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Abstract: 

Accelerated gGlacier retreat are breakingis changing the inherent water regimes of water 

balance on the Tibetan Plateau (TP) under as the region’s global warmingclimate changes, but there 

remain. There are still substantial gaps in quantification of regional glacier changes as the main 

component of the water balance equationloss due to the difficulty of making direct high-mountain 

Asia glacier observations. Here, we assess 40 years of changes in the glaciers changes ofin wthe 

West Nyainqentanglha Range (WNT) over the past 40 yearsthat  was assessed, where glaciers 

supply meltwater to the densely-populated Lhasa River basin which is the most densely populated 

catchment and Nam Co Lake, which is the second largest endorheic lake on the TP. We have derived 

mapped glacier extent in 1976, 2000, 2014, and 2020 based on Landsat MSS/ETM+/OLI scenes 

and quantified changes in ice thickness during the intervals 1976–2000 and 2000–2020 using 

declassified KH-9 images, the Shuttle Radar Topography Mission DEM (2000), and modern stereo 

satellite imagery. Results revealed show that the glacier areal retreat rate during 2000 to 2020 (1.17% 

a-1) was more than twice as much as that from 1976 to 2000 (0.54% a-1). Similarly, the our geodetic 

glacier mass balance observations from 2000 to 2020 (of -0.37±0.15 m w.e.a-1) from 2000 to 2020, 

compared to  was more negative than that from 1976 to 2000 (-0.26±0.09 m w.e.a-1 from 1976 to 

2000) due to the intensified glacier melting after 2014support  and our extraction results were 

reasonable compared with previous but less comprehensive studies that indicate accelerating mass 

loss over this period, and we identify particularly intense melting after 2014. The spatial and 

temporal heterogeneity of glacier changes can likely be partially explained by local variations in 

climate change temperature and precipitation forcing in this region, an apparent reduction in the 

melt-reducing role of debris cover, and an increasing influence of ice marginal lakes on glacier 

retreat. rates in the 2000-2020 period Besides, during 2000-2020, preglacial lakes played a more 

significant role in promoting glacier meltingrelative to 1976-2000, while debris cover played a 

weaker role in inhibiting glacier melting compared that of 1976-2000. . The mass balance of debris-

covered glaciers slightly negative than that of debris-free glaciers during 2000-2020 indicated an 

advanced stage of glacier evolution. Additionally, on average across the glacier population, steeper 

slopes were associated with it was found that the glacier area on steep slopes retreated faster areal 

retreat than that on gentle slopes, while thebut slower thickness thinning rates, while  on steep 

slopes was smaller than that on gentle slopes. The control of the influence of aspect on glacier area 

shrinkage retreat and thickness thinning was inconsistent and temporal heterogeneous through time.   

 

1. Introduction 

Known as the “Water Tower of Asia”, the Tibetan Plateau (TP) is the source area of several of 

Asia’s main major rivers (Bolch et al., 2010). Glacial melt on the TP plays an important  pivotal 

role in water supply for downstream populations, agriculture and industries in these rivers  

(Pritchard, 2019;  Viviroli et al., 2007). Under rRecent decades of global warmingclimate change 
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have boosted, river runoff discharge has by increasinged runoff from as a result of accelerated 

shrinking glaciers (Lin et al., 2020; Yao et al., 2007; Zhang et al., 2011), but it this boost will 

eventually decrease as glacier area declines due to the decrease of the amount of glaciers on TP 

(Zhao et al., 2019). The sensitivity of ice loss to climate change is variable and often poorly known, 

however, being a function of Since runoff tipping point is related to glacier size, hypsometry, aspect, 

debris cover, and the presence of proglacial lakes and ice cliffs, for exampleglacier melting rate, 

precipitation and other factors. Combined with uncertainties in ice thickness and future climate 

scenarios, the occurrence time timing of ‘peak water’ and the subsequent decline in runoff of tipping 

point is still controversial remains a key unknown (Ding et al., 2020; Maurer et al., 2019; Su et al., 

2016; Zhao et al., 2019). It Ttherefore, estimates of glacier changes are remains critical to monitor 

and analyse glacier change to improveing our understanding of its climate drivers, and thus to assess 

resulting its impacts on glacier-fed river basins (Immerzeel et al., 2020).  

The WNT, in the south-eastern TP (Figure 1), is located in the transition zone between the two 

large-scale atmospheric circulation patterns characterised respectively by dominant westerly winds 

and the Indian summer monsoon. It holds an abundance of glaciers and glacier-fed lakes, notably 

Nam Co Lake in the northwest WNT, where recent intensified melting of glaciers in the WNT is the 

main reason for rising water levels (Bolch et al., 2010). The number and area of supraglacial lakes 

(of >0.0036 km2) in the WNT also increased between 1976 and 2018, by 56% and 35% respectively, 

due to the increase in glacial meltwater (Luo et al., 2020). Furthermore, Zhou et al. (2013) revealed 

a water imbalance in Nam Co Basin based on the measured mass balance data of Zhadang Glacier 

and other hydrological observation data from 2007 to 2011. In the relatively densely-populated 

Lhasa Basin located on the TP in the southeast of WNT, Lin et al. (2020) also found a water 

imbalance using the first and second Chinese glacier inventories of 1960 and 2009. Despite these 

extensive changes and large affected population, logistical limitations have meant that in-situ glacier 

mass balance records are biased towards only a few low-lying, small glaciers that are unlikely to be 

representative of the broader region (Kääb et al., 2012; Li & Lin, 2017; Yao et al., 2012). Detailed 

investigation of the WNT glacier area and mass balance on a longer time scale is therefore a high 

priority. 

Compared with the interpolation of sparse in- situ measurements and physical glacier change 

models,, satellites can  observeations are more effective in surveying large-scale glaciers change 

over much larger areas in of such remote and harsh areas terrain ( Wang et al., 2021). In recent years, 

our understanding of the state of the glaciers state on the TP glaciers has been greatly improved by 

the increasing coverage and accuracy of multi-source remote sensing observations, such as the of 

glacier area, volume and mass change from KH-9 (Hexagon military satellites), Landsat, ASTER, 

the ICESat (Ice, Cloud, and land Elevation Satellite) altimetry mission, the GRACE gravimetry 

mission, and other Digital Elevation Models (DEMs) constructed by current space geodetic 

techniques ( Guo et al., 2015;  Kääb et al., 2012; Wang et al., 2021; Zhou et al., 2018). For instance, 

bBased on the KH-9 images and SRTM, for example, Zhou et al. (2018) found that glaciers in the 

northwest of the TP have thinned less rapidly (−0.11 ± 0.13 m w.e. a−1 to 0.02 ± 0.10 m w.e. a−1) 

have shown a less negative compared to than those in the southeast part (−0.30 ± 0.12m w.e. a−1 to 

−0.11 ± 0.14m w.e. a−1) from the mid-1970s to 2000. Brun et al. (2018) employed ASTER DEMs 

and showed that glacier mass balances on High Mountain Asia vary from -0.62 ± 0.23 m w.e. a-1 in 

eastern Nyainqentanglha to +0.14 ± 0.08 m w.e. a-1 in the Kunlun mountains. Maurer et al. (2019) 

found a doubling of the average loss rate during 2000–2016 (−0.43 ± 0.14 m w.e. a−1) compared to 
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1976–2000 (−0.22 ± 0.13 m w.e. a−1), using by the KH-9 images and ASTER DEMs. These studies 

showed that As mentioned above, glacier changes on the TP have obvious marked spatial and 

temporal heterogeneity, which is probably likely associated with variable glacial response 

sensitivity to climate change (Yao et al., 2012) . Besides, the influence of debris cover, glacial lakes, 

ice cliffs and glacier morphology on local scales is also included (Brun et al., 2018,2019; Ke et al., 

2020; Maurer et al., 2019).  

Detailed, spatially-comprehensive and long-running observations of area and volume change 

for the WNT are still lacking, however, resulting in There are still many gaps in our knowledge and 

our understanding of regional glacier behaviourssensitivity, and , the interaction of glaciers with 

climate change and other influencing factors, leading to considerable uncertainty in predicting future 

glacier area and volume and their runoff yield in this region (Bhattacharya et al., 2021; Immerzeel 

et al., 2020; Maurer et al., 2019).  

The WNT is located in the transition zone between large-scale atmospheric circulations, 

westerlies and Indian summer monsoon. There are an abundance of glaciers and glacial lakes, 

especially the glacier-fed Nam Co Lake located in the northwest of the WNT, the recent intensified 

melting of glaciers in the WNT is the main reason for the rising water levels of Nam Co according 

to relevant studies (Bolch et al., 2010). The number of glacial lakes(>0.0036 km2) in the WNT  

increased by 56% and their total area increased by 35% between 1976 and 2018 due to the increase 

in glacial meltwater (Luo et al., 2020). Furthermore, Zhou et al. (2013) revealed the phenomenon 

of water imbalance in Nam Co Basin based on the measured mass balance data of Zhadang Glacier 

and other hydrological observation data from 2007 to 2011. In the mostly populated Lhasa Basin 

located on the TP in the southeast of WNT, Lin et al. (2020) found that water imbalance also existed 

using the first and second Chinese glacier inventory in 1960 and 2009. Due to logistical limitations 

of field work, in situ glacier mass balance records are biased towards a few low-lying, small glaciers 

that are difficult to be representative of the entire region(Kääb et al., 2012; Li & Lin, 2017; Yao et 

al., 2012). The glacier volume in Chinese glacier Inventory which was calculated by area-volume 

formula, and limited observations lead larger uncertainty (Bahr et al., 1997; Bahr et al., 2015). 

Detailed investigation of the WNT glacier area and mass balance on a longer time scale is absolutely 

necessary. 

So far, iInvestigations of the WNT glacier area have so far focused on the period before 2014 

( Bolch et al., 2010; Wu et al., 2016). For glacier mass balance in the WNT, most studies focus on 

the period after 2000  (Li & Lin, 2017; Neckel et al., 2014; Ren et al., 2020; Zhang & Zhang, 2016). 

There are limited discussions on glacier changes in the WNT region at local scales before the year 

of 2000, although Zhou et al. (2018) included this area in his study of glacier mass balance on the 

TP and its surroundings from the mid-1970s to 2000. Furthermore, Tthe temperature warming rate 

of the TP is spatio-temporally heterogeneousity in recent decades (Duan & Xiao, 2015; Wu et al., 

2015). Under a, changing river-runoff  and the runoff regime is also changing(Lin et al., 2020),. 

Tthe lack of a detailed survey of glacier changes over a long time scale is not conducivea major 

impediment  to water resources management and decision-making (Lutz et al., 2014). 

Hence, tThe key purpose of this study was is therefore to provide an internally- consistent 

dataset of glacier area and mass change in the WNT range over the past 44 years. We have compiled 

a complete glacier inventory for the WNT region in the years 1976, 2000, 2014 and 2020 with the 

Landsat data and KH-9 images to provide information on the general glacier characteristics, and 

have. Based on KH-9 film, SRTM3.0, and ASTER stereo imagery, we quantified the geodetic glacier 



 

 

mass balance during from 1976–2000 and 2000–2020, with DEMs derived from KH-9, SRTM3.0, 

and ASTER. Firstly, We report the glacier area changes and mass balance changes from for periods 

1976 to 2000 and from 2000 to 2020 were estimated, and . Secondly, examine the influence of 

topographic, climatic and glaciological factors glacier terrain on observed glacier area changes and 

mass balancechange was showed, and associated climate drivers in the WNT was discussed. 

 

2. Materials and methods  

2.1 Study area 

TThe WNT range is situated in the southeastern TP (Figure 1),mountain range where has a the 

mean slope is of 15◦ and its elevations range is spanning 4150-7125 m, with an average of 4930 m 

in the whole region. Its 230 km long primary mountain ridge runs in a southwest−northeast direction 

and extends more than 230 km(Yao et al., 2010) and . The ridge is bounded by the Nam Co basin to 

the north and the Lhasa River basin to the south. The Nam Co Lake in the Nam Co basin,  which 

is the second largest after Selin Co Lake in the TP and the highest- elevation salty lake in the world, 

is mainly fed by glacier meltwater (Luo et al., 2020; Zhang et al., 2017). The Lhasa River basin, a 

major branch of the Yarlung Zangbo River, which forms part of the route taken by the warm and 

humid monsoon airflow into the plateau, is making it warmer and wetter than the Nam Co basin 

(Luo et al., 2020). The annual air temperature and precipitation in the WNT range from −0.6℃ to 

2.8℃ and 37 mm to 500 mm, respectively (Yu et al., 2013).  

Being in a climatic transition zone, Tthe glaciers in this study area is also a transition zone 

between range from the the mmaritime-influencedne glaciers in of Gangrigabu of (southeast TP), 

glaciers of subcontinental type (Li & Lin, 2017), and to the continental glaciers in of the Tanggula 

mountains, where glaciers in the WNT are subcontinental glaciers (Li & Lin, 2017). There are 845 

glaciers covering 675.85 km2 and 15 debris-covered glaciers with a total area of 71.74km2, 

accounting for (10.61% of the total glacier area in the WNT according to the Randolph Glacier 

Inventory (RGI 6.0) (RGI Consortium, 2017)). BesidesOf these, only the small Zhadang Glacier 

and Gurenhekou Glacier glaciers covering ~ 3km2 (red polygon in Figure 1), were performed 

withhave in-situ observation between 2005 and 2010 (Yao et al., 2012), which are. Although the 

two glaciers cover an area of less than 3 km2, mass balance data from field observations can be 

usedavailable to validate satellite observations. 

设置了格式: 上标



 

 

 

Figure 1 Overview of study area and glacier distribution. 

 

2.2 Methods and data 

2.2.1 Glacier polygons 

We identified the glacier boundariesy mainly based on the from Landsat MSS/ETM+/OLI 

scenes from different years (Table 1). The scenes were available from the United States Geological 

Survey (http://glovis.usgs.gov/) and are orthorectified automatically by the USGS using the SRTM3 

DEM (level 1T). We selected Hhigh-quality images with minimal cloud and snow coverage between 

June and November were selected for the delineation of glaciers.and used Aa semi-automated 

approach using the with a TM3/TM5 band ratio (2.0 ± 0.2) was applied to produce glacier outlines. 

This method is widely used and mostly appropriate for glacier mapping in larger study areas (Guo 

et al., 2015; Ye et al., 2017). In addition, wWe used a 3 × 3 median filter to eliminates isolated pixels 

that are isolated usually and therefore probably misclassified pixels due to rock debris or boulders 

on the glacier (Bolch et al., 2010). Besides, wWe manually checked and edited the glacier outlines, 

including and the debris-covered glaciers, with glacier height- changeing maps and a coherence map 

formed by Sentinel-1 images observed on 2016-08-05 and 2016-08-29, to help distinguish debris-

covered ice from ice-free areas. Finally, referring to the second glacier inventory, we assigned 

contiguous ice masses were divided into to their drainage basins in order to obtain a glacier inventory. 

 

Table 1. Datasets used to delineate glacier outline for the WNT (1976-2020) 

Data 
Satellite and 

sensor 
Path/Row 

Spatial 

Resolution (m) 

(m) 

Suitability of scene Utilisation 

1976/01/07 Hexagon KH-9  8 
Seasonal snow in the 

northeast 

Glacier inventory in 1976 for 

whole study area 

1976/12/17 Landsat MSS 148/39 30 
Little seasonal snow in the 

northeast 

Glacier inventory in 1976 for 

whole study area except for a 

small part of the southeast 
1977/03/17 Landsat MSS 149/39 30 Some clouds 

Additional information for 

glacier of 1976 

2000/11/01 Landsat ETM+ 138/39 30 
Seasonal snow in the 

northeast 

Glacier inventory in 2000 for 

whole study area 
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2000/11/17 Landsat ETM+ 138/39 30 
Seasonal snow in the 

northeast 

Glacier inventory in 2000 for 

whole study area 

2001/02/05 Landsat ETM+ 138/39 30  
Additional information for 

glacier of 2000 

2014/08/12 Landsat OLI 38/39 30 Little clouds 
Glacier inventory in 2014 for 

whole study area 

2014/10/15 Landsat ETM+ 138/39 30 Some stripes 
Additional information for 

glacier of 2014 

2014/06/17 Landsat ETM+ 138/39 30 Some stripes 
Additional information for 

glacier of 2014 

2016/08/05 Sentinel-1    Check debris glacier 

2016/08/29 Sentinel-1    Check debris glacier 

2020/09/29 Landsat OLI 138/39 30 Little clouds 
Glacier inventory in 2000 for 

whole study area 

2020/10/15 Landsat OLI 138/39 30  
Glacier inventory in 2000 for 

whole study area 

2020/09/18 Sentinel-2  20 Little clouds 
Additional information for 

north-eastern glacier of 2020 

2020/10/16 Sentinel-2  20  
Additional information for 

south-western glacier of 2020 

 

2.2.2 Glacier elevation change 

We used the KH-9 images and the SRTM DEM (version 3) to estimate glacial elevation changes 

for the period 1976 to 2000, and the ASTER DEMs to assess glacier elevation changes for the period 

2000-2020. 

2.2.2.1 DEM data  

   The KH-9 images were obtained by a military spy satellite (the KH-9 Hexagon mission) 

operated from 1971 to 1986, with a ground resolution ranging from 6 to 9 m (Surazakov & Aizen, 

2010), and. Iimages were declassified by the United States Geological Survey (USGS) in 2002. and 

We downloaded images from 1976-01-07 via the Earth Explorer user interface 

(https://earthexplorer.usgs.gov) and. The KH-9 image of 1976-01-07 was acquired. We adopted the 

Hexagon Imagery Automated Pipeline methodology to extract generate a digital elevation model. 

Theis methodology is coded in MATLAB and uses the OpenCV library for Oriented FAST and 

Rotated BRIEF (ORB) feature matching, uncalibrated stereo rectification, and semi-global block 

matching algorithms (Maurer & Rupper, 2015).   

The SRTM mission carried out in February 2000 produced two types of DEM datasets, the C-

band DEM with a coverage range of 60°N ~ 60°S and the X- band DEM with a smaller coverage. 

We used the version 3 of the C-band SRTM DEM (https://earthexplorer.usgs.gov/) at 1-arc- second 

resolution (about 30 m) in our primary processing and masked out areas with gaps in the unfilled 

where the DEM were not truly obtained in 2000 referred to the SRTM3 version 2.1 DEM at 3-arc 

resolution (about 90 m) without gap-filling.  

The ASTER instrument was launched on the Terra satellite as part of a cooperative effort 

between NASA and Japan’s Ministry of Economy Trade and Industry in December 1999 and a. The 

Data1. l3a.demzs geotiff product with a spatial resolution of 30 m was used and a single DEM 

covers approximately 3600 km2..  We downloaded 333 ‘Data1.l3a.demzs’ ASTER DEMs at 30 m 

resolution in geotiff format, which with cloud coverage are of less than 40%, were downloaded from 

the METI AIST Data Archive System (MADAS) satellite data retrieval system 

(https://gbank.gsj.jp/madas). After cloud and outlier removal, we fitted a linear regression through 

the time series of co-registered ASTER DEMs to estimate the rate of elevation change for each 30-

m pixel. Detailed cloud removal and linear fitting procedures refer to the literature (Maurer et al., 
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2019) to estimate the rate of elevation change for each 30-m pixel.   

2.2.2.2. Co-registration and bias correction of DEMs 

All DEMs (including ASTER)RE DEMs were co-registered to the SRTM master DEM using 

a standard elevation–aspect optimization procedure (Nuth & Kääb, 2011). Then, the elevation 

correlation deviation of all the DEMs was corrected by the a third-order polynomial. In addition, 

we used the a 2km square buffer zone of around the union of glacier boundaries in two phases asto 

define stable (stable unchanging) terrain for DEMs alignment, and elevation deviation bias 

correction and uncertainty calculation. Figure. 2a showsed the coverage of the KH image and the 

number of valid ASTER DEMs grids after removal of clouds and outliers removal in the square 

buffer. The glacier area covered by the dataset from 1976 to 2000 and from 2000 to 2020 accounted 

for 70.85% and 81.94% of the total glacier area, respectively (shown in Figure. 2b,c). We used only 

the area common to both of these datasets to measure elevation change between the 1976-2000 and 

2000-2020 periods. In particular, the extent of glacier elevation changes from 2000 to 2020 used for 

comparison with 1976-2000 was the same as that from 1976 to 2000. After correction for alignment 

correction and elevation- related deviation corrections, elevation changes of stable terrain (masked 

glaciers and lakes in square buffer zone) had no change trend with elevation, slope and aspect, as 

shown in Figure. 3. 

 

 

Figure 2 (a) Coverage of KH image and the number of valid ASTER DEMS grids after cloud and outliers removal 

in the square bufferbuffered area shown. Label I represents the SW section and label II represent the NE section of 
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the WNT (inset, same mapon the same scale. (b) and (c) showed the total area of glaciers and glacier area covered 

by the datasets respectively during 1976-2000 and 2000-2020. 

 

Figure 3 (a), (b) and (c) After alignment correction and elevation related deviation correction, elevation change of 

stable terrain varies with elevation, slope and aspect during 1976-2000; (d), (e) and (f) showed that of 2000-2020. 

 

2.2.2.3. SRTM Ppenetration- depth correction  

Over the WNT, as estimated by Li & Lin (2017), the average penetration depth of C-band 

SRTM is 1.67 ± 0.53 m, calculated using by using the X- band SRTM DEM as the reference (Li & 

Lin, 2017). Linear regression between the glacier elevation and penetration showed that the 

penetration depth is varies from 1.29 m and to 2 m at the altitudes of 5550 m and 6250m respectively 

(Li & Lin, 2017). We used this more accurate, linear altitude-dependent correction The method is a 

more accurate penetration estimation method (Ke et al., 2020) and the result is quite similar 

tocompared to several other study regions on the TP (Gardelle et al., 2013; Kääb et al., 2012). 

Therefore, the linear penetration estimation of Li & Lin (2017) is adopted in this study.    

 

2.2.2.4 Glacier mass change 

Estimation of average glacier thickness changes based on elevation difference maps includes 

involves noise filtering and glacier-hypsometry- weighted averages in an approach which are widely 

employed in to calculate estimating regional glacier mass balance (MB) due to where glacier 

thinning being is highly dependent on altitude. Firstly, we subjected the thickness- change maps 

were subjected to outlier removal using a thresholds of 150 m threshold which has been used widely 

used in previously literatures (e.g., Gardelle et al., 2013; Lin et al., 2017; Neckel et al., 2017), then. 

Then thickness change maps were masked where slopes was larger than> 40°, where uncertainties 

are large (Figure 3b, c), before visually inspecting  the final thickness change maps were visually 

inspected., We additionally masked out and aany remaining erroneous anomalous pixels, (which 

occurred almost exclusively in low-contrast, snow-covered accumulation zones.) were manually 

masked. Finally, we separated thickness changes were separated into 50-m elevation bins by 



 

 

referring to the SRTM at different spatial scales, i.e., the whole glacierized area, sub-regions, 

different glacier types and individual glaciers of area >2 km2. In each altitude bin, we filtered out 

any height-changedh values that differed by more than three standard deviations from the median 

and  were filtered. removed Aany bins with less than 100 pixels were removed. For elevation bins 

with no observations (mostly over the low- and high- elevation limits), we assumed zero of mean 

elevation changes were assumed. We calculated Tthe mean glacier thickness changes for the spatial 

unit/group (dh) was calculated as a hypsometric average: as showed in equation (1) 

i

i=1

n

i

S
dh dh

S
=        (1) 

where i and n denote the ith 50-m elevation bin and the number of total bins respectively, Si is the 

glacier area of the ith elevation bin, S is the total glacier area, and dhi is the mean dh in the bin.  

     We calculated Tthe final geodetic mass balance (B) was calculated by using equation (2). 

water

iceB dh



=       (2) 

We translated Gglacier thickness changes were translated into mass balance by the ratio of ice 

column-averaged glacier density, density to water density. ρice
 is, the ice density (850 kg m−3) and 

to water density (ρwater is the water density (, 1000 kg m−3). 

 

2.2.3 Uncertainly 

2.2.3.1 Uncertainly of glacier area 

Similar to previous studies (Wu et al., 2016; Ye et al., 2017), we obtained the uncertainty of 

glacier area (δc) was obtained using equation (3) 

c c pc d pdL E L E = +          (3) 

where δc is the uncertainty of glacier area, Lc and Ld represent the lengths of the clean-ice and debris-

covered glacier outlines, and Epc and Epd denote the positional accuracies. We calculated Tthe 

uncertainty in glacier area change (δac) by adding combining the area uncertainties, can be calculated 

using the following equation (4) 

2 2

1 2( ) ( )ac c c  = +          (4) 

Guo et al. (2015) compared glacier outlines derived from Landsat-images with real-time kinematic 

differential GPS (RTK-DGPS) measurements, and found that an average offsets difference ofis ±11 

m and ±30 m for the delineation of clean and debris-covered ice. Using aA buffer size of 10 m was 

for areas calculated from the Hexagon images (Bolch et al., 2010)., Therefore, theour combined 

uncertainty in glacier area is 3.9%, 5.1%, 5.1% and 5.9% for Landsat images in 1976, 2000, 2014, 

and 2020, respectively. 

 

2.2.3.2 Uncertainly of glacier thickness change 

The errors uncertainty of in surface-elevation changes derived from ASTER DEMs can then 

be estimated using the mean standard error (SE) and mean elevation differences (MED) from off-

glacier regions.  

2 2

dh MED SE = +         (5) 
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eff

SD
SE

N
=         (6) 

  
2

eff

N P
N

D


=        (7) 

Where Here, MED refers to the glacier-hypsometry weighted average of dh over the off- glacier 

areas, N and Neff represent the total number and independent measurements of pixels respectively, 

SD is the standard deviation over off-glacier regions, P is the DEM spatial resolution (30 m in our 

study) and D is the autocorrelation length. We used Aan autocorrelation length of 500 was employed, 

which is a conservative value based on semivariogram analysis of mountainous regions in previous 

studies (Brun et al., 2018; Maurer et al., 2019). In additionWe combined , the uncertainty of surface-

elevation changes derived from the KH-9 DEM and the SRTM needs to be added towith the 

penetration erroruncertainty, estimated asand a value of ±0.53 m for penetration error according to 

(Li & Lin, (2017) was adopted in this study. 

We estimated Tthe overall uncertainty in the total glacier mass balance change (δm, in kg) 

including the uncertainty in the assumed ice/firn/snow density (δρ = 60 kg m−3, which is 7.1% of 

ρice = 850 kg m−3), errors in glacier area (δS, m2) and glacier elevation change (δe, m), was estimated 

byusing equation (8). 

2 2 2( ) ( ) ( )m s ice dh iceS dh dh S     =   +   +     (8) 

 

2.2.4. Lake data  

We identified glacier-marginal lakes as those lying within 50 m of a glacier boundary, using 

lake data for the Lake data from 

Data on glacial lakes in the western Nyainqentanglha range (1970s-2018) (Luo et al., 2020; 

http://data.tpdc.ac.cn). and glacier data from Referring to Brun et al. (2019). 

, we selected the glaciers in contact with lakes (within a 50-m buffer) as lake terminating 

glaciers. 

2.2.5. Meteorological data  

There are three meteorological stations adjacent to the NWT, namely the at Bange (31°23′N, 

90°01′E), Lhasa (29°40′N, 91°08′E), and Damxung (30°29′N, 91°06′E), distributed adjacent to the 

WNT. We obtained Aair temperature and precipitation data during for 1976-2000 were obtained 

from the Climatic Data Center, National Meteorological Information Center, of the China 

Meteorological Administration.  

We also obtained Ggridded data of precipitation and temperature with spatial resolution of 0.1° 

× 0.1° and 3-h time interval during for 1979-2018 are from the China Meteorological Forcing Data 

set (Yang & He, 2019; http://data.tpdc.ac.cn), which has been widely utilized in land process, 

hydrological modelingmodelling and other studies (Qiao et al., 2021; Wang et al., 2020, 2021). This 

dataset is made by fusing the conventional meteorological observation of China Meteorological 

Administration based on the Princeton reanalysis data, GLDAS data, GEWEX-SRB radiation data, 

and TRMM precipitation data as the background field(He et al., 2020; Yang et al., 2010).  

 

3.Results 
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3.1 Area change 

There were 921 glaciers with a total area of 589.17 km2 in 2020 in the WNT (Figure 4a). Small 

glaciers dominated the number (those ≤1 km2 occupy 83.17% of the total number) and occupied 

also a larger proportion of the area (those ≤1 km2 occupy 30.42% of the total area). Glaciers with 

area larger than 5 km2 accounted for 21.39% of the total area and only 1.63% of the total number. 

In addition,  gGlaciers were mainly distributed in the eastern-oriented zone with an altitude of 

5600-6100m and a slope of 5-40° (Figure 4b,c,d). 

As can be seen from Figures 4 and 5, gGlaciers in the WNT experienced significant retreat 

changes from 1976 to 2020 and altitude, slope and aspect all appear to have had obvious influenced 

on the this retreat (Figures 4 and 5) of glacier area. The glacier area decreased by 33.42% from 

884.90 km2 in 1976 to 589.17 km2 in 2020, with an average annual decrease of -0.76% a-1. Figure 5 

and Table 2 showed that tThe retreat rate of glacier area in 2000-2020 (1.17% a-1) was more than 

twice as faster than that  as in 1976-2000 (0.54% a-1) (Figure 5, Table 2), and the retreat rate in 

2000-2020 was more than twice as much as that of 1976-2000. Besides, the rRetreat was more 

significantgreatest in the area size classes of 1-3 km2 and 3-5 km2 , and glaciers with significant 

areal retreat were mainly distributed below 6,000 m above sea levelaltitude. Glaciers in the area of 

the inside Nam Co basin retreated slightly faster than that of than those outside Nam Cothis basin 

between 2000 and 2020. Moreover, Glacier area recededRetreat was extremely sharply particularly 

rapidly at in the lower altitudes area, and the retreat rate decreased with the increasinge of altitude. 

As for the effect of slope and aspect, the glaciers area retreated more rapidly with increasing slope 

rate between 5° and 40° increased with the increase of slope, but the retreat rate decreased withas 

slope increased between 0°-5° and 40°-60°, where relatively few glaciers are distributed. During 

both 1976-2000 and 2000-2020, the retreat rate was smallestr on the northern-facing slopes. 

However, during During 1976-2000, the glacier area shrinked retreat was most rapidly on in the 

southeast ern and eastern slopequadrant, while from 2000 to 2020, rapid retreat occurred at similar 

rates in all aspects other than north and southeastthe glacier area decreased most rapidly on the 

northwestern slopes. But the decreased rate on the northwest slope was slower than that on the 

southern and eastern slope during1976-2000. The, i.e., the effect of aspect on glacier area retreat 

had time heterogeneityvaried in space and time.  
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Figure 4 Glacier distribution in the WNT in the year 1976, 2000, 2009, 2014 and 2020. (a) Number and area of 

glaciers in different size categories. (b) The distribution of glacier area with altitude. (c)The distribution of glacier 

area with different slope. (d)The distribution of glacier area with different aspects. Data in 2009 came from RGI6.0. 
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Figure 5 Glacier area changes with time (a), elevation (b), slope (c), and aspect (d). 

 

Table 2 Glacier area changes over the WNT from 1976 to 2020 

 1976 2000 2020 1976-2000 2000-2020 1976-2020 

 Area (km2) Area (km2) 
Area 
(km2) 

△Area（% a-

1） 
△Area（% a-

1） 
△Area（% a-

1） 

The WNT 884.90 770.03 589.17 -0.54 -1.17 -0.76 

Lhasa River basin 662.23 580.81 447.93 -0.51 -1.14 -0.74 

Nam Co drainage 

basin 
222.58 189.22 141.22 -0.62 -1.27 -0.83 

 

3.2 Geodetic Mmass balance 

A map of gGlacier height changes for the past 44 years, was given are shown in Figure 6. 

Significant Substantial and near-ubiquitous glacier surface lowering thinning has been 

observedoccurred in the WNT since 1976, with a widespread increase in mass losses tending to 

increase in the most recent decades. From 1976-2000, Gglaciers experienced a mean thinning 

elevation rate of -0.31 ± 0.09 m/year, equivalent to a mean mass loss of 0.26 ± 0.08 m w.e. a−1 (-

0.24 ± 0.08 Gt a-1) from 1976 to 2000. While betweenFrom 2000- and 2020, the mean thinning 

elevation rate was -0.44 ± 0.17 m a-1, equivalent to a mean mass loss of 0.37±0.15 m w.e. a−1 (-0.29 

± 0.12 Gt a-1). Several glacier tongues have suffered severe thinning, exceeding -1.5 m a-1 from 

1976 to 2000, especially several long glaciers without debris-cover on the southwesternsouth-

western slope. From 2000 to 2020, the range of glacier tongues exceeding losses of over 1.5 m a-1 

is expandeding, and the glacier loss iwas more significant greater in the northeasternnorth-eastern 

region of the WNT (see, the dotted rectangular box in Figure 6). Moreover, iIn both 1976-2000 and 

2000-2020, the glacier downwasting lowering rate iwas slightly higher inside the Nam Co drainage 

basin than outside it (Table 3, Figure. 7), though these rates do not differ by more than their 

combined uncertainties. Glacier elevation change, mass balance and total mass change over the 

WNT, Lasa River basin and Nam Co drainage basin during 1976-2020 were listed respectively in 

Table 3.  

 

Table 3 Glacier elevation change, mass balance and total mass change over the WNT from 1976 to 2020 

  1976-2000 2000-2020 

  
Elevation 
change 

(m a-1) 

Mass Balance 
(m w.e.a-1） 

Total mass 
change (Gt a-1) 

Elevation 
change  
(m a-1) 

Mass Balance 
(m w.e.a-1） 

Total mass change 
(Gt a-1) 

The WNT  -0.31 ± 0.09  −0.26 ± 0.08 −0.24± 0.08 −0.44± 0.17 −0.37± 0.15 −0.29± 0.12 

Lhasa River 
basin 

 -0.25 ± 0.09  −0.25 ± 0.08 −0.21± 0.05 −0.40± 0.17 −0.34± 0.15 −0.26± 0.09 

Nam Co 
drainage basin 

 -0.36 ± 0.09  −0.31 ± 0.08  −0.06± 0.02 −0.52± 0.17 −0.44± 0.15 −0.06 ± 0.03  
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Figure 6 Mean annual glacier surface elevation changes in the WNT from 1976 to 2000 (a), from 2000 to 2020 (b)., 

and Label I represents the SW section and label II represents the NE section of the WNT ( on the same map scale). 

The dashed box shows an area of the central WNT referred to in the text. 
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Figure 7 Glacier elevation changes in relation to elevation (m a.s.l) in the whole WNT, inside Nam Co drainage 

basin and outside Nam Co drainage basin from 1976 to 2000 (a), from 2000 to 2020 (b). The dots represent the mean 

elevation change in each 50-m elevation bin. 

 

Besides, we calculated the mass balance of For glaciers with an area of more than 2 km2  we 

and found that the spatial distribution of glacial mass change was basically broadly similar for the 

periods 1976-2000 and 2000-2020 (Figure 8), with high loss rates. The negative balance was 

significant in the northeast, followed by the southwest, and moderate in the middle. Mass loss was 

substantially more intense in 2000-2020, however. In this period, Oonly a very small number of 

glaciers with area of 2-5 km2 weare in a state of positive balance, as shown in (Figure 5, by blue 

dots) at different depths during 2000-2020. and Between 2000 and 2020, the mass balance loss of 

from some glaciers in the northeast was less than exceeded -0.6 m w.e. year−1,. and it was not 

difficult to see from Figure 8 that glacier melting was more intense in 2000-2020. 

 

Figure 8 The distribution of glacier-wide mass balance for individual glaciers (> 2 km2) in the WNT from 1976 to 

2000 (a), from 2000 to2020 (b)., and Label I represents the SW section and II represent the NE section of the WNT 

(on the on the same map scale). 

 

Finally, the changes of glacier elevation with change as a function of elevation, slope and aspect 

were are shown in Figure 9. Elevation is inversely correlated with had a strong control effect on 

glacier thickness change, while slope and aspect appear to have had a weak control effect 

onrelationship with glacier thickness change. In both 1976-2000 and 2000-2020, in the low 

elevation region, the glacier's elevation change rate was the largest at lower altitudes, and the 
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melting rate gradually decreased with the increaseing of altitude. Similarly, tThe thinning rate of 

glacier thickness also exhibited a weak inverse relationship with slope, becoming somewhat 

stronger in the 2000-2020 perioddecreased with the increase of slope except that the elevation 

change rate between 0-8 degrees increased slowly with the increase of slope during 1976-2000.. For 

the impact of aspect, the glacial thickness changethinning for 1976-2000 rate was the largestmost 

rapid ion the south-west and north-west quadrants, but by 2000-2016, high thinning rates were 

affecting all aspects, i.e., the northwestern slope and the ablation rate is smaller on the eastern and 

the northern slopes during both 1976-2000 and 2000-2020. However, the thickness thinning rate on 

the northern, northeastern and eastern slopes, which was small during 1976-2000, increased 

significantly during 2000-2020, while the thickness thinning rate on the southern, southwestern and 

western slopes with large thickness thinning rate during 1976-2000 did not increase significantly 

during 2000-2020. Tthe effect of slope direction aspect on the ablationthinning rates also of 

thickness was also time-heterogeneousvaried through time. 

 

Figure 9 Glacier elevation changes in relation to elevation (m a.s.l) in the WNT from 1976 to 2000 (a), and 

from 2000 to 2020 (b). Red boxplots were statistically drawn in 50-m elevation bins. Bars in light blue and dark blue 

represent the total area of glaciers and the measured glacierized area respectively. Glacier elevation changes in 

relation to slope and aspect in the WNT (c, d). The dots in figure (cb) represent the mean elevation change in each 

1-° slope bin and the bars in figure (c) represent the mean elevation change in each 45-°aspect bin. 

 

3.3 The effect of debris-cover and glacial-lake connectionice-marginal lakes on glacier mass 

changes 

In the our WNT study area, there were are fiver debris-covered glaciers, covering and its area 

was 55.42 km2 in 1976 and 51.49 km2 in 2000. Lake-terminating glaciers occupied a similar 

proportion, with area of 70.29 km2 in 1976, and 49.60 km2 in 2000. Only one glacier was both 

covered by debris and terminated with in a pro-glacialer lake.  

The detailed information of area and mass balance of different types glaciers was summarized 

in Table 4.  

Figure 10 and table 4 showed that tThe melting thinning rate of different types of glaciers 

varied greatly (Figure 10, Table 4). During 1976-2000, the lake-terminating glaciers thinned more 

significantlyrapidly, followed by the regular glaciers and the debris-covered lake-terminating glacier, 

s and the debris-covered glacier terminated in proglacial lake which thinned slower in the most 

elevation bins. However, from 2000 to 2020, the ablation rate of debris-covered glaciers was slightly 

lower than that of regular glaciers at low altitude, but it was graduallyprogressively greater than that 

of regular glaciers as the at higher altitudes, leading to a slightly more negative total mass balance. 

increases and the mass balance of debris-covered glaciers was slightly negative than that of regular 
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glaciers. Besides, tThe rapid melting thinning of lake-terminating glaciers was more significant 

greater than that of regular glacier during 2000-2020. These findings indicate that Ddebris-cover in 

the WNT suppressed glacier thinning to some extent and enabled the debris-covered ice to survive 

at much lower elevations than adjacent clean ice glaciers. In contrast, Aa glacial lake at the end of 

a glacier accelerated its retreat and this feature was more pronounced at lower elevations.   

 

  Table 4 Statistics of area, quantity and mass balance of different types of glaciers 

Glacier type 

1976-2000   2000-2020  

Area  

(km2) 
Number 

Mass Balance 

(m w.e.a-1） 

Area 

(km2)  
Number 

Mass Balance 

(m w.e.a-1） 

Lake terminating  70.29 46 -0.36 ± 0.08 49.60 34 -0.56 ± 0.12 

Debris cover 55.42 5 -0.20 ± 0.08 51.59 5 -0.44 ± 0.12 

Debris cover and lake terminating 

glaciers 

and debris cover 

4.06 1 -0.18 ± 0.08 6.05 1 -0.34 ± 0.12 

Regular 615.29 617 -0.30 ± 0.08 554.64 692 -0.42 ± 0.12 

 

Figure 10 Rate of glacier elevation change with elevation of different type glaciers during 

1976-2000 (a), during 2000-2020 (b). Plots represent the mediums of glacier elevation change in 

each 50-m elevation bin.   

 

4.Discussion 

4.1 Glacier area change 

Based on space-borne imagery, we found that glacier area in the west Nyainqentanglha Range 

(WNT) has retreatedchanged by -13.0% from 1976 to 2000 and -23.5% from 2000 to 2020. The 

comparison between our study and previous studies was is shown in Tables 5 and 6. Previous glacier 

change studies found a glacier area decrease by −15.4% inside the Nam Co basin (Wu & Zhu, 2008), 

and Frauenfelder & Kääb (2009) found an area decrease of −19.8% for the southwest of WNT from 

1970 to 2000. While Shangguan et al.(2008) showed an area decrease of −5.7% over the WNT and 

Bolch et al. (2010b) showed an area decrease of -6.8±3.1% during the similar period. One 

explanation for the dDifferences between studies may have arisen from could be that the 

georeferencing errors in the areas in for 1970 used by in research of Shangguan et al. (2008) and 

Wu & Zhu (2008) which came from the Chinese Glacier Inventory (CGI) based on the Chinese 

topographic maps  and there are errors in georeferencing in GGI found by (Frauenfelder and Kääb,  

(2009). Although obvious errors in the CGI was were omitted in their change analysis, the remaining 

glaciers was were not corrected (Frauenfelder & Kääb, 2009). Another explanation for the 

dDiscrepancies may also have arisen y might be from the differences in the methods used to 
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interpretation distinguish of glaciers against from seasonal snow, and debris-cover glaciers against 

from neighbouring moraine or rock slopes from different researchers (Bolch et al., 2010). 

Comparinged to our results to the glacier area changes in 1970-2000 and 1977-2000 2000-2014 

from the study of Wu et al. (2016) and in 1977-2000 and 2000-2010 2000-2014 from Wang et al. 

(2012), our results agree within the uncertainties  a small discrepancy less than 3% was observed 

over the whole WNT or and the Ssouthwest of WNT respectively. This is equivalent to the 

uncertainty in glacier area. Besides, taking into account the changes in glacier area, our results are 

close to those of in 1970-2000 from Wu et al. (2016) and in 2000-2010 from Wang et al.(2012). In 

addition, the 789.15 km2 glacier area over reported for the WNT from by RGI V4.0 (which used 

applied Landsat images observed obtained on 2001-12-06) agrees with to identify glacier boundary 

is 789.15 km2, and our result (770.03 ± 38 km2) was close to the data. Therefore, the result of glacier 

change over the WNT from this study is reliable. 

 

Table 5 The cComparison of to previous studies and this study on glacier change over the WNT 

Time period Region 
Area change 

(% ) 
Data Method Study 

1970-2000 Nam Co Basin -15.4 Aero-photo topographic map, 

Landsat ETM+ 

Manual Wu & Zhu 

(2008) 

1976-2001 Nam Co Basin -6.8 ± 3.1 Hexagon KH-9,Corona, 

Landsat MSS/TM/ETM+ 

Band ratio and 

revised manually 

Bolch et 

al.(2010b) 

1970-2000 The WNT -5.7 Aero-photo topographic map, 

Landsat ETM+, ASTER 

Manual Shangguan et al. 

(2008) 

1970/80-2000 The sSouthwest 

of WNT near 

Lhasa 

-19.8 LandSat Series, ASTER, Band ratio Franenfelder & 

Kaab (2009) 

1976-2001 Nam Co Basin -6.8±3.1 Hexagon KH-9,Corona, 

Landsat MSS/TM/ETM+ 

Band ratio and 

revised manually 

Bolch et 

al.(2010b) 

1977-2000 The sSouthwest 

of WNT 

-15.6 ± 3.27 Hexagon KH-9, Landsat 

MSS/TM/ETM+ 

Band ratio and 

revised manually 

Wang et 

al.(2012) 2000-2010 -8.11 ± 3.09 

1970-2000 The WNT -5.7 Aero-photo topographic map, 

Landsat ETM+, ASTER 

Manual Shangguan et al. 

(2008) 

1970-2000 The WNT -11.7 ± 3.6 Chinese Topographic Maps, 

Landsat TM/ETM+ 

Band ratio and 

revised manually 

Wu et al. 2016 

2000-2014 -17.8 ± 4.9 

1976-2000 The WNT -13.0 ± 4.7 Hexagon KH-9, Landsat 

MSS/ETM+/OLI 

Band ratio and 

revised manually 

This paperstudy 

2000-2014 -15.8 ± 6.6 

 

Table 6 Comparison of glacier area between this study and study of Wu et al. (2016) in specific years 

Glacier Area (km2) 

 1970 1976 2000 2014 2020 

Wu et al. (2016) 892.61 ± 17.76 - 788.47 ± 25.59 648.23 ± 23.54 - 

This paperstudy - 884.90 ± 35.35 770.03 ± 37.88 648.55 ± 34.25 589.17 ± 34.68 

 

4.2 Mass balance 

There are two measured glaciers in the WNTField measurements of mass balance are available 

from small glaciers , namely the Zhadang glacier and Gurenhekou glacier. Zhadang,  on the north-

western slope of the WNTglacier located on the northwestern slope of the WNT, with in-situ 

observations between 2005 and 2008, is a small glacier with area of 2.33km2 in 2020 for 2005 and 

2008, and. between 2005 and 2010 for The Gurenhekou , glacier is located oon the south-eastern 

slope of the WNT. The glacier is also a small glacier with area of 1.17 km2 in 2020 and has in-situ 

observation data between 2005 and 2010. (Table 7). listed the changes in area and mass balance of 
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the two glaciers in this study, and their mass balance derived from in-situ observations. Although 

the time period of our study is longer, our the results of the mass balance results were are in good 

agreementsimilar to these field measurements with that of Zhadang Glacier and Gurenhekou Glacier. 

 

Table 7 The cChanges in area (A) and mass balance (BN) of Zhadang Glacier and Gurenhekou Glacier in this 

study, and their mass balance derived from in-situ observations. 

Name 

1976 2000 2020 1976-2000 2000-2020 1976-2020 
in-situ BN 
(m w.e. 

a−1) 

A(km2) 
△A 

（% a-1） 

BN 

(m w.e.a-

1） 

△A 

（% a-1） 

BN 

(m w.e.a-1） 

△A 

（% a-1） 

BN 

(m w.e.a-

1） 

(m w.e.a-1） 

Zhadang 3.74 3.21 2.33 -0.57  -0.16 -1.37  -0.67 -0.84  -0.39  −0.59 

Gurenhekou 1.75 1.59 1.17 -0.37  -0.27 -1.32  -0.37 -0.74  -0.31  −0.31 

 

Notation: A and BN represents the area and mass balance of glaciers. 

Furthermore, pPrevious studies have also reported region-averaged glacier MBmass balance 

in of a similar spatial extent to ours, obtained though from DEMs obtained with using various 

different equipments and satellites sensors (Table 8). However, oOur results during for 2000-2020 

was are more negative than the results from those of Neckel et al. (2014), Li & Lin (2017) and 

Zhang & Zhang (2017) but agree within the uncertainties over comparable time periods, even 

though these studies differ in data processing. One reason was that our time scale is longer. Another 

was the deviations in data processing, such as, glacier mask, penetration correction and data 

coverage. For comparison, we calculated the Based on ASTRE DEMs, we limited the time scale 

tochange for the 2000-2014 period from ASTER DEMs (Figure 11), and , and the our estimated 

mass balance in this area was ( -0.28 ± 0.12 m w.e. a−1. ) is very similar to the other studies (Table 

8). It is also similar to that of 1976-2000, suggesting that the more strongly negative average for the 

longer 2000 to 2020 period (-0.37 ± 0.15 m w.e. a−1) is the result of particularly strongly negative 

mass balance after 2014, although cloud-free ASTER data are insufficient for direct calculation of 

mass balance from 2014-2020. This interpretation is supported by Glacier thickness changes and 

data coverage in the WNT during 2000-2014 were shown in Figure 11. From 2000 to 2014, the 

glacier mass balance of WNT was slightly negative than that of 1976-2000, which was close to the 

results of from that of Neckel et al. (2014) et al. This means that the glacier mass balance was more 

negative from 2000 to 2020 mainly because of the intensified glacier melting after 2014, although 

there was not enough data for direct calculation of mass balance of 2014 to 2000 due to ASTER 

DEMs being affected by cloud. Moreover, Ren et al. (2020) who also indicted calculated the a mass 

balance of glaciers in 2013-2020 rate (-0.43 ± 0.06 m w.e. a−1) was twice that as negative as in 2000-

2013.  Though the difference in rate is within the combined uncertainties for these periods, this 

apparent acceleration in thinning in WNT Finally, the study found the thinning rate of (from -0.26 

± 0.09 m w.e. a−1 2in 1976-2000 to 000-2020 (-0.37 ± 0.15  m w.e. a−1) in 2000-2020) was more 

faster than that of 1976-2000 (-0.26 m w.e. a−1)is similar , similar phenomenon to the broader 

regional pattern of accelerating loss acrossoccurs across the Himalayas and Kangri Karpo 

Mountains (Maurer et al., 2019; Wu et al., 2018, 2019). 

 

Table 8 Mass balance estimates (from geodetic and altimetricy studies) over the WNT and comparable sub-

regions/catchments. 

Time period Mass balance (m w.e.a-1) Data Study 

1976-2000 -0.25 ± 0.15 KH-9 and SRTM Zhou et al. (2018) 

批注 [HP-B25]: Add uncertainties to this table where 

possible. 
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2003-2009 -0.20 ± 0.29 ICESat Neckel et al. (2014) 

2000-2013 -0.22 ± 0.23 SRTM and ZiYuan-3 Three-

Line-Array stereo images 

Ren et al. (2020) 

2013-2017 -0.43 ± 0.06 

2000-2017 -0.30 ± 0.19 

2000-2014 -0.24 ± 0.13 SRTM and TerraSAR-

X/TanDEM-X images 

Li & Lin (2017) 

2000-2014 -0.26 ± 0.06 SRTM and TerraSAR-

X/TanDEM-X images 

Zhang & Zhang (2017)  

1976-2000 -0.26 ± 0.09 KH-9 and SRTM This paperstudy. 

2000-2014 -0.28 ± 0.12  ASTER DEMs 

2000-2020 -0.37 ± 0.15 ASTER DEMs 

 

Figure 11 (a) Glacier thickness elevation change in the WNT during 2000-2014. (b) Glacier 

elevation changes in relation to elevation in the WNT, inside Nam Co drainage basin and outside 

Nam Co drainage basin from 2000 to 2014. The dots represent the mean elevation change in each 

50-m elevation bin. (c) showed the tTotal area of glaciers and glacier that area covered by the 

datasets during 1976-2000 and 2000-2014. 
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4.3 The influences of debris-cover and proglacial lakes on glacier mass changes 

Debris can inhibits or promotes glacial ablation depending on its thickness (Maurer et al., 2016). 

A shallow layer of debris usually enhance melt rates due to its low surface albedo, while thicker 

layers could suppress melt rates through the process of thermal insulation (Reid et al., 2012). 

Besides, another reason for the more negative mass balance of the debris-covered glaciers is that 

monsoonal summer rainfall might carry heat flux to the underlying ice bodies of debris-covered 

glaciers (Neckel et al., 2017). Several studies indicated that debris-covered glaciers are on slower 

mass loss compared with debris-free glaciers (Nicholson & Benn, 2006; Scherler et al., 2011; 

Vincent et al., 2016). However, large-scale geodetic studies reported that there were no significant 

differences in the thinning rates between debris-covered and clean glaciers on time scales more than 

a decade after 2000 (Brun et al., 2019; Ke et al., 2020; Maurer et al., 2019). 

 Our estimates results (Table 4) suggest that the debris-covered glaciers in our study area 

thinned more slowly than the regular, debris-free glaciers in the 1976-2000 period, though the 

difference is not statistically significant and the small sample size (5) of the debris-covered glaciers 

compared to regular glaciers (>600) limits our ability to compare these classes. In the 2000-2020 

period, the thinning rate of the debris-covered glaciers increased significantly, to double its previous 

rate, though it remains indistinguishable from the thinning rate for regular glaciers at that time. 

Several previous studies indicated that on the glacier-scale, debris-covered glaciers thin more slowly 

than are on slower mass loss compared with debris-free glaciers (Nicholson & Benn, 2006; Scherler 

et al., 2011; Vincent et al., 2016). However, large-scale geodetic studies reported that there were no 

significant differences in the thinning rates between debris-covered and clean glaciers on time scales 

more than a decade after 2000 (Brun et al., 2019; Ke et al., 2020; Maurer et al., 2019), a finding that 

is supported by this study. 

reported that the melting rate of debris-covered glacier was significantly slower than regular 

glaciers during 1976-2000, but between 2000 and 2020, the melting rate of debris-covered glaciers 

was slightly larger than that of regular glaciers. Our result during 2000-2020 was in line with 

geodetic studies. Banerjee (2017) proposed a theory that the thinning rate of a debris-covered glacier 

is initially slower than that of a similar clean glacier at the early stage of warming but subsequently 

matches and then overtakes the counterpart. BesidesIn this theory, the time required for melting 

rates to cross between a debris-covered glacier and debris-free glacier seems to be controlled by the 

rate of warming, and there is little difference between the thinning rates of the two glaciers at a verys 

low rates of warming (Banerjee, 2017). The larger difference in the 1976-2000 mean melt rates of 

the regular versus debris-covered glaciers in our study provides some support for this theory, but a 

larger sample with lower uncertainty is needed to verify this.   

Glaciers with proglacial lakes can experience relatively high mass loss through calving and 

thermal undercutting (Maurer et al., 2016; Thompson et al., 2012) and the expansion of such lakes 

can cause dynamic thinning to propagate upglacier (Ke et al., 2020). is means that the slightly more 

negative mass balance of debris-covered glaciers in the WNT during 2000-2020 indicates an 

advanced stage of glacier evolution.  

Glaciers terminating in proglacial lakes in thoure study area have had the highest mean rates 

of thinning of all of the classes in both time periods… 

more negative mass balances compared to both types of land-terminating glaciers (both regular 

and debris covered) during 2000-2020.  

批注 [HP-B26]: We should revisit these sections on 

differences between glacier types and topographic settings 

once the uncertainties in Table 4 have been updated to reflect 

their different sample sizes. This will give a better idea of 

which changes are significant. 
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Glaciers with proglacial lakes usually experienced accelerated mass loss through calving and 

thermal undercutting processes along with lake expansion (Maurer et al., 2016; Thompson et al., 

2012). Moreover, the downward movement of glaciers can transport ice to areas of greatest melting 

at lower altitude (Ke et al., 2020). The mutually reinforcing effect has great influence on lake out- 

burst flood hazard and water resource management, especially for glaciers terminating in flat valleys 

where glacial lakes tend to form (Maurer et al., 2016).  

4.4 Topographic and climatic drivers controls of varying glacier mass loss  

 If climate is the driving force behind the glacier change, the glacier topographical parameters 

are the controlling factors which modulate thise changes (Pandey et al., 2017). Furthermore, 

tControls onhe controlling factors of glacier glacier thickness change and glacier areal change are 

complicated, however (Ke et al.,2020), with. In addition al to topographic factors , they are also 

related to many other factors, such as climatic conditionsincluding localised climate, glacier 

thickness, morphology, the presence of proglacial/supraglacial lakes and debris cover, and latitude, 

and longitude and so on (Brun et al., 2018,2019; Maurer et al., 2019). 

We found that Bboth glacier areal retreat rate (Figure 5b) and thickness thinning rate (Figures 

7 and 9) generally decreased with the increaseing of altitude, which was showed in several studies 

agreeing with previous studies (Li & Lin, 2017; Wu et al., 2016; Ye et al., 2017; Zhou et al., 2019). 

However, the effect of slope and aspect on glacier thickness has been rarely studied. wWe found 

that in the slope range of 8-40° , where the glaciers were mainly distributed, the rate of areal change 

retreat glacier area increased with the increase of slope (Figure 5c), but the glacier thickness 

changethinning rate decreased with the increase of slope (Figure 9b). This may reflect the 

preferential loss (retreat) of  relatively thin ice on steeper slopes, even where thinning rates were 

not exceptional. The effect relationship betweenof aspect on and both glacier areal retreat shrinkage 

and thickness thinning was inconsistent and heterogeneous varied in time (Figures 5d and 9c).  

In the WNT, Wu et al. (2016) also showed that glacier area decreased rate increased with the 

increase of slope. However, the effect of slope and aspect on glacier thickness has been rarely 

studied. We speculated that glaciers that retreated more quickly generally were thinner, and their 

thinning rate was smaller. Besides, the glaciers with higher thickness thinning rate become thinner 

gradually with time, and the thickness thinning rate decreased while the area thinning rate increased. 

Furthermore, the controlling factors of glacier thickness change and glacier area change are 

complicated (Ke et al.,2020). In addition to topographic factors, they are also related to many other 

factors, such as climatic conditions, glacier thickness, morphology, proglacial/supraglacial lakes and 

debris cover, latitude, longitude and so on (Brun et al., 2018,2019; Maurer et al., 2019).   

The mMean glacier mass balancethinning and area change estimates showed 

slightlyconsistently higher mean differences rates of thinning and retreat between in the Nam Co 

drainage basin and than the Lhasa River basin (Tables 2 and 3), in agreement with. Bolch et al. 

(2010) and Li & Lin (2017), and  also reported slightly higher glacier melting in the Nam Co 

drainage basin. Besides, tthe glaciers in the middle central of WNT showed particularly strong 

significant melting from 2000 to 2020. While Tthe glacieral distribution mass balance pattern of on 

the TP broadly follows the regional atmospheric circulation pattern (Yao et al., 2012), . However, 

the variability in glacier mass loss within regions cannot always be fully explained by the varying 

changes in precipitation and /temperature changes on this scale (Wu et al., 2018).  

The temperature record from three nearby WNT weather stations showeds a consistent 

warming trend with a mean rate of 0.046 °C a-1 and the precipitation record showed a slightly 
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wetting trend between 1976 and 2020 (Figures. 12). The gridded data showed that the temperature 

in the study area increased more during 2000-2018 than during 1979-2000 (Figures. 13), and that. 

Pprecipitation increased during 1979-2000 and decreased during 2000-2018. This corresponds to 

the temporal heterogeneity pattern of glacier change (glacier loss during 2000-2020 was greater than 

that during1976-2000), . Furthermore,and the significant warming from 2014 to 2018 (red area in 

Figure 13) correspondeds to a geographically to the significant substantial central-WNT thinning of 

the glacier highlighted in the dashed rectangular box shown in Figure. 6. Precipitation also increased 

significantly substantially in the region from 2014 to 2018, and. Relevant studies (Li et al., 2020; 

Oerlemans & Fortuin, 1992) showed that glacier melting was can be extremely particularly intense 

under combined warm and wet conditions (Li et al., 2020; Oerlemans & Fortuin, 1992).  

The Ttemperature and precipitation data from 2014 to 2018 described above offer a compelling 

explanation for the main temporal and spatial variations in glacier change in the WNT, particularly 

the high rates of thinning from 2014-2018, though they do not directly explain why the Nam Co 

glaciers thinned more rapidly than elsewhere. provided lateral evidence of the dramatic thinning of 

glacier thickness after 2014, which we indirectly estimated. In a word, the changes of temperature 

and precipitation could explain the temporal heterogeneity and some spatial variations of glacier 

changes in the WNT, but could not explain the rapider melting of glaciers in the Nam Co drainage 

basin.   

The glacier area-weighted mean elevation on the side of the Nam Co drainage basin was is 

slightly lower than that of Lhasa River basin (Figure. 2), which may be a possible reason forhelp 

explain the rapid glacier ablationthis, though even in some comparable elevation bins, . However, 

glacier elevation changes in Nam Co drainage basin was were more negative in several elevation 

bins than in equivalent Lhasa-basin elevations (Figure. 7). Other possible explanations include 

There might be other reasons for accelerating ice loss, an spatially-variable role for such as black 

carbon and dust can in reducinge the surface albedo of glaciers and thus contribute to their 

melting(Lau et al., 2010; Ming et al., 2008), and. Qu et al. (2014) did observed that a decrease in 

albedo of theat Zhadang glacier in (Nam Co drainage basin) during from 2001-2012.  

 

 

Figure 12 Annual temperature (a) and precipitation (b) changes for the study area. (a) and (b) Time series of 

temperature and precipitation at Damxung, Lhasa and Bange weather stations from 1976 to 2020.  
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Figure 13 Gridded temperature and precipitation change during specific time periods from China 

Meteorological Forcing Data.  

 

 

5. Conclusions 

Based on the KH-9, Landsat images, SRTM and ASTER satellite dataDEMs acquisitions, we 

have quantified the changes of glacier area, surface elevation changes and mass balance in the WNT 

during over the past 44 years have been quantified. 

The Our major conclusions are summarized as follows:. 

1. (1) Glaciers in the WNT retreat by 296 ± [] km2, or 33% of their area, from 1976-2020, at 

with a mean retreat rate a total area of 589.17 ±34.68 km2 in 2020. Ice cover has diminished 

byof 0.76 % a−1 since 1976. Over this time, they lost a total of 11.56 ± 0.10 Gt of ice. 

2. The average glacier area retreat rate from 2000 to 2020 (1.17% a-1) was more than twice as 

much as that from 1976 to 2000 (0.54% a-1). Similarly, the mean glacier mass balance from 

2000 to 2020 (-0.37±0.15 m w.e.a-1) was more negative than that from 1976 to 2000 (-

0.26±0.09 m w.e.a-1) (though the change is within the uncertainties). Furthermore, Tthe more 
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negative glacier mass balance from 2000 to 2020 was mainly due to the intensified glacier 

melting after 2014, which was potentially likely associated with significant particularly 

strong warming of the region after 2014. 

3. (2) In the WNT the spatial and temporal heterogeneity patterns of glacier changes loss can 

be partially largely be explained by the observed patterns of regional climate change. Besides, 

compared with Locally, the mass balance of varied between different types of glaciers during 

1976-2000with , proglacial lakes associated with accelerated glacier melting the most rapid 

loss, more significantly particularly during 2000-2020, while the inhibition effect of debris 

cover on glacier melting was weakened. The mass balance of debris-covered glaciers was 

somewhat more negative thansimilar to debris-free glaciers during 2000-2020, which 

indicated an advanced stage of glacier evolution.  

4. (3) Topographyic setting influenced retreat and thinning, with loss rates decreasing with 

increasing elevation. The rate of both change of glacier area retreat and thinning and thickness 

decreased with the increase of elevation, but t. However, thehe relationship correlation 

betweenbetween the parameters of  areal retreat rates and both slope and aspect with 

thinning rates differed from their relationship with retreat rates, were not consistentspatially 

and through time.  with correlations between thinning rate and slope and aspect. For slopes 

of 8-40° (including the majority of glaciers), for example, the retreat rate increased with slope 

while the thinning rate decreased with slope. Furthermore, the relationships between aspect 

and retreat and thinning varied through time. 

In summary, we observed widespread and accelerating glacier loss in the WNT on multi-year 

time scales, particularly after 2014, associated with altitude and largely explained by changes in 

regional climate and precipitation. However, factors such as precipitation, temperature and altitude 

could not yet fully explain the heterogeneity of glacier changes and the specific acceleration points 

of glacier changes also could not be determined. Thus, more sophisticated remote sensing data and 

glacier ablation models are needed to fully understand the mechanism of glacier change in the future.  
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