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Abstract: The southeastern Tibetan Plateau (SETP), which hosts the most extensive marine glaciers
on the Tibetan Plateau (TP), exhibits enhanced sensitivity to climatic fluctuations. Under global
warming, persistent glacier mass depletion within the SETP poses a risk to water resource security
and sustainability in adjacent nations and regions. This study deployed a high-precision ICESat-2
satellite altimetry technique to evaluate SETP glacier thickness changes from 2018 to 2022. Our results
show that the average change rate in glacier thickness in the SETP is −0.91 ± 0.18 m/yr, and the
corresponding glacier mass change is −7.61 ± 1.52 Gt/yr. In the SETP, the glacier mass loss obtained
via ICESat-2 data is larger than the mass change in total land water storage observed by the Gravity
Recovery and Climate Experiment follow-on satellite (GRACE-FO), −5.13 ± 2.55 Gt/yr, which under-
scores the changes occurring in other land water components, including snow (−0.44 ± 0.09 Gt/yr),
lakes (−0.06 ± 0.02 Gt/yr), soil moisture (1.88 ± 1.83 Gt/yr), and groundwater (1.45 ± 0.70 Gt/yr),
with a closure error of −0.35 Gt/yr. This demonstrates that this dramatic glacier mass loss is the
main reason for the decrease in total land water storage in the SETP. Generally, there are decreasing
trends in solid water storage (glacier and snow) against stable or increasing trends in liquid water
storage (lakes, soil moisture, and groundwater) in the SETP. This persistent decrease in solid water
is linked to the enhanced melting induced by rising temperatures. Given the decreasing trend in
summer precipitation, the surge in liquid water in the SETP should be principally ascribed to the
increased melting of solid water.

Keywords: satellite altimetry; ICESat-2; GRACE-FO; glacier mass balance; southeastern Tibetan Plateau

1. Introduction

The Tibetan Plateau has the most concentrated area of land glaciers, except for Antarc-
tica and Greenland, and is known as “the third pole of the world” [1–3]. Abundant glacier
resources provide important freshwater resources for high-altitude areas and are also a
major component of the cryosphere [4–6]. Owing to their high sensitivity to climatic vari-
ations, glaciers serve as key indicators of climate change [7]. The ongoing global climate
dynamics have precipitated pronounced morphological transformations in these glaciers,
notably marked by their contraction and thinning [6,8–10]. The intensified melting of
glaciers increases intra-annual and inter-annual variations in water resources, which may
cause long-term water supply shortages in the future [11–13]. Furthermore, these changes
pose a heightened risk for natural calamities, including glacial lake outbursts, ice collapses,
and debris flows, which gravely endanger the livelihoods of downstream communities,
as well as their socio-economic fabric [14,15]. Hence, intensifying glacier monitoring is
imperative for effective water resource management and natural disaster mitigation.
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The southeastern Tibetan Plateau (SETP) is a region where marine glaciers are concen-
trated. The abundant glaciers in the SETP are important water supply sources, providing
important freshwater resources for millions of people [16,17]. Compared with continental
glaciers, marine glaciers are more sensitive to climate change [3,18,19]. The escalating
global warming phenomenon has led to a pronounced decline in glacier mass in the SETP,
approximately tripling the mean loss rate observed across the Tibetan Plateau [15,20,21].
The dramatic melting of marine glaciers and their active surface movement have changed
the occurrence frequency and hazard range of natural disasters such as ice collapses, glacial
lake outbursts, debris flows, and landslides in the SETP, which have affected the water
security, infrastructure security, and ecological security of rivers along and downstream
from the SETP [22]. The traditional methods for monitoring glacier mass change principally
include the following two types [10]: (1) the glaciological estimation method and (2) the
glacier model approach. Glaciological estimation, which is rooted in field observations,
faces significant challenges due to geographical conditions that can limit its application
for estimating small-scale and long-term glacier mass balance [1,8]. The glacier model
approach predicts changes in glaciers by integrating detailed climate data with numerous
observations, but it is applicable mainly to glaciers with extensive field observations [23].
Although these methods enable more direct and precise monitoring of glacier mass bal-
ance, their utility is considerably restricted in regions with complex terrain such as the
SETP, which allows for a very limited number of in situ observations [24]. Contemporary
satellite remote sensing technology offers a more viable approach for small-scale glacier
monitoring because it overcomes the limitations presented by geographical conditions,
particularly for glacier regions with limited possibilities for in situ observation [25]. Cur-
rently, satellite-based glacier monitoring in the SETP can be categorized into three principal
methods. The first method utilizes multiple digital elevation model (DEM) datasets, ac-
quired at various time points, to deduce glacier elevation alterations by differencing DEM
datasets. Considering other methods, this method is based on stereo image data and
can rapidly observe glaciers over a large range; it is a common method for monitoring
glacier elevation changes. Nonetheless, the temporal resolution constraints inherent in
DEM data impose limitations on their efficacy for prolonged time series analysis [26–28].
Ren et al. [29] employed three-dimensional imagery produced by the ZY-3 satellite to
investigate mass changes in the Nyainqentanglha Mountains Glacier. The findings in-
dicated a mean elevation alteration rate of −0.66 ± 0.24 m/yr. The second method for
satellite-based glacier monitoring involves measuring the earth’s time-varying gravity field
using Gravity Recovery and Climate Experiment (GRACE) satellite gravity facilitating
glacier mass change inversion. However, GRACE observations of SETP glaciers are subject
to interference from regional hydrological mass changes, such as fluctuating lake levels
and soil moisture content [17,30,31]. To address this, Yi et al. [17] employed empirical
orthogonal decomposition to separate hydrological signals from glacier and snow data in
the SETP, revealing a long-term trend of −6.5 ± 0.8 Gt/yr in ice and snow mass. Similarly,
Jiao [32] and He [33] utilized GRACE data alongside hydrological models to investigate
seasonal glacier variations in the Tibetan Plateau, determining a glacier mass loss rate
of −4.20 ± 0.57 Gt/yr or −6.33 ± 0.54 Gt/yr for the SETP. The third method involves
measuring glacier surface elevation through satellite altimetry, as demonstrated by the
ICESat (Ice, Cloud, and Land Elevation Satellite). This approach, when combined with
other elevation datasets, allows for detailed analysis of glacial elevation variations. For
instance, Kaab et al. [34] employed ICESat and SRTMDEM data to study mountain glacier
elevation changes, revealing a mass loss of −4.69 ± 2.03 Gt/yr in the SETP glaciers from
2003 to 2009 [5,35,36]. Nonetheless, the limited spatial sampling of the ICESat-1 could
lead to biased outcomes [37]. Addressing this limitation, the ICESat-2 (2018 to present),
equipped with an advanced laser system, yields a significantly higher number of annual
footprint points, approximately 150 times more than the ICESat-1 [25]. Consequently, the
ICESat-2 enhances the accuracy in quantifying glacial mass changes [38].
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Previous research has established the viability of using the above research methods for
monitoring glacier mass variations. Although ICESat-1 data have confirmed that glaciers
in this region continued to melt from 2003 to 2009, whether this speed of glacier loss has
increased recently has not been well quantified. The ICESat-2, which started in 2018, can
help to constrain current glacier change. In order to further study glacier mass changes in
the SETP, some researchers have integrated data from both the ICESat and GRACE. Song
et al. [5] used ICESat and GRACE data to construct the time series of glacier mass change
in this region from 2003 to 2009. Wang et al. [25] combined ICESat, ICESat-2, GRACE, and
GRACE-FO data to observe the glacier ablation in Nyainqentanglha Mountain, and the
results showed that the two methods have their own advantages in acquiring glacier signals.
However, most studies applying the above methods mainly focus on the quantification
of glacier mass change, and there is still a lack of deep understanding of the relationship
between glacier mass loss and changes in land water storage in the SETP.

In this study, we attempted to fill this research gap using a combination of ICESat-
2 and GRACE-FO data. First, ICESat-2 data were used to construct and analyze the
time series of glacier elevation change and glacier mass change in the SETP from 2018
to 2022. Subsequently, GRACE-FO data were used to evaluate the total land water mass
change within the SETP, and the impact of glacier change on land water storage was
analyzed, considering multiple hydrological components including soil moisture, snow,
lakes, and groundwater.

2. Study Area

The glaciated region within the southeastern Tibetan Plateau (SETP) (Figure 1) en-
compasses the Nyainqentanglha Mountains and the Eastern Himalayas. These areas have
developed intricate topography and geomorphological features due to the ongoing tectonic
compression between the Eurasian and Indian plates. With an average elevation exceed-
ing 4000 m and an annual mean temperature of approximately 0 ◦C, the SETP exhibits a
unique climatic profile characterized by high altitudes and low temperatures, fostering the
accumulation of a substantial number of glaciers. Geographically, this region extends from
89.11◦ to 98.27◦E and 27.54◦ to 31.44◦N. Based on the glacier type classification from the
Chinese Glacier Catalog [24,39], the SETP predominantly features marine glaciers, totaling
9686 glaciers covering an approximate area of 9298 km2 (RGI 6.0) [40]. Among them, there
are 120 glaciers with an area of more than 10 km2, for a total area of 3012 km2. In the context
of global warming, glaciers in the SETP have experienced long-term serious melting and
some large glaciers have become several small glaciers separated by ridgelines, resulting
in the emergence of many small glaciers in the SETP [41]. The SETP is the intersection
of multiple monsoon climates, which is mainly dominated by two climatic systems as
follows: the westerly circulation and the Indian Ocean monsoon. During the dry period
(November to March), the westerly circulation carries reduced moisture content, result-
ing in decreased precipitation. Conversely, from April to October each year, the region
predominantly experiences the Indian Ocean monsoon climate, which is characterized by
abundant precipitation that serves as the primary source of precipitation in the region,
accounting for 60% to 90% of the annual total [5,42]. Simultaneously, the topographical
features of valleys in the SETP create conduits for water vapor, enhancing precipitation and
rendering this area one of the wettest regions within the Tibetan Plateau. In conclusion, the
abundant precipitation in the SETP leads to the characteristics of high accumulation, high
ablation, and strong activity for marine glaciers in this region. With the intensification and
thinning of the melting of marine glaciers, the variability in subglacial water pressure and
the coefficient of water pressure increase, which in turn leads to the strengthening of the
sliding process at the bottom of the glacier, and the transport speed of the ice body to the
lower elevations glacier area is relatively accelerated, which make the end of the glacier
tongue extend to lower elevations [3]. Due to the high temperatures in lower elevations,
the glacier tongue has experienced serious melting, exacerbating the glacier mass loss.
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Figure 1. Geographical locations and distribution of glaciers in the southeastern Tibetan Plateau.

3. Data and Methods

In this study, we integrated multiple satellite datasets and hydrological models to
analyze the glacier surface elevation changes and their impact on regional mass balance in
the southeastern Tibetan Plateau (SETP). We utilized advanced ICESat-2 satellite altimetry
to measure glacier surface elevation changes. Complementing this, Gravity Recovery and
Climate Experiment follow-on (GRACE-FO) data were used to constrain the water mass
change. Furthermore, we incorporate data from various hydrological models to infer mass
changes in multiple land water components. The data processing flow is shown in Figure 2.
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3.1. ICESat-2 Data and Processing

In this research, we utilized ICESat-2 altimetry results to quantify changes in glacier
elevation in the SETP [41]. The ICESat-2, the successor to the ICESat, was launched by
NASA in September 2018. It is equipped with the Advanced Topographic Laser Altime-
ter System (ATLAS), which offers the highest altitude accuracy currently available in
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space-borne LiDAR systems. Compared with the ICESat-1, the ICESat-2 shows significant
improvements in data coverage density, data accuracy, and spatial resolution. In this
study, ICESAT-2 L3A land ice elevation data (ATL06) were used to analyze SETP glacier
thickness changes, which are available from the National Snow and Ice Data Center website
(https://nsidc.org/data/ICESat-2, accessed on 19 April 2023).

The ATL06 data applied in this study provide surface elevation, longitude, latitude,
and quality data for assessing height. Due to the ICESat sampling rate, track gap, and
rugged terrain in the Tibetan Plateau, a reference DEM was used to correct for topographic
differences in the ICESat sampling footprint [34]. The Shuttle Radar Topography Mission
(SRTM) global 1-arc-second DEM, offering a spatial resolution of 30 m, served as our
reference. These data, accessible via the USGS Earth Explorer website, underpinned our
analysis (https://earthexplorer.usgs.gov/, accessed on 8 May 2023).

Data processing included the following six steps (Figure 3):

(1) Extract glacier footprint. We determined the footprint of the ICESat-2 within the
glacier using RGI6.0 glacier boundary data.

(2) Height conversion. We converted the ICESat-2 footprint height based on the WGS-
84 ellipsoid to the orthometric height based on EGM96 to be consistent with the
coordinate system of the DEM (Hegm96 = Hwgs84 − Ngeoid height).

(3) Determination of elevation difference. The SRTM elevation and slope of each ICESat
footprint were extracted through the bilinear interpolation of DEM grid cells, and the
elevation difference between ICESat-2 and SRTM data was obtained (dh = HICESat-2 −
HSRTM + Hp). Because the DEM data of the SRTM have a penetration depth for the
glacier, the penetration depth of Hp = 1.5 m was added back into this study [43].

(4) Outlier removal. To eliminate the abnormal points affected by cloud, fog, and terrain,
we selected a threshold of 300 to remove the abnormal elevation difference, removed
the measured points with a terrain slope greater than 30◦, and retained the footprint
points with mark 0 according to the official quality mark.

(5) Division of the elevation bins. We divided the glacier into multiple elevation bins with
the same width and no overlap between each bin. The median elevation difference
(dh) of all footprint points within each bin determined the elevation difference (Dh)
for that bin.

(6) Estimate the average glacier surface elevation anomaly (DH). We used the ratio of
the glacier area to the total glacier area of each elevation chamber as the weight
(Pi = Si/S, P1 + P2 + P3+. . .+ Pn = 1). Then, the weighted elevation differences across
all bins were aggregated to yield the final elevation difference (DH = P1 × Dh1 + P2 ×
Dh2 + P3 × Dh3 +. . .+ Pn × Dhn).

In our approach, the glacier was divided into distinct, non-overlapping elevation bins
of 100 m each [41]. The DH change represents a time series of glacier thickness changes.
A density of 900 ± 17 kg/m3 [27,35] was used to convert glacier thickness changes into
mass changes.

3.2. GRACE-FO Data

Launched on 22 May 2018, the GRACE-FO serves as the successor to the GRACE
mission, a collaborative effort between NASA and the German Research Centre for Geo-
sciences (GFZ). We adopted the monthly mascon solutions published by the following
three institutions: The Center for Space Research (CSR) at the University of Texas [grid reso-
lution 0.25◦ × 0.25◦, approximately 27.75 km] (CSR-M), the Jet Propulsion Laboratory (JPL)
[grid resolution 0.5◦ × 0.5◦, approximately 55 km] (JPL-M), and the Goddard Space Flight
Center (GSFC) [grid resolution 0.5◦ × 0.5◦] (CSFC-M), to retrieve terrestrial water storage
(TWS) anomalies in the SETP for the period from October 2018 to October 2022. These
mascon solutions, compared with traditional spherical harmonic coefficients, enhance
signal resolution and also significantly mitigate signal leakage errors [44], which have been
widely used in hydrology fields. Nonetheless, the imperfect leakage correction of mascon
solutions may still lead to an underestimation of the regional mass change trends [45]. For

https://nsidc.org/data/ICESat-2
https://earthexplorer.usgs.gov/
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comparison, we also estimated the TWS mass anomalies using the GRACE-FO spherical
harmonic coefficient solutions (up to 60 degrees/order) released by CSR from October 2018
to October 2022. We first corrected the degree-1 (Technical Note TN-13), C20, and C30
coefficients (Technical Note TN-14) of the original GRACE-FO spherical harmonic coeffi-
cients. Then, a 300 km Gaussian filter was adopted to suppress the stripe noise. After that,
we performed the leakage correction considering both the leakage-in and the leakage-out
effects. For leakage-in correction, we first masked out the original signal within SETP and
then smoothed the masked signal to estimate the leakage-in signal and deducted it from
the original signal. For leakage-out correction, we corrected it by using the constrained
forward modeling method [46] based on the signal after leakage-in correction [47].
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3.3. Hydrological Model

The Global Land Data Assimilation System (GLDAS) is an advanced surface modeling
system developed by the NASA Goddard Space Flight Center and the National Center for
Environmental Prediction, which can be used to estimate surface states (soil moisture and
temperature) and fluxes (evaporation). This study used GLDAS/Noah monthly output
estimates of 4-layer soil moisture and snow water equivalent, with a grid resolution of
0.25◦ × 0.25◦. Previous research by Bi et al. [48] indicated that the GLDAS model tended to
systematically underestimate certain regions of the Tibetan Plateau compared with in situ
observation data. To address this limitation, our study incorporated an additional hydro-
logical model, the Climate Prediction Center (CPC) model, in conjunction with GLDAS for
more accurate soil moisture data estimation. The CPC hydrological model was generated
by the Climate Prediction Center according to the algorithm by Huang et al. [49]. Precipi-
tation and temperature were used as meteorological inputs from CPC land precipitation
reconstruction [50] and CPC global surface temperature analysis [51], respectively. The
model uses more observation data, thus greatly improving the practicability. The CPC
soil moisture data span the period from 1948 to the present, with a grid resolution of
0.5◦ × 0.5◦.
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The WaterGAP Global Hydrology Model (WGHM) stands as a vital tool in hydrologi-
cal research, offering groundwater data spanning from 1981 to 2019 [52,53]. In this study,
we used the WGHM to estimate the mass change rate of groundwater. Due to the lack of
model data after 2019, only the monthly average data from 2018 to 2019 were used. To
ensure stability, we conducted an examination of groundwater changes in the SETP from
2017 to 2019. This examination revealed a stable linear trend in groundwater changes.

3.4. Precipitation and Temperature Data

In this study, the Global Precipitation Climate Program (GPCP) [54] was used to
simulate precipitation in the study area. The GPCP model offers gridded data at a grid
resolution of 2.5◦ × 2.5◦ (http://www.esrl.noaa.gov/, accessed on 19 July 2023); we inter-
polated these data to become a grid resolution of 0.5◦ × 0.5◦. Additionally, we utilized the
ERA5-Land reanalysis dataset, disseminated by the European Centre for Medium-Range
Weather Forecasts (ECMWF). This dataset represents a synthesis of simulated and observed
data and provides multiple land variables on a 0.1◦ × 0.1◦ latitude/longitude grid. For
consistency with the GPCP data, we also interpolated the ERA5-Land dataset to become
a grid resolution of 0.5◦ × 0.5◦. Our focus was on the following two specific variables
from the ERA5-Land dataset: total precipitation and 2 m temperature (i.e., air temperature
measured 2 m above the ground surface). These variables were selected due to their rele-
vance to glacier thickness variations in the study region, and the data can be obtained from
(https://cds.climate.copernicus.eu/#!/home, accessed on 19 July 2023).

3.5. Lake Data

In this study, we focused on YamdrokTso Lake within our research region in order
to empirically assess the impact of glacial melt on lake dynamics [55]. As a result of
missing part of the lake water level record data, the mean value of the data in the adjacent
months was selected as the supplement. The lake data can be downloaded from (https:
//hydroweb.theia-land.fr/?lang=en&, accessed on 23 June 2023).

4. Results and Analysis
4.1. Glacier Thickness and Glacier Mass Change from ICESat-2 Measurements

Many studies have shown that the glacier mass change in the Tibetan Plateau has been
seriously unbalanced since 2000, showing a long-term decreasing trend, which is roughly
−17.53 ± 11.36 Gt/yr, with the most serious mass loss in the SETP [35]. Based on the ICESat-
2 data, we obtained the time series of glacier surface elevation change in the SETP from
October 2018 to October 2022, as shown in Figure 4a. The moving average method was used
to improve the signal-to-noise ratio [56]. It can be seen that the change rate of glacier surface
elevation in the SETP in the past four years is −0.91 ± 0.18 m/yr, and the corresponding
mass change rate is −7.61 ± 1.52 Gt/yr. Figure 4a distinctly illustrates the variations in
glacier thickness across the SETP, identifying a pattern of accumulation from winter to
spring, peaking in spring, and a melting phase extending from summer to autumn, with
the most significant losses occurring in the summer. Figure 4b,c provide further insights,
depicting the rate of change in glacier surface elevation across various altitudes and the
monthly count of valid footprint points from ICESat-2 data, respectively. The analysis
of these footprint point distributions across different altitudes reveals a variable rate of
glacier thickness reduction, with a notable correlation between the rate of change in glacier
thickness and altitude. Specifically, the change rate of the thickness of glaciers below 4000 m
increased gradually with increasing altitude, while the thickness of glaciers above 4000 m
decreased gradually with increasing altitude, approaching a near-zero change in glacier
elevation at altitudes ranging from 6000 to 6100 m above elevation, which means that the
glacier melting and accumulation tend to balance at this elevation. In summary, the glacier
surface elevation in the SETP showed a significant downward trend and great inter-annual
variation during the study period.

http://www.esrl.noaa.gov/
https://cds.climate.copernicus.eu/#!/home
https://hydroweb.theia-land.fr/?lang=en&
https://hydroweb.theia-land.fr/?lang=en&
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In order to obtain the spatial distribution map of glacier changes in the SETP, we
calculated the glacier thickness and glacier mass changes in a 0.25◦ × 0.25◦ grid (Figure 5).
The results show that the glaciers in the SETP experienced significant mass loss from 2018
to 2022, and the distribution of glacier elevation change rate and mass change rate were
significantly different. As illustrated in Figure 5a, the change rate in glacier elevation across
the SETP exhibits a discernible gradient, gradually attenuating as one traverses the east
to the west of the SETP. Combined with the distribution of the change rate at different
altitudes, it was found that the main reason for this phenomenon is that glaciers in the
west are distributed in regions with higher altitudes [3]. Furthermore, we observed that the
elevation changes in the SETP glacier are closely related to its area size. The results indicate
that the rate of elevation change in smaller glaciers scattered around the edges is more
rapid in comparison with the loss experienced by larger, contiguous glaciers. The glacier
mass change map in Figure 5b shows that the large-coverage glaciers in the SETP lose
mass faster than the scattered small-coverage glaciers. This result indicates that although
the faster thinning rate of small glaciers leads to rapid mass loss, their spatial coverage
remains limited within the total glacier area. Consequently, large-coverage glaciers still
play a dominant role in the glacier mass loss of the SETP.

4.2. Mass Loss in Southeast Tibet Observed by GRACE

In this study, we conducted a comparative analysis of equivalent water height (EWH)
trend estimates derived from different GRACE-FO datasets (CSR, JPL, and GSFC). Our
findings reveal that all four solutions effectively capture the spatio-temporal variations
in terrestrial water storage (TWS) in the SETP for the period 2018–2022; moreover, the
spatio-temporal variation trends as a whole showed strong consistency (Figure 6a–d). The
maximum variation in TWS in the SETP during the four years was ±8 cm, indicating
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that the spatial distribution was obviously heterogeneous. The TWS anomaly in the
entire SETP was dominated by negative changes, showing a sharp decline in the east
and a slow decline in the west. This shows good spatial consistency with the glacier
mass change, as the glaciers are distributed more in the east and less in the west. In
addition, the EWH results of the three mascons and spherical harmonic coefficients also
show slight differences in local areas that are mainly reflected in the signal amplitude. It
can be clearly seen that the TWS in the east part of the SETP is decreasing. The maximum
decrease rate of the TWS in the east observed via CSR-M is −7.82 cm/yr, while the result
obtained via JPL-M is about −4.96 cm/yr, and the result obtained via GSFC-M is only
−3.0 cm/yr. Compared with the mascon products, the estimated decrease rate from the
spherical harmonic coefficients after signal recovery reaches −7.96 cm/yr. Such a significant
difference may be due to imperfect leakage correction in the mascon solutions; thus, this
research used the calculation results from spherical harmonic coefficients to estimate the
mass change in TWS (Figure 6d). Ultimately, the change rate in TWS in the SETP is
estimated to be approximately −2.13 ± 1.05 cm/yr, indicating a total decrease trend in
EWH. When factoring the area and the density of water, the rate of mass change in the
SETP is calculated to be −5.13 ± 2.55 Gt/yr.
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4.3. Variation in Land Water Storage Based on the Hydrological Model

The GRACE can observe changes in the gravity field caused by mass redistribution,
including changes in surface and groundwater storage. In this research, a multi-source
hydrological model was used to obtain changes in each hydrological component from
October 2018 to October 2022 (Figure 7). Figure 7a illustrates the spatial distribution and
trends in soil moisture in the SETP over the past four years, as inferred from the Noah and
CPC mean values [5]. To highlight the differences between them, we used equivalent water
height to express all hydrological components and used a uniform colorbar. The findings
indicate spatial variability in soil moisture trends with an overall mass increase change
of 1.88 ± 1.83 Gt/yr. To further investigate the specific variations in liquid water in the
SETP, the WaterGAP Global Hydrology Model (WGHM) was applied to assess changes in
groundwater (Figure 7b). The results reveal a consistent increase in groundwater. Given that
the ICESat-2 is unable to precisely differentiate between glaciers and snow, we examined
the snow changes outside the glacier-covered regions separately. As shown in Figure 7c, the
snow mass change is relatively minor, at only −0.44 ± 0.09 Gt/yr. Although the lake shown
in Figure 7d covers only a small part of the land surface, it provides unique information
about how lake water changes. In the context of the overall rising trend for liquid water in
the SETP, the lake water mass exhibited a decrease of −0.06 ± 0.02 Gt/yr since the change
in lake water level is affected by factors such as precipitation, evaporation, and temperature.
However, in recent years, the increasing temperature and the decreasing precipitation
have led to decreasing water levels in the lake [57]. The variations in each hydrological
component indicate that the soil moisture and groundwater mitigate the SETP mass loss to
some extent, but there is little contribution from SWE or lakes to the TWS change.
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5. Discussion
5.1. Comparison with Previous Studies

Many studies [2,17,20,34] have consistently indicated that glaciers in the SETP experience
the most severe losses in the whole Tibetan Plateau (Figure 8). Notably, a series of satellite
altimetry and remote sensing image analyses revealed varied rates of glacial decline. These
include loss rates of −0.81 ± 0.32 m/yr (2003–2009) [58], −1.34 ± 0.29 m/yr (2003–2008) [36],
−0.72 ± 0.27 m/yr (2000–2016) [20], −0.66 ± 0.24 m/yr (2000–2017) [29], −1.07 ± 0.10 m/yr
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(2003–2019) [25], −1.11 ± 0.11 m/yr (2010–2019) [59], and −0.97 ± 0.59 m/yr (2018–2020) [2].
Our research estimates that the glacial loss in the SETP was −0.91 ± 0.18 m/yr over the
period 2018–2022. This rate is notably higher than the −0.79 ± 0.09 m/yr estimated by Yi
et al. [17] for the same region, suggesting an accelerated rate of glacial decline. The observed
discrepancy could be primarily attributed to the ongoing global climate warming, which
accelerates the melting rate of glaciers. Concurrently, a progressive decrease in summer
precipitation contributes to this trend by increasing the net melting and reducing the
accumulation of glaciers. This synergy results in an intensified and sustained glacier melt.

Previous research [17,25,34,41] has consistently demonstrated that the Nyainqen-
tanglha Mountains in the SETP experience the most significant glacier mass loss. Sta-
tistically, the SETP glacier loss rate gradually slowed down from 2003 to 2019, from
−1.07 ± 0.10 m/yr in the Nyainqentanglha Mountains to −0.59 ± 0.10 m/yr in the Hi-
malayas [25]. The canyon topography of these regions serves as a significant conduit for
the ingress of warm and moist air into the Tibetan Plateau. Both the Nyainqentanglha
and Himalayas are geomorphological features of alpine valleys; thus, warm and moist air
more easily reaches these regions [41]. Notably, the primary route for the Indian Ocean
monsoon into the Tibetan Plateau is through the SETP, where the glaciers are predominantly
maritime. As a result, the SETP has been identified as the region undergoing the most
severe glacier loss across the entire Tibetan Plateau.
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5.2. Contribution of Glacier Mass Loss to Land Water Mass Change in the SETP

This study offers a comprehensive evaluation of the mass balance and glacier mass
change in the SETP by integrating multiple observation data sources including the fol-
lowing: terrestrial water storage (TWS), glaciers, soil moisture (SM), lakes, snow water
equivalent (SWE), and groundwater storage (GWS). In this study, owing to the inconsis-
tency in the spatial extent of each hydrologic distribution, the trend in mass change for
each hydrological component was selected as a metric to assess its respective contribution
to the overall mass balance. Observations using GRACE-FO data show that the TWS in
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the SETP decreased at a rate of −5.13 ± 2.55 Gt/yr between October 2018 and October
2022. In this period, the loss of glacier mass, as monitored by the ICESat-2, was notably
more pronounced, registering at −7.61 ± 1.52 Gt/yr. In contrast, the changes in lake and
snow exhibited few variations in mass balance. Specifically, the lake mass change was
−0.06 ± 0.02 Gt/yr, while the SWE mass change in the SETP was −0.44 ± 0.09 Gt/yr. How-
ever, it is critical to note that both soil moisture and groundwater in the SETP exhibited an
increasing trend, with rates of 1.88 ± 1.83 Gt/yr and 1.45 ± 0.70 Gt/yr, respectively. When
combining independent estimates of mass change in glaciers, lakes, snow, soil moisture,
and groundwater, we found that the sum of mass changes in these components in the SETP
was consistent with the overall mass change in TWS. This consistency underscores the
multi-faceted nature of hydrological change and highlights the intricate interplay between
various components in the SETP.

In this study, we adopted an innovative methodology to analyze mass changes
in various hydrological components—glaciers, lakes, snow cover, soil moisture, and
groundwater—using TWS changes as a baseline unit. This approach enabled us to quantita-
tively discern the relative contributions of each component to the mass balance in the SETP,
as depicted in Figure 9a. Our findings reveal that glacier mass loss is the main cause of total
mass loss in the SETP, accounting for 148% of the TWS mass change. Second, the mass loss
in SWE and lake contributed to 9% and 2% of the TWS mass change, respectively. Moreover,
Figure 9b presents a decrease in summer precipitation that is concurrent with an increase
in liquid water components (soil moisture and groundwater) in the SETP (Figure 9a). This
suggests that the substantial melting of solid water components—specifically, glaciers and
snow—is a significant contributor to the increase in liquid water components. Intriguingly,
the increase in liquid water exerts a counteracting effect on the overall mass balance: soil
moisture and groundwater mitigate 37% and 28% of the TWS reduction, respectively. These
findings not only underscore the critical role of dramatic glacier mass loss in the overall
mass reduction in the SETP but also shed light on the intricate interplay of various com-
ponents within the regional water cycle. Moreover, our analysis discerned a discrepancy
in closure between the cumulative sum of alterations in various hydrological components
and the TWS data ascertained via the GRACE-FO satellite. This inconsistency indicates
potential errors inherent in hydrological models and observational methodologies and also
suggests the presence of non-hydrological signals within the GRACE-FO observations,
indicating the presence of active tectonic shifts within the SETP [60–62]. In addition, it may
also be affected by permafrost melting, but the permafrost change over the Tibetan Plateau
is mainly concentrated in the inland area, and its contribution to TWS change should be
very small in our study area [63].

5.3. Dominant Factors of Glacier Seasonal Variation in the SETP

Marine glaciers exhibit a high sensitivity to climatic variations, thereby rendering
climate a pivotal factor influencing glacial dynamics. The accumulation of glacial mass is
primarily governed by precipitation, while temperature is the key determinant in glacial
melting [47]. Notably, shifts in precipitation and temperature are critical driving forces
in glacial transformations [2,64]. Studies have shown that the SETP temperature shows
an upward trend, with an average warming rate of 0.23 ◦C/(10 yr) in the whole region,
especially in the winter when the warming rate reaches 0.3 ◦C/(10 yr) [3,41]. Empirical
data from various meteorological stations across different glacial territories corroborate
this warming pattern [19,65]. Consequently, the escalating temperatures contribute to an
extended glacial melting period, thereby exacerbating glacial ablation.
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Figure 9. Mass balance and summer precipitation in the SETP for the period from 2018 to 2022.
(a) Mass change of each land water component in the SETP. Inset shows the mass ratios of each land
water component to total land water. (b) The variation of summer precipitation from October 2018 to
October 2022.

This study delineated the interrelations among seasonal variations in glacier thickness,
precipitation, and temperature, as depicted in Figure 10. We presented the seasonal changes
in glaciers using average glacier thickness changes for each month between 2018 and 2022
(Figure 10a), and the same method was used to obtain the monthly average data for
temperature and precipitation (Figure 10b). The peak temperature occurs in August and
the minimum glacier thickness occurs in September, which is consistent with the finding
of a previous study that indicated the peak temperature is one month earlier than the
minimum glacier thickness [56]. This result indicates that the ice body temperature of
the marine glacier is comparatively higher, which suggests an increased sensitivity to
climatic changes. Figure 10a illustrates the accumulation pattern of SETP glaciers, which
begins in the early winter and peaks during the spring season. Both precipitation models
indicate a gradual increase in SETP precipitation throughout the spring. During this
period, the temperature remains low, which facilitates the spring precipitation’s role in
augmenting glacier accumulation [17,66]. Precipitation in the SETP is mainly concentrated
in the summer, with the peak occurring in July. While this abundant summer precipitation
potentially contributes to regional glacier accumulation, concurrently rising temperatures
limit this process. The lowest value of glacier thickness occurs in the autumn, mainly
due to the effect of summer melting, low precipitation, and compaction. The compaction
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effect should be accompanied by a glacial change in all seasons, especially in the summer
when precipitation increases and rain infiltrates snow and ice, slowly transforming into
ice under the compression of the covered snow [67]. Wang et al. [56] utilized two years of
ICESat-2 data to observe changes in glacier thickness in the Indian Ocean monsoon region,
including the SETP; the thickness exhibited a sawtooth pattern in September and October.
However, our study used ICESat-2 data over a longer period to monitor the change in
glacier thickness in the SETP, and the sawtooth shape phenomenon was also found. Annual
variations in the precipitation show that the precipitation decreased month by month after
the peak in July, and there was no precipitation sawtooth phenomenon. This indicates that
glacier thickness experiences a rapid decrease following the high-temperature and heavy
precipitation conditions of the summer but gradually begins to recover as precipitation
and temperatures decline. Decreasing glaciers under high-temperature and heavy rain
conditions should be related to the rain-on-snow events, which are known to increase
melting at high elevations.
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Figure 10. Comparison of seasonal changes in glacier thickness and seasonal changes in precipi-
tation/temperature. (a) The seasonal cycle of glacier thickness based on the 4-year average in the
period 2018–2022. (b) The seasonal cycle of precipitation/temperature based on the 4-year average in
the period 2018–2022.

The unique combination of glacier typology and the specific monsoonal climate in
the SETP results in significant glacier accumulation during both the winter and summer,
especially in the summer [68]. In an effort to elucidate the influence of temperature
and precipitation on glacier mass balance, we implemented an analytical exploration of
their interrelationships, as illustrated in Figure 11. Previous studies have shown that
temperature is the main factor affecting the mass balance of glaciers [69,70]. Yi et al. [17]
compared annual mass loss (May–October) and summer temperature (June–August) to
determine the impact of climate variables on glacier mass and found a correlation coefficient
R = −0.59. This finding underscores the sensitivity of glacier mass balance to summer
temperature fluctuations. We analyzed the seasonal cycle of glacier thickness, precipitation,
and temperature from 2018 to 2022. Figure 11a presents a marked negative correlation
between temperature and glacier thickness, with a correlation coefficient (R) of −0.70,
suggesting that temperature changes predominantly govern the seasonal glacier cycle.
Figure 11c shows the seasonal variation relationship between temperature and precipitation,
and the correlation coefficient R = 0.91 indicates that the increase in temperature occurs
with the simultaneous increase in precipitation, which hinders the accumulation of SETP
glaciers in the summer. In addition, this study also unveiled a correlation coefficient
between glacier thickness and precipitation change of −0.48 (Figure 11b), suggesting an
inconclusive relationship and indicating that changes in glacier thickness cannot be solely
attributed to precipitation. In summation, while temperature variations appear to be the
primary driver of SETP glacier thickness variations, the interplay between temperature and
precipitation also holds a significant role.
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Figure 11. Correlation analysis of glacier thickness, temperature, and precipitation. (a) Correlation
between glacier thickness and temperature. (b) Correlation between glacier thickness and precipita-
tion. (c) Correlation between precipitation and temperature. The lines and shaded areas represent the
linear function and 95% confidence intervals fitted to the data, respectively.

6. Conclusions

This study, based on ICESat-2 and GRACE-FO data and various hydrological models,
focused on glacier mass loss and its consequent impact on land water storage change in
the southeastern Tibetan Plateau (SETP) during a 49-month period from October 2018 to
October 2022. Our findings can be summarized as follows:

(1) The glaciers in the SETP are melting rapidly, and the ICESat-inferred average thickness
change rate is −0.91 ± 0.18 m/yr. It is important to note the difference in the spatial
distribution of thickness change, with a more rapid decline in the eastern part of
the SETP, where the maximum decrease rate reaches −5.71 m/yr. The diminishing
thickness of glaciers has led to a significant mass loss of −7.61 ± 1.52 Gt/yr and
shows signs of further acceleration.

(2) The GRACE-inferred terrestrial water storage (TWS) change in the SETP is experi-
encing a declining trend, with a rate of −5.13 ± 2.55 Gt/yr. Furthermore, the change
rates of snow, lakes, soil moisture, and groundwater, as estimated through various
hydrological models, are −0.44 ± 0.09 Gt/yr, −0.06 ± 0.02 Gt/yr, 1.88 ± 1.83 Gt/yr,
and 1.45 ± 0.70 Gt/yr, respectively. Their corresponding proportional contributions
to land water are 9%, 1%, −37%, and −28%, respectively. These findings underscore
pronounced glacier mass loss as the primary driving factor of land water mass loss
within the SETP.

(3) Compared with precipitation (R = −0.48, p > 0.05), temperature (R = −0.7, p < 0.05)
has a stronger correlation with glacier thickness change. The SETP is characterized
by a decreasing trend in solid water components (glacier and snow), while liquid
water components (lakes, soil moisture, and groundwater) are either maintaining
equilibrium or showing an increased trend. This highlights the compensatory effect
of meltwater on land-based liquid water.
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