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Abstract: There was sufficient evidence to indicate a nearly balanced glacier mass change (termed
glacier anomaly) for Karakoram Mts. since the 1970s, in contrast to worldwide glacier mass losses
caused by climate warming. Recently, this anomalous phenomenon was detected over the neigh-
boring western Kunlun and Pamir Mts. However, the southeastern limit of this glacier anomaly
remains uncertain, owing to the paucity of glacier mass balance observations across the interior
and northern Tibetan Plateau (INTP). In this study, we presented a decadal glacier mass balance
estimation in the INTP by differencing the SRTM DEM with the topographic data produced from
TanDEM-X bistatic INSAR images. From 2000 to 2012, decade-average glacier mass balances of
between —0.339 + 0.040 and 0.237 + 0.078 m w.e. yr~! were detected over 22 glacierized areas.
Significantly, we found a gradient and switch of glacier mass loss over the southeastern portion
to glacier mass gain over the northwestern portion. This varying spatial pattern illustrates that
glacier anomaly has existed over the northwestern or even central zone of the INTP since the early
21st century. This study provides important evidence for the model simulation of both glacier
evolution and atmospheric circulations in investigating the prevailing mechanism of the regional
anomalous phenomenon.

Keywords: glacier anomaly; glacier mass balance; TanDEM-X bistatic INSAR; interior and northern
Tibetan Plateau; High Mountain Asia

1. Introduction

Glacier meltwater induced from the mass loss of glacierized regions over the High
Mountain Asia (HMA) is a significant contributor to global sea level rise [1,2]. On a
regional scale, the decadal expansion of lakes over the Tibetan Plateau (TP) is partly caused
by glacier melting [3,4]. Furthermore, glacier melting provides an important freshwater
supply for billions of people living in the eastern, southern and central parts of Asia [5,6].
Especially in drought years, more than 50% of the annual runoff in most catchments of the
HMA is supplied by glacier mass loss [6].

With the warming climate, most glacierized regions in the HMA experienced con-
tinuous glacier mass losses in the past several decades [7]. However, an anomalous
phenomenon refers that a balanced /positive mass change was first noted in the glaciers of
the Karakoram Mts. [8]. Moreover, the glacier anomaly has been found to exist over the
Pamir [9] and western Kunlun Mts. [10]. For the large-scale glacier anomalous areas, the
Pamir-Karakoram-western Kunlun (PKWK) glacier anomaly is proposed to be possibly
induced by regional precipitation increase [11]. Furthermore, previous studies generally
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agreed that the western region of the Pamir-Karakoram Mountains is the possible north-
western boundary of the PKWK glacier anomaly [10,11]. However, the center of the glacier
anomaly remains controversial, with candidates such as the eastern Pamir [12], the western
Kunlun Mts. [11] and the southwestern margins of the Tarim Basin [10]. This debate is still
ongoing due to limited understanding of the existence of glacier anomaly in the interior
and northern Tibetan Plateau (INTP).

For a small amount of water-vapor transported from atmospheric circulations, glaciers
are sparse in the mountainous areas of the INTP [13]. Therefore, techniques of satellite
gravimetry (e.g., GRACE) and laser altimetry (e.g., ICESat) are seriously limited in the INTP.
Specifically, the GRACE observation is insensitive to the sparse mountain glaciers and it is
challenging to separate the glacier mass budget from the measured terrestrial water storage
variations [14]. Moreover, for employing the ICESat observations to detect mass changes
in small glaciers in the mid-latitude areas, the considerable bias and uncertainty can be
caused by insufficient spatial sampling [15]. Accordingly, very few glacierized regions (e.g.,
the western Kunlun and Naingentanglha Mts.) have been measured by ICESat data over
the INTP [16].

To the best of our knowledge, few field measurements of glacier mass change have
been made in the INTP during recent decades. Only three glaciers, namely Xiaodongke-
madi, Zhadang and Gurenhekou, have been field measured for more than three consec-
utive years [17]. By using the elevation change trend calculated from multi-temporal
ASTER DEMs, the regional-wide glacier mass change of —0.19 + 0.08 m w.e. yr—! (2000~
2016) was detected in the inner Tibet [18]. Recently, Shean et al. (2020) employed similar
data and method to retrieve glacier mass change in the Tibetan interior mountains at
—0.12 £ 0.05 m w.e. yr ! in 2000-2018 [7]. However, mapping surface topography in the
glacial zone is still a challenge for optical photogrammetry due to the lack of radiometric
contrast on snow and firn. The limited quota of snow-free and cloud-free optical images
can lead to an additional systematic bias for glacier mass balance estimates in INTP.

The geodetic method comparing two DEMs at different time epochs has been used
extensively to detect decade-average glacier mass balances in the HMA [19,20]. For the
INTP, however, detailed measurements of glacier mass balance on a large scale are still
scarce. A few glacierized areas such as the Puruogangri ice field and Geladandong Mts.
have been investigated for estimating glacier mass changes in recent decades. By comparing
the TanDEM-X DEM with the SRTM DEM, a slightly negative glacier mass change of
—0.038 & 0.023 m w.e. yr~! was observed between 2000 and 2012 in the Puruogangri ice
field [21]. With the similar data processing strategy, glacier mass changes of —0.235 £ 0.127,
—0.12 £ 0.22 and 0.128 4 0.055 m w.e. yr—! were estimated for the period 2000-2014
in the Geladandong Mts. [22], western Naingentanglha Mts. [23] and western Kunlun
Mts. [10], respectively.

This study seeks to carefully investigate the spatial variations in glacier mass changes
in recent decades in the INTP. The SRTM DEM was compared with DEMs derived from
TanDEM-X InSAR data to accurately determine glacier elevation changes over 22 glacierized
areas. In order to estimate the decade-average glacier mass balance, the systematic biases
of the C/X-band radar penetration difference and seasonal glacier mass changes were
corrected for each study site. Importantly, the spatial pattern of glacier mass balances
for these study sites was analyzed to identify the glacier anomalous regions in the INTP.
Furthermore, combining our results with the previously published geodetic glacier mass
balance estimates, we discussed the possible center of the glacier anomaly in the HMA and
the influence of atmospheric circulations in the TP.

2. Study Area

The INTP, consisting mainly of the endorheic basin of the TP, is located in the east of
the Karakoram Mts. and in the north of the Tarim Basin. The extent of the INTP is about
80°E-93°E and 29°N-37°N (Figure 1). The average elevation of the INTP is more than
4400 m a.s.l. with mountain peaks such as Songzhi peak and Muztagh peak exceeding
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6000 m a.s.]. The central area of the INTP (30°N-35°N) is referred to as the transitional
region between the Indian summer monsoon and mid-latitude westerlies [24]. However,
the adjacent high mountains trap water-vapor transport from these two atmospheric
circulations [25]. Basically, continental climate processes dominate the climate of the INTP,
which is characterized by dryness and cold [17]. The annual precipitation of the INTP is
about 200-500 mm and the yearly average air temperature over the glacier equilibrium-line
altitude is ~—10.0 °C [26].
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Figure 1. Geographic locations of the 22 study areas over the INTP. The six study sites completely
covered by the SRTM-X DEM are labeled by red dashed rectangles. The mountain glaciers are shown
in light blue. Gray solid line indicates the boundary of the endorheic basin.

Mountain glaciers are characterized by sparse distribution and small size in the INTP.
The second Chinese Glacier Inventory (SCGI) indicates that the area of more than 75%
of the glaciers in the INTP is smaller than 1.0 km? [13]. As shown in Figure 1, modern
glaciers only exist on a few mountains in this region. In this study, 22 glacierized core
areas were selected for representing the spatial variations in glacier mass balances in the
INTP (Figure 1). Most of the meltwater from the glaciers in these 22 glacierized areas flows
into the endorheic basin, supplying water to Asia’s major rivers such as the Yellow River
and the Yarlung Zangbo River. In recent decades, the water level and volume of many
endorheic lakes has increased [27,28], partly resulting from glacier meltwater [29,30]. From
the 1970s to 2009, glaciers in the INTP generally experienced a steady terminus retreat [31].
Moreover, between 2000 and the 2010s, a negative glacier mass change was observed in
some glacierized regions such as the Puruogangri ice field [21], western Nyaingentanglha
Mts. [23] and central Kunlun Mts. [32].
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3. Data and Methods
3.1. Single-Pass InSAR DEMs

We employed two single-pass space-borne INSAR DEMs to estimate glacier elevation
changes in these 22 glacierized areas over the INTP (Table 1). The more recent DEMs were
extracted from 34 pairs of TanDEM-X bistatic INSAR data between February 2011 and March
2014. The format of raw TanDEM-X single look complex (SLC) data collected from the
German Aerospace Center is CoSSC, which indicates that each pair of bistatic InNSAR data
has been co-registered. The spatial resolution of TanDEM-X data is ~2 m in the azimuth
and range directions. Here, we employed the SAR interferometric processing strategy to
generate 30 m spatial resolution DEMs for each study site from the raw TanDEM-X SLC
images [33].

Table 1. The used SRTM DEM and TanDEM-X bistatic INSAR data in this study.

Name of Study Site No. of Study Site in Figure 1 DEM in 2000 TanDEM InSAR Data (Pair)
Western Kunlun Mts. 1 SRTM-C DEM 1
Tozekangri Mount 2 SRTM-C DEM 1
Songzhi Peak 3 SRTM-X DEM 1
Muztagh Peak 4 SRTM-X DEM 1
Jinyanggangri Mount 5 SRTM-C DEM 1
Malan Mount 6 SRTM-C DEM 2
Bukadaban Peak 7 SRTM-C DEM 1
Unnamed-1 Mts. 8 SRTM-C DEM 1
Unnamed-2 Mts. 9 SRTM-C DEM 1
Buruogangri Mount 10 SRTM-X DEM 6
Zangsegangri Mount 11 SRTM-C DEM 1
Puruogangri Ice Field 12 SRTM-C DEM 2
Geladandong Mts. 13 SRTM-C DEM 1
Dongkemadi Mts. 14 SRTM-X DEM 1
NganglongKangri Mount 15 SRTM-X DEM 2
Unnamed-3 Mits. 16 SRTM-X DEM 3
Unnamed-4 Mts. 17 SRTM-C DEM 1
Gangdisi Mts. 18 SRTM-C DEM 3
Unnamed-5 Mts. 19 SRTM-C DEM 1
Unnamed-6 Mts. 20 SRTM-C DEM 1
Unnamed-7 Mts. 21 SRTM-C DEM 1
Naingentanglha Mts. 22 SRTM-C DEM 1

The earlier glacier surface topographies were derived from the 30 m resolution SRTM
DEM taken during an 11-day mission in February 2000. In recent years, two SRTM DEMs
have been released. The SRTM-X DEM was created using the X-band SAR images and
the C-band SAR interferometric data were used to produce the SRTM-C DEM. While the
SRTM-X DEM has better vertical and horizontal accuracy than the SRTM-C DEM, it cannot
provide complete spatial coverage for all 22 sites due to the discrete passing swaths (i.e.,
50 km) [34]. Therefore, we preferred to utilize the SRTM-X DEM with complete coverage of
the six study sites (Figure 1) and the remaining 16 glaciers were compared with SRTM-C
DEM products.

3.2. Glacier Elevation Change Calculation

The SRTM-C/X DEM (2000) was compared with the generated TanDEM-X DEMs
(2011-2014) to retrieve the elevation changes in the 22 study areas. Prior to the DEM
differential operation, the universal co-registration technique was performed for eliminat-
ing the vertical discrepancy from the horizontal deviations [35], ensuring that all pairs of
TanDEM-X DEM and SRTM DEM could be accurately matched. In addition, the systematic
errors between a pair of DEMs related to terrain parameters such as altitude, slope and
curvature were corrected with polynomial functions. For example, in order to remove
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the systematic error related to slope, we used a polynomial fit of elevation difference as a
function of slope. Glacier surface elevation changes in each study site were detected by
DEM differencing with the glacier boundaries from the SCGI. Basically, the SCGI glacier
outlines were delineated from Landsat optical scenes acquired around 2006-2010 [13]. Here,
taking into consideration the continuous glacier terminus retreat in recent decades [31],
we used the cloud-free Landsat data in 1999 or 2000 to manually modify the terminus
positions of non-surge glaciers. Moreover, the terminus locations of surge-type glaciers,
especially for those experiencing a surging event within our study period, were manually
updated with Landsat optical images referring to the acquisition date of our used bistatic
SAR interferometric data.

The measured glacier surface elevation changes cannot be directly converted into
glacier mass balance due to data void and outliers. Specifically, some data gaps were existed
for the original SRTM-C/X DEM over the mountainous regions. Therefore, it is necessary
to calculate the mean value of glacier elevation changes for each glacierized region. In
order to accurately compute glacier-wide average elevation change, we excluded the
interpolated pixels located on the void areas of the original SRTM-C/X DEM and removed
the pixels on steep surfaces with a slope angle larger than 25 degrees [33]. Moreover, we
did not employ the elevation differences of greater than £100 m over non-surge glaciers.
In addition, the threshold of elevation changes was set to £150 m for surge-type glaciers.
For determining these two above thresholds, we analyzed our observed maps of DEM
differencing and investigated the previously published results of glacier elevation changes
over the INTP [16,32].

Considering that the glacial surface pixels at a specific altitude range are supposed to
maintain spatially continuous feature [36], we statistically calculated the average glacier
elevation change in each study site with 50 m altitude interval. By using the pixels with
different elevation changes within three standard deviations of the average value, the
influence of random errors was minimized and thus the average elevation change in an
altitude band was calculated accurately. Since the elevation changes with altitude between
non-surge and surge-type glaciers have different characteristics [8], surge-type glaciers
could be excluded from the estimation. Here, we calculated the average elevation change in
each surge-type glacier separately. Overall, for a study site with partly surge-type glaciers,
the average glacier elevation change was calculated as an area-weighted mean value over
all surge-type and non-surge glaciers.

3.3. Glacier Mass Balances Estimation
3.3.1. C/X-Band Radar Signal Penetration Difference

By using the density of 850 kg m 2 [37], we converted the calculated average value of
glacier elevation changes into glacier mass balance. However, the results observed directly
from the TanDEM-X DEMs and SRTM-C DEM may be biased because of the different
capacities of C/X-band radar signal when penetrating into glacier surface. In general,
C-band radar wave has the penetration depth of about several meters over the glacierized
areas of the HMA [38], whereas that of X-band radar wave is typically not more than
1 m [39,40]. Therefore, according to site-by-site penetrating characteristics, we carefully
estimated the penetrating depth difference term with a comparison between the SRTM-X
and SRTM-C DEMs over each study site.

Considering the variations in penetration depth differences over various glacier sur-
faces (e.g., ice, firn and snow), the average penetration difference of a study site was
accurately calculated for 50 m altitude bands. Similar to the calculation of the average
glacier elevation change, we only used pixels where the penetration differences did not
deviate more than three standard deviations from the average value over each altitude
band. It is noteworthy that the available data of SRTM-X DEM are significantly limited in
the INTP due to the discrete swaths with the width of 50 km [34]. Therefore, for a study
site without X-band SRTM DEM (e.g., the Tozekangri Mountain, Geladandong Mts. and
Bukadaban Mountain), we referred the penetration difference to the nearest study site.
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3.3.2. Seasonality Correction

In this study, the raw InSAR images of the SRTM DEM were derived in mid-February,
whereas the used TanDEM-X bistatic INSAR images were acquired between mid-October
and late June (Table 1). Thus, the seasonal glacier mass change in one to four months in
winter or spring (depending on the study site) is a possible systematic bias for estimating
the decade-average glacier mass balance. According to the seasonality of precipitation,
the glaciers of our 22 study sites are classified into three accumulation regimes of win-
ter/spring accumulation, spring/summer accumulation and summer accumulation [26].
For winter/spring accumulation glaciers in the INTP, we employed the seasonal correc-
tions which were estimated by using the TanDEM-X InSAR images collected in different
months in the western Kunlun Mts. [10]. Specifically, the corrections of 0.24, 0.18, 0.12, 0.06,
—0.06, —0.12 and —0.18 m w.e. were applied in October, November, December, January,
March, April and May, respectively. Moreover, we used the correction of zero in the winter
months and —0.06, —0.12 and —0.18 m w.e. in March, April and May over the glaciers of
spring/summer accumulation. In addition, since both glacier melting and snowfall majorly
occur in summer season [41], no seasonal glacier mass change was modified for all summer
accumulation glaciers in the INTP. Notably, the used TanDEM-X InSAR data of the Ngang-
longKangri Mount (winter/spring accumulation type) were acquired on 26 June. Here, we
assumed that the glacier mass gain between March and May is possibly compensated by
the negative glacier mass change in June. Thus, the correction of seasonal variations was
set to zero for the NganglongKangri Mount.

3.3.3. Decade-Average Glacier Mass Balance Estimation

Overall, for a study site, the estimation of decade-average glacier mass balance (AB)
was summarized as the following Equation (1). It is noteworthy that more than half of the
used TanDEM-X bistatic INSAR images were collected between November 2011 and May
2012. Therefore, in this study, the inter-annual variation was neglected and the estimated
results were reasonably assumed to represent the decade-average glacier mass balances in
2000-2012.

(dh'Pdiff) X Pglac /Pw + ABseason

T , @
where T denotes the integral number of years of our studied periods; p, denotes the
water density (1000 kg m~3); Py, 7 is the calculated mean value of radar signal penetration

AB =

difference; pg;,4c (850 kg m™3) is our used glacial density; dh represents our observed average
glacier elevation change; and ABges0, is the seasonal correction of glacier mass change.

3.4. Uncertainty Analysis

According to Equation (1), the uncertainty of glacier mass balance is related to the
errors of the average glacier elevation change, radar penetration difference, glacial density
and seasonal glacier mass change.

2
\/ (dh-Paigy)* x 03, /0% + (03, + 0B, ) % 0/ 0+ By,
OAB = T , ()

where 0y, denotes the error of glacial density and is about 7% of our used glacial den-
sity [37]. oaB,,,.,, denotes the error of seasonal corrections. Here, we conservatively
assumed a 100% error for the correction of seasonal mass change. Furthermore, the error of
seasonal variation in summer accumulation glaciers was assumed to be the mean value of
the calculated uncertainties over the study sites with seasonal corrections. op,, . represents
the error of our calculated radar penetration difference and oy, denotes the error of our
detected average glacier elevation change. Here, these two errors were estimated by the
standard law of error propagation [42]. In addition, for the study site (e.g., the Tozekan-
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gri Mount and Bukadaban peak) with no SRTM-X DEM, we assumed that the error of
C/X-band radar penetration difference is twice that of the nearest study site.

4. Results
4.1. Glacier Elevation Changes

The results obtained from the comparison between TanDEM-X DEMs and SRTM-
X/C DEM are exhibited in Figures 2—6 for the 22 study sites in the INTP. In this study,
a non-negligible systematic error of radar penetration difference is present in the results
estimated with TanDEM-X DEM and SRTM-C DEM. Therefore, the spatial pattern of
our observed glacier elevation changes was demonstrated using the six study sites with
complete coverage by SRTM-X DEM (Figure 2). Over these six glacierized regions, we
detected a pronounced surface lowering at most of the glacier ablation zones (locally
exceeding —60 m), whereas an increase in ice thickness (not more than 30 m) was observed
over the high accumulation zones. In contrast, the surface of the central Yulinchuan Glacier
was significantly thickened at the terminus and an apparent surface thinning was found
over the upper areas (Figure 2e). This extraordinary pattern of glacier elevation changes
between 2000 and the 2010s is probably attributed to a surging event over this glacier from
2008 to 2009 [43].
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Figure 2. The maps of the observed glacier elevation changes from 2000 to the 2010s over the six study
sites with a complete coverage of the SRTM-X DEM (See Figure 1, red rectangle areas). (a) Buruogangri
Mount; (b) Songzhi peak; (c) NganglongKangri Mount; (d) Dongkemadi Mts.; (e) Muztagh peak;
(f) Unnamed-3 Mts. The central Yulinchuan Glacier experienced a surging event from 2008 to 2009.
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Figure 3. The observed maps derived by subtracting the SRTM-C DEM from the TanDEM-X DEMs
over the study sites of Jinyanggangri Mount (a), Bukadaban peak (b), Puruogangri ice field (c) and
Naingentanglha Mts. (d).
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Figure 4. Same as Figure 3 but for the study sites of Gangdisi Mts. (a), Zangsigangri Mount (b),
Unnamed-4 Mts. (c) and Unnamed-5 Mts. (d).
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Figure 6. Same as Figure 3 but for the study sites of Unnamed-7 Mts. (a), Malan Mount (b), Unnamed-
6 Mts. (c) and Geladandong Mts. (d).

For non-surge glaciers on these six glacierized areas, the glacier elevation changes
are proportional to altitudes (Figure 7). In general, over the lower zones, we measured a
decreasing trend of glacier surface thinning with altitude. Moreover, a probably increasing
tendency of glacier surface thickening with altitude was observed at the upper zones.
The observed altitude-dependent glacier elevation relationship is also consistent with the
meteorology conditions in the INTP (e.g., precipitation and temperature) [44]. In addition,
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we found that both glacier surface thinning and thickening rates of the Dongkemadi Mts.
are relatively larger than the other five study sites (Figure 7), which may be attributed to
the only case of summer-accumulation type among the six sites.
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Figure 7. Glacier elevation changes versus altitude for the six study sites completely covered by
X-band SRTM DEM (See Figure 1, red rectangle areas).

4.2. Spatial Variation in Glacier Mass Balances

Between 2000 and 2012, glacier mass balances were found to be heterogeneous in
the INTP. Over the 22 study sites, we estimated decade-average mass changes of between
—0.339 £ 0.040 and 0.237 4+ 0.078 m w.e. yr’1 (Table 2). In general, nine study sites (e.g.,
the Songzhi peak and western Kunlun Mts.) experienced positive glacier mass balances,
whereas mass losses can be detected for the other thirteen glacierized areas such as the
Naingentanglha and Geladandong Mts. The most serious negative mass change observed
was —0.339 & 0.040 m w.e. yr~! on the Dongkemadi Mts. situated in the southeastern
portion of the INTP. The Tozekangri Mount located in the northwestern region of the INTP
experienced the largest glacier mass gain. Overall, for all these 22 glacierized regions in the
INTP, we derived a mean mass change of 0.018 £ 0.021 m w.e. yr’1 between 2000 and 2012.

As exhibited in Figure 8, the spatial variation in our measured glacier mass balances
was clearly characterized by glacier mass gain for the northwestern part and glacier mass
loss for the southeastern part. Therefore, with a visual interpretation of the glacier mass
balance estimates, we divided the INTP into the three sub-areas of zone A (northwestern
part), zone B (central part) and zone C (southeastern part). In zone A, we estimated positive
glacier mass changes of between 0.058 & 0.037 and 0.237 + 0.078 m w.e. yr—! for the
six study sites (Table 2). Moreover, for all the eight glacierized regions in zone C, we
detected the negative glacier mass changes. However, as illustrated in Table 2, the observed
mass balances of zone B varied. Over this central zone, glaciers in the study sites of the
Buruogangri Mount, Jinyanggangri Mount and Unnamed-3 Mts. basically experienced
mass gains, whereas glacier mass loss was estimated on the other five glacierized areas
such as Bukadanban peak, Malan Mount and NganglongKangri Mount (Figure 8).
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Table 2. The estimated glacier mass changes on the 22 glacierized areas of the INTP between 2000 and
2012. The “N/A” indicates that the corrections of seasonal variations or C/X-band radar penetration
differences are not needed for a study site. The number. of each study site is shown in Figure 8.

No Study Site Mean Elevation Penetration Seasonal Mass Balance
’ Change (m) Correction (m) Correction (m w.e.) (m wee. yr-1)
Al Western Kunlun Mts. 411 +£0.37 2.67 £ 0.46 0.15 + 0.15 0.116 £ 0.050
A2 Unnamed-1 Mts. 2.83 £0.20 1.83 £ 0.53 —0.04 + 0.04 0.058 + 0.037
A3 Tozekangri Mount 4.96 + 0.37 235+ 1.12 0.00 £ 0.10 0.237 + 0.078
A4 Unnamed-2 Mts. 450 £0.28 2.35 £ 0.56 —0.12 £ 0.12 0.131 £ 0.048
A5 Songzhi Peak 2.70 + 0.56 N/A N/A 0.191 £ 0.042
A6 Muztagh Peak 1.03 £0.27 N/A 0.00 £ 0.10 0.063 + 0.019
B1 NganglongKangri Mount —1.49 +0.30 N/A 0.00 £ 0.10 —0.106 + 0.024
B2 Unnamed-4 Mts. 1.13 £0.18 1.39 £ 0.51 N/A —0.016 + 0.032
B3 Unnamed-3 Mts. 0.46 +0.15 N/A —0.03 £+ 0.03 0.033 £+ 0.012
B4 Buruogangri Mount 0.78 £0.22 N/A N/A 0.055 + 0.016
B5 Zangsegangri Mount 227 £0.21 2.79 + 0.46 —0.03 £+ 0.03 —0.036 + 0.037
B6 Jinyanggangri Mount 3.13 £0.28 2.05 4+ 0.68 0.00 £ 0.10 0.077 £ 0.056
B7 Malan Mount —0.65 + 0.10 2.05 +1.36 —0.03 + 0.03 —0.194 + 0.097
B8 Bukadaban Peak 0.76 = 0.13 2.05 +1.36 —0.30 4 0.30 —0.116 + 0.101
C1 Gangdisi Mts. —0.60 + 0.16 1.39 £1.02 N/A —0.121 £ 0.063
C2 Unnamed-5 Mts. 0.72 +0.18 1.39 +1.02 N/A —0.041 + 0.063
C3 Unnamed-6 Mts. 1.70 £ 0.26 2.23 + 0.66 N/A —0.032 + 0.045
C4 Unnamed-7 Mts. 0.12 £ 0.27 1.58 +£0.82 N/A —0.089 £ 0.053
c5 Naingentanglha Mts. —0.44 +0.32 1.58 + 0.41 0.00 £ 0.10 —0.135 + 0.033
Ceé Puruogangri Ice Field 1.95+0.20 2.23 £0.33 N/A —0.020 £ 0.031
c7 Geladandong Mts. 0.43 +£0.13 2.23 4+ 0.66 0.00 £ 0.10 —0.128 £ 0.050
C8 Dongkemadi Mts. —4.79 £+ 0.46 N/A N/A —0.339 + 0.040
80°0'0"E
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30°0'0"N

Error {m w.e. yr''}
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Figure 8. The estimated decade-average (2000-2012) glacier mass balance of the 22 study areas over
the INTP. The blue and red dashed lines are used to divide the INTP into three sub-regions of zone A,
Band C.
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The detected spatial feature of glacier mass change is also basically supported by the
correlation between latitude/longitude and mass balance of the 22 study sites (Figure 9).
Specifically, a pronounced positive correlation was retrieved for glacier mass balance and
latitude (Figure 9a). Moreover, all the study sites located on the south of 33°N experienced
glacier mass losses from 2000 to 2012. For the relationship between glacier mass balance
and longitude, our results demonstrated a negative correlation. It indicates that these study
sites located over the eastern portion of the INTP possibly experienced less glacier mass
gain (or more glacier mass loss) than the western counterpart. The maximum of glacier
mass loss was detected on the easternmost study site (Figure 9b).
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Figure 9. The correlation between glacier mass change and latitude (a) and longitude (b) for these
22 study sites in the INTP. The study site experienced a glacier mass gain from 2000 to 2012, which is
indicated as a blue rectangle. The dark red circles represent the study sites with a negative glacier
mass change during the studied period.

5. Discussion
5.1. Comparison to Previously Published Estimates

We compared our measured glacier mass changes to previously published results for
individual glaciers, study sites and the entire INTP. Throughout the INTD, the glacier mass
balances of the individual glaciers of Zhadang, Gurenhekou and Xiaodongkemadi were
measured with in situ observations between 2000 and 2012. By employing the standard
deviation as the uncertainty of mean glacier mass change, field measured glacier mass
balances were —0.591 + 0.709 (2005-2008), —0.312 £ 0.524 (2005-2010) and —0.358 + 0.370
(2000-2010) m w.e. yr~! on the glaciers of Zhadang, Gurenhekou and Xiaodongkemadi,
respectively [17]. To compare with field measurements, the mass changes in these three
glaciers were estimated separately. In general, our estimated glacier mass balances agree
with in situ observations (Figure 10). For example, on the Xiaodongkemadi Glacier, our
geodetic estimate is —0.310 = 0.056 m w.e. yr !, a value that, although indicates less mass
loss, is nevertheless in agreement with field measurements (—0.358 4- 0.370 m w.e. yr—1).

At the spatial scale of study sites, Figure 10 indicates that our observed glacier mass
balances also agree well with the previously published geodetic estimates in the Nain-
gentanglha Mts. [23], Geladandong Mts. [22], western Kunlun Mts. [10], Puruogangri ice
field [21], Malan Mount and Bukadaban peak [32]. Furthermore, based on the repeat
footprints of ICESat altimetry and SRTM-C DEM, the glacier mass changes of 0.14 £ 0.14,
0.03 4 0.25 and 0.04 + 0.06 m w.e. yr~! between 2003 and 2008/2009 were estimated over
the western Kunlun Mts. [11,14,16]. Basically, these results are consistent with our glacier
mass balance estimation in this glacierized region. In the study site of Nyaingentanglha
Mts., our measured glacier mass balance is also basically supported by the result derived
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from satellite laser observations (—0.20 4= 0.29 m w.e. yr’l) [16]. However, for the study
sites of Zangsegangri Mount and Songzhi peak, our estimated glacier mass change is
much smaller than that observed by ICESat (0.37 + 0.25 m w.e. yr—!). This significant
difference is probably attributed to the insufficient spatial coverage of ICESat ground tracks
in mid-latitude regions.
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Figure 10. The comparison between our glacier mass change estimations and the field measured
results over the individual glaciers of ZD, XDKMD and GRHK, and the published geodetic results
over the six study sites of NQTL, GLDD, PRGR, WKL, MLS and BKDB. (ZD: Zhadang Glacier;
XDKMD: Xiao Dongkemadi Glacier; GRHK: Gurenhekou Glacier; NQTL: Naingentanglha Mts.;
GLDD: Geladandong Mts.; PRGR: Puruogangri Ice Field; WKL: Western Kunlun Mts.; MLS: Malan
Mount; BKDB: Bukadaban peak).

For the entire INTP, the comparison between our glacier mass balance estimations
and previously published results is complicated because of differences in the time period
and spatial coverage. In this study, we calculated a decade-average glacier mass balance of
0.018 + 0.021 m w.e. yr—! from 2000 to 2012. In order to compare our estimate with that for
the east Kunlun Mts. and inner Tibet in Gardner et al. (2013), we excluded the result of the
western Kunlun Mts. and retrieved the mean glacier mass change in the other 21 study sites
in the INTP. Our estimated glacier mass balance of —0.041 + 0.014 m w.e. yr~! between
2000 and 2012 is supported by that of 2003-2009 (—0.01 + 0.11 m w.e. yr—!) [14]. However,
Brun et al. (2017) detected a negative glacier mass change of —0.15 & 0.24 m w.e. yr~!
between 2000 and 2016 for the inner TP [18]. The difference between our estimate and the
result in Brun et al. (2017) may be partly attributed to a possible bias due to the limited
available optical images caused by snow or cloud cover.

Overall, our retrieved negative mass change in the mountain glaciers in the INTP is
basically less than that in the Himalaya Mts. [18], Qilian Mts. [7] and southeastern TP [45]. It
indicates that glaciers in the INTP were relatively more stable than those in the surrounding
mountains. However, glacier mass losses of some glacierized areas in the INTP such as
Geladandong Mts. [42], Puruogangri ice field [39] and Xiaodongkemadi Glacier [46] were
accelerated in recent years. These published results cannot prove the generalization of
accelerated mass loss to other INTP glaciers because of the heterogeneous glacier responses
to climate change [7]. Consequently, it is necessary to estimate the recent glacier mass
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balances of other glacierized regions to investigate the temporal changes in regional mass
balances over the INTP.

5.2. Glacier Anomalous Regions in the HMA

Glacier anomaly, which is opposed to the worldwide pronounced glacier mass loss
in recent decades, is featured by glacier mass gain or balanced glacier mass change [8-10].
Therefore, the estimated decade-average glacier mass gain indicates the existence of glacier
anomaly during the studied period, at least for some years. For the INTP, we detected
that the spatial variation in glacier mass balances between 2000 and 2012 is apparently
characterized by negative mass changes in the southeast and positive mass changes in the
northwest (Figure 8). Similar spatial variations in glacier mass changes have also been
detected over the neighboring mountains of the Pamir, Karakoram, Himalaya Mts. and
southeastern TP [7,10,45]. Our detected glacier mass gains apparently indicate the existence
of glacier anomalous phenomenon in the northwestern part or even central part of the INTP.
This means that the glacier anomaly phenomenon may have existed in the interior region
of the TP since the early 21st century. Moreover, we infer that the southeastern boundary
of glacier anomalous regions may be located over the central zone of the INTP (Zone B in
Figure 8).

In order to further analyze the coverage of anomalous regions for the HMA between
2000 and 2012, we employed the previously published geodetic glacier mass balance
estimates of the neighboring mountains of the INTP during the similar time period. By
comparing the SPOT DEMs and SRTM DEM, glacier mass changes between 1999 and 2011
were detected for nine study sites in the neighboring mountains [9]. In this study, we
only used the estimates of the four study sites in the Himalaya Mts. For more detailed
results, we also employed the geodetic glacier mass balances from 2000 to 2014 over ten
study sites of the Pamir and Karakoram Mts. [10]. Moreover, we employed the geodetic
estimates between 2000 and the 2010s of six glacierized regions in the southeastern TP [45].
By visually interpreting our estimations of the INTP and the published geodetic results in
the neighboring mountains (Figure 11), we inferred that the center of glacier anomalous
regions is possibly located over the western Kunlun Mts. Consequently;, it is likely that
the PKWK glacier anomaly will be renamed the Western Kunlun Centered (WKC) glacier
anomaly, at least in the period from 2000 to 2012.

80°0'0"E 90°0'0"E
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Figure 11. Our measured results of the INTP and the previously published geodetic estimates in the
Pamir, Karakoram, Himalaya Mts. and southeastern TP (SETP). The red star, which is located at the
western Kunlun Mts., represents the possible center of glacier anomalous regions which is estimated
with a visual interpretation.
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5.3. Impact of Atmospheric Circulations in the TP

The large-scale anomalous regions imply that the observed glacier anomaly may be
attributed to a regional climatic anomaly [11]. Basically, the climate conditions of TP and its
surroundings are mainly determined by two atmospheric circulations of the Indian summer
monsoon and the mid-latitude westerlies [17]. It has been found that the glacier anomaly
in the Karakoram, Pamir and western Kunlun Mts. is mainly attributed to the strengthened
westerlies which leads to an increasing winter precipitation [10,17]. Therefore, the coverage
of glacier anomaly is possibly related to the domain of westerlies. This suggests that the
blue dashed line in Figure 8 could be the southeastern limit of mid-latitude westerlies in
recent decades. Furthermore, the red dashed line in Figure 8 could be the northwestern
boundary of the Indian monsoon, according to the fact that the weakening monsoon
probably causes regional glacier mass loss [45].

The boundaries of mid-latitude westerlies and Indian summer monsoon have also
been detected by analyzing the transport of atmospheric water vapor [47,48] and records
of stable oxygen isotopes in precipitation [25,49]. Recently, according to the stable oxygen
isotopes data of 18 meteorological stations, the TP was classified into three distinct parts
of westerlies domain (north of 35°N), transition area (from 30°N to 35°N) and monsoon
domain (south of 30°N) [24]. Note that only four meteorological stations are located over
the INTP, and thus the whole INTP was classified into a transition zone. In this study, our
results did not contradict that estimated from stable oxygen isotope data. However, with
the observations of glacier mass balances in 22 study sites of the INTP, we were able to
delineate more precise boundaries for westerlies and monsoon domains. This result is
significant for interpreting climatic conditions and hydrological processes in the plateau
and for projecting the glacier’s response to regional climate changes.

Although a southeastern limit for mid-latitude westerlies or a northwestern limit for
the Indian summer monsoon was detected, we still agree to that mid-latitude westerlies
are a possible climatic control in monsoon-dominated regions and vice versa. The high
mountain valleys in the TP and its surroundings may provide some pathways for the Indian
summer monsoon and mid-latitude westerlies [50]. For example, glacier mass change in
the Zhadang Glacier (30°N) over the southern part of the INTP could be affected by the
intensity of mid-latitude westerlies dynamics [51]. Furthermore, the Indian monsoon could
be another control of regional climatic conditions in the northern TP [52]. Additionally,
during the winter season, mid-latitude westerlies are major climatic factor of the whole TP,
as Indian monsoon only occurs in summer [53].

6. Conclusions

This study presents geodetic glacier mass balance estimates of the INTP between
2000 and 2012, in order to investigate the southeastern limit of the PKWK glacier anomaly.
The DEM differencing processing and related error corrections were conducted on the
SRTM DEM and the generated TanDEM-X DEMs. Based on mountain glacier distributions,
22 glacierized regions were selected in the INTP. We estimated decade-average glacier mass
balances ranging from —0.339 + 0.040 to 0.237 + 0.078 m w.e. yr~! over these 22 glacierized
regions. Among them, nine study sites (e.g., the Songzhi peak and western Kunlun)
experienced glacier mass gain, whereas we measured glacier mass losses for the other
thirteen glacierized regions such as the Naingentanglha and Geladandong Mts. Overall, the
average glacier mass balance of 0.018 + 0.021 m w.e. yr~! was determined across the INTP.

The spatial variation in glacier mass balance is characterized by glacier mass gain for
the northwestern part and glacier mass loss for the southeastern part. This suggests that
glacier anomaly may have existed over the northwestern or even central region of the INTP
since the early 21st century. The southeastern boundary of glacier anomaly may have been
located over the inner area of the INTP during the studied period. Our glacier mass balance
estimates and the published geodetic results in the neighboring mountains indicate that
the center of glacier anomalous regions may be located over the western Kunlun Mts. In
recent years, accelerated glacier mass loss has been detected for some glacierized regions
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in the southeastern area of the INTP. Therefore, the measurements of recent mass changes
in the northwestern and central zones of the INTP are needed to investigate the temporal
changes in glacier anomalous regions.
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