 0.20m/a). The rest of areas showed
different degrees of thickening, ranging from 0.06 ± 0.28m/a to
0.24 ± 0.07m/a.

Synthesizing all the glacier changes over all the sample sites (with a
total glacier area of 966.7 km2) shows an area-weighted mass balance
of −0.16 ± 0.05m w.e./a for 2000–2015, which is equivalent to a
mass loss of −0.16 ± 0.05 Gt/a. Across the entire region, the pattern
of glacier mass change is heterogeneous. The highest rate of mass loss
occurred in the Malan and Xinqinfeng mountains, with mass budgets of
−0.22 ± 0.10 and −0.21 ± 0.10m w.e./a, followed by the

Wuxuefeng region, with −0.16 ± 0.10m w.e./a. The JinyangGangri,
CKL-1, and CKL-2 regions have been in a state of slightly negative
budget, corresponding to mass changes of −0.04 ± 0.09,
−0.08 ± 0.21, and −0.09 ± 0.16m w.e./a, respectively. In parti-
cular, an approximately balanced condition (0.01 ± 0.11m w.e./a)
can be found in the YulangGangri Ice Cap.

5.2. Lake water-level changes (2003–2008/09 and 2000–2015)

From Fig. 5 (the left pictures), the rates of lake water-level rise for
2003–2008/09 are 0.36m/a and 0.31m/a for LexieWudan Lake and
KekeXili Lake, respectively. This is in agreement with previous results
for the same period (about 0.34m/a and 0.29m/a) (Phan et al., 2012;
Wang et al., 2013; Song et al., 2014b). Interestingly, the water level
exhibited a stable and continuous increase each year in LexieWudan
Lake, but showed a significant increase every two years in KekeXili
Lake. Moreover, in accordance with the selected ICESat data and the
corresponding lake areas (Table S1), the statistical model and lake
water-level changes for 2000–2015 are shown in Fig. 5 (the middle and
right pictures). In the whole study period, the water level of Lex-
ieWudan Lake basically exhibited a monotonous increase, with a mean
increase rate of 0.49m/a (corresponding to an overall rise of 7.40m),
for which the rates of the two sub-periods (2000–2007 and 2007–2015)
were 0.50m/a (3.52m) and 0.49m/a (3.88m), respectively. In con-
trast, KekeXili Lake reflected a mean rate of water-level rise of 0.38m/a
(5.76 m) for 2000–2015. Comparing the results of the two sub-periods
indicates that the rate of water-level rise increased by 100% from
0.26m/a (1.8 m) for 2000–2007 to 0.50m/a (3.96 m) for 2007–2015.
Furthermore, in order to better validate the performance of our model,
we compare our results with those obtained by Jiang et al. (2017) using
CryoSat-2 data. It is evident that the CryoSat-2 results are consistent
with our estimated trend in KekeXili Lake, but are slightly higher than
that in LexieWudan Lake (Fig. 5). This may be caused by the systematic
bias between the two datasets (Song et al., 2015b; Crétaux et al., 2016).

5.3. Lake volume change and the contribution of glacier meltwater to lake
expansion

For 2000–2015, the estimated lake water volume changes are
1.82 ± 0.14 km3 and 1.90 ± 0.38 km3 in LexieWudan Lake and
KekeXili Lake, respectively. Summing up the volume changes of each
individual glacier within the respective lake basins gives a volume
change of −0.18 ± 0.03 km3 and −0.21 ± 0.04 km3 (Figs. S3 and
S4). Under the simple hypothesis that all of the lost water in the glacier
systems flows into the lakes (without consideration of evaporation/
sublimation or the wastage in the course of transport), the glacier mass
loss respectively accounts for 9.9% and 11.1% of the lake growth in
LexieWudan Lake and KekeXili Lake. In particular, an additional as-
sumption that Yinma Lake has been in balance during 2000–2015 is
needed for the KekeXili basin, given the fact that the lake extent is
unchanged.

6. Discussion

6.1. The impact of penetration depth on glacier mass change

Since the penetration depth of the X-band radar was not considered,
the penetration depth of the C-band radar we obtained is likely un-
derestimated. Prior studies have shown that, for dry snow, the pene-
tration depth of X-band radar can reach 2–6m in Antarctica (Groh
et al., 2014; Seehaus et al., 2015; Zhao and Floricioiu, 2017) and 4–6m
in the Alps (Berthier et al., 2016; Dehecq et al., 2016). Especially in the
QTP and its surroundings, the X-band average penetration depth in the
accumulation zone is about 2m or less in the Karakoram mountain
(Round et al., 2017), 3 m in the western Tibet (Kääb et al., 2018) and
3–4m in the central Pamir (Lambrecht et al., 2018). These imply that
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the uncorrected X-band penetration depth may introduce significant
bias into the final mass balance estimation, if there is a large amount of
dry snow. However, the precipitation in this region is sparse, especially
in winter (the season of SRTM acquisition). Xie et al. (2000) reported
that the amount of annual precipitation (in the form of snowfall) is only
about 400–500mm in the altitude of the glacier equilibrium line in the
Malan region. We can thus intuitively speculate that the thickness and
extent of the dry snow may be limited in this area. In addition, in order
to better elaborate this issue, we generated a complimentary result by
considering the penetration depth of the X-band radar (assuming an
average of 1.5 m for the entire glacier area (Gardelle et al., 2013)). The
updated results are more negative by 0.08m w.e./a than our results,
but the two results agree within the error bounds (Fig. 6). Furthermore,
under the hypothesis of the average penetration depth of X-band radar
being 4m, the setting of this study (1.5 m) actually means that the

coverage ratio of dry snow reaches about 40% in this region. In-
tuitively, this ratio may be rational or even overestimated. This is be-
cause, with the increase of altitude, the accumulation zones consist of
superimposed ice zones, wet-snow zones, percolation zones, and dry
snow zones, in sequence (Xie and Liu, 2010). A 40% ratio of dry snow
(with an average thickness of 4m) seems to be high, given the currently
known climate conditions. From another point of view, the maximum
penetration depth obtained by the extrapolation in this study is about
9m in the Xinqingfeng region, which is very close to the 10m max-
imum penetration of C-band radar for dry snow (Rignot et al., 2001).
This might imply that the penetration depth estimation in this study is
close to the real penetration depth. Thus, we believe that the impact of
the X-band penetration depth is not enough to subvert the current re-
sults.

Fig. 4. Region-wide glacier hypsometry and thickness change curve with an altitude bin of 50m. The area shaded in red indicates one standard deviation of the
glacier elevation change within a given altitude band. The terms “abl.” and “acc.” refer to the ablation and accumulation zones, and the values next to them represent
the glacier thickness change (unit: m/a). In addition, the units of glacier area and mass balance are km2 and m w.e./a, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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6.2. Comparison with previous mass balance studies

With regard to the glacier mass balance, our result of
−0.16 ± 0.05m w.e./a in the whole study region (for 2000–2015) is
comparable to the ICESat-based estimate of Phan et al. (2017)
(0.03 ± 0.47m/a for 2003–2009) when considering the error bars, but
clearly disagrees with that of Neckel et al. (2014) (−0.77 ± 0.35m
w.e./a for 2003–2009), despite the fact that our study period is twice as
long. Furthermore, for the same or similar study period, a detailed
comparison of our results with those of Brun et al. (2017) (2000–2016)
shows that the differences of the mass balance are between −0.03 and

0.03m w.e./a for individual sampling regions, and only 0.01m w.e./a
for the whole regions (Table 4). This indicates that the two results are
compatible, given the error bounds. In addition, due to that Brun et al.’s
(2017) results are not affected by the radar penetration depths, the
comparison also confirms our speculation with respect to the limited
impact of the X-band penetration depth in this study. In addition,
through a comparison of the pattern of the glacier elevation change
between Brun et al. (2017) and this study, we can speculate that this
study region likely lies in a transition zone from negative to near-zero
or positive mass balance for the whole of the Kunlun Mountains. This is
because the glaciers from the YulangGangri Ice Cap toward the west
along the Kunlun mountains have shown a positive mass balance (see
Fig. 2a in Brun et al. (2017)). This can also be confirmed by the findings
of Neckel et al. (2014) and Phan et al. (2017).

6.3. Comparison of different regression models for lake water-level
extrapolation

To further validate the effectiveness and reliability of our models
used to extrapolate water level, we re-estimated the water level in 2000
and 2015 by utilizing the first-order and second-order polynomial fit of
the lake area versus the lake water level, respectively. Meanwhile, with

Fig. 5. Lake water-level changes for 2003–2008/09 (left); linear regression models linking the area change and the water-level change (middle); lake water-level
changes for 2000–2015 (right). The labels of “a” and “b” represent LexieWudan Lake and Kekexili Lake, respectively. Note also that the data used to make a
regression analysis are marked in red (in the left picture). The area shaded in pink (in the middle picture) represents the prediction interval of the linear regression
model. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Comparison of glacier mass balance between our results (blue) and
additional results (red). Note that the abbreviations in the horizontal axis re-
flect the names of the study regions: YIC (YulangGangri Ice Cap), JIC
(JinyangGangri Ice Cap), WXF (Wuxuefeng Mountain), XQF (Xinqingfeng
Mountain). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Table 4
Comparison of the glacier mass balance between this study and Brun et al.
(2017) (unit: m w.e/a).

Region This study Brun et al. (2017)

CKL-1 −0.08 ± 0.21 −0.05 ± 0.07
CKL-2 −0.09 ± 0.16 −0.12 ± 0.07
YulangGangri 0.01 ± 0.11 −0.02 ± 0.07
Xinqingfeng −0.21 ± 0.10 −0.19 ± 0.07
Malan −0.22 ± 0.10 −0.20 ± 0.07
Wuxuefeng −0.16 ± 0.10 N/A
JinyangGngri −0.04 ± 0.09 −0.02 ± 0.07
All regions (area-weighted) −0.16 ± 0.05 −0.15 ± 0.04
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the CryoSat-2 observation in 2014 as the reference, we made a com-
parison for all results. In Table 5, we can see that if only from the angle
of the model selection, the second-order polynomial model for the two
lakes seems to be preferable, as its coefficient of determination (R2) is
larger than others. Nevertheless, the final results show that, for 2015,
the estimated water levels based on the second-order model are 3.46m
(LexieWudan Lake) and 8.35m (KekeXili Lake) higher than the re-
ference value, respectively. Clearly, such significant water level change
within one year is impossible and the estimates are totally erroneous.
This can be confirmed by comparing optical images, which shows only
a weak expansion in these two lakes for 2014–2015. In contrast, the
results calculated by the two linear models, overall, are comparable to
the reference water level. For example, in LexieWudan Lake, the dif-
ferences between the extrapolated water level and the reference data
are 0.13m and 0.15m, respectively, which are lower than the average
rate of 0.50m/a (for 2003–2014). This may be caused by the systematic
bias between the ICESat and CryoSat-2 datasets (Fig. 5). Meanwhile, the
difference of 0.02m between the estimated results suggests that the
performance of the two linear model is similar in this lake. However, it
should be highlighted that the extrapolation accuracy of our linear
model is higher, with a relatively low uncertainty (e.g., 0.45 m versus
0.73m (Table 5)). This is because in the same conditions, the increase
in the number of independent observations can enhance the robustness
and reliability of the model prediction. Similarly, for KekeXili Lake, the
differences of the estimated results versus reference water level are
1.22m and 0.68m, respectively. Given the latter is very close to the
rate of water-level rise of 0.50m/a (for 2007–2014), our result is more
reasonable and reliable. Meanwhile, this also indicates that our model
is optimal (at least in this lake), as another linear model (using the lake
area and the water level as parameters) generates an overestimated
result. In addition, with regard to the lake water level estimation in
2000, considering the performance of our models discussed above, we
believe that our results are more accurate, in spite of the lack of re-
ference data. In conclusion, the models of lake water-level extrapola-
tion we used are effective and the results can be considered as reliable
and acceptable.

6.4. Analysis of the contribution of glacier meltwater and the potential
driving forces of lake changes

In this study, with regard to the contribution of glacier meltwater to
lake expansion, since we did not consider the mass loss caused by the
evaporation and sublimation process in the glacier systems and the
transfer wastage (i.e., evaporation, percolation loss) in the process of
runoff flow, our results represent a maximum contribution (or an upper
bound). This means that, in the LexieWudan Lake and KekeXili Lake
basins, the contributions from glacier mass loss were no more than
9.9% and 11.1% between 2000 and 2015, respectively, revealing a
limited impact on lake water storage change. If we assume a glacier
runoff coefficient of 0.6 (Wu et al., 2014a), then the contributions are
only 5.9% and 6.66%. The estimates are comparable to the findings for
the central Tibetan Plateau (Lei et al., 2013; Li et al., 2017a; Tong et al.,
2016), despite the conditions of each lake basin being different (e.g.,

the ratio of glacier area to lake area, and the ratio of basin area to lake
area). For example, based on the same method as this study, Lei et al.
(2013) reported that the glacier mass loss for 1999–2010 accounted for
about 11.7%, 28.7%, and 11.4% of the lake water-level rise for Seling
Co Lake, Nam Co Lake, and Pung Co Lake, respectively. Updated results
obtained by physical-based models revealed that the glacier mass loss
accounted for only about 10% of the water-level rise in Nam Co Lake
(for 1961–2015) (Li et al., 2017a) and 5% in Seling Co Lake (for
1979–2013) (Tong et al., 2016). In addition, for the whole endorheic
basin of the QTP, Zhang et al. (2017) revealed that the contribution of
glacier mass loss to lake volume increase is only 13% from the 1970s to
2015, which is basically consistent with our estimates.

For the variation of the lakes, in this study region, meteorological
data suggested that both the annual precipitation and annual mean air
temperature exhibited an increasing trend for 1960–2010, e.g., at a rate
of 0.79 °C/(10 a) and 18.84mm/(10 a), respectively (Jiang et al.,
2012), while the potential evaporation showed a decrease of
−1.10mm/a for 1970–2011 (Yao et al., 2013). The increased pre-
cipitation and decreased evaporation were considered to be the main
causes of the lake water-level rise (Yao et al., 2013). Nevertheless, some
recent studies have shown that the dominant driving forcing behind the
lake growth is merely the increased precipitation (Tong et al., 2016;
Yang et al., 2017; Lei et al., 2017; Zhang et al., 2017). For instance, in
Seling Co Lake, the precipitation-induced runoff accounts for 82% of
the increase in the mean annual water input (Tong et al., 2016). On the
whole plateau scale, the increased net precipitation increase accounts
for 74% of lake storage increase, while the contribution of the perma-
frost thaw recharge is only 12% (Zhang et al., 2017). Based on these, we
can speculate that the increased precipitation may be the decisive
driving force of lake growth in this study region.

7. Conclusion

In this study, based on the geodetic method, we calculated the re-
gion-wide glacier mass balance for 2000–2015/16 in the central
Kunlun-KekeXili region (including seven sample regions) using SPOT-
6/7 stereo imagery and the SRTM DEM. The results reflect a hetero-
geneous pattern at the sub-region spatial scale. The most significant
glacier mass loss, at rates of−0.22 ± 0.10 and−0.21 ± 0.10m w.e./
a, occurred in the Malan and Xinqingfeng mountains, respectively.
Moreover, except for the YulangGangri Ice Cap with a near-zero mass
balance of 0.01 ± 0.11m w.e./a., the other regions (i.e.,
JinyangGangri Ice Cap and the Wuxuefeng and central Kunlun moun-
tains) experienced slight or moderate mass loss, with a mass balance
range of−0.04 ± 0.09m w.e./a to−0.16 ± 0.10m w.e./a. The area-
weighted glacier mass balance is−0.16 ± 0.05m w.e./a for the whole
region. In addition, we evaluated the water storage change of two
glacier-fed closed lakes for 2000–2015, based on the function re-
lationship between water level change and area change. The results
showed that the water storage of LexieWudan Lake and KekeXili Lake
increased by 1.82 ± 0.14 km3 and 1.90 ± 0.38 km3, respectively.
Meanwhile, within the two lake basins, the water lost from the glaciers
was −0.18 ± 0.03 km3 and −0.21 ± 0.04 km3, indicating that the

Table 5
Comparison of the extrapolated lake water levels based on different regression models.

Region Model No. measurements R2 Estimated water level (m) Reference water level (m) Difference(m)

2000 2015

LexieWudan = +L 0.145S 4837.357 7 0.984 4869.31 ± 0.52 4876.80 ± 0.73 4876.67 ± 0.02(20/10/2014) +0.13
= − +S SL 0.003 1.476 5032.5552 7 0.992 4870.58 ± 1.87 4880.13 ± 4.81 +3.46

= +L S|Δ | 0.138 |Δ | 0.041 21 0.929 4869.42 ± 0.34 4876.82 ± 0.45 +0.15
KekeXili = +L 0.145S 4842.558 5 0.956 4887.25 ± 0.89 4893.66 ± 1.94 4892.44 ± 0.02(18/10/2014) +1.22

= − +S SL 0.007 4.114 5522.0652 5 0.996 4887.98 ± 0.86 4900.79 ± 7.22 +8.35
= +L S|Δ | 0.137 |Δ | 0.062 10 0.831 4887.36 ± 0.55 4893.12 ± 1.00 +0.68
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contributions of glacier mass loss to lake expansion were no more than
9.9% and 11.1% in LexieWudan Lake and KekeXili Lake, respectively.
From a quantitative point of view, this demonstrates that glacier
meltwater is not the dominant influencing factor for the lake expansion
in the northern part of the QTP.
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