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Abstract:

Aceelerated—gGlacier retreat are—breakingis changing the inherent-water regimes of water
balanee-on-the Tibetan Plateau (TP) under-as the region’s glebalwarmingclimate changes, but there
remain—Fhere-are-still substantial gaps in quantification of regional glacier changes-as-the-main
compenent-of-the-water-balanee-equatienloss due to the difficulty of making direct high-mountain
Asia-glaeier-observations. Here; we assess 40 years of changes in the glaciers ehanges-ofin wthe
West Nyaingentanglha Range (WNT) ever-the-past-40-yearsthat —was-assessed;—where-glaciers

supply meltwater to the densely-populated Lhasa River basin which-is-the-mest-densely-pepulated
catehmentand Nam Co Lake, whiehis-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’!) was more than twice as-much-as-that from 1976 to 2000 (0 ‘54% a’"). Similarly, the-our geodetic
glacier mass balance observations £1=em—2999—te—29%9—€4[ 0.37+0.15 m w.e.a"'} from 2000 to 2020
compared to —was-mere-negative-than-thatfrom1976-t6-2000--0.26+0.09 m w.c.a’!
2000y due—to-the—intensitied-glacier-meltingafter 2044support —and-eur-extraction—resutts—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;-during2000-2020preglacial lakesplayed-a—meore

ﬁwﬁ%el%w%neﬂﬁg—glﬁeiepmel&wgrelatwe to 1976- ZOOOW%éxebﬁs—eever—played—a

&d*aﬂeed—%agee#gl&e}eﬁeve%&ﬁeﬂ—Addulonally, on average across the glaucr population, steeper
slopes were associated with ##-we 3 ¢ faster areal
retreat {-haﬂ—t-hﬂ{—eﬂ—gerﬁ-}e—shﬁes—whﬂe—ﬂ%ebut slower t-h-}ekness—thmmng rates, while —en-steep
slopes-was-smaler-than-thaton-gentle slopes—The-contrel-of the influence of aspect on glacier-area
shrinkage retreat and thiekness-thinning was inconsistent-and-temperal-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 —pivetal
role in water supply for downstream populations, agriculture and industries in these rivers
(Pritchard, 2019; -Viviroli et al., 2007). Under+Recent decades of glebal-warmingclimate change
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have boosted; river runeff-discharge has-by increasinged runoff from as—a—result-ef-aceelerated
shrinking glaciers (Lin et al., 2020; Yao et al., 2007; Zhang et al., 2011), but #-this boost will
eventually decrease as glacier area declines due-to-the-deerease-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 Sinee-runofftipping pointisrelated-to-glacier size, hypsometry, aspect,
debris cover, and the presence of proglacial lakes and ice cliffs, for exampleglacier-melingrate;
preeipitation—and-otherfaetors. Combined with uncertainties in ice thickness and future climate
scenarios, the ecenrrence-time-timing of ‘peak water’ and the subsequent decline in runoff ef tipping
pointis-stitleontroversialremains a key unknown (Ding et al., 2020; Maurer et al., 2019; Su et al.,

2016; Zhao et al., 2019). It Ftherefore-estimates-of glacierchanges-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
(0f>0.0036 km?) 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 (Kéib 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-glacierchange
models,; satellites can —observeations are-more-effective-in-surveyinglarge-seale-glaciers change
over much larger areas in-of suchremote 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;-sueh-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 eurrent—space—geodetic
techniques (-Guo et al., 2015;- Kaéb et al., 2012; Wang et al., 2021; Zhou et al., 2018). Ferinstanee;
bBased on the-KH-9 images and SRTM, for example, Zhou et al. (2018) found that glaciers in the
northwest ef the-TP have thinned less rapidly (—=0.11 £ 0.13 m w.e. a”! t0 0.02 £ 0.10 m w.e. a’!)
have shown-a-less-negative-compared-to-than those in the southeast part (—0.30 = 0.12m w.e. a”! to
=0.11 + 0.14m w.e. a!) 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”' in

eastern Nyaingentanglha to +0.14 + 0.08 m w.e. a”! 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”') compared to
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1976-2000 (—0.22 + 0.13 m w.e. a '), using-by-the KH-9 images-and ASTER DEMs. These studies
showed that As-mentioned-abeve;—glacier changes on the TP have ebvieus-marked spatial and
temporal heterogeneity, W@MMassocmted with variable glacml fespeﬂse
sensitivity to climate change (Yao et al., 2012) —Besi S
iee-eliffs-and-glaciermorphelogy-on local scales *s—a-}se—meluded—(Brun etal., 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 Fhere-are-stitb-many gaps in our knowledge and

our understanding of regional glacier behavieurssensitivity, and ;-the-interaction-of glaciers—with

climate change and otherinfluencing 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)._

Se-far-ilnvestigations 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
6£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, Fthe 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-runeffregime is-also-changing(Lin et al., 2020),
Tthe lack of a detailed survey of glacier changes over a long time scale is not-condueivea major

impediment —to water resources management and decision-making (Lutz et al., 2014).
Henee—+The 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-WNTregion-in the years 1976, 2000, 2014 and 2020 with the
Landsat data-and KH-9 images-to-provide-information-on-the-general glaciercharaeteristies, 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 balanee-changes frem-for periods
1976 to 2000 and from 2000 to 2020-were-estimated, and —Seecondly,—examine the influence of
topographic, climatic and glaciological factors glacierterrain-on observed glacier-area ehanges-and
mass balaneechange-was-showed;-and-associated-climate-drivers-in-the- WNT-was-diseussed.

2. Materials and methods

2.1 Study area
TThe WNT & E E S 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 - Theridge-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°C to
2.8°C and 37 mm to 500 mm, respectively (Yu et al., 2013).

Being in a climatic transition zone, Fthe glaciers in this study-area is-also-a-transition—zone
between-range from the the-mmaritime-influencedne glaciers in-of Gangrigabu ef-(southeast TP),

glaciers of subcontinental type (Li & Lin, 2017), and-to the continental glaciers #n-of the Tanggula
mountains;-where-glaciers-in-the- WINT-are-subeontinental glaciers (- & Lin; 2047). There are 845
glaciers covering 675.85 km? and 15 debris-covered glaciers with a total area of 71.74km?;
aeccounting—for (10.61% of the total glacier area in the WNT accerdingto-the Randelph-Glacier
Taventory(RGH6-0)-(RGI Consortium, 2017)). BesidesOf these, only the small Zhadang Glaeier
and Gurenhekou Glaeier—glaciers covering ~ 3km? (red polygon in Figure 1), svere—performed
withhave in-situ observation between 2005 and 2010 (Yao et al., 2012), which are: Adtheugh-the
. X . 2. . - .

usedavailable to validate satellite observations.
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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-en-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—selectedfor-the-delineation—of glaciers.and used Aa semi-automated
approach using-the-with a TM3/TM5 band ratio (2.0 + 0.2) svas-applied-to produce glacier outlines.
This method is widely used and mostly appropriate for glacier mapping in larger study areas (Guo
etal., 2015; Ye et al., 2017). In-addition;wWe used a 3 x 3 median filter to eliminates iselated-pixels
that are isolated usually-and therefore probably misclassified pixels-due to rock debris er-beulders
on the glacier (Bolch et al., 2010). Besides;-wWe manually checked and edited the glacier outlines,
including and-the debris-covered glaciers, with glaeierheight--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-inte-to their-drainage basins in order to obtain a glacier inventory.

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

i tial
Data Satelliteand 1 Row Spatia Suitability of scene Utilisation
sensor Resolution (m)
Seasonal snow in the Glacier inventory in 1976 for
1976/01/07  Hexagon KH-9 8 northeast whole study area
Little seasonal snow in the Glacier inventory in 1976 for
1976112117 Landsat MSS 148739 30 northeast whole study area except for a
1977/03/17  LandsatMSS ~ 149/39 30 Some clouds Additional information for
glacier of 1976
2000/11/01 Landsat ETM+ 138/39 30 Seasonal snow in the Glacier inventory in 2000 for

northeast whole study area

[?ﬂ:ﬁ [HP-B4]: Add labels for the Nam Co and Lhasa basins. }




Seasonal snow in the Glacier inventory in 2000 for

2000/11/17 Landsat ETM+ 138/39 30

northeast whole study area
2001/02/05  Landsat ETM+ 138/39 30 Addmonay information for
glacier of 2000
2014/08/12  Landsat OLI 3839 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+ 138139 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

Glacier inventory in 2000 for

2020/09/29 Landsat OLI 138/39 30 Little clouds
whole study area
2020/10/15  Landsat OLI 138/39 30 Glacier inventory in 2000 for
whole study area
. . Additional information for
2020/09/18 Sentinel-2 20 Little clouds north-castern 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 te-assess-glacierelevation-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)
eperated from 1971 to 1986, with a ground resolution ranging from 6 to 9 m (Surazakov & Aizen,
2010), and- Himages were declassified by the United States Geological Survey (USGS) in 2002. and
We downloaded images from 1976-01-07 via the Earth Explorer wuser interface
(https://earthexplorer.usgs.gov) and- The KH-9-image-of 1976-01-07-was-aecquired—We-adopted the
Hexagon Imagery Automated Pipeline methodelegy to extraet-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-obtainedin2000-referred-to-the-SRTM3 version 2.1 DEM at 3-arc
resolution (about 90 m)-witheutsap-fitking.

The ASTER instrument was launched on the Terra satellite as—part-of-a—ceoperative—effort
v-in December 1999 and a-The

ata a 0 with o and-a single DEM
covers approxlmately 3600 km?.. ~We downloaded 333 ‘Datal.l3a.demzs’ ASTER DEMs at 30 m
resolution in geotiff format, whieh-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-therate-of elevation-change for each-30-
m-pixel: Detailed cloud removal and lincar fitting procedures refer to-the hiterature (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 <'4[ TR grE WA 0 T4

All DEMs (including ASTER)RE BEMs-were co-registered to the SRTM master DEM using
a standard elevation—aspect optimization procedure (Nuth & Ké&ab, 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 ef-around the union of glacier boundaries in-tweo-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 remeval-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

ame-as-tha O-After correction for alignment
correction-and elevation-related deviation-eorrections, 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.
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Figure 2 (a) Coverage of KH image and the number of valid ASTER DEMS grids after cloud and outliers removal
in the square-bufferbuffered arca shown. Label I represents the SW section and label II represent-the NE section of



the WNT (inset. same mape#n-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.
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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), (¢) and (f) showed that of 2000-2020.

2.2.2.3. SRTM Ppenetration--depth correction

Over the WNT; as-estimated-byLi-& 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 Fhe-method-is-a
mere—aceuratepenetration—estimation—method—(Ke et al.,, 2020) and the result is guite—similar
tocompared-to several other study regions on the TP (Gardelle et al., 2013; Kéaib et al., 2012).

2.2.2.4 Glacier mass change

Estimation of average glacier thickness changes based on elevation difference maps inelades
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—te-where glacier
thinning being-is highly dependent on altitude. Firstly, we subjected the thickness--change maps
were-subjeeted-to outlier removal using a threshelds-of 150 m threshold which-has-been-used widely
used—tfrprevmusll h{%{‘—&tﬁf%&(e g., Gardelle et al., 2013; Lin et al., 2017; Neckel et al., 2017), then-
Then s-were-masked where-slopes wastargerthan> 40°, where uncertainties
are large (Figure 3b, c), before visually inspecting —the final thickness change maps-were-visuatly
inspeeted.; We additionally masked out and-aany remaining erreneeus-anomalous pixels, which

occurred almost exclusively in low-contrast, snow-covered accumulation zones.)-were-manually
masked: Finally, we separated thickness changes wereseparated-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 km?. In each altitude bin, we filtered out
any height-changedh values that differed by more than three standard deviations from the median
and - —}wer&ﬁ-l-tered.—rcmovcd Aany bins with less than 100 pixels-were+remeved. For elevation bins
with no observations (mostly over the low- and high- elevation limits), we assumed zero ef-mean
elevation changes-were-assumed. We calculated Fthe mean glacier thickness changes for the spatial
unit/group (dh) was-ecaleulated-as a hypsometric average: as-showed-in-equation{1)

ng —

dh= Z;‘ dh, 1)

i=1
where i and n denote the i 50-m elevation bin and the number of total bins respectively, S; is the
glacier area of the i elevation bin, S is the total glacier area, and d#; is the mean @/ in the bin.

We calculated Fthe final geodetic mass balance (B) was-ealeulated-by-using equation (2).

B=dhxLe (3
P

water

We translated Gglacier thickness changes were—translated-into mass balance by the ratio of iee
column-averaged glacier density, density-to-water-density—piis, the-ice-density-(850 kg m™) and
to water density (pwarer 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 (J.) was-obtained-using equation (3)

o, =LE,+LEy, 3)
where o.is-the-uneertainty-of glacierarea-L. and L, represent the lengths of the clean-ice and debris-

covered glacier outlines, and E,. and E,s denote the positional accuracies. We calculated Fthe
uncertainty in glacier area change (dac) by adding-combining the area uncertainties; ean-be-caleutated
using the-follewing-equation (4)

Oy = (§cl)z+(5c2)2 4)

ac

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 errers-uncertainty efin 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.

3, =NMED? + SE? 5)
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SE=—_ ©6)
Neff
N-P
=— 7
eff 2D ( )

Where-Here, MED refers to the glacier-hypsometry weighted average of dh over the off- glacier
areas, N and Ny 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-additien We combined ;-the uncertainty of surface-
elevation changes derived from the KH-9 DEM and the SRTM needs—to-be-added-towith the
penetration erreruncertainty, estimated asand-a-valae-of £0.53 m forpenetration-error-accordingto
(Li & Lin, €2017)-was-adepted-in-this-study.

We estimated Fthe overall uncertainty in the total glacier mass balanee-change (dm, in kg)

including the uncertainty in the assumed ice/firn/snow density (dp = 60 kg m™3, which is 7.1% of
pice = 850 kg m™3), errors in glacier area (Js, m?) and glacier elevation change (Je, m), was-estimated
byusing equation (8).

5m = \/(S -dh '5;7)2 +(5s -dh 'pice)z + (S '5dh'pice)2 (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 e e
Data-on-glaciallakes-in-the-western Nyainqgentangtharange(1970s-2018) (Luo et al, 2020;
http://data.tpdc.ac.cn)- and glacier data from Referringto-Brun et al. (2019).

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 197642000\ 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 medelingmodelling 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 km? in 2020 in the WNT (Figure 4a). Small
glaciers dominated the number (those <1 km? occupy 83.17% of the total number) and eecupied
also a larger proportion of the area (those <1 km? occupy 30.42% of the total area). Glaciers with
area-larger than 5 km? accounted for 21.39% of the total area and only 1.63% of the total number.
In-additien;—_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-seenfrom Figures4-and-5.-gGlaciers in the WNT experienced significant retreat
changes-from 1976 to 2020 and altitude, slope and aspect all appear to have had-ebvieus-influenced
on-the-this retreat (Figures 4 and 5)-of glacierarea. The glacier area decreased by 33.42%] ffrom
884.90 km?in 1976 to 589.17 km? in 2020, with an average annual decrease of -0.76% a™!. Figure5
and-Table 2-showed-thattThe retreat rate of glacier area in 2000-2020 (1.17% a’!) was more than
twice as faster-than-that—_as in 1976-2000 (0.54% a™")_(Figure 5. Table 2)and-theretreatrate-in
2000-2020was-more—than-twice-as—nraeh-as-that o 1976-2000. Besides;-the+Retreat was mere
signifieantgreatest in the area size-classes of 1-3 km? and 3-5_km?-, and glaciers with significant
areal retreat were mainly distributed below 6,000 m abevesea-levelaltitude. Glaciers in the area-of
the-inside-Nam Co basin retreated slightly faster than-that-ef-than those outside Nam-Cethis basin
between 2000 and 2020. Mereover,-GlacierarearecededRetreat 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°-inereased-with-the-inerease-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.
Hewever; during-During 1976-2000, the-glacier-areashrinked-retreat was most rapidly en-in the
southeast ern-and-eastern-sloepequadrant, while from 2000 to 2020, rapid retreat occurred at similar
rates in all aspects other than north and southeastth%gl—ae}er—afea{leereased—mest—mﬂd—ky—eﬂ%he

&eﬁt-lqem—aﬁd—ea%em—s}epc—éam&g—w%%@@(;#he 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
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3.2 Geodetic Mmass balance

A-map-of-gGlacier height changes for the past 44 years; was-given-are shown in Figure 6.
Signifieant—Substantial and near-ubiquitous glacier—surface—towering—thinning has—been
observedoccurred in the WNT since 1976, with a widespread increase in masstosses-tending—to
inerease—in-the most recent decades. From 1976-2000, Gglaciers experienced a mean thinning

O O A L)

elevation rate of -0.31 £+ 0.09 m/year, equivalent to a mean mass loss of 0.26 + |0.08 lm we. a! (-
0.24 £ 0.08 Gt a'")-from—1976-t0-2000. While-betweenFrom 2000-—and-2020, the mean thinning
elevation rate was -0.44 + 0.17 m a’!, equivalent to a mean mass loss of 0.37+0.15 m w.e. a! (-0.29

#LIE [HP-B12]: Does this include the uncertainty in the
density? It is a bit surprising that this uncertainty is smaller

than the 0.09 m thinning uncertainty above.

+ 0.12 Gt a'!). Several glacier tongues have suffered severe thinning, exceeding -1.5 m a’! from
1976 to 2000, especially several long glaciers without debris-cover on the seuthwesternsouth-
western slope. From 2000 to 2020, the range of glacier tongues exceeding losses of ever-1.5 m a’!
is-expandeding, and the glacier loss iwas mere-significant-greater in the northeasternnorth-eastern
region-of the WNT (see, the dotted rectangular box in Figure 6).-Mereever; iln 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. Glae oV change,

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

). 1976-2000 2000-2020 <
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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-calenlated-the-mass-balanee-of For glaciers with an area of more than 2 km?>~ we
and-found that the spatial distribution of glaeial-mass change was basieally-broadly similar for the
periods 1976-2000 and 2000-2020 (Figure 8), with high loss rates—The-negative-balance—was
signifieant 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, Gonly a very small number of
glaciers with area of 2-5 km? weare in a state of positive balances-as-shewn-in (Figure 5, by-blue
dots) at-ditferent-depths-during2000-2020-and Between2000-and-2020-the-mass-balance-loss of
from some glaciers in the northeast was—tess—than-exceeded -0.6 m w.e. year ';. and-it-was—not

yaei

Legend

-k

Figure 8 The distribution of glacier-wide mass balance for individual glaciers (> 2 km?) in the WNT from 1976 to
2000 (a), from 2000 t02020 (b).; and-Label I represents the SW section and II represent-the NE section of the WNT
on the en-the-same map scale).

Finally, thechanges-ofglacier elevation with-change as a function of elevation, slope and aspect
were-are shown in Figure 9. Elevation is inversely correlated with had-astrong-eontrol-effect-on
glacier—thickness change, while slope and aspect appear to have had-a weak centrol-effeet
onrelationship with glaeier—thickness change. In both 1976-2000 and 2000-2020, in—thelew
elevationregion;-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-ef altitude.-Similarly; tThe thinning rate ef
glacier—thickness—also exhibited a weak inverse relationship with slope, becoming somewhat
stronger in the 2000-2020 perioddeereased—with-the—inerease—of slope-execept-thatthe—elevation

hang ween orees-tereascd-slowdyw 8 S d 1976-2000-. For
the impact of aspect, the-glacial-thickness-ehangethinning for 1976-2000 rate-was the-largestmost

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

Q

affecting all aspects, i.e..-the-northwestern-slope-and-the-ablationra na o

during—2000-2020. Tthe effect of slepe-direction—aspect on the-ablatienthinning rates also ef
i ; varied through time.
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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 (eb) 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 bﬁé&&ﬁ%
was-55.42 km? in 1976 and 51.49 km? in 2000. Lake-terminating glaciers occupied a similar
propertion;—with-area of 70.29 km? in 1976, and 49.60 km? in 2000. Only one glacier was both

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

-Fable-4—

Figure10-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-inproglacial- 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 itwwas-graduallyprogressively greater than that
of regular glaciers as-the-at higher altitudes, leading to a slightly more negative total mass balance.
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glaciers—Besides; tThe rapid-melting-thinning of lake-terminating glaciers was mere-significant
greater than that of regular glacier during 2000-2020. These findings indicate that Bdebris-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

1976-2000 2000-2020
Glacier type Area Number Mass Balance Area Number Mass Balance
(km?) (mw.ea') (km?) (mw.ea')
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 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

(a) 1976-2000 (b) 2000-2020
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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 Nyaingentanglha Range
(WNT) has—retreatedchanged by -13.0% from 1976 to 2000 and [—23.5% Erom 2000 to 2020. The

comparison between our study and previous studies was-is shown in Tables 5 and 6. Previous-glaeier
~han J 1eq N g P e ~raaca o 0 he Nam ‘v' Na-& s 008

explanation—for—the—dDifferences between studies may have arisen from eeuld—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-georefereneingin- GGl-found by-(Frauenfelder and Kéab,

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

glaciers was—were not corrected (Frauenfelder & Kadb, 2009). Anether—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 ef-glaciers against-from seasonal snow, and debris-cover glaciers against
from neighbouring moraine or rock slopes frem—different—researchers—(Bolch et al.,, 2010).

Comparinged to eurresultsto-the glacier-area changes in_1970-2000 and +977-2600-2000-2014
from the study of Wu et al. (2016) and in 1977-2000 and 2000-2010 2666-20+4-from Wang et al.
(2012), our results agree within the uncertainties —a-small-diserepaney-less-than3% was-ebserved
over the whole WNT er-and the Ssouthwest of-WNT respectlvely this—ls—equﬂlem—Ee—the

addition, the 789.15 km? glacier-area overr eported for the WNT frem-by RGI V4 0 (whlch used
apphied-Landsat images ebserved-obtained on 2001-12-06) agrees with te-identify-glacier boundary
1578915 km?-and-our result (770-03 £ 38 km?)-was-closeto-the-data. Therefore, the resultof glacier

Table 5 Fhe-eComparison efto previous studies-and-this-stady-on-slacier change-over the WINT

0 0 0 A A A JC ) U ) L ) L

Area change
Time period Region 3 %) e Data Method Study “ ﬁﬁ%ﬁ*&
o
1970-2000 Nam Co Basin -154 Aero-photo topographic map, Manual Wu&Zhu [ "Fﬁ%ﬁm e
Landsat ETM+ (2008)
1976-2001 Nam Co Basin -6.8+3.1 Hexagon KH-9.Corona. Band ratio and Bolch et
Landsat MSS/TM/ETM+ revised manuall al.(2010b
1970-2000 The WNT 57 Aero-photo-topographic-map;- Manual Shangguan-etal + WA £
1970/80-2000  TFhe-sSouthwest -19.8 LandSat Series, ASTER; Band ratio Franenfelder & < WRRAM: L
of£WNT near Kaab (2009) BRALER
Lhasa
L dsat MSS/TM/ETM-+ d l\’ ﬂ‘l—%b‘)
1977-2000 The-sSouthwest -15.6 +3.27 Hexagon KH-9, Landsat Band ratio and Wang et
2000-2010 ofWNT -8.11 £3.09 MSS/TM/ETM+ revised manually al.(2012)
1970-2000 The WNT -5.7 Acro-photo topographic map. Manual Shangguan et al. %%ﬁﬂg
Landsat ETM+, ASTER 2008 K
1970-2000 The WNT -11.7+3.6 Chinese Topographic Maps, Band ratio and Wuetal. 2016 <+ %%ﬁm kR
2000-2014 178449 Landsat TM/ETM+ revised manually -« %%ﬁm sk
1976-2000 The WNT -13.0+4.7 Hexagon KH-9, Landsat Band ratio and This paperstudy ;%%ﬁﬁg =
2000-2014 -15.8+6.6 MSS/ETM+/OLI revised manually A
RIS
Table 6 C i f glaci between this stud, d study of Wy 1. (2016) i ifi W &
able omparison ol glacier area between this § 'y and study o uetal. 1n speciiic years - = -
: WA e, 4k WATHE: 0 T
Glacier Area (km?)
1970 1976 2000 2014 2020 ;%*gﬁﬁg JE
Wu et al. (2016) 892.61 = 17.76 - 788.47 +25.59 648.23 +23.54 - AN £
This paperstudy - 884.90 +35.35 770.03 + 37.88 648.55 +34.25 589.17 + 34.68 %%ﬁm =
4.2 Mass balance
Fhere-are-two-measured-glaciersin-the WINTField measurements of mass balance are available

from small glaciers ;namely-the Zhadang glacierand-Gurenhekeuglaeier-Zhadang,—_on the north-

western slope of the WTW&M%&W%&&}%\WM—W
2412620 for 2005 and




the time period of our study is longer, eur-the results-ef the-mass balance results were-are in-goed
agreementsimilar to these field measurements-with-thatef Zhadang Glacierand-Gurenhekeu-Glaeter.

Table 7 Fhe-eChanges in area (A) and mass balance (By) of Zhadang Glacier and Gurenhekou Glacier in this

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

in-situ By

1976 2000 2020 1976-2000 2000-2020 1976-2020 (mw.e.

1
Name a’)
By By

A(km?) DA (m wea AA By DA (m wea ‘mwea’)
(%a) N - (% a') (mw.ea') (%a™) N e h
Zhadang 3.74 321 233 -0.57 -0.16 -1.37 -0.67 -0.84 -0.39 —0.59
Gurenhekou 175 159 1.17 037 -0.27 -1.32 037 -0.74 -031 —031

Ny 1 A dB. 1} d ss-bal folact

FurthermerespPrevious studies have also reported region-averaged glacier MBmass balance
in-of a similar spatial extent to ours, obtained theugh-from DEMs ebtained-with-using various
different-equipments-and-satellites-sensors (Table 8). However,-oOur results during-for 2000-2020
was-are more negative than theresultsfrem-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—Onereason-was-thatour-time-seale-islonger-Anether
was—the—deviations—in—data—processing—such—as, glacier mask, penetration correction and data
coverage. For comparison, we calculated the Based-en ASTRE-DEMs;we-limited-the-time-seale
tochange for the 2000-2014 period from ASTER DEMSs (Figure 11), and ;-and-the-our estimated
mass balance in this area-was (--0.28 £ 0.12 m w.e. a~'-) 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 ') is the result of particularly strongly negative

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

mass balance from 2014-2020. This interpretation is supported by

VAN dy

: i afetrhatt mrass-batanee-of 20H4t02000-dueto-ASTER
DEMs-beingaffected-by-cloud—Meoreover-Ren et al. (2020) who alse-indieted-calculated the-a mass

balance-ofglactersn-2013-2020 rate (-0.43 £ 0.06 m w.e. a” ") was-twice thatas 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-stadyfound-the-thinning rate-of (from -0.26
+0.09 m w.e. a' 2in 1976-2000 to 666-2620-(-0.37 £ 0.15 -m w.e. a~)_in 2000-2020) was-more
faster-than—that-of 1976-2000-(-0-26-m—w-e—a His similar ;-similar-phenomenon-to the broader
regional pattern of accelerating loss acrosseeeurs—aeross the Himalayas and Kangri Karpo
Mountains (Maurer et al., 2019; Wu et al., 2018, 2019).

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

regions/catchments.

Time period Mass balance (m w.e.a™!) Data Study

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

possible.

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

SRS

2003-2009 -0.20£0.29 ICESat Neckel et al. (2014) <—[ iz 5N ]
2000-2013 -0.22+0.23 SRTM and ZiYuan-3 Three- Ren et al. (2020) *'**——;{ ;%*gﬁﬂg
2013-2017 -0.43 £0.06 Line-Array stereo images
2000-2017 0.30£0.19
2000-2014 0244013 SRTM and TerraSAR- Li & Lin (2017) 4—[ R
X/TanDEM-X images
2000-2014 0.26 % 0.06 SRTM and TerraSAR- Zhang & Zhang (2017) «—[ HiRRN
X/TanDEM-X images
1976-2000 0.26.+.0.09 KH-9 and SRTM This papesstudy. <—[ HiRRH
2000-2014 10.28+0.12 ASTER DEMs
2000-2020 0.37£0.15 ASTER DEMs
90°0'E 90°30'E 91°0'E
30°30'N1.
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Figure 11 (a) Glacier thiekness—clevation 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) shewed-the-tTotal area of glaciers and glacier-that area covered by the
datasets during 1976-2000 and 2000-2014.



[4.3 The influences of debris-cover and proglacial lakes on glacier mass changesl

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),

#LIE [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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—Our estimates—results (Table 4) suggest that the debris-covered glaciers in our study area \

BETHR: R ER

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

WETHR: ERH iR

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

WETHA: iR

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

BWETHER: 28R

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

BETHEX: 28R
BETHER: R

rate, though it remains jndistinguishable 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 \

BWETHER: 28R

than are-on-slowermassloss-compared-with-debris-free glaciers (Nicholson & Benn, 2006; Scherler
etal., 2011; Vincent et al., 2016). However, large-scale geodetic studies reported thatthere-wereno \

BETHER: FR R
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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.

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). i

Glaciers terminating in proglacial lakes in thoure study area hawve-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\.

BWETHA: iR
WETHER: Rl R
BETHEX: i8R
BWETEA: KR ER 50), FRE R
BWETHER: 28R

[
[
[
[
[
[
[
[
(
[
[
[
[
[
(
(
[
|
(BETHR: e s
[
[
(
[
[
(
[
[
(
(
(
[
(
[
[
(
[
{

BETHER: iR
BWETHR: iR
WETHA: iR
BETHR: R
BWETHA: iR
WETER: R R
BETHEX: i8R
BETHR: R
BWETHA: iR
BETHER: FR R
BETHR: R
BWETHA: iR
WETHA: iR
BWETHER: 28R
BETHR: R
WETHER: R R
BETHEX: FRib8r

#E¥ [HP-B27]: To be revisited with updated uncertainties.

o A U U A 0 0 A A JC JC A A JC A A A A JC A A L)




4.4 Topographic and climatic drivers-controls of varying glacier mass loss

WE TR 4k (BiL) Times New Roman
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, If climate is the driving force behind the-glacier change, the-glaciertopographical parameters+

BWETHER: 28R

are the—controlling factors which modulate thise changes (Pandey et al., 2017).—Furthermeore;
tControls onhe-centrollingfactors-of glacicr glacier thickness change-and glacierarcal change are
complicated, however (Ke et al.,2020), with: #a-addition-al te-tepegraphie-factors -
relatedto—many ether factors;—such—aselimatie_eonditiensincluding localised climate, glacier

thickness, morphology, the presence of proglacial/supraglacial lakes and debris cover, and latitude;
and longitude and-se-on(Brun et al., 2018,2019; Maurer et al., 2019).
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We found that Bboth glacier areal retreat rate (Figure 5b) and thiekness-thinning rate (Figures

WETER: Rl R

7 and 9) generally decreased with the-increaseing-ef altitude, which-was-showed-inseveral-studies

BETHR: iR

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 ehange
retreaf, glacier—area—increased with the—inerease—of-slope (Figure 5c), but the glacier—thiekness
changethinning rate decreased with the—inerease—ef-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 effeetrelationship betweenef aspect en-and both glaeier-areal retreat-shrinkage
and thiekness-thinning was inconsistent and heteregeneeus-varied in time (Figures 5d and 9c),

Fhe—mMean glacier mass—balaneethinning and area change -estimates—showed+
shighthyconsistently 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 —alse-reported-slightly hicherglacier melting-inthe Nam-Ceo
drainage-basin—Besides;-tthe glaciers in the-middle-central of WNT showed particularly strong
signifieant-melting from 2000 to 2020. While Fthe glacieral distribution mass-balance-pattern-ofon

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

the variability in glacier mass-loss within regions cannot always be fully explained by the varying
changes in precipitation and #emperature ehanges-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! and the precipitation record shewed-a slightly
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temperature (e.g., the 6 months from April-September), as
this is more relevant to melt rates than the annual

temperatures.




[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 heteregeneity-pattern of glacier change (glacier loss during 2000-2020 was greater than
that during1976-2000), —Furthermeore;and the significant warming from 2014 to 2018 (red area in
Figure 13) correspondeds te-a-geographically to the signifieant-substantial central-WNT thinning ef
the-glaeierhighlighted in the dashed rectangular box shews-in Figure. 6. Precipitation also increased
significantly-substantially in the region from 2014 to 2018, and-Relevant studies(Li-et-al2020;
Oerlemans-& Fortuin, 1992)-shewed-that glacier melting was-can be extremely-particularly intense
under combined warm and wet conditions (Li et al., 2020; Oerlemans & Fortuin, 1992).

The Ftemperature 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-ateral-evidence-of the-dramatic-thinningof
1o lhy ne e 4 hic o 1n 1ra e 11 Y h noe m e o

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-pessible-reasonforhelp
explain the-rapid-glacier-ablationthis, though even in some comparable elevation bins, —Hewever;
glaeier-eclevation 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-foraceelerating-iee-loss;-an spatially-variable role for saeh-as-black
carbon and dust ean-in reducinge the-surface albedo ef-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 eftheat Zhadang glacier in-(Nam Co drainage-basin) during-from 2001-2012.
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Figure 12 [Annuaﬂ temperature (a) and precipitation (b) changes for the study area—(a)-and-(b) Fime-series-of
temperature-and-preeipitation 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-aequisitions, we
have quantified the changes of glacier area, surface elevation ehanges-and mass balance in the WNT
during———over the past 44 years——have——been———quantified.
Fhe-Our major conclusions are-summarized-asfolows:: /
1. {H-Glaciers in the WNT retreat by 296 + H km2, or 33% of their area, from 1976-2020, at+/
with-a mean retreat rate a-totabarea-of 58917 =34.68 km®in 2020 lee coverhas-diminished
byof 0.76 % a~'since1976. Over this time, they lost a total of|11.56 + 0.10 Gtlof ice.

2. The average glacierarearetreat rate from 2000 to 2020 (1.17% a’') was more than twice as
mueh-as-that from 1976 to 2000 (0.54% a’"). Similarly, the mean glacier mass balance from
2000 to 2020 (-0.37+0.15 m w.e.a') was more negative than that from 1976 to 2000 (-
0.26+0.09 m w.e.a™!) (though the change is within the uncertainties), Furthermeore; 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 petentially—likely, associated with significant-particularly
strong warming of the region after 2014.

3. 2)In the WNT the spatial and temporal heteregeneity-patterns of glacier ehanges-loss can
be-partially-largely be explained by the observed patterns of regional climate change. Besides;
compared-with-Locally, the mass balance ef varied between different types of glaciers during
1976-2000with ;-proglacial lakes associated with aceelerated-glaciermelting-the most rapid
loss, mere-significantly-particularly during 2000-2020;-while-the-inhibition-effeet-of debris
cover-on-glacier melting was-weakened. The mass balance of debris-covered glaciers was
semewhat—mere—negative—thansimilar to debris-free glaciers during 2000-2020;—which

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

increasing elevation. The rate of both ehange-of glacier arearetreat and thinning and-thickness
decreased with the—inerease—ef-elevation, but t—Hewever—thehe relationship eerrelation
betweenbetween the parameters of —arealretreat—rates—andbeth—slope and aspect with
thinning rates differed from their relationship with retreat rates, were-noet-econsistentspatially
and through time. —with-correlations-between-thinning rate-and-slope-and-aspeet—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-aspeet

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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