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Abstract: Given that glaciers are good indicators of climate change, it is of great scientific significance
to study glacier change for regional environmental protection and water resource development and
utilization. Using the Google Earth Engine (GEE) platform, we obtained the distribution of glaciers
in western China in 2000, 2005, 2010, 2015, and 2020. Then, we analyzed the temporal and spatial
evolutions of the glacier areas and their responses to climate change. The results showed that there
were 52,384 glaciers in western China in 2020, with an area of 42,903.57 km?, among which those
belonging to the headwater of the Tarim River are the largest, accounting for 35.25% of the total area.
From 2000 to 2020, the glaciers indicated an overall trend of retreat, with the total area decreasing by
15,575.94 km? at a change rate of 1.46%/a. From 2000 to 2010, glaciers in the southeast Qinghai-Tibet
Plateau (QTP) and Qilian Mountains saw the fastest area loss (>4%/a), followed by the Tianshan
Mountains (3.31%/a), while those in the Pamir-Karakoram-West Kunlun regions and the Qiangtang
Plateau had the slowest loss. From 2010 to 2020, the glacier retreat rate exhibited an accelerating trend
in southeast QTP and the western Himalayas, while it slowed down in the Tianshan Mountains. The
change in glaciers was greatly attributed to the combination of snowfall and summer temperature
trends. The glaciers in southeast QTP showed an accelerated retreat tendency, probably due to
the accelerating snowfall decrease and continuous temperature rise. The decreasing temperature
mitigated the loss of glacier area in the Pamir-Karakoram-West Kunlun regions with continuously
decreasing snowfall.

Keywords: glacier area change; Google Earth Engine (GEE); climate change; spatiotemporal
evolution; western China

1. Introduction

As an important component of the cryosphere, glaciers are known as natural recorders
and sensitive indicators of climate change [1-3]. Glaciers play an important role in the
replenishing and regulating of runoff, with a profound effect on landscape evolution [4]
and the socioeconomic development of basins [5]. In addition, glaciers have positive effects
on regulating regional climate and atmospheric circulation due to their high reflectivity
of solar radiation and the latent heat created in their phase transition [1,6]. However,
glaciers worldwide are experiencing enhanced ablation due to ongoing global warming [7].
Numerous mountains and plateaus are located in western China, especially on the Qinghai-
Tibet Plateau (QTP), with an average altitude of more than 4000 m and special climate
characteristics. These provide favorable conditions for forming glaciers, making China the
country with the largest number of mountain glaciers in middle and low latitudes [8,9].
The Second Chinese Glacier Inventory showed that, from 1990 to 2015, there were 48,571
glaciers in China, with a total area of 5.18 x 10* km? and an ice volume of 4.3 x 10>~
4.7 x 10% km3, which have undergone pronounced shrinkage [1,10,11]. Huss and Hock [12]
predicted that by 2100, under the scenarios of RCP2.6, RCP4.5, and RCP8.5, the areas of
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global glaciers will be reduced by 43%, 58%, and 74%, respectively, while those over the
QTP and its surroundings will decrease by 36%, 49%, and 64%, respectively [13]. Glacier
shrinkage has garnered widespread attention due to its negative effects. On the one hand,
the melting of glaciers accelerates the fragmentation of the glacier surface, promotes the
formation of numerous glacial lakes, and increases the risk of glacial lake outburst floods,
glacier avalanches, mud-rock flows, and other disasters [7]. On the other hand, glacial
meltwater would be reduced or even exhausted in the long term, posing a great threat to
water resource security and the livelihood and well-being of residents in the downstream
regions [12]. Therefore, monitoring glacier change and analyzing its driving factors is of
great importance.

Commonly used indicators in the study of glacier change include number, area, ice
volume, thickness, and mass balance. The dynamic changes in glacier quantity, area, length,
and mass balance can be monitored via remote sensing [14]. The most common methods
used to assess the storage and thickness of glaciers and their changes include the empirical
formula method, model estimation, field measurement, etc. However, due to the difficulties
of data acquisition [14], much of the research on glaciers focuses on monitoring the area
of change and discussing its driving factors. For example, Tennant et al. [2] found that
the variation in glacier change of the Columbia Icefield from 1919 to 2009 was influenced
by diverse factors such as debris-covered termini, glacier size, elevation, etc. Tielidze
et al. [15] conducted comparisons of glacier area changes of different slopes, aspects, and
glacier size classes in the Greater Caucasus mountains from 1960 to 2014 and predicted
that many glaciers in the eastern Greater Caucasus will disappear by 2100 if the current
rate of retreat continues. Xu et al. [16] found that the glacier retreat rate changed from
fast to slow in the Keleqing River basin of the Karakoram Mountains during 1978-2015
in relation to the increasing precipitation trend. Wang et al. [17] reported that the glaciers
had shown an obvious accelerated retreat in the Tianshan Mountains since 1960, which
can be primarily attributed to the increasing temperature and precipitation trends in the
dry and wet seasons, respectively. A large number of assessments have also been carried
out at various geographic scales, such as in the QTP and its surroundings [8,10,18], other
river basins [16,19], and mountain areas [2,20,21]. However, most of these studies analyzed
the effects of total precipitation on glacier change. Precipitation that falls to the surface
of glaciers in the form of rainfall instead of snowfall is a negative influence on mass bal-
ance [22]. Additionally, more precipitation falls as rainfall because of global warming [23],
which calls for a detailed assessment of snowfall’s influence on glacier changes.

Based on the Google Earth Engine (GEE) cloud platform, we obtained the distribution
information of glaciers in western China every five years from 2000 to 2020 using the band
ratio method, the manual revision method, and automatic thresholding algorithms. Then,
we conducted an analysis of the spatiotemporal dynamics of glacier areas in different water
resource zones in the last twenty years. Finally, the response of glacier change to climate
change was examined in terms of the changing trends of the average temperature during
the summer and the total annual snowfall. Our study is thus able to provide a scientific
basis for the protection of the cryospheric ecological environment and the utilization and
management of regional water resources in western China in order to mitigate climate
change. The specific objectives are (i) to explore the characteristics of glacier change during
different periods; (ii) to identify the spatial patterns of glacier area change in different water
resource zones; and (iii) to discuss how the glacier change responds to climate change.

2. Materials and Methods
2.1. Study Area

The glaciers in western China are mainly distributed in Qinghai, Tibet, Xinjiang,
Gansu, Sichuan, and Yunnan, with a total number of 48,571, an area of 51,766.08 km2, and
an ice volume of about 4494.00 + 175.93 km? [1] (Figure 1). Glaciers are concentrated in
14 mountain ranges, including the Altai, Tianshan, Karakoram, Kunlun, Nyaingéntanglha,
Himalayas, and Hengduan mountains. Of these, the Kunlun Mountains have the largest
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number, area, and ice volume of glaciers. These are followed by the Nyaingéntanglha
Mountains, which have the second largest area and ice volume of glaciers [24], while the
number of glaciers in the Tianshan Mountains ranks second, and the number of glaciers in
the Himalayas and the Karakoram Mountains are both over 5000 [1]. The total number and
area of glaciers in the above five mountain ranges account for 3/4 and 4/5 of the total in
China, respectively. The huge heights of these mountains offer good accumulation space
and hydrothermal conditions for glaciers. These glaciers serve as major water supplies
for many large rivers, such as the Yangtze and Yellow Rivers, and they affect the water
discharge of other prominent Asian rivers, such as the Indus [8,25].
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Figure 1. Glacier distribution in western China.

2.2. Data Collection
2.2.1. Chinese Glacier Inventory Data

The second Chinese Glacier Inventory dataset (http://westdc.westgis.ac.cn, accessed
on 2 March 2023) was released by the Cold and Arid Regions Environmental and Engi-
neering Research Institute, Chinese Academy of Sciences in 2014, which was a systematic
inventory of the status of glacier distribution in China from 2006 to 2011. The latest
glacier cataloging data were obtained from the 2017-2018 Western China Glacier cata-
loging dataset [24]. We used these data as the basis for interpreting glacier boundaries and
analyzing their changes.

2.2.2. Elevation Data

The elevation data used for glacier region masking and attribute extraction in this
paper are from the SRTM DEM V4.0 dataset, which was jointly measured by the National
Aeronautics and Space Administration (NASA) and the National Integrated Medical Asso-
ciation (NIMA), and were generated by the International Center for Tropical Agriculture
(CIAT) using a new interpolation algorithm. The spatial resolution of the data is 90 m,
and the elevation accuracy is 7-14 m, which is able to meet the analysis demands under
complex mountain conditions.

2.2.3. Temperature, Precipitation, and Snowfall Data

Since there are a few meteorological stations in the high-altitude area of QTP, and the
time series of recorded data are short, gridded climate products were used in this research,
potentially introducing some unavoidable uncertainties. The air temperature and precipita-
tion (including snowfall and rainfall) data of ERA5 proved to be advantageous compared
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with other data analyses [26-28]. Despite the ERA5 overestimation of snowfall reported
by some studies, this product maintained good trend consistency with the meteorological
data of the local stations [28,29]. The ERAS5 data comprise the atmospheric reanalysis of
the global climate produced by the European Centre for Medium-Range Weather Forecasts
(ECMWF). ERA5-Land data is produced by replaying the land component of the ECMWF
ERAS climate reanalysis with a spatial resolution of 0.1° x 0.1°. Therefore, the monthly
ERA5-Land record averages, by the hour of the day, were collected and calculated in GEE,
encompassing the total precipitation, snowfall, and air temperature. Finally, we obtained
the annual precipitation, snowfall, and average temperature of the summers from 1981
to 2020.

2.2.4. Water Resource Zone Data

The secondary zoning data of water resources in China maintained the integrity of the
river systems and were obtained from the Resource and Environment Science and Data Cen-
ter (https://www.resdc.cn/, accessed on 2 March 2023). Based on the hydrological zones
and considering the characteristics of regional water resources, China’s water resource
zones are categorized as 10 primary zones, 80 secondary zones, and 214 third-level zones.
We chose the secondary zoning data of water resources to explore the characteristics of
glacier change within different water resource zones in detail in order to provide significant
implications for the sustainable management of regional water resources.

2.3. Glacier Mapping and Error Estimation

Based on the GEE platform, images with little snow and less than 10% cloud cover
were selected from 1 April to 31 October in 2000, 2005, 2010, 2015, and 2020, and the ratio
image was obtained by the R/SWIR band ratio. Compared with other methods, such as
the normalized difference snow index and visual interpretation, the band ratio threshold
method is proven to have the highest efficiency and requires the least manual intervention,
which is appropriate for glacier mapping in large-scale areas [9,30,31]. We applied the
decision tree for classification and determined the optimal threshold after several tests,
distinguishing between the glacier areas and the non-glacier areas [20]. The minimum
threshold was 1.5 for Landsat TM/ETM+ images and 0.9 for Landsat OLI data. In order
to avoid misclassification, we used the elevation data for the glacier mask and reserved
the glacier boundary with an elevation of more than 2000 m, after which we removed
the water area to obtain the preliminary results of the glacier. However, the problem of
the glaciers mixing with seasonal snow remains an issue. That being said, according to
previous studies [32], the NIR band of Landsat images illustrated that ice and snow have
different characteristics, and a histogram can thus be utilized to segment the boundary
between ice and snow.

The OTSU’s method [33] is an automatic thresholding algorithm that separates pixels
into two classes, foreground, and background, according to the frequency distribution
histogram. The threshold is determined by minimizing the intra-class intensity variance, or
equivalently, by maximizing the inter-class variance [34]. Therefore, the OTSU algorithm
can effectively distinguish between snow cover and bare ice [32]. We divided the study
area into 16 regions in GEE and then applied the OTSU algorithm to automatically calculate
the threshold of each region. Specifically, the pixel value greater than the threshold was
classified as bare ice. Finally, the mosaiced data were manually interpreted based on
the Chinese Glacier Inventory. According to the color, texture, and other features in the
image combined with a glacial lake and the topographic information, the debris-covered
glaciers were distinguished [20,35]. Signs of movements, supraglacial ponds, or creeks
beginning at the end of the terminus were regarded as indicators to identify the position of
the termini [9].

The accuracy of glacier identification is comprehensively affected by image quality
(i.e., spatial and temporal resolution, cloud cover, and mountain shadow), interpretation
methods, and post-processing methods [24], of which the spatial resolution of the original
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image has a primary impact. In this paper, the buffer method [36,37] was used to evaluate
the identification accuracy of the glacier area, and half of a pixel width was taken as
the buffer size (15 m). The results showed that the error caused by the resolution of
remote-sensing imagery is 2.2% of the total area of glaciers, which was within a reasonable
range [9].

2.4. Analysis of Glacier Change and Its Response to Climate Change

We studied the spatial and temporal characteristics of glacier changes from different
perspectives in western China from 2000 to 2020. First, by mapping the intersection with
DEM data, the area change of glaciers at different altitudes every five years was analyzed,
and then the glacier changes at different area levels during different periods were estimated.
Thereafter, the spatial variance of glacier area changes in different water resource zones
in 20002010 and 2010-2020 was further discussed. We adopted the relative rate of the
area change in order to calculate the glacier area change. The calculation formula is as

follows [38]:
1
Ay Y12
22)
(Al)

where R is the relative rate of area change (%/a); Ay and A; are the glacier areas in the
latter and earlier phases (km?), respectively; and Y1 7 is the time interval (a) between the
two phases.

Climate factors play an essential role in the glacier lifecycle [3]. Snowfall and seasonal
temperatures exert an impact on the accumulation and ablation of glaciers [25]. When
analyzing the relationship between climate factors and glacier change, the lag of glacier
change should be taken into account; that is, the current glacier change may be the result
of the response to climate change several years ago. Wang et al. [10] pointed out that the
change of the mountain-glacier front in the Northern Hemisphere lags about 12 to 13 years
behind the climate. Therefore, we conducted a linear trend analysis [39] on the change slope
of the average temperature in the summer, annual precipitation, and snowfall from 1981
to 2000 and from 2000 to 2020 (Slope). Slope > 0 indicates an increasing trend in climate
factors and vice versa. Then, the analysis of variance (ANOVA) method was performed to
test the significance of the trend. Specifically, when p < 0.01, it indicates a very significant
change; when 0.01 < p < 0.05, it indicates a significant change; and when p > 0.05, it did
not pass the significance test. Then, we further explored the response of glacier changes to
climate change by analyzing the linkage between them.

R= x 100% 1)

3. Results
3.1. The Current Status of the Glaciers in Western China

In 2020, there were 52,384 glaciers in western China, with an area of 42,903.57 km?,
which was dominated by glaciers at an altitude of 4500-6500 m, with an area of 33,871 km?,
accounting for 84.06% of the total area (Figure 2). The distribution characteristics of the
glacier area in different altitudes correspond to a Gaussian distribution, which is consistent
with the existing findings [40]. From the perspective of area size, it can be seen that with
the rise of glacier area size, the total area of each area size decreases first and then increases
(Figure 3). Specifically, the total area of glaciers with a scale of more than 100 km? was
among the largest group, namely 15,964.96 km?, accounting for 39.49% of the total area of
glaciers. According to the distribution of glacier areas in different water resource zones
(Figure 4), the glacier area in the inner flow region was dominated by the headwaters of the
Tarim River zone, accounting for 35.25% of the total. This was followed by the inland river
area of the Qiangtang Plateau, accounting for 12.62%. In terms of the outflow area, the
southern Tibetan River zone had the largest glacier area, accounting for 11.86% of the total.
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Figure 2. Glacier area change with the increasing altitude in western China from 2000 to 2020.
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Figure 3. Area and relative rate of area change for glaciers of different sizes in western China from
2000 to 2020.

3.2. The Change of Glacier Area in Western China in the 2000-2020 Period
3.2.1. Area Change of Glaciers of Different Sizes

From 2000 to 2020, the glaciers in western China showed a retreating trend overall,
with the area reduced by 15,575.94 km? and an average area retreat rate of 1.46%/a. During
this period, from 2000 to 2010, the glacier area decreased by 9848.06 km?, with an average
shrinkage rate of 1.26%/a. From 2010 to 2020, the glacier area decreased by 5727.89 km?
with a rate of 1.85%/a. With regard to the glacier change of different area sizes (Figure 3),
the results showed that in the last 20 years, glaciers of all sizes displayed a gradual reduction
trend in the region. However, the smaller the size of glaciers, the greater the relative changes
in the area since small-scale glaciers appear to be more sensitive to climate change [8].
Glaciers with an area less than 5 km? experienced the greatest retreat; the retreat rate of
those less than 1 km? was about 3.02%/a, whereas those with areas of 1-5 km? witnessed a
retreat rate of about 2.60%/a.
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Figure 4. Spatiotemporal differentiation of glacier area change in different water resource zones of
western China from 2000 to 2010 (a) and from 2010 to 2020 (b).

3.2.2. Area Change of Glaciers at Different Elevations

Concerning the glacier changes at different altitudes, the total glacier area at altitudes
between 4500 m and 6500 m in 2000 was 48,704 km?, which accounted for 84.89% of the
total area. This surface area decreased over the following years to 48,704 km? (84.89%) in
2005, 41,815 km? (84.04%) in 2010, and 36,731 km? (86.30%) in 2015 (Figure 2). From 2000
to 2020, the change in glacier areas tended to stabilize with the altitude increase. The area
change rate of glaciers with altitudes of more than 6500 m was about 0.2%/a, while the
areas of decrease mainly occurred in regions below 5900 m, with a relative retreat rate of
6% /a, which accounted for 98.84% of the total glacier area losses. The fastest retreat was
observed at an altitude of 43004500 m with a relative retreat rate of 14%/a. In addition, the
median elevation of all glaciers was 5594.68 m, 5606.00 m, and 5616.03 m in 2000, 2010, and
2020, respectively, from which we can confirm that glaciers in western China underwent a
continuous retreat during the study period.

3.2.3. Area Change of Glaciers in Different Water Resource Zones

The glacier areas within 19 water resource zones showed an overall decreasing trend
in 2000, 2005, and 2010 (Figure 4a). From 2000 to 2005, the Lancang River and the Jinsha
River zone below Shigu Town showed the most extreme glacier area shrinkage, which
had decreased by 168.90 km? and 120.71 km?, respectively. From 2005 to 2010, the retreat
of glacier areas in the Mintuo River zone accelerated significantly, with a retreat rate of
1.87%/a, which is nearly twice that of the previous five years. From 2000 to 2010, glacier
changes in western China showed obvious spatial variation. The area loss was most
pronounced in the southeast of QTP and the Qilian Mountains, with retreat rates of more
than 4%/a. These were followed by the Tianshan Mountains area, where the average
retreat rate was 3.31%/a. The headwater region of the Tarim River contains the largest
areas of glaciers, with a relatively low retreat rate of 1.87%/a, which was also the case on
the Qiangtang Plateau. The Pamir-Karakoram-West Kunlun region displayed the lowest
level of glacier retreat, where the average reduction rate was about 1%/a. It has been found
in previous studies that some glaciers in these areas even advanced, displaying positive
mass balances [7].

From 2010 to 2015, the glaciers in the Mintuo River zone experienced an extreme area
loss of 164.93 km?, followed by the Yarlung Zangbo River zone, with a loss of 1444.33 km?,
whereas the reduction rate of glacier area in the Pamir-Karakoram-West Kunlun region
was the lowest. From 2015 to 2020, the glaciers in the western Tibetan River zone within
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the western Himalayan region revealed an accelerated retreating trend. From 2010 to 2020,
glacier areas in water resource zones exhibited accelerated retreat rates, especially within
the Jinsha River zone below Shigu Town within the Hengduan Mountains and the Mintuo
River zones (Figure 4b). The retreat rates in the western Tibetan River zone increased from
1.97%/a in the first 10 years to 4.81%/a. On the other hand, the Tianshan Mountains region
exhibited a decreasing trend, where the average retreat rate was 1.31%/a. The retreat
rate remained unchanged or even decreased slightly in water resource zones such as the
Qaidam Basin, the headwater region of the Tarim River, and the inland river area of the
Qiangtang Plateau.

3.3. Response of Glacier Change to Climate Change

We found that from 1980 to 2020, the average temperature during the summer in west-
ern China showed an increasing trend (0.279 °C/10a), whereas the annual precipitation and
snowfall displayed a decrease, with a change rate of —3.781 mm/10a and —1.82 mm/10a,
respectively (Figure 5). The rate of glacier change bears a certain relation to the combination
of temperature and snowfall change in the corresponding period. From 1980 to 2000, the
rising summer temperature, accompanied by a decrease in snowfall, contributed to the
rapid glacier retreat in the first stage (2000-2010). From 2000 to 2020, summer temperatures
showed a continuously increasing trend of 0.234 °C/10a, and snowfall exhibited an acceler-
ating change rate of 3.293 mm/10a. The continued warming and reduced snowfall led to
the overall acceleration of glacier retreat in the second stage (2010-2020).
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Figure 5. Change in average temperature during the summer (a) and annual total precipitation and
snowfall (b) in western China from 1980 to 2020.

The spatial variance of climate change and glacier distribution sites containing the
significance test results of climate-changing trends are shown in Figures 6 and 7. From
1980 to 2000, changes in snowfall varied widely across a large geographical territory in
western China (Figure 6). The snowfall decreased in regions mainly distributed in the
Pamir-Karakoram-West Kunlun region, Qilian Mountains, and eastern and southeast QTP,
where the decreasing trend exceeded 30 mm/10a. On the other hand, the Yarlung Zangbo
River, southern Tibetan River, and Mintuo River zones revealed an increasing trend of
more than 5 mm/10a, which mitigated the area losses of glaciers in these regions during
2000-2010. From 2000 to 2020, the Kunlun Mountains and inland QTP showed a significant
decreasing trend in snowfall (p < 0.05). It is noteworthy that the change in trends of snowfall
changed from increasing to decreasing in the Yarlung Zangbo River, Hengduan Mountains,
and Mintuo River zones. This was accompanied by rising summer temperatures, which
contributed to the accelerated shrinkage of glacier areas in these regions in 2010-2020.
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Figure 7. Spatiotemporal differentiation of change rate and its significance tests of average air
temperature during the summer in western China from 1980 to 2000 (a) and from 2000 to 2020 (b).

An increasing warming trend at higher elevations, especially between 4800 and 6200 m
over the TBP, is the main climate factor causing glacier change [10]. We found that average
temperatures during the summer showed an increasing trend in more than 70% of regions in
western China in 1980-2000 (Figure 7). The northern QTP exhibited a significant warming
rate (> 7 °C/10a, p < 0.05), while the Yarlung Zangbo River zone and western parts of
the headwater region of the Tarim River indicated a cooling trend. The hydrothermal
combination of warming and rapid snowfall decrease resulted in high levels of glacier
retreat in zones surrounding the Longyang Gorge. From 2000 to 2020, an increasing
warming rate was observed in the inland river area of the Qiangtang Plateau (p < 0.05),
which has no significant effect on the rate of glacier change there. Despite the rapid
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increase in snowfall in the Qinghai Lake zone, it was not enough to compensate for the
impact of global warming that was accelerating the glacial retreat. The decreasing trend
in summer temperatures in the Pamir-Karakoram-West Kunlun region and Qaidam Basin
zone mitigated the losses of the glacier area from 2010 to 2020.

4. Discussion

Studies have shown that global glaciers have experienced an extreme retreat since
1960, with an average retreat rate of 0.35%/a [41]. Yao et al. [7] suggested that glaciers in the
QTP and its surroundings displayed abnormal states, that is, the relative stability and even
partial advance seen in glaciers in the East Pamir-Karakoram-West Kunlun regions, when
compared with the accelerated retreat of glaciers in southeast QTP. Our findings suggest that
the glacier dynamics in southeast QTP, Himalayas, Nianqing Tanggula Mountains, Qilian
Mountains, and Western Tianshan Mountains were more sensitive to temperature changes,
whereas those in the inland QTP, the Western Kunlun Mountains, and Eastern Pamirs
were relatively less sensitive to warming. These findings correspond with other studies,
which report that the continental glaciers in the western Kunlun regions and eastern Pamirs
regions are relatively insensitive to temperature change, and the precipitation increase
in these regions alleviates the retreat of glaciers [7]. As compared with these glaciers,
maritime glaciers concentrated in southeast QTP appear to be more sensitive to climate
change. Due to low temperatures in high-elevation areas, these glaciers are recharged by
summer precipitation, which falls in the form of snow [42].

Several studies found that the warming climate is more obvious in high-altitude
regions, such as the QTP and its surroundings [43], where the warming magnitude is
around twice the global average [44]. Rising temperatures accelerate glacier shrinkage
by prolonging the melting season, reducing the proportion of ice and snow in precipita-
tion, and weakening the albedo of glacier surfaces [28]. Yao et al. [8] revealed that the
precipitation patterns in the QTP and its surroundings are driven by the changes in the
atmospheric circulation; the decrease in precipitation in the Himalayas may be caused by
the weakening Indian monsoon, and the increase in precipitation in the eastern Pamirs
may result from strengthened westerly storms [45]. The reduction in precipitation in these
regions, accompanied by the combined effects of thin surface moraines, glacier cliffs, and
glacial lakes [46], have accelerated the negative mass balance and instability of glaciers,
resulting in unsustainable water supplies and more frequent glacier disasters [47].

There are several limitations in this study, which should be further addressed in the
future. First, the impact of other factors on glacier change was not considered, such as size,
type (temperate zone, low temperature, or cold), condensation levels, topography (eleva-
tion, slope, and aspect, etc.), sublimation, or a combination of multiple factors [8,40,48,49].
Second, we only discussed the change of glaciers from the perspective of the area, which
could be further studied in terms of glacier length, ice volume, mass balance, etc. Addi-
tionally, glacier disaster monitoring needs to be strengthened to reveal the disaster-causing
mechanisms of glacier anomalies in an effort to facilitate regional disaster prevention, miti-
gation planning, and risk management [8]. Finally, the quantitative relationship between
glacier change and climate change should be further studied.

5. Conclusions

Our study provides complementary evidence that the glaciers in western China have
exhibited an accelerating loss of area in the last 20 years. Glaciers with a small area saw
greater relative area changes. Overall, the glacier areas in waterresource zones showed
accelerated rates of retreat, especially those in the Hengduan Mountain and the Mintuo
River regions. Additionally, the glaciers distributed in southeastern QTP and the Himalayas
appeared to be sensitive to the rising summer temperatures and decreasing snowfall,
whereas glaciers in the Qiangtang Plateau and Pamir-Karakoram-West Kunlun regions
showed a relatively stable status. Our findings provide a useful knowledge base to support
decision makers in land-use planning and water resource management. Further research is
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needed to explore more climate factors that cause the retreat of glaciers and to focus on the
mechanisms of glacier changes’ responses to those factors. Additionally, traditional remote
sensing approaches are sometimes limited by factors such as cloud cover and hill shade. In
this case, more field surveys and other emerging techniques (i.e., photogrammetric time
series techniques and radar interferometry) are required to better monitor the multiple
dimensions of glacier change and its response to the changing environmental conditions.
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