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Abstract

Glacier melt in High Mountain Asia (HMA) is an indicator of climate change, and has a major impact on the regional hydrology
and freshwater supply. We determined the recent states of the HMA glaciers based on the first analysis of Ice, Cloud, and
Land Elevation Satellite-2 (ICESat-2) data. We used the Gravity Recovery and Climate Experiment (GRACE) and GRACE-
FO data to fill the gap of ICESat-1,2 and carry out an independent validation. The agreement between ICESat-1,2 and
GRACE/GRACE-FO data at the total and regional scales demonstrates the high reliability of results. Based on ICESat-1,2,
the total mass change of the HMA glaciers is -28 {plus minus} 6 Gt yr-1 from 2003-2019, which are more negative than stereo
imagery based literature. The spatial variability of the glacier indicates rapid thinning in Nyaingentanglha but a slight increase
in West Kunlun. ICESat-2 enable new insight into the continuous measurement of the HMA glacier.
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Key points:

1. We provide the first look of ICESat-2 data on glacier thickness and mass changes
in the High Mountain Asia.

2. We use independent data from satellite gravimetry to fill data gap of ICESat, and
obtain nearly continuous glacier mass changes.

3. There is a quantitative agreement in between satellite gravimetry and satellite
altimetry, which show high reliability of result and data
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Abstract:

Glacier melt in High Mountain Asia (HMA) is an indicator of climate change, and has
a major impact on the regional hydrology and freshwater supply. We determined the
recent states of the HMA glaciers based on the first analysis of Ice, Cloud, and Land
Elevation Satellite-2 (ICESat-2) data. We used the Gravity Recovery and Climate
Experiment (GRACE) and GRACE-FO data to fill the gap of ICESat-1,2 and carry
out an independent wvalidation. The agreement between ICESat-1,2 and
GRACE/GRACE-FO data at the total and regional scales demonstrates the high
reliability of results. Based on ICESat-1,2, the total mass change of the HMA glaciers
is -28 = 6 Gt yr-1 from 2003-2019, which are more negative than stereo imagery
based literature. The spatial variability of the glacier indicates rapid thinning in
Nyaingentanglha but a slight increase in West Kunlun. ICESat-2 enable new insight
into the continuous measurement of the HMA glacier.

Plain abstract:

High Mountain Asia is the largest ice-covered region outside the polar regions.
Glaciers have been melting for the past decades due to global warming and the
melting will probably continue in the coming decades. This will threaten the water
availability in downstream basins and affect the regional or global climate. Thus, it is
important to continuously monitor the states of the glaciers. In this study, the first
analysis of data released after the launch of the second generation of the Ice, Cloud,
and Land Elevation Satellite (ICESat-2) is provided. The data were used to survey the
glacier thickness and mass change in High Mountain Asia. We used independent
gravity satellite data to fill the gap of ICESat, The two independent datasets agree
with respect to the continuous glacier mass change, which indicates the high
reliability of the results. Based on our results, the continuous glacier mass change
from 2003—2019 is on average -28 + 6 Gt yr' (Gt = 10’ t water) or -0.34 + 0.07 m yr’’
(thickness change). The regional variability of the glaciers ranges from -1.07 + 0.10 m
yr'' in southeastern Nyaingentanglha to +0.16 + 0.10 m yr ' in West Kunlun.
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1. Introduction

High Mountain Asia (HMA) contains the largest ice-covered region outside the
south and north poles (Qiu, 2008). Meltwater from glaciers and snow, the head of
several large rivers, is a major source of drinking water and irrigation for several
hundred million people (Immerzeel and Bierkens, 2012). Recent reports revealed that
these glaciers have been dwindling for the past several decades (Bolch et al., 2012;
Yao et al., 2012; Azam et al., 2018; Yao et al., 2019). Future projections indicate that
glacier shrinkage due to global warming will continue in the coming decades, which
will aggravate the regional water scarcity, especially in subhumid to arid climates,
thus affecting economic activities and the political stability (Pritchard, 2019).
Strategies for the continuous monitoring the states of glaciers are therefore critical for
climate change studies and the local management of water resources (Immerzeel et al.,
2020). Compared with the interpolation of in sifu measurements and physical glacier
change models, satellite observations are more effective in surveying large-scale
glaciers in remote areas crossing political boundaries. The results of numerous studies
indicated the practical application of satellite data. Satellite strategies can be divided
into two categories:

1) Measurement of geometry including surface height and area. Satellites
detecting height changes include laser altimetry (i.e., Ice, Cloud, and Land Elevation
Satellite ICESat (Neckel et al., 2014; Wang et al., 2017a; Treichler et al., 2019) and
satellite stereo imagery (i.e., SPOT and ASTER; (Gardelle et al., 2012; Gardelle et
al.,2013).

2) Measurement of the Earth’s gravity field. Satellite gravimetry data from the
Gravity Recovery and Climate Experiment (GRACE) were used to calculate the mass
change (Velicogna, 2009; Matsuo and Heki, 2010; Jacob et al., 2012; Yi et al., 2016).

For the first time since the terrain correction method has been proposed for
ICESat data processing ICESat data analysis, the thickness changes in the Himalaya
and surrounding regions were analyzed (Kddb et al., 2012). Subsequent ICESat-based
research considered additional areas and clustering algorithms. The glacier mass loss
from 2003-2008/2009 was estimated to be -20 to -24 Gt/yr in the Tibetan Plateau and
-24 t0 -29 Gt yr'' in the HMA (Tibetan Plateau and Tien Shan; (Gardner et al., 2013;
Treichler et al., 2015; Wang et al., 2018). The short operational period of ICESat-1
and sparse spatial sampling led to potential large bias. Since the launch of ICESat-2 in
2018, the temporal coverage has been significantly expanded.

In satellite stereo imagery-based studies, the difference between Digital
Elevation Models (DEM) is calculated or linear regression is applied to time series of
DEM pixels derived from stereo imagery (Brun et al., 2017; Shean et al., 2020).
Compared with ICESat, stereo imagery-based studies have a higher spatial coverage
and longer time span. Earlier stereo imagery-based studies only covered glaciers in
parts of the HMA (Gardelle et al., 2012; Gardelle et al., 2013). Burn et al. (2017)
recently calculated a mass change of 92% at a rate of =16 + 4 Gt yr! for the glacier
area in the HMA from 2000 to 2016. Shen et al. (2020) used stereo imagery data and
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estimated that the HMA glacier mass has changed by approximately -19 + 3 Gt yr'
from 2000-2018. Note that these mass budgets are less negative than those of most
previous studies. Limited by the number of available DEMs, satellite stereo imagery
has a low temporal resolution. Few time series of glacier mass/thickness changes are
based on satellite stereo imagery, which makes it difficult to continuously monitor
recent glacier states and the strong temporal variability.

Satellite gravimetry data from GRACE provides monthly Earth gravity fields,
demonstrating the feasibility of the use of GRACE data for the monitoring of glaciers,
ice caps, water storage in global basins, and sea level changes. The difficulty of the
application of GRACE in HMA is mainly due to the strong influence of terrestrial
water storage such as increasing water storage of lakes in the Inner Tibetan Plateau
(ITP). Early GRACE-based studies reported a glacier mass loss ranging from -47 to
-4 Gt/yr from 2003 to 2009/2010 due to the misinterpretation of other hydrological
mass changes (Matsuo and Heki, 2010; Jacob et al., 2012). Based on more
contributions and cautious verifications by scholars, the updated mass budget of
HMA glaciers varied from -29 to -19 Gt yr™' in the period 2003—2009 (Gardner et al.,
2013), from -35 to -17 Gt yr”' during 2003-2013 (Schrama et al., 2014; Yi and Sun,
2014), and from -24 to -18 Gt yr' in the period of 2003-2015/2016 (Wang et al.,
2018; Wouters et al., 2019).

These studies were mostly carried out in variable, short time periods, which
makes it difficult to compare the estimates and establish a consensus. Compared with
glacier mass budgets, the time series of glaciers include detailed information on the
glacier evolution and can be used to quantify the acceleration or deterioration of
recent glacier changes. Similarly, the time series of glaciers provide more constraints
for the calibration of the prediction models that are used for the projection of the
relationship between glaciers and climate change. In a more recent study using
GRACE and GRACE Follow-on (FO) data, the HMA glacier loss was estimated at a
rate of -29 + 12 Gt/yr over a longer period from 2002 to 2019 (Ciraci et al., 2020). To
confirm the reliability of GRACE/GRACE-FO and fill the data gap, the authors
determined the glacier surface mass balance using independent data from the NASA
Modern-Era Retrospective Analysis for Research and Application (MERRA-2)
reanalysis. The MERRA-2 is the latest atmospheric reanalysis result and is in
excellent agreement with GRACE/GRACE-FO at the regional scale of global glaciers
and ice caps, except for the HMA glacier. The corrected terms such as GIA, LIA in
Ciraci et al. (2020) account for ~60% of the total mass budget of the HMA glaciers.
However, the accuracy of these corrections is difficult to assess. It may be cautious
when using the corrected terms. Therefore, further studies are required to estimate the
mass loss of the HMA glaciers.

In this study, ICESat-1 and 2 data were used for the first time to construct the
glacier surface elevation in the HMA for the periods 2003—2009 and 2018-2019. The
data were combined with GRACE and GRACE-FO to fill data gaps. Our aim was to
establish a consensus based on long time series of glacier mass/thickness changes
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(2003-2019) in the whole HMA area and its four subdivisions. We determined the
change in the HMA glacier thickness during the period 2003-2019 based on two
generations of altimetry satellites, that is, ICESat-1,2. More recent glaciers were
analyzed using two dependent satellites.

2. Data and method

2.1 ICESat-1 and ICESat-2 data

The ICESat-2 is the second generation of the laser altimeter ICESat mission,
which was launched in 2018 to measure the ice sheet mass change, cloud and aerosol
heights, land topography, and vegetation characteristics (Markus et al., 2017). Similar
to the first ICESat mission (ICESat-1), ICESat-2 also is also equipped with a laser
altimeter, that is, the Advanced Topographic Laser Altimetry System (ATLAS),
which utilizes laser pulses that bounce off the Earth’s surface, return to the satellite,
and record the traffic time pulses. To more accurately measure the Earth’s surface
height, the ICESat-2 laser is split into six beams. Compared with the laser on
ICESat-1, which sends 40 pulses per second, ICESat-2's laser is fast-firing and sends
10,000 pulses per second (Neumann et al., 2018, 2019). Thus, ICESat-2 has a denser
footprint than ICESat-1.

Our analysis of the changes in the thickness of the HMA glacier is based on the
ICESat-2 L3A Land Ice Height (ATLO06). This dataset includes geolocated land-ice
surface heights (above the WGS 84 ellipsoid) and ancillary parameters, which are
used to interpret and assess the quality of the surface heights (Smith et al., 2020).
Over the ice sheet interior, the accuracy of ATLO06 is better than 3 c¢cm and the
precision of surface measurements is better than 9 cm (Brunt et al., 2019). Similarly,
ICESat-1 data were used for the period 2003—2009 in this study. We used the Global
Land Surface Altimetry Data (GLA14) of ICESat-1.

The preprocessing was described in Wang et al. (2017b) and is similar to that
reported in other studies (Gardner et al., 2013; Farinotti et al., 2015): extraction of
the footprint, height conversion, determination of the elevation difference (ICESat
and Shuttle Radar Topography Mission, SRTM), and removal of outliers. The
calculation of the average change in the glacier thickness is based on the elevation bin
method (Wang et al., 2017b). The idea of this method is that 1) the elevation
differences between ICESat footprints and SRTM are defined as dh (one valid ICESat
footprint corresponding to one dh value); 2) glaciers are divided into numerous
elevation bins according to their altitude distribution; 3) the elevation difference of
each bin (defined as Dh) equals the median of all footprints’ dh values in this bin (one
elevation bin corresponding to one Dh); and 4) the elevation difference of the entire
glacier (defined as DH) is the area-weighted DA of all bins. We repeated the
calculation for different bin widths ranging from 100 to 600 m spaced at 100 m
intervals. The final result is the average bin width. The DH change is a time series of
the glacier thickness. Glacier thickness changes are converted to mass changes using a
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density of 850 kg m™> (Huss, 2013) which is appropriate for a wide range of
conditions.

2.2 GRACE and GRACE-FO data

In this study, the latest releases of the monthly GRACE and GRACE-FO
Release-6 (RL0O6) Stokes coefficients from 2003 to 2020 from the Center for Space
Research at the University of Texas (CSR) were used (Bettadpur, 2012). The
low-degree term of GRACE was processed for consistency with all other GRACE
solutions used in the science community. The degree 1 terms are based on a
combination of GRACE and ocean model outputs (Swenson et al., 2008). The degree
2 order 0 spherical harmonic coefficient uses satellite laser ranging to replace the
GRACE coefficient (Cheng et al., 2013).

The glacier mass change time series were calculated using the least-squares
mascon approach of Yi and Sun. (2014). Each mascon is an arbitrarily defined area
consisting of 0.5° x 0.5° latitude cells. The distribution of the mascons was optimized
to follow the distribution of the glacier. We also placed mascons in the surrounding
region to alleviate or separate the leakage of other mass sources. The total water
storage estimated by GRACE is composed of the soil moisture storage, groundwater
storage, glacial isostatic adjustment (GIA), and unknown sources. In this study, land
water and GIA models were used to estimate the soil moisture storage and GIA
components, respectively.

2.3 Ancillary data

1) DEM data

Because of large cross-track gaps and rough terrain in the HMA region, a
full-area DEM reference can be used to correct topographic differences in ICESat
sampling footprints (Kddb et al., 2012). In this study, the DEM from the SRTM (Farr
et al., 2007) 1 Arc-Second Global elevation data provided was used, similar to
previous research.

2) Glacier boundary data

To distinguish glaciers from land, the latest version of the Randolph Glacier
Inventory 6.0 (RGI6.0) was used in this study (Pfeffer et al., 2014), which is based on
a Global Land Ice Measurements from Space (GLIMS) project (RGI Consortium
2017).

3) Soil water model

Because of the leakage of other hydrological signals, the soil water model was
provided by the Global Land Data Assimilation System (GLDAS) to separate the soil
water components from the total mass. The soil water storage model extends to a
depth of several meters at a high resolution and in near real time. The GLDAS-2.1
model was used in this study (Rodell and Beaudoing, 2016).

4) GIA model
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A GIA model was applied based on the model ICE6G to separate the GIA effect

(Argus et al., 2014; Peltier et al., 2015).

This model was used to calculate geodetic

and geologic signals of the Earth such as the rate of radial displacement.

3. Results

The gravity signal of GRACE in the ITP is dominated by increasing masses of
lakes, groundwater, and soil water (Zhang et al., 2013; Wang et al., 2016), which is
contrary to the glacier change based on field observations (Yao et al, 2012).
Therefore, in this study, glaciers in the ITP are excluded from the GRACE-based
estimate of the HMA glacier mass change. Most HMA glaciers are distributed on the
periphery of the Tibetan Plateau, accounting for 85% of the total HMA glacier area.
These peripheral glaciers can be divided into four subregions. Mascons were placed in

these areas (Fig. 1a).
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Figure 1. Mascon partitions for the HMA glacier (a) and time_series of glacier mass
changes in four subregions (c, d, e, f) and their sum (b). A one-year average sliding
window is applied to GRACE (solid blue line), GRACE-GLDAS (solid green line),
and ICESat-derived glacier mass (solid red line). The colored value is the changing
rate based on the linear regression model. The color corresponds to the line color. The
r value is Pearson’s correlation coefficient between ICESat and GRACE(blue
r)/GRACE-GLDAS(green r). The parameter 1-p presents the provability of the pass
correlation test.

3.1 Continuous time series of the glacier mass change

We constructed time series of the glacier mass change based on GRACE and
ICESat for the four subregions (Figs 1¢—f). Their sum is shown in Fig. 1b. A one-year
average sliding window was applied to improve the signal-to-noise ratio, similar to
most GRACE-based studies. We removed the soil moisture based on the GLDAS
model (Fig. 1, green line) to isolate the glacier signals. The correlation coefficients
were calculated to quantify the consistency between ICESat and GRACE-derived
glacier mass changes. Based on the comparison of the results, three key points can be
discussed.

1. The data gap between ICESat-1 and 2 was filled with GRACE data,
although GRACE data also have a one-year data gap. The ICESat-based
glacier mass changes agree with those of GRACE with respect to the
changing trends and interannual fluctuations. The agreement is better in the
whole HMA area (except for ITP) than in the subregions.

2. After removing the soil moisture from GRACE-based mass changes (i.e.,
GRACE-GDLAS), the agreement with the ICESat result significantly
increased. The GRACE-based mass change includes ample surface snow or
land water caused by short-term precipitation. The GDLAS model contains
the part mass; thus, the GRACE-GDLAS result is more consistent with the
ICESat observation than the GRACE result alone.

3. The GLDAS-based soil moisture does not show a significant trend; thus, the
mass change trends of GRACE-GLDAS and GRACE are similar. This
might be reasonable. The soil moisture might only fluctuate seasonally and
show no trend over a long period.

3.2 Total glacier mass budget

We only used ICESat data and calculated the ITP glacier change to be
approximately -4 + 2 Gt yr'' (Fig. S1). The total mass change of the HMA glacier is
28 + 6 Gt yr' (-0.29 + 0.06 m w.e. yr', -0.34 = 0.07 m yr'') based on ICESat-1,2
from March 2003 to November 2019. The glacier mass loss in the HMA from 2003—
2019/2020 excluding the ITP region is -24 + 6 Gt yr’' based on ICESat and -23 + 3 Gt
yr' based on GRACE. After removing the GIA effect, the GRACE-based mass
budget of the glacier becomes -28 + 3 Gt yr.
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3.3 Spatial variability of the change in the glacier thickness

We present the detailed spatial distribution of the change in the glacier thickness
in a 1°x 1° grid based on ICESat-1,2 (Fig. 2). From 2003-2019, the change trend of
regional glaciers varied from -1.07 + 0.10 m yr' in Nyaingentanglha to +0.14 + 0.10
m yr' in West Kunlun, indicating a large regional variability of the glacier change.
The HMA glaciers exhibit a strong heterogeneity. Generally, the glacier thickness
increases from the Westerly-dominated zone Pamir—Karakoram (-0.10 + 0.10 m yr’")
to the two edges, that is, Tien Shan (-0.50 + 0.10 m yr') in the northeast and
Himalaya (-0.59 + 0.10 m yr'"~ ) and Nyaingentanglha in the southeast.
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Figure 2. Glacier thickness changes in High Mountain Asia (2003—-2019). Map of the
average glacier thickness change on a 1° x 1° grid covering rectangular averaging
cells of 2° x 2°. The change trend was obtained by the linear regression of data from
the autumn campaign of ICESat-1,2. The background is ESRI imagery World from
ArcGIS Online.

4. Discussion
4.1 Comparison with other recent studies
Based on efforts regarding the estimation of HMA glaciers, the spatial variability
of the glacier changes could be well established. The results of several studies
indicated the fastest melting for the Nyaingentanglha glacier, fewer changes in
Karakoram, and positive changes in West Kunlun (Kddb et al., 2015; Brun et al.,
2017; Shean et al., 2020). However, the change trend in several subregions and whole
HMA remains controversial.
1) Comparison with GRACE/GRACE-FO-based studies
Overall, the mass budget determined for the HMA in this study, that is,
approximately -28 Gt yr', based on ICESat-1,2 is similar to -29 Gt yr' reported in
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recent work based on GRACE/GRACE-FO (Ciraci et al., 2020). Actually, the
estimate of Ciraci et al. (2020) includes other hydrological signals, such as lake water
in the ITP. They report +2 Gt yr' compared with -4 Gt yr' determined based on
ICESat-1,2 in this study. Excluding the ITP glacier, we obtained -23 + 3 Gt yr”' based
on GRACE and -24 + 6 Gt yr' based on ICESat-1,2 compared with -32 + 6 Gt yr'
reported in Ciraci et al. (2020). Note that the corrected terms (GIA, hydrological
leakage) in Ciraci et al. (2020) are relatively large (approximately -18 Gt yr’') and
thus greatly affect the final result, accounting for >60% of the total mass budget. Only
GRACE result is -10/-18 Gt yr'' in the HMA/HMA (excluding the ITP) in Ciraci et al.
(2020). Our GRACE or GRACE-GLDAS based mass change is in better agreement
with ICESat-based estimates than the value after removing the corrected terms such
as GIA. Thus, one must be cautious when using the corrected terms based on the
tectonic model.

1) Comparison with satellite stereo imagery-based studies

Our result (-28 + 6 Gt yr™") for the period 2003—2019 is more negative than that
reported for the periods 2000-2016 (-16 + 4 Gt yr''; Brun et al., 2017) and 2000-2018
(-19 £ 3 Gt yr'l; Shean et al., 2020). To analyze the divergence and directly compare
it with satellite stereo imagery, we followed the division of Brun et al. (2017) and
Kédb et al. (2015). The glacier thickness change was determined to avoid uncertainty
caused by the volume-to-mass conversion. Compared with Brun et al. (2017), the
glacier thickness changes in six of the eleven regions are within two standard
deviations (£2 sigma), as shown in Fig. 3 and Table S1. The remaining five regions
are West Nepal, East Nepal, Bhutan, Nyaingentanglha, and the ITP. The largest
divergence was observed in Bhutan with a 2400 km® glacier area. The number of
available data might be affected by a small subregion. Compared with recent stereo
imagery-based work (Shean et al., 2020), the period 2000-2018 is close to that used
in our studies. Nine of eleven regions are within two standard deviations. The increase
in the percentage is due to improved performances in the ITP (significant
improvement), West Nepal, and East Nepal. This difference is partly due to the
different study periods. In general, ICESat-1,2-based results are more negative than
satellite stereo imagery-based results, especially in areas with rapidly thickening
glaciers such as the southeastern Himalaya (Nepal and Bhutan ) and Nyaingentanglha.

2) Comparison with ICESat-1-based studies

Six out of the eleven subregions are within two standard deviations. Considering
the short period (2003-2008) of previous ICESat-1-based studies, the difference
might be due to glacier changes in the recent decade. We present the glacier thickness
changes based on ICESat-1 for comparison (Fig. 3 and Table S1). Our results are in
good agreement with those of previous studies in nine of eleven regions. The two
divergent regions are the Bhutan and East Nepal (called Everest in Kaab et al., 2015)
glaciers. Based on our work, these two subregions are relatively small, that is, ~2400
and 4900 km”. These values contrast those reported by Kaab et al. (2015) are 3500
and 8500 km?, respectively. The large difference in the division and glacier inventory
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might be the reason for the different estimates. If we treat the two subregions as one
subregion, the divergence improves by approximately -0.63 m yr™ in this study and
-0.52 m yr' in Kaab et al. (2015). In total, ICESat-1- and ICESat-1,2-based results
demonstrate a strong ablation in Nyaingentanglha/Bhutan, that is, thickness changes
of ~1 m yr'', which are more negative than the results obtained from satellite stereo
image-based studies.

= This study 2003-2019 i
- Brunetal., (2017) 2000-2016 :
1 ==
& Shean et al., (2020) 2000-2018 Hia™ | West Kuniun
= Kaab et al., (2015) 2003-2008 i
s This study 2003-2008 e | karakoram
: i
: i
i ——— g _
_"—E!' : -+ Pamir
: i
: i
— ®n : 4 Hindu Kush
' i
- i
o 8 B : 4 Inner TP
: i
: i
__...D=_r : {Tien Shan
: i
? i
—_— i
.D_-_D i 4 Spiti Lahaul
: 1
: 1
— i
+F 1 4 West Nepal
: 1
? i
: i
= e : - East Nepal
i i
. : 1
(R S e 5.|:| : -4 Bhutan
. . I
! i
———a—— g = i : 4Nyaingentanglha
i
i
i i
= & : 4{HMA
]
i
i
]
i
i
: i
‘ i
L 1 l
-1.5 -1.0 -0.5 0.0 0.5

Thickess changes (m/yr)

Figure 3. The comparison of glacier thickness changes from this study and previous
results. The Errors are given at the 1o level. Kéddb et al., (2015) did not provide the
glacier trend in inner TP, Tien Shan, but Brun et al., (2017) provide missing value by
use same method of Kéab et al., (2015).
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4.2 Error analysis and choice of hyperparameters
The uncertainty calculation of DH (error bar in Fig. 1) follows Wang et al.

(2017b):
Opy = ,/O-sztd + 0an?, €Y

where 02, is the standard deviation of the parameters for the different widths of
elevation bins ranging from 100 to 600 m spaced at 100 m intervals; 4,2 is the error
of dh due to vertical SRTM (7—12 m), ICESat errors, and radar penetration; and o2
was set to 20 m based on the footprint in this study.

The total uncertainty of the glacier mass budget consists of three parts: 1)
autumn DH trend, 2) glacier area uncertainty, and 3) uncertainty in the density
assumption. We considered an uncertainty of 10% for the glacier area and density.
The autumn trend was estimated using Eq. (2):

R 2 2 2
OpH/dt = \/O'fit + Ospat t temp + Ohaisr (2)

where 04,2

is the linear fitting error, 02,4, and 0f,, are the irregular spatial and
temporal ICESat sampling errors, respectively; and o2, is the unknown systematic
uncertainty considering intercomparison biases and crustal uplift. In this study, crszpat,
atzemp, and o},; were set to 0.06, similar to previous studies (Gardner et al., 2013;
Farinotti et al., 2015).
1) Spatial glacier coverage

The ICESat measurement of the changes in the glacier thickness only covers the
region with footprints. Therefore, extrapolation to the whole glacier area is necessary.
In this study, the extrapolation was carried out as follows: 1) The mean altitude (hy)
and standard deviation (hgg) of the glaciers in each subregion were calculated. The
results of ~95% of the glaciers with altitudes ranging from h, — 2hgqto hy+ 2hgq were
determined in their corresponding elevation bin (see glacier altitude histogram Fig.
S2). The extrapolation was based on the assumption that glaciers in the same
elevation range exhibit the same changes; and 2) the remaining ~5% of glaciers were
added to the calculation of the mass budget and the results of 95% of the glaciers
were used.

2) Linear regression and ICESat observation campaign

Due to strong snowfall or snowpack in winter, the winter campaign of ICESat
was not used for the linear regression in most previous ICESat-based studies of HMA
glaciers. In this study, all glacier change trends (Figs 1 and 2, Table S1) are based on
the linear regression of the ICESat autumn campaign. Note that the result of the
ICESat winter campaign is presented in Fig. 1; however, it was not used for the
regression model. Due to the long temporal span after the combination of ICESat-1
and 2, the linear regressions without or with the winter campaign insignificantly differ.
In addition, to maintain consistency with the ICESat-1 observation, we used the same
time window to obtain the autumn and winter observation of ICESat-2. Although the
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downsampling of ICESat-2 will lead to the loss of data, it helps to reduce the bias in
the mass budget evaluation and keep consistency with ICESat-1.

5. Conclusions

This study demonstrates the first results on recent glacier surface changes in the
HMA region based on ICESat-2. The total mass balances and changes in the thickness
of the HMA glacier from 2003-2019 (~17 years) were determined by combining
ICESat-1 and 2. We used GRACE data to fill the data gap of ICESat-1,2 from 2010 to
2017 and provided a continuous time series of the glacier mass change in the HMA
and its four subregions. The comparison of ICESat-1,2 and GRACE/GRACE-FO
shows that these data are in excellent agreement at the total and regional scales (r =
0.9, p <0.0001). This consistency between the two independent approaches indicates
the high reliability of HMA glacier mass change data and validates the calculations
based on two sets of satellite observations. Based on this study, that is, the use of
ICESat-1,2 data from March 2003 to November 2019, the total mass budget of the
HMA glaciers is -28 + 6 Gt yr''. On the periphery of the Tibetan Plateau, including
Tien Shan, Pamir—Karakoram, Himalaya, and Nyaingentanglha, the mass budget of
the glaciers in the period 2003 to 2019/2020 is -24 + 5 Gt yr'' based on ICESat, -23 +
3 Gt yr'' based on GRACE, and -28 + 3 Gt based on GRACE with GIA-corrected
terms. Based on the spatial heterogeneity of the glacier change rates, the most
negative value is observed in Nyaingentanglha (-1.07 + 0.10 m yr '), followed by the
Himalayas (-0.58 + 0.10 m yr '), Tien Shan (-0.45 + 0.10 m yr '), and Pamir—
Karakoram (—0.10 + 0.10 m yr ). The West Kunlun glaciers slightly increased by
approximately +0.16 + 0.10 m yr '. Based on ICESat2 and GRACE-FO, the HMA
glacier changes can be continuously monitored.
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