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Abstract: The current glacial lake datasets in the High Mountain Asia (HMA) region still need to
be improved because their boundary divisions in the land–water transition zone are not precisely
delineate, and also some very small glacial lakes have been lost due to their mixed reflectance
with backgrounds. In addition, most studies have only focused on the changes in the area of a
glacial lake as a whole, but do not involve the actual changes of per pixel on its boundary and the
potential controlling factors. In this research, we produced more accurate and complete maps of
glacial lake extent in the HMA in 2008, 2012, and 2016 with consistent time intervals using Landsat
satellite images and the Google Earth Engine (GEE) cloud computing platform, and further studied
the formation, distribution, and dynamics of the glacial lakes. In total, 17,016 and 21,249 glacial
lakes were detected in 2008 and 2016, respectively, covering an area of 1420.15 ± 232.76 km2 and
1577.38 ± 288.82 km2; the lakes were mainly located at altitudes between 4400 m and 5600 m. The
annual areal expansion rate was approximately 1.38% from 2008 to 2016. To explore the cause of
the rapid expansion of individual glacial lakes, we investigated their long-term expansion rates by
measuring changes in shoreline positions. The results show that glacial lakes are expanding rapidly
in areas close to glaciers and had a high expansion rate of larger than 20 m/yr from 2008 to 2016.
Glacial lakes in the Himalayas showed the highest expansion rate of more than 2 m/yr, followed by
the Karakoram Mountains (1.61 m/yr) and the Tianshan Mountains (1.52 m/yr). The accelerating rate
of glacier ice and snow melting caused by global warming is the primary contributor to glacial lake
growth. These results may provide information that will help in the understanding of detailed lake
dynamics and the mechanism, and also facilitate the scientific recognition of the potential hazards
associated with glacial lakes in this region.

Keywords: controlling factors; digital disaster reduction; glacial lake; glacier; High Mountain Asia
(HMA); shoreline expansion

1. Introduction

The High Mountain Asia (HMA), consisting mainly of the Tibetan Plateau (TP) and
the surrounding mountains, has the largest volume of glaciers in the world outside the
Arctic and Antarctic and is known as the Earth’s third pole [1,2]. In response to significant
warming since the 1950s, more than half of the glaciers in the HMA have been found to be
retreating [3–6]. Meanwhile, the size and number of glacial lake systems have increased
rapidly in recent years [7–9]. This glacier retreat has been accompanied by a growth in
the population living close to the high mountains and potentially dangerous glacial lakes
are emerging in the glaciated regions. Given the right trigger produced by an avalanche,
rockslide or calving, the natural moraine or ice dams that impound these glacial lakes can
be breached, resulting in catastrophic glacial lake outburst floods (GLOFs) [10–12]. In the

Remote Sens. 2021, 13, 3757. https://doi.org/10.3390/rs13183757 https://www.mdpi.com/journal/remotesensing

https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-9621-4879
https://doi.org/10.3390/rs13183757
https://doi.org/10.3390/rs13183757
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/rs13183757
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs13183757?type=check_update&version=1


Remote Sens. 2021, 13, 3757 2 of 19

HMA, these GLOFs usually originate at high altitudes and can travel downstream for long
distances, potentially endangering people and damaging infrastructure in the valleys.

Because of poor accessibility and difficulties in collecting field-based measurements,
satellite remote sensing has proven to be an effective tool for studying and monitoring
glacial lake changes over the long-term [13–16]. Landsat images including Landsat Mul-
tispectral Scanner (MSS), Landsat Thematic Mapper (TM), Landsat Enhanced Thematic
Mapper Plus (ETM+), and Landsat Operational Land Imager (OLI) data are a primary
data source for cryospheric research, and provide glacier and glacial lake extent informa-
tion from 1972 onward [17–21]. The recent rapid growth of glacial lakes in the Mount
Everest region of Nepal [22,23] and the Nyainqentanglha range in the central Tibetan
Plateau [24,25] was investigated using several types of remote sensing data. According to
measurements derived from Landsat satellite images, seasonal lake-area changes of glacial
lakes in the Northern Tien Shan were examined and found that their variability was mainly
related to the regional geomorphological conditions [26]. An integrated understanding of
the relationship between the glacier change, debris expansion, and glacial lake evolution
were improved based on the observation data in the central Himalayas [27]. Because the
southeastern Tibetan Plateau suffered from serious GLOF hazards, studies on glacial lake
dynamics and hazard assessments were performed and were of great significance for this
area [18,28]. As well as studies of some typical areas in the HMA, much progress has
been made in making quantitative estimates of glacial lake dynamics at a large scale and
in other inaccessible glaciated regions using automated adaptive lake mapping methods
and manual interpretation. Himalayan glacial lake and GLOF inventories were derived,
which identified the Southern Himalayas as a hotspot region [29,30]. Glacial lake inven-
tories for the Tibet Plateau were also produced [31] combined with geomorphological
data, where numerous unreported GLOFs were found and their risk were modeled [32,33].
More recently, there have been efforts at producing glacial lake dataset in the whole HMA
region [20,34]. Apart from the optical images, high resolution satellite Synthetic Aperture
Radar (SAR) data such as TerraSAR-X, Radarsat-2 [35,36], ALOS PALSAR imagery [26,37],
and Sentinel-1 [38,39] can also be employed for reliable detection of glacial lakes.

Although the investigations of glacial lake changes have already been conducted in
the central Himalayas, the southeastern Tibet Plateau, the Tianshan Mountains or even
the whole HMA region for specific time periods, the relevant datasets still need to be
further improved because the rich details of the edge of the glacial lake were not fully
captured and a significant amount of very small glacial lakes were missing. Specifically,
manual digitization is still the main approach for glacial lake mapping. The accuracy and
level of detail in the derived glacial lake maps are unstable, which depend on the image
acquisition conditions and the diverse characteristics of the glacial lakes, etc. The commonly
used mapping techniques such as water indices work well under homogeneous spectral
conditions, the classification accuracy is hampered in complex surroundings—a severe
limitation for high mountain areas in general and for areas affected by different atmospheric
circulation patterns in particular. This complicates reliable, long-term monitoring of glacial
lakes in the HMA. Some automated methods based on the active contour models have
been proposed for the extraction of glacial lake outlines and have proven to be effective
for spectrally heterogeneous backgrounds [40,41]. However, because the initial contours
from global thresholding results of NDWIs may not be optimal and complete as well as the
interference of bad observations, some small glacial lakes and the local details of the lake
edges were not precisely delineated. Apart from the lake datasets, at present, predicting
where or when significant outburst hazards will probably develop is not possible because
so little is known about the processes involved during the lake development. Therefore,
a much greater understanding of the mechanisms and processes involved in the lake
formation and expansion is required, specifically in terms of changes in shoreline position
and the direction of its movement, in order to allow for the accurate prediction of potential
hazards and to provide timely mitigation.
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Having an ongoing and continuously updated inventory of glacial lakes remains
important for the investigation of the latest distribution of the lakes and their spatial-
temporal heterogeneities, and the assessment of glacier and climate change as well as
GLOF hazard risks. To address this need, the objectives of our study were (1) to employ
high spatial resolution Landsat imagery (30 m) acquired in 2008, 2012, and 2016 that had
the consistent time intervals to produce the accurate and complete glacial lake maps; (2)
to detect changes in the number and extent of glacial lakes in the HMA and to quantify
these rates of change in the shoreline position over time for the different river basins; and
(3) to examine the distribution of these features in the HMA and discuss their formation,
dynamics, and relation to the climate change.

2. Study Area

HMA refers to the high-altitude region in Central Asia centered on the Tibet Plateau,
which includes the Himalayas, Nyainqentanglha, Kunlun, Karakoram, Tianshan, and other
mountain systems (Figure 1). The area is approximately 3804.98 × 103 km2, accounting for
9.34% of the total land area of Asia [42]. The topography of the HMA is complex, steep,
and changeable, and the altitude ranges from 2000 m to 8844 m with an average altitude of
4046 m. It has the largest amount of snow and ice outside the two poles and is the source of
the 10 largest rivers in Asia [43]. The glaciers in the HMA can be divided into three types:
ocean warm glaciers, subcontinental glaciers, and extremely continental cold glaciers. Since
the 1990s, the glaciers in the HMA have basically turned into a state of comprehensive
retreat, the most obvious being the glaciers in Southeast Tibet as well as the glaciers in other
low altitude areas [44,45]. However, other studies have also pointed out the “Karakoram
anomaly” in the Karakoram mountain region, that is, the glacier area, and reserves in this
region remain relatively stable, even with a slightly increasing trend [5,46]. In addition to
the glaciers, permafrost is widely spread on the plateau, serving as an important part of
the natural ecosystem. The climate in the HMA region are mainly characterized by the
low temperature and intense solar radiation, closely related with the Asian monsoon and
the global climate dynamic change [47]. The southeast region is warm and wet, while
the northwest is cold and dry. The average annual temperature decreases from 20 ◦C
in southeast to below −6 ◦C in northwest [1]. Because the warm and humid airflow in
the South Ocean is blocked by multiple mountain ranges, the annual precipitation also
decreased from 2000 mm to less than 50 mm, and precipitation in the marginal areas was
greater than that in the Tibetan interior mountains.
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Figure 1. The location of sub-basins of High Mountain Asia (HMA). Glacier outlines are from the 
Randolph Glacier Inventory (RGI v6.0), the Second Chinese Glacier Inventory (CGI2), and the 
GAMDAM inventory, and are drawn in sky blue; the positions of the China Meteorological Admin-
istration (CMA) stations are indicated by black triangles. 

3. Data and Methods 
3.1. Study Materials 
3.1.1. Landsat Images 

Landsat TM, ETM+, and OLI images with a spatial resolution of 30 m covering three 
time periods—2008, 2012, and 2016—were acquired from the Google Earth Engine (GEE) 
cloud computing platform (https://earthengine.google.org/ (accessed on 10 May 2021)). 
All Landsat images used in this study were Level 1 Terrain-corrected (L1T) data and had 
been radiometrically corrected and projected in the UTM coordinate system. A total of 
approximately 4052 scenes covering the entire HMA were used to produce the glacial lake 
maps for each year. To reduce the influence of seasonal lake fluctuations on the glacial 
lake dynamic monitoring, one effective solution is to map glacial lakes and measure their 
long-term changes during stable seasons when lake extents are minimally affected by me-
teorological conditions and glacier runoff. Here, the selected Landsat data were generally 
from the months of July to November. During this period, the Landsat images featured 
less perennial snow coverage. The lakes also reached their maximum extent, specifically 
around the end of the glacier ablation season (June–August) [11]. 

3.1.2. Glacier Inventory Data 
The Randolph Glacier Inventory (RGI) is a near globally complete inventory of glac-

ier outlines excluding the ice sheets. RGI version 6.0, released on 28 July 2017, has im-
proved coverage and reorganized flag attributes [48]. For our study area, glacier outlines 
were extracted from Region 13 (Central Asia), Region 14 (South Asia West), and Region 
15 (South Asia East). To improve quality, the RGI v6.0 incorporated glacier outlines from 
the Second Chinese Glacier Inventory (CGI2) [49] for the northern flanks of the HMA and 

Figure 1. The location of sub-basins of High Mountain Asia (HMA). Glacier outlines are from
the Randolph Glacier Inventory (RGI v6.0), the Second Chinese Glacier Inventory (CGI2), and
the GAMDAM inventory, and are drawn in sky blue; the positions of the China Meteorological
Administration (CMA) stations are indicated by black triangles.

3. Data and Methods
3.1. Study Materials
3.1.1. Landsat Images

Landsat TM, ETM+, and OLI images with a spatial resolution of 30 m covering three
time periods—2008, 2012, and 2016—were acquired from the Google Earth Engine (GEE)
cloud computing platform (https://earthengine.google.org/ (accessed on 10 May 2021)).
All Landsat images used in this study were Level 1 Terrain-corrected (L1T) data and had
been radiometrically corrected and projected in the UTM coordinate system. A total of
approximately 4052 scenes covering the entire HMA were used to produce the glacial
lake maps for each year. To reduce the influence of seasonal lake fluctuations on the
glacial lake dynamic monitoring, one effective solution is to map glacial lakes and measure
their long-term changes during stable seasons when lake extents are minimally affected
by meteorological conditions and glacier runoff. Here, the selected Landsat data were
generally from the months of July to November. During this period, the Landsat images
featured less perennial snow coverage. The lakes also reached their maximum extent,
specifically around the end of the glacier ablation season (June–August) [11].

3.1.2. Glacier Inventory Data

The Randolph Glacier Inventory (RGI) is a near globally complete inventory of glacier
outlines excluding the ice sheets. RGI version 6.0, released on 28 July 2017, has improved
coverage and reorganized flag attributes [48]. For our study area, glacier outlines were
extracted from Region 13 (Central Asia), Region 14 (South Asia West), and Region 15
(South Asia East). To improve quality, the RGI v6.0 incorporated glacier outlines from the
Second Chinese Glacier Inventory (CGI2) [49] for the northern flanks of the HMA and from
the GAMDAM inventory for the southern side [50]. Based on the glacier inventory data, in

https://earthengine.google.org/
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this study, a 10 km buffer around the glacier outlines was generated and used to determine
the extent of glacial lakes [51]. It was intended that this buffer would include nearly all
the glacial lakes present in the region that are closely related to glaciers and exclude lakes
located farther from the glacier termini.

3.1.3. Digital Elevation Model (DEM) data

DEM data were obtained to investigate the altitudinal distribution of glacial lakes as
well as to derive terrain slopes and aspect information over the HMA. This study used
version 3 of the Shuttle Radar Topography Mission (SRTM3) DEM, which has a 30-m
resolution and was acquired in February 2000. SRTM DEM has high vertical accuracy and
can accurately represent the topographic details. Although there are a few data gaps in
this version as a consequence of radar shadow, layover, and insufficient interferometric
coherence, most of these gaps cover rather rugged high-mountain terrain and almost no
data gaps are present over the relatively flat areas such as the glacier tongues and the
surroundings of the glacial lakes [52]. During the mapping process, some of the glacial lakes
were easily mixed up with mountain shadows due to the similar spectral characteristics.
To eliminate the influence from terrain shadows, slope and shaded relief maps derived
from the SRTM were used.

3.1.4. Meteorological Observations

Annual and monthly temperature and precipitation data were collected for HMA from
the China Meteorological Administration (CMA) stations (http://data.cma.cn/ (accessed
on 21 May 2021)) for the period 1979–2016. The locations of the 117 meteorological stations
used are shown in Figure 1. It can be seen that weather stations are distributed unevenly in
the HMA. Therefore, the monthly gridded climate dataset from the Global Precipitation Cli-
matology Project (GPCP) together with NOAA National Center for Environmental Predic-
tion (NCEP) Reanalysis information were used to examine spatial changes in climate in the
HMA. The GPCP time-series data (v2.3) combined observations and satellite precipitation
data into 2.5◦ × 2.5◦ global grids and included four climate variables [53]. The combined
GPCP satellite-based precipitation dataset was then adjusted using a rain gauge analysis.
It was provided by the NOAA/OAR/ESRL Physical Sciences Division (PSD) and can
be downloaded online from http://www.esrl.noaa.gov/psd/ (accessed on 25 May 2021).
The NCEP/NCAR Reanalysis project uses a state-of-the-art analysis/forecast system to
perform data assimilation using data from 1948 to the present. The Reanalysis information
and selected output are also available online at http://www.ncep.noaa.gov (accessed on
30 May 2021). All these data were used to measure the climatic variables.

3.2. Methods
3.2.1. Glacial Lake Mapping

The automation of glacial lake mapping using satellite-derived remotely sensed data
remains a challenge across HMA because of heterogeneous reflectance, complex lake fea-
tures, and limited access to local knowledge. To overcome these limitations, annual glacial
lake extents for 2008, 2012, and 2016 were extracted using an automatic and effective
mapping method that integrated global threshold segmentation with a non-local active
contour (NLAC) model [41]. Because of the superior ability to delineate water bodies
and the most stable threshold provided, the modified normalized difference water in-
dex (MNDWI) [54], which was calculated from standardized top-of-atmosphere (TOA)
reflectance data, was used to derive the potential extent of the glacial lakes. The method
used included (i) pre-processing of a large amount of Landsat TOA data using the GEE;
(ii) extraction of the potential glacial lake areas by applying a loose initial MNDWI thresh-
old; and (iii) regional refinement of individual glacial lake using the NLAC model. Based
on an inspection of sample lakes that were manually digitized, the automatic mapping
method produced good results. Given that the spatial resolution of Landsat images and

http://data.cma.cn/
http://www.esrl.noaa.gov/psd/
http://www.ncep.noaa.gov
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the relative stability of glacial lakes, only lakes larger than nine pixels (≥0.0081 km2) were
considered in this study [30].

Figure 2 illustrates the main procedures involved in our automated lake mapping
method. First, the original Landsat TOA images were all clipped by the extent of the glacier
10 km buffer and combined into a time-series dataset with consistent time interval. After
that, bad observations including cloud/cloud shadows, mountain shadows, snow cover,
and scan line corrector off (SLC-off) gaps were identified in different ways. We used Fmask
(Function of mask) routine to extract the area covered by clouds (including the thin cirrus
clouds) and cloud shadows, which identified the cloud pixels according to its physical
properties and generated a shadow layer based on the darkening effects of the cloud
shadows in the near infrared (NIR) band [55]. Topographic shadows were located in the
back slope of mountains where the sunlight was greatly obscured. The shaded areas had
large surface gradients, but small terrain reliefs. Therefore, topographic shadows can be
detected using the slope (>10◦) and shaded relief maps (<0.25) derived from SRTM data [56].
For some images acquired near winter, normalized difference snow index (NDSI) was used
to delineate and map permanent snow cover even under topographic shadows. The SLC
failure caused about 22% of each image to be lost and gives images a slatted appearance
at the edges. As glacial lakes covered by SLC-off gaps in Landsat 7 ETM+ images will be
misclassified, further manual editing using high-quality images from adjacent periods were
necessary for the lake mapping. All of these preprocessing procedures were performed
on the GEE, making use of millions of servers across the world. Then, a mask of potential
glacial lake areas was generated by a global-level threshold segmentation of the MNDWI.
A loose initial MNDWI threshold was set at 0.1 to minimize the omission of lakes during
the global filtering. For the potential lake that was segmented using this global threshold,
an image block that almost completely covered the water body was built to refine the local
shoreline using the NLAC approach. Moreover, image block for each glacial lake obtained
from the HMA glacial-lake inventory (Hi-MAG) database was used as auxiliary data to
optimize glacial lake boundaries. It is important to note that this procedure can replenish
a large number of previously unrecognized small glacial lake areas and can improve the
details of the lake edge. Based on the initial contours from global thresholding results and
Hi-MAG dataset, this local-level segmentation was conducted iteratively until the water
extent stabilized. As a result, the final lake boundaries were delineated using the NLAC
model, which is adaptive to local variations in lake spectra induced by water turbidity,
depth and image acquisition date.

Following the automatic mapping of glacial lakes, an interactive quality control was
required to correct the residual errors in the mapping results. Mountain shadows and
partial streams that were incorrectly classified as glacial lakes were deleted manually by
superimposing the extracted glacial lake boundaries onto the original Landsat images and
other high-resolution Google Earth images. Meanwhile, some missing glacial lakes were
also added using ArcGIS during the visual inspection. Finally, cross-checking of glacial
lake data by different experts using multi-temporal Landsat images was necessary for the
final output dataset.

3.2.2. Estimating Lake Area Uncertainties

Uncertainty in the glacial lake area can be attributed to multiple factors including
various data sources, spatial resolution of the image data, and the methodologies adopted
for the lake mapping. Lake areas were all derived from the Landsat series satellite images,
which were the most widely used and effective Earth resource satellite data in the world. In
this Landsat Data Continuity Mission, image quality has been improved continuously, with
higher radiation resolution, geometric accuracy, and signal-to-noise ratio. In this study,
the multi-temporal glacial lake outlines extracted from Landsat images were transformed
into the Asia North Albers Equal Area Conic Projection and were referenced to the World
Geodetic System (WGS) 1984 coordinate system, almost no offset exists between them. In
addition, all the Landsat TM/ETM+/OLI images used had a spatial resolution of 30 m. The
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uncertainty of glacial lake area from the same resolution images has been estimated as an
error of ±1 pixel on the inside and outside of the extracted lake outline [20,57]. As for the
impact from the method, we used a consistent automated method for the classification of
glacial lakes in the different years, which was combined with the final visual correction to
differentiate between glacial lakes and other water look-alike features, so could minimize
the differences in the product quality caused by the mapping methods. The remaining
mapping errors were also re-edited according to the high-resolution images during the
interactive processing stage.
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Figure 2. Automated lake mapping procedure (left) including image subsetting, snow, cloud, shadow, and SLC-off pixel
detection, global threshold segmentation, generation of an image block for each glacial lake obtained from Hi-MAG dataset
and initial segmentation results, and local glacial lake mapping. Lake mapping procedures taking one area in the central
Himalayas as an example (right): (a) false color composite (R/G/B = Band 5/4/3) of original TOA data; (b) bad observation
identification including clouds, shadows, and snow; (c) potential glacial lake extent found by applying an MNDWI threshold
(≥0.1); (d) image block for each glacial lake; and (e) the final glacial lake shorelines determined using the NLAC model. The
image used in this case was acquired by the Landsat-8 OLI on 28 October 2014. The sequence numbers (a–e) in the left-hand
diagram correspond with those in the right-hand parts.

3.2.3. Measuring Lake Shoreline Changes

Although the widespread expansion of glacial lakes in the glaciated zone is a well-
known phenomenon, there are very few data on their expansion rates of the lake boundary.
The Digital Shoreline Analysis System (DSAS) was designed to facilitate the calculation
of shoreline changes and to provide shoreline rate-of-change statistics based on multiple
historic shoreline positions [58]. This tool was originally used for change detection for coast-
lines and is also useful for computing rates of change for any boundary that incorporates
features at discrete times such as glacier limits, river banks, or lake boundaries. Figure 3
shows a schematic diagram of the DSAS used for the analysis of coastline movement. For
this study, we used a 30-m buffer around the most recent lake perimeter as the baseline and
cast transect lines orthogonal to the shorelines at 30 m intervals along the lake baseline. The
intersection position between the transect and each shoreline was recorded, and the least
median of squares (LMS) method was used to compute rates of shoreline change between
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three or more vector files (i.e., glacial lake shorelines from different times) based on the
elapsed time and the linear distance. These results were summarized as change rates at
different points on the shoreline in meters per year and were used to help to assess the
preferential expansion along the major axis of each lake.
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Figure 3. Schematic diagram of the Digital Shoreline Analysis System (DSAS). The sample data of
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4. Results
4.1. Spatial Distribution and Temporal Development of Glacial Lakes from 2008 to 2016

Using our lake mapping technique, a total of 17,016, 18,943, and 21,249 glacial lakes
larger than 0.0081 km2 and with an overall area of 1420.15 ± 232.76 km2, 1455.48 ± 256.46 km2,
and 1577.38 ± 288.82 km2 were identified in the HMA region for the years 2008, 2012,
and 2016, respectively (Table 1). The lakes were more densely distributed in the central
Himalaya and Pamir-Hindu Kush-Karakoram region and more sparsely distributed on the
Inner Plateau (Figure 4). Most of the lakes were smaller than 0.1 km2 (15,456 glacial lakes)
in 2016, but larger lakes (area > 0.1 km2) contributed 71.15% of the total area (Table 1).

Table 1. Distribution of glacial lakes by number and area for 2008, 2012, and 2016 for five size classes. The values inside the
brackets are the corresponding area (km2).

Size Scale (km2) 2008 2012 2016 2008–2016

≤0.1 12,476 (415.68 ± 81.72) 13,803 (433.08 ± 89.82) 15,456 (455.12 ± 97.26) 2980 (39.44 ± 7.75)
0.1–0.2 2661 (209.02 ± 11.31) 2990 (214.66 ± 11.46) 3304 (245.59 ± 13.36) 643 (36.57 ± 8.97)
0.2–1.0 1645 (426.76 ± 12.12) 1893 (429.43 ± 12.07) 2177 (477.31 ± 13.65) 532 (50.55 ± 13.43)
1.0–3.0 196 (226.42 ± 2.20) 218 (234.43 ± 2.20) 273 (249.72 ± 2.40) 77 (23.30 ± 6.22)
≥3.0 38 (142.27 ± 0.68) 39 (143.88 ± 0.66) 39 (149.64 ± 0.69) 1 (7.37 ± 2.03)
Total 17,016 (1420.15 ± 232.76) 18,943 (1455.48 ± 256.46) 21,249 (1577.38 ± 288.82) 4233 (157.23 ± 25.77)
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different regions including the central Himalaya (a), Eastern Hindu Kush (b), and Nyainqentanglha (c).

In general, it was found that the glacial lakes grew considerably both in area and
number from 2008 to 2016, but the expansion varied according to the lake size. During
the study period, the total number of glacial lakes increased by 4233 and the total area
expanded by 157.23 ± 25.77 km2 (11.07%, Table 1). In the inter-annual timescales, we
observed that these glacial lakes substantially increased in area at a rate of 1.38% a−1

between 2008 and 2016. Comparing the situation of lakes of different sizes, we found that
medium-sized (0.1–0.2 km2 and 0.2–1.0 km2) glacial lakes contributed most to the total
expansion of HMA’s glacial lakes, with an increase in area of ~87.12 km2 (an expansion
of 13.70% and a contribution of 55.41% to the total expansion) from 2008 to 2016 (Table 1).
Small (≤0.1 km2) and large (1.0–3.0 km2) glacial lakes expanded by 39.44 ± 7.75 km2 and
23.30 ± 6.22 km2, at a rate of approximately 9.48% and 10.29%, respectively, between 2008
and 2016. Very large (≥3.0 km2) glacial lakes expanded a little, growing by 7.37 ± 2.03 km2

(5.18%). In the previous study, most glaciers in the HMA showed a strong and sustained
retreating trend, with an average rate of −0.30% a−1 from 1970s to 2000s [1]. The decline
was most pronounced in the Hengduan Shan in the southeastern Tibetan Plateau, where
glacier area decreased at an average rate of −0.57% a−1. The melting and retreat of the
source glaciers is the main reason for the lake area expansion. Other factors such as
glacier morphology, calving, subaqueous melting, and ice face ablation all contribute to the
development of the glacial lakes [12,59].
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We also examined the distribution of lake size and number according to altitude
(derived from the SRTM3 DEM), and the distribution patterns for the two measures were
found to be similar (Figure 5a). The altitudes of all glacial lakes mapped in 2008 and 2016
ranged from 1700 m to 6400 m, with more than 58.85% of the lakes being concentrated in the
altitudinal range 4400–5600 m. The observed changes in glacial lakes also varied according
to elevation. During the period from 2008 to 2016, the greatest expansion in glacial lake
areas was in the belt between 5200 m and 5600 m (~28.62% of the total expansion), and
the increased lake area at higher altitudes tended to be larger due to the intense melting
of glaciers upward. The expansion of the glacial lakes was also obvious between 4400 m
and 5200 m (Figure 5b), which was closely related to the wider valleys and gentler terrain
suitable for a lake development environment [18].
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4.2. Different Evolution Patterns for Glacial Lakes

There are three types of glacial lake in the HMA region. (1) Proglacial lakes, the
lakes that are directly fed by ice meltwater near the end of the glacier tongue, and are
usually connected to the glacier terminus and dammed by loose moraines. (2) Supraglacial
lakes, which are commonly distributed on some large glaciers and can be formed in two
ways. One is that the subglacial channel continues to erode the glacier and creates huge
caves or tunnels. Then, the top of the caves collapses, forming a deep and large long lake.
Another way is the accumulation of water caused by the strong melting and erosion in the
depression area on the glacier. (iii) Unconnected glacial lakes, which are glacial lakes not
connected to the parent glacier but which, to some extent, may be fed by some glaciers
located in the basin.

It was found that the lake development processes that occurred in the study area were
very different according to the type of lake. The proglacial lakes mostly showed continuous
growth in the frontal area of retreating glaciers and were much larger in 2016 than in 2008,
as shown in Figure 6a–c. This is because the increase in glacier meltwater, and the retreat
and thinning of glacial tongues has provided more space for lake basins. However, on the
other hand, since the water has a thermokarst effect on ice, the proglacial lakes also speed
up the recession of the glacier tongues that they are in contact with [45,60]. Some of these
lakes contain large quantities of meltwater and are susceptible to producing GLOFs.
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In contrast to the proglacial lakes, the supraglacial lakes are ephemeral and highly
dynamic [30,59]. Figure 6d–f show typical supraglacial lakes that developed on three
debris-covered glaciers. The rough surface topography of glaciers provide the conditions
for the formation of supraglacial lakes, and their low gradients encourage the retention of
meltwater. Seasonal differences in ice or snow melting predominantly contribute to the
rapid variation in the area of supraglacial lakes, which reach their maximum in summer,
but may shrink or even disappear in winter. Sometimes, these lakes can also expand
through coalescence of adjacent small lakes.

For unconnected glacial lakes in the HMA region, relatively stable lake sizes can be
observed for 2008–2016 (Figure 6g–i). Unconnected glacial lakes are usually located in
areas where glaciers have experienced serious material loss and recession, and mainly
consist of glacial erosion lakes and trough valley lakes that formed in overdeepenings left
by vanishing Quaternary glaciers. As there are insufficient nearby glaciers to supply them,
once the unconnected glacial lakes have formed, they are primarily filled by seasonal snow
meltwater and precipitation rather than glacier meltwater. In summary, the difference
between these three glacial lake types is that both proglacial lakes and supraglacial lakes
have exhibited significant changes and are sensitive to climate change, while the size of the
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unconnected glacial lakes has remained basically stable. In addition, along with the lake
level rises, proglacial lakes with surface drainage are prone to outburst if water overflows
from the terminal moraine outlet.

Continuous expansion of the glacial lake area will produce more potentially dangerous
lakes in the HMA region. One of the most striking examples of a rapidly developing lake
is located in the Sary Jaz-Kumarik River Basin of the central Tianshan. This typical ice-
dammed lake, Lake Merzbacher, has suddenly started to breach nearly every year due to
abundant glacier meltwater or ice periodically entering the lake [51,61]. From Figure 7, we
can see that Lake Merzbacher probably developed in early summer 2015 on the tongue
of a debris-covered glacier. The lake drained suddenly on 9 September 2015 and then
again rapidly increased in area within a short period of time. With increasing lake size
and therefore increasing water pressure on the dam, the risk of dam failure increases. In
addition, since the peak discharge of a GLOF is directly correlated to the volume of lake
water, the expansion of the lake will intensify the magnitude of potential outburst floods.
The resulting GLOF events at Lake Merzbacher caused severe damage and hundreds of
fatalities in the village downstream and, thus, comprehensive analysis of change rates
along the glacial lake outline is necessary to thoroughly evaluate the possible location and
probability of future outbursts [62,63].
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4.3. Shoreline Expansion and Erosion Rates

The expansion rate of glacial lakes is one of the most important indicators of potential
outburst hazards [64]. However, few studies have quantified rates of shoreline erosion and
expansion for individual glacial lakes. In the study area, the vector maps of glacial lakes
for 2008, 2012, and 2016 were imported into the DSAS to measure changes in shoreline
positions and calculate expansion rates. To clearly understand the characteristics of the
evolution of rapidly expanding lakes, three examples in the study area were then selected
(Figure 8).

Spatial variations in the rates of change may be a function of surrounding shoreline
irregularity and geology. For example, lake (a) had an irregular northeast shoreline consist-
ing of unconsolidated moraine, where some of the highest rates of change occur, but there
are erosion rates along the southern shoreline, which is related to the growth of upland
tundra. However, lake (b) showed an overall expanding trend, with higher rates along its
southeast shore where the lake is expanding into the terminal of the glacier tongue. Both
of these lakes receive a large amount of glacier meltwater, and have outlets and outflow
river channels that are clearly visible in the image. For lake (c), the expansion rates were
seemingly more uniform along the west and north shorelines. Tiny changes such as the
area marked with the white ellipse demonstrate that the lakeshore is stable and mainly
composed of bedrock, while the area marked by the black ellipse has large edge changes
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and is probably the area of the breach. This also highlights the potentially unexpected
nature of moraine instabilities in the region as a result of perennial water flows.
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lake (a) (94.2667◦E, 30.1018◦N); lake (b) (89.1916◦E, 28.3325◦N); and lake (c) (94.0917◦E, 30.1251◦N).

For the entire HMA region, over this 8-year period, the mean annual shoreline ex-
pansion rate for all lakes was 1.15 m/yr (Figure 9). These changes in shoreline position
resulted in a 157.23 ± 25.77 km2, or 11.07%, increase in lake area across the 13 lake basins
in the region (Table 1). Due to errors associated with image co-registration, lake perimeter
delineation, and image pixel size, there was a small difference in expansion rates between
the sub-basins, but this was within the degree of uncertainty in our measurements. The
mean expansion rate for an individual lake ranged from a low of −7.57 m/yr to a high of
9.81 m/yr and the maximum expansion rate for an individual location was 64.37 m/yr.
The rate of movement of the lake shorelines varied from region to region across the HMA:
glacial lakes in the Himalaya showed the most rapid expansion with all the sub-basins
having an expansion rate higher than 2 m/yr (i.e., 2.97 m/yr in the Brahmaputra, 2.65 m/yr
in the Indus, and 2.19 m/yr in the Ganges Basin); this was followed by the Karakoram
Mountains (1.61 m/yr) and the Tianshan Mountains (1.52 m/yr). The expansion rate of
glacial lakes in the Yellow River Basin was the lowest (0.04 m/yr).
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4.4. Climate Data Analysis

Although accelerated temperature rises and precipitation changes have resulted in the
retreat and thinning of many mountain glaciers, which has, in turn, produced abundant
meltwater for glacial lake development, few studies have provided convincing evidence of
an association between glacial lake evolution and spatial variability in temperature and
precipitation, especially in large-scale regions like HMA where in situ measurements are
difficult to obtain [59,65].

The variations in air temperature and precipitation, and their temporal trends during
the period 1979 to 2016 were analyzed. Meteorological stations in the HMA are grouped
according to 13 large sub-basins that have similar water-balance processes [66]. There has
been a clear acceleration in warming accompanied by inconsistent changes in precipitation
in these basins in the past thirty years (Figure 10). The mean rate of increase in the air
temperature is 0.033 ◦C/a (Table 2). For most of the regions, the meteorological data for
this period indicates that the climate is becoming warmer and more humid. A typical
example is the southeastern Tibet Plateau (basin nos. 8 and 9). The climate of this region
is dominated by two major atmospheric circulation systems. In the dry season from
November to April, the southern branch of the westerlies brings only a little rainfall and
cold climate conditions to the region, while in the wet season from May to October, the
westerlies become weak and the Indian monsoon moves northward, producing warm and
rainy conditions that account for 60–90% of the annual precipitation [1,18]. Due to the
abundant precipitation and higher ice-layer temperature, this region has rather extensive
monsoonal temperate glaciers. Recently, numerous studies have reported that these glaciers
have been melting and thinning faster than continental glaciers in the inner Tibetan Plateau
during the past several decades, and are more sensitive to climate change and variability.
The ever-increasing glacier ablation is probably the primary cause for lake expansion in
the HMA region.

However, from the large-scale pattern of precipitation derived from gridded GPCP
data for the period 1979 to 2016 (Figure 10b), it can be seen that the precipitation differences
in the Himalayas showed an overall decreasing trend. This may be linked to the weakening
Indian monsoon. The glaciers in the Himalayas showed the greatest decrease in length and
area, and also the most negative mass balance [1,46]. Because precipitation run-off and
glacier meltwater are deemed to be the main inputs to the lakes and evaporation is the
main way that water is lost, the glacier meltwater produced by the drier climate may be
the dominant driver behind the expansion of glacial lakes in this area.

Table 2. Variation of linear trends of temperature and precipitation calculated from meteorological stations in each sub-basin
for 1979–2016.

No. Sub-Basins Period
Temperature (◦C) Precipitation (mm)

Average Rate (◦C/a) Significance Average Rate
(mm/a) Significance

1 Tianshan 1979–2016 5.52 0.016 <0.001 344.4 1.07 0.053
2 AmuDayra 1979–2016 7.66 0.019 0.002 319.5 1.32 <0.001
3 Tarim 1979–2016 6.58 0.046 <0.001 213.7 0.54 0.045
4 Indus 1979–2016 7.56 0.051 <0.001 179.6 −1.42 0.082
5 Inner 1979–2016 8.63 0.040 0.025 452.1 0.08 0.311
6 Ganges 1979–2016 10.16 0.038 <0.001 196.2 −1.49 0.096
7 Brahmaputra 1991–2016 9.98 0.025 <0.001 541.3 −1.63 0.150
8 Salween 1979–2016 10.52 0.029 <0.001 639.2 0.67 <0.001
9 Mekong 1991–2016 11.21 0.029 <0.001 688.3 0.85 0.063
10 Yangtze 1979–2016 9.64 0.030 0.005 735.2 1.15 0.213
11 Qaidam 1979–2016 8.08 0.037 0.005 154.6 0.19 <0.001
12 Hexi 1979–2016 8.37 0.036 <0.001 445.3 −0.21 0.176
13 Yellow 1983–2016 7.95 0.033 <0.001 476.5 0.07 0.055
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5. Discussion
5.1. Factors Controlling the Morphological Characteristics of Glacial Lakes

The orientation of the parent glaciers, topography, relief, ground ice content, wind
direction, and the lake basin can effect glacial lake morphometry in the cryospheric envi-
ronment. The glacial lake orientation is, and has been, mainly controlled by glacier activity
effects. Glacial lakes develop in the valleys eroded by the glaciers, and thus the orientation
of the lake is consistent with that of the glacier terminus. It is noted that lake elongation is
favored in areas of rolling topography and low relief [67]. High ice contents (20% to 40%)
can foster thermal erosion in lakes. In terms of wind direction, the preferential erosion of
the lake shores agrees well with the current prevailing wind direction. For smaller lakes,
wind has a stronger effect on their orientation [68,69]. In terms of lake basins, old lake
basins exist in nearly all the regions studied and restrict future lake expansion. After the
rapid drainage of lake water, the spatial development of second-generation glacial lakes in
existing basins proceeds uniformly, as can be seen from the analysis of evolution patterns
(Figure 7). As illustrated above, the combination of all of these elements may have had a
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strong impact on lake formation and morphology, with consequent impact on the water
and energy balances in the area affected.

5.2. Potentially Dangerous Glacial Lakes and GLOF Risk Assessment

Glaciers and glacial lakes in the HMA show strong spatial and temporal hetero-
geneities because of the diverse climatic conditions and complex topography. Local factors
such as the sedimentary geology, debris composition, and surrounding terrain may also
lead to these differences. Through the analysis of the relationship between fluctuations
in climate and the behavior of glacial lakes, the climate warming trend was concluded to
be the primary driving factor. The gradual increase in air temperatures in high mountain
regions is resulting in an increase in glacier meltwater and is accelerating the filling of
glacial lakes with water. Under these conditions, the number and total area of the glacial
lakes are changing rapidly and the majority of lakes will likely continue to grow until the
lake dam fails, presenting a considerable GLOF risk within the next few decades. It has
been suggested in many studies that changes in the area of an individual glacial lake are
usually a good method of identifying potentially dangerous glacial lakes [7,61,70]. How-
ever, it is usually dynamic and complex for the assessment of GLOF risk, and should be
adjusted according to the intensity and frequency of human activity in the particular region
of interest. Using multi-temporal lake inventory for the HMA region, we determined the
spatial variation in shoreline position for each lake. This will aid in a better understanding
of the processes driving lake basin expansion as well as the prediction of shifts in lake
morphometry or lake outburst events.

5.3. Planned Future Work

With the continuous development of remote sensing technology, other higher res-
olution multi-spectral sources could also be used to extend the temporal sampling and
further improve the lake mapping details. The European Space Agency’s Sentinel-2A/2B
satellites launched in 2015/2017 obtained optical imagery at 10 m resolution [71–73]. They
are freely accessible, and the spatial and temporal information reported in the Sentinel-2
dataset will complement that acquired in the past, and will benefit future researches for
long-term accurate monitoring of changes in HMA’s glacial lakes. Based on the results
obtained in this study, the glacial lake inventory will be continuously updated to an earlier
or newer period for high-frequency monitoring. It is also necessary for us to conduct some
more in-depth analyses for studies of the complex interactions between glaciers, climate,
and glacial lakes, and potentially dangerous glacial lakes should be considered for further
detailed risk assessments that include geological and hydrological data.

6. Conclusions

This study provides an updated and complete outline of glacial lakes using an auto-
mated lake mapping method. By analyzing glacial lake inventories from different years,
we quantified the variability of lake extents in the HMA from 2008 to 2016, and for the first
time, patterns of spatial variation in the shoreline were also determined for each lake to
help better understand the complex changing characteristics.

The total glacial lake area has exhibited a persistent and accelerated expansion since
2008, with medium-sized lakes contributing most (55.41%) to the overall area expansion.
Although there are a large number of small glacial lakes (~15,000) in the HMA region, their
total area does not appears to be large. On the vertical gradient, the expansion of the glacial
lake area is moving toward higher altitudes, with the significant expansion in the range
between 5200 m and 5600 m. Regional differences in the rates of shoreline movement were
also found. Himalayan glacial lakes showed the highest expansion rates (>2 m/yr) and
these were far higher than those in the Yellow River Basin (0.04 m/yr), which were the
lowest overall.

We then linked our results to the climate change in order to investigate their influences
on the status of glacial lakes. Regional heterogeneities in climate change will inevitably
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cause differences in the changes of glacial lakes across the study area. These changes arise
from different local patterns of temperature and precipitation variability. Temperature
fluctuations are believed to be a major factor influencing glacial lake variations and GLOF
events. Under the present warming conditions, glacier shrinkage might further accelerate
glacial lake expansion in the HMA.
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