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ABSTRACT
The loss of glacier mass and the increase in glacial lakes in High Mountain Asia due to climate 
change led to water-related crises and hazards, such as glacial lake outburst floods (GLOFs). The 
Sichuan-Tibet Railway (STR), which is crucial for the development of West China, is facing 
challenges due to these water-related crises. Therefore, there is an urgent need for a high- 
quality dataset of glacial lakes along the STR corridor, which remains lacking. This study employed 
a semi-automated lake mapping method, accompanied by rigorous quality assurance and quality 
control, to create a comprehensive, high-resolution dataset of glacial lakes in approximately 2021, 
covering the entire STR corridor. The 10-m resolution glacial lake dataset comprises 17,566 glacial 
lakes, covering a total area of 582.89 ± 31.45 km2. This dataset features a larger number of lakes 
yet exhibits a lower mapping error compared to existing inventories in this region. The high- 
quality glacial lake dataset has the potential to benefit various applications, including assessing 
lake mapping accuracy, training deep learning algorithms, evaluating water sources, assessing 
risks related to glacial lakes, and understanding the interactions between glaciers and lakes.
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1. Introduction

Glaciers and glacial lakes are sensitive indicators of cli
mate change (Nie et al. 2017; Shugar et al. 2020; Zheng 
et al. 2021). Climate change is causing glaciers to lose 
mass at an accelerating rate (Brun et al. 2017; Lee et al.  
2021; Shean et al. 2020) and leading to the expansion of 
glacier lakes in High Mountain Asia (HMA) in terms of 
both numbers and areas (Chen et al. 2021; Furian, 
Maussion, and Schneider 2022; Wang et al. 2020). 
These rapid changes affect water resources and related 
hazards (Nie et al. 2021; Pan et al. 2025). For instance, 
there has been an increasing trend in outburst floods 
from glacial lakes in HMA, posing a potential threat to 
downstream populations and infrastructure (Nie et al.  
2023; Zheng et al. 2021). One of the significant infra
structure projects currently under construction is the 
Sichuan-Tibet Railway (STR), which will span 1580 km 
from east to west (Lu and Cai 2019; Xue et al. 2021). The 
STR aims to connect Chengdu and Lhasa (Figure 1) with 
a total investment exceeding $44 billion. Once completed, 
the STR will be crucial for the economic development of 
Western China. However, it is also expected to face 
challenges related to water resources and water-related 
hazards.

Glacial lakes were primarily formed due to deglacia
tion (Carrivick and Tweed 2013). They are dynamic, 
usually expanding as the glaciers melt, but some lakes 
can drain to form glacial lake outburst floods (GLOFs) 
(Aggarwal et al. 2017; Carrivick and Quincey 2014; 
Carrivick and Tweed 2019; Carrivick, Sutherland, 
et al. 2022). Glacial lake datasets are essential for under
standing this dynamism and assessing water resources 
and GLOF hazards (Lesi et al. 2022a; Sahu et al. 2023). 
In alpine environments where field investigations are 
challenging, satellite remote-sensing images are the 
most viable method for producing glacial lake datasets 
(Li et al. 2025; Nie et al. 2017; Zhang et al. 2025). Most 
open-access glacial lake datasets have been generated 
using Landsat images with a spatial resolution of 30 m 
at regional scales (Chen et al. 2021; Wang et al. 2020; 
Zhang et al. 2015). The freely available Sentinel-2 ima
gery, which provides a finer spatial resolution, enables 
the identification of more glacial lakes with more pre
cise boundaries compared to Landsat-derived glacial 
lake outlines (Lesi et al. 2022a). Despite the availability 
of 10-m Sentinel-2 images since late 2015 (Drusch et al.  
2012), a 10-m glacial lake dataset is still absent in the 
STR region.
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A comprehensive glacial lake dataset requires 
a thorough quality inspection to ensure accuracy and 
reduce mapping errors resulting from image quality 
and processing procedures (Lesi et al. 2022a; Nie et al.  
2017). Mapping glacial lakes using optical satellite images 
presents several challenges, including the effects of 
mountain shadows, cloud cover, and snow, which need 
to be addressed (Lesi et al. 2022a; Sahu et al. 2023; Wang 
et al. 2025; Wangchuk and Bolch 2020). Various map
ping techniques, including manual delineation (Wang 
et al. 2020), multi-spectral index classification (How 
et al. 2021), and deep learning (Pi et al. 2022; Zhang 
et al. 2026), have been employed to tackle these issues. 
Glacial lake products, encompassing attributes like lake 
area, volume, and type, are valuable for researchers 
studying glacier-lake interactions (Carrivick, How, et al.  
2022; Carrivick, Sutherland, et al. 2022; King et al. 2018; 
Liu et al. 2020; Maurer et al. 2019; Sutherland et al. 2020), 
water resources, and risk assessment for GLOFs (Dubey 
and Goyal 2020). Categorizing glacial lakes based on 
their spatial relationship with glaciers enables the predic
tion of glacier evolution under different climate change 
scenarios (Kraaijenbrink et al. 2017).

This study aims to develop a detailed and accurate 
dataset of glacial lakes that covers all regions related to 
STR. The 10-m glacial lake dataset (STR-GL-2021) can be 
utilized to create advanced deep-learning models for lake 
mapping and to verify automated lake mapping products. 
Additionally, this dataset can potentially be used for 
research on water resource assessment, hazards related 
to glacial lakes, and modeling the evolution of glacier 
lakes.

2. Materials and methods

2.1. Study area

Given the importance of the STR and its surrounding 
resources and environment, we have designed a study 
area that encompasses the entire STR region. Our study 
area encompasses 312,000 km2 and includes all 11 STR- 
related basins (Lehner and Grill 2013). This comprises 
three complete drainage basins (Lhasa River, Nyang Qu, 
and Yi’ong Zangbo/Parlung Zangbo) and eight partial 
basins (Yarlung Zangbo, Nu River, Lancang River, Jinsha 
River, Yalong River, Dadu River, Minjiang River, and 

Figure 1. Location of the study area associated with the population distribution (Rose et al. 2020), rivers, glaciers (RGI Consortium  
2017), mountains (a), air temperature (b), and precipitation (c) along the sichuan-Tibet Railway.
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Tuo River) (Figure 1). Specifically, this study area was 
defined by considering the spatial interaction between 
GLOFs and the STR. We selected the northernmost 
latitude of the Lhasa River basin (31.29° N) and the 
southernmost latitude of the Yi’ong Zangbo/Parlung 
Zangbo basin (29.14° N) as reference points to delineate 
the eight incomplete north-south river basins.

The STR study area is characterized by complex 
topography and active tectonic structure, encompassing 
the Hengduan Mountains, Nyainqentanglha, and 
Himalaya Mountains (Lu and Cai 2019; Xue et al.  
2021). The study area is located at the intersection of 
the westerlies, Indian monsoon, and southeast mon
soon (Nie et al. 2021). The annual mean air temperature 
across the study area was 1.5°C between 1990 and 2021 
(Peng 2024a), and air temperature has been increasing 
at a rate of 0.2°C per decade over the past four decades 
(Zhang et al. 2021). The annual precipitation in the 
study area is 691 mm, with higher values in the eastern 
section compared to the western section (Peng 2024b). 
A population of 27 million is distributed unevenly 
across the study area, with population density decreas
ing gradually from east to west (Rose et al. 2020).

2.2. Data

We utilized 144 Sentinel-2 images from around 2021 to 
map glacial lakes. The images were sourced from the 
Copernicus Open Access Hub (https://scihub.coperni 
cus.eu/., accessed 15 December 2023). Due to heavy 
cloud cover and snow in the study area, capturing suffi
cient images to cover the entire region in a single year 
(e.g. 2021) was not possible. We initially chose Sentinel-2 
products from 2021 as a benchmark for each tile region 
(Figure 2), prioritizing those with the lowest cloud and 
snow cover, all of which are under 22% (supplementary 
documents). Seventy-five out of the 144 images (52%) 
were taken in 2021. Consequently, the glacial lake dataset 
is labeled “STR-GL-2021.” Next, we selected images from 
2020 to fill the gap left by cloud and snow cover affecting 
the area in 2021. We gradually extended the 
acquisition year of Sentinel-2 products back to 2017 to 

guarantee complete coverage of the study area with high- 
quality images. The images from 2020 and 2021 account 
for 88% of the total count (Figure 3), while the remaining 
12% were collected between 2017 and 2019. Most of the 
images (76%) were acquired in September, October, and 
November, indicating that our glacial lake data reflect 
their status in the autumn. This focus on the same season 
significantly minimized the impact of seasonal changes 
in glacial lakes on the mapping data. The average cloud 
coverage percentage of the Sentinel-2 images used in this 
study is 10% (supplementary documents).

2.3. Methods

This study mapped glacial lakes using an NDWI- 
threshold-based method and a thorough user- 
interactive quality assurance process. Creating 
a dataset for glacial lakes involves three steps 
(Figure 4): image data processing and calculation, 
user-interactive inspection and revision, and validat
ing and adding lake attributes.

2.3.1. Step 1: image data processing and calculation
We processed the image data and calculated the 
masks and waterbodies. We used Interactive Data 
Language (IDL) codes to unzip all Sentinel-2 raw 
images automatically. We selected four 10 m bands 
(blue, green, red, and near-infrared (NIR)) and two 
20 m short-wave infrared bands (SWIR1 and 
SWIR2, resampled to 10 m) to stack and create 
new named images (Drusch et al. 2012). We 
made cloud and cloud shadow masks using the 
UKIS-CSMASK algorithm and stacked images 
(Wieland, Fichtner, and Martinis 2022). We set 
the NDWI threshold at 0.1 to extract all water
bodies initially and automatically (Mcfeeters  
1996), which included non-glacial lakes as well as 
incorrect or incomplete glacial lake outlines at this 
stage. In our study, we set the minimum mapping 
unit (MMU) to nine pixels (0.0009 km2) (Chen 
et al. 2021; Nie et al. 2017). We removed the 
extracted waterbodies intersecting with cloud and 

Figure 2. Spatial distribution and number of Sentinel-2 products used in the study, tagged by their tile code in the military grid 
system. The number of unused images indicates that there is no glacial lake at the tile location.
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cloud shadow masks and converted the remaining 
ones into vector files.

2.3.2. Step 2: user-interactive inspection and 
revision
A thorough quality assurance process was used to identify 
glacial lakes from vectorized waterbodies. This process 
involved removing non-glacial lakes and adding any pre
viously omitted glacial lakes that were not included in the 

initial dataset. Non-glacial lakes (Table 1), including riv
ers, landslide-dammed lakes, artificial lakes, and reser
voirs, were excluded using overlapping images combined 
with expert experience and field investigations, as they 
are not related to glaciation (Lesi et al. 2022a). Some 
glacial lakes were either omitted or had inaccurate out
lines due to cloud cover, topographic shadows, and snow, 
as observed in Sentinel-2 imagery and existing glacial lake 
datasets (Wang et al. 2020; Wei et al. 2021). To address 
these issues, the NDWI-threshold-based interactive lake 
mapping tool (Lesi et al. 2022a; Li and Sheng 2012; Nie 
et al. 2017, 2020; Wang, Sheng, and Tong 2014) was 
utilized to recreate the omitted or incorrect outlines of 
glacial lakes using Sentinel-2 images. One person oper
ated the user-interactive mapping tool while a qualified 
professional verified the results (Table 2). This method 
enhances the consistency and accuracy of glacial lake 
mapping, helping to prevent errors that may occur 
when multiple operators are involved. This tool involves 
three steps: (1) calculating NDWI in a region of interest 
(ROI, the blue rectangle in Figure 4), (2) setting the 
optimal threshold to extract the raster lake outline 
based on a bimodal (two-peak) distribution of the pixel 
NDWI values (Wang, Sheng, and Tong 2014), (3) con
verting the lake raster to vector for further editing in step 
3. The NDWI threshold was determined on a case-by- 
case basis and visually validated by superimposing the 
source image. An NDWI threshold above 0.1 is generally 
applicable to most glacial lakes.

Figure 3. Yearly and monthly distribution of Sentinel-2 images 
used in the study.

Figure 4. Workflow of the glacial lake inventory in this study.
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2.3.3. Step 3: validating and adding lake attributes
This stage involved inspecting and correcting topology 
errors in glacial lake outlines in GIS, including removing 
repeated polygons and eliminating small, sliver-shaped 
polygons.

We validated our glacial lake data by randomly select
ing 165 lakes, stratified by size, reflecting the decreasing 
frequency of larger glacial lakes (Figure 5(b)). The 

outlines were manually created using high-resolution 
(~3 m) images from Google Earth at a similar age. 
Sixteen attribute fields (Table 2) were populated for 
each glacial lake in our dataset. A glacial lake’s centroid 
(longitude and latitude) was automatically calculated 
using the spatial analysis function of GIS. Lake elevation 
was determined by the centroid of each glacial lake 
associated with a 1 arc-second SRTM DEM (Nasa  

Table 1. Our glacial lake dataset excluded typical landslide-dammed lakes and artificial lakes/reservoirs. Images are from Sentinel- 
2 and Google Earth.

Lake type Description Sentinel-2 Google Earth

Landslide-dammed lake Lakes formed behind a collapsing rock or sliding land dam. 
Case location: 
30°05’53.12” N 
94°29’07.22” E

Lakes formed behind debris-flow-induced dams. 
Case location: 
29°22’41.95” N 
97°30’15.73” E

Artificial lake or reservoir Lakes are heavily affected by human activities. 
Case location: 
30°38’35.52” N 
93°14’43.65” E

Lakes are artificially constructed, such as hydropower reservoirs. 
Case location: 
29°07’46.63” N 
91°06’20.95” E

Table 2. The attributes of our glacial lake dataset in circa 2021 were derived from Sentinel-2 images.
Field name Type Description Note

FID Object ID Unique code of the glacial lake Number
Shape Geometry The type of glacial lake Polygon
Longitude Double Longitude at the centroid of a glacial lake Decimal degree
Latitude Double Latitude at the centroid of a glacial lake Decimal degree
Elevation Long Elevation at the centroid of a glacial lake Unit: meters above sea level
SceneID String Tile code and date of a source image Txxxxx_YYYYMMDD
Acqdate String The acquisition date of the source image YYYYMMDD
Basin String The basin name where the glacial lake is in
Type String Glacial lake type Supraglacial (SG), ice-contact (IC), 

unconnected-glacier-fed (UGF), non-glacier-fed (NGF)
Perimeter Double The perimeter of a glacial lake boundary Unit: m
Area Double The area of a glacial lake Unit: m2

AreaUncer Double Area uncertainty of a glacial lake Unit: m2

RAreaUncer Double Relative area uncertainty of a glacial lake Unit: %
Volume Double The water volume of a glacial lake Unit: m3

Operator String The operator of glacial lake mapping Qian Deng
Examiner String The examiner of glacial lake mapping Yong Nie
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2013). The image source (SceneID) was derived from an 
image file name consisting of the Sentinel-2 product tile 
code in the military grid system and the image acquisi
tion date. Acqdate is the acquisition date of Sentinel-2 
source images. The classification of glacial lakes (Type) 
was established based on the spatial relationship between 
glaciers and glacial lakes (Lesi et al. 2022a). Glacial lakes 
were grouped into four categories using the characteriza
tion and examples provided in Table 3, interpreted from 
Sentinel-2 and Google Earth images, with the aid of the 
RGI 6.0 glacier outlines (RGI Consortium 2017). The 
perimeter and area of the lake were calculated automati
cally. The sub-basin was automatically determined by 
overlapping the basin boundaries in the study area. 
Lake water volume (Volume) was calculated using the 
area-volume empirical function (Cook and Quincey  
2015). A glacial lake’s absolute and relative area uncer
tainty was estimated based on the improved Hanshaw’s 
function (Hanshaw and Bookhagen 2014; Lesi et al.  

2022a). The equations used are listed below, and the 
detailed calculation process is available in the literature 
(Lesi et al. 2022a): 

where Error 1σð Þ is the absolute mapping uncertainty, 
P is the perimeter of a glacial lake (m), and G is the 
spatial resolution of the remote sensing imagery (10 m 
for Sentinel-2 image). NInner is the number of inner 
nodes (inflection points) of a lake, and the coefficient 
of 0.6872 (1σ) represents assuming area measurement 
errors obey a Gaussian distribution. D represents the 
relative error calculated by Equation (2), in which A is 
the area of a corresponding glacial lake.

Figure 5. Distribution of STR-GL-2021 across basins. (a) The glacial lake dataset is presented using different size groups and types. 
(b) Bar and pie charts show the number and area percentage of glacial lakes in each watershed, categorized by size groups. (c) The 
bar chart illustrates the total number and area of glacial lakes in each basin, categorized by lake type.
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3. Data description

The glacial lake dataset (Deng 2022) can be accessed 
online through the Mountain Science Data Center 
(http://www.msdc.ac.cn/#/datadetails?id=93.) of the 
Institute of Mountain Hazards and Environment, 
Chinese Academy of Sciences, at https://doi.org/10. 
12380/Glaci.msdc.000002. The dataset is available in 
Esri shapefile format (21.9 MB) and Geopackage for
mat (18.5 MB). It was reprojected to be the World 
Geodetic System (WGS) 84 or the Asia North Albers 
Equal Area Conic coordinate system. There are 16 
attribute fields for the glacial lakes, and you can find 
the details of these attributes in Table 2. Additionally, 
we provide the outline data of river basins in Esri 
shapefile format, generated by clipping 
HydroBASINS data (Lehner and Grill 2013). The 
study area and statistics of glacial lakes are provided 
in an Excel spreadsheet format.

The glacial lake dataset includes 17,566 glacial 
lakes, each with a size of ≥0.0009 km2, totaling an 
area of 582.89 ± 31.45 km2 and a water volume of 
16.67 km3. The altitudes of all glacial lakes varied 
from 2110 m above sea level (a.s.l.) to 5960 m a.s.l., 
with 73% located between 4400 m a.s.l. and 5300 m a.s. 
l., and a mean altitude of 4870 m a.s.l.

The distribution of glacial lakes varies across basins, 
lake size groups, and lake types along the STR 

(Figure 5(a)). For example, the Nu River basin has 
the largest number of glacial lakes (2,810 lakes, 
accounting for 16.00% of the total), while the 
Minjiang River basin has the smallest number (43 
lakes, accounting for 0.24%). The Nyang Qu basin 
has the largest proportion (114.86 ± 4.86 km2, 
19.71%), and the Minjiang River basin has the smallest 
proportion (1.24 ± 0.07 km2, 0.21%).

Glacial lakes have been categorized into six size 
categories (Figure 5(b)). There are 9333 glacial lakes, 
ranging from 0.0009 km2 to 0.0081 km2, which make 
up the majority. As the lake size increases, the total 
number decreases. For example, there are only 60 
glacial lakes larger than 1 km2. Glacial lakes between 
0.1 km2 and 0.5 km2 cover the largest percentage, 
totaling 157.32 ± 5.54 km2, while glacial lakes ranging 
from 0.0009 km2 to 0.0081 km2 cover the smallest 
percentage, totaling 32.98 ± 7.22 km2.

Regarding lake types (Figure 5(c)), NGF glacial 
lakes are the most common, with a total of 13,275 
covering an area of 377.78 ± 22.73 km2. Next up are 
the UGF glacial lakes, with 3553 covering an area of 
161.75 ± 7.02 km2. Then, there are 655 IC glacial lakes, 
covering an area of 42.91 ± 1.62 km2, primarily dis
tributed in the Nu River and Yi’ong Zangbo/Parlung 
Zangbo. Lastly, 83 SG lakes cover a total area of 0.44 ±  
0.08 km2, primarily in Yi’ong Zangbo and Parlung 
Zangbo.

Table 3. A classification system of glacial lake types according to the relationship between glacial lakes and glaciers (Lesi et al.  
2022a). Glacier outlines are the RGI 6.0 (RGI Consortium 2017.).

Lake types Characteristics Sentinel-2 Google Earth

Supraglacial Lakes are situated on the surface of glaciers. 
Case location: 
30°00’30.10” N 
95°32’00.14” E

Ice-contact Lakes are connected by a glacier terminus and supplied by meltwater. 
Case location: 
30°14’31.40” N 
93°38’15.12” E

Unconnected-glacier- 
fed

Lakes are located downstream of a glacier but are not directly connected to it. 
Case location: 
30°07’32.84” N 
94°05’22.35” E

Non-glacier-fed Lakes were formed by glaciology and are not supplied by glacial meltwater. 
Case location: 
29°17’45.74” N 
93°25’23.76” E

GEO-SPATIAL INFORMATION SCIENCE 7
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4. Discussion

4.1. Validation of the glacial lake dataset

We randomly selected 165 glacial lakes from our data
set to create reference lakes using high-resolution 
images from Google Earth around 2021. This selection 
aimed to verify the accuracy of our glacial lake dataset, 
given the limited field measurements along the STR. 
The 165 lakes in our dataset range from 0.0012 km2 to 
5.33 km2, with a median size of 0.07 km2, covering all 
river basins in the study area (Figure 6).

Our glacial lake dataset and the Google Earth- 
derived lake data showed high consistency in both 
individual lakes and groups of different sizes, indicat
ing the reliability of our dataset (Figure 6 and Table 4). 
The mean area difference between lake samples is 
0.004 km2, with most validation samples closely dis
tributed along the 1:1 line, demonstrating high map
ping accuracy. The area error for the 165 sample lakes 
is 1.21%, with a median deviation of 5.26%. The 

overlap rate exceeds 95% across different size groups 
(Table 4). Overall, our STR-GL-2021 dataset exhibits 
satisfactory accuracy.

4.2. Comparison with other published datasets

We compared our glacial lake dataset with two other 
datasets: the 2018 Wang’s glacial lake dataset, digitized 
from 30 m Landsat images (Wang et al. 2021), and the 
2020 Wei’s thermokarst lake dataset (Wei 2021).

4.2.1. Comparison with Wang’s Landsat-derived 
dataset
The overall overlap ratio between Wang’s 2018 dataset 
(Wang et al. 2021) and our 2021 dataset is 75.41% in 
terms of count and 88.99% in terms of area (Table 5), 
both at the same MMU of 5400 m2 and spatial coverage. 
Our dataset contains more lakes than Wang’s dataset, 
associated with a greater total area. In Wang’s dataset, 
4394 glacial lakes (297.18 km2) were manually digitized, 

Figure 6. Validation of glacial lakes is conducted using data derived from Google Earth. (a) The spatial distribution of the validation 
samples is shown, (b) a comparison of a reference glacial lake with our lake data is presented, and (c) consistency between STR-GL 
-2021 and the reference lakes is demonstrated.

Table 4. Distribution of validation samples in different size groups.

Lake size (km2)
Number of 

lakes
Total area from Sentinel-2 

(km2)
Total area from Google Earth 

(km2)
Overlap rate 

(%)

0.0009–0.0081 40 0.22 0.23 95.65
0.0081–0.05 35 0.93 0.93 100.00
0.05–0.1 30 2.23 2.28 97.81
0.1–0.5 25 5.89 6.03 97.68
0.5–1.0 20 14.53 14.80 98.18
≥1.0 15 35.61 35.87 99.28
Total 165 59.41 60.14 98.79
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whereas our product mapped 5827 glacial lakes (333.97  
km2). Our product has more lakes in three size groups 
than Wang’s dataset, except for the 0.1–0.5 km2 and 
0.5–1.0 km2 groups, where the total areas of Wang’s 
dataset are greater than ours. Our dataset, as of 2021, 
contains 1400 more lakes than Wang’s dataset from 2018 
for class 0.0054–0.05 km2. We attributed the discrepancy 
to the detection of small lakes that the 10 m Sentinel-2 
images can extract, whereas the 30 m Landsat images 
cannot be manually mapped (Figure 7). Our glacial lake 
dataset has been validated with higher spatial resolution 
images in Google Earth, showing an improvement over 
the published dataset.

We compared the same glacial lakes from both 
datasets and found a high level of consistency, 

with a total area error of 3.77% (Table 6), ranging 
from 2.52% to 4.40%. Wang’s dataset shows 
slightly larger lake areas within each size group 
compared to ours. However, the errors fall within 
the mapping uncertainty. Variations in image 
acquisition dates, image quality, and spatial reso
lutions (Lesi et al. 2022a) are likely responsible for 
the differences between the two datasets. We are 
sharing an updated glacial dataset created from 
Sentinel-2 images, which provides users with 
more options for studying changes in water 
resources, evaluating the risk of glacial lake out
burst floods, and modeling the changes in glaciers 
and lakes under different climate change 
scenarios.

Table 5. Comparing the number and area of glacial lakes between Wang’s and our datasets at different size classes.

Lake size (km2)

Wang’s glacial lakes dataset Our glacial lake dataset Overlap 
percentage (%)Count Area (km2) Count Area (km2)

0.0054–0.05 3244 65.68 4672 79.20 69.43 (82.93)
0.05–0.1 585 40.92 593 41.26 98.65 (99.18)
0.1–0.5 487 96.00 483 94.24 100.83 (101.87)
0.5–1.0 43 30.71 43 30.40 100.00 (101.02)
≥1.0 35 63.87 36 88.87 97.22 (71.87)
Total 4394 297.18 5827 333.97 75.41 (88.99)

Note: Wang’s dataset (Wang et al. 2020) has an MMU of 6 pixels (0.0054 km2). To ensure comparability, we excluded 3912 glacial lakes 
(10.76 ± 2.70 km2) from our dataset, which ranged in size from 0.0009 km2 to 0.0054 km2. The overlap percentage (%) indicates the 
ratios between Wang’s dataset and ours in count and area.

Figure 7. Comparison of Wang’s glacial lake dataset and ours for the size of 0.0054–0.05 km2. (a) Glacial lakes can be mapped from 
a Sentinel-2 image, but cannot be extracted from a Landsat image (b). We were able to extract more glacial lakes from a Sentinel-2 
image than Wang’s data from a Landsat image (c, d).
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4.2.2. Comparison with Wei’s Sentinel-2-derived 
dataset
The area difference between Wei’s 2020 dataset and 
our 2021 dataset is 11.48% (Table 7) at the MMU of 
900 m2 (9 pixels). Wei’s dataset (Wei 2021) was initi
ally intended to study thermokarst lakes and ponds on 
the Tibetan Plateau, defining a study area outside a 10  
km buffer zone of glaciers (Figure 8(a)). We selected 
2690 glacial lakes from Wei’s dataset by overlapping 
with our dataset for comparison. Count and area 

errors ranged from −12.45% to 18.89% across different 
size groups. Wei’s dataset (Wei 2021) contains more 
lakes in size groups ranging from 0.0081 km2 to 1.0  
km2 and has a larger total area in all size groups except 
the 0.0009–0.0081 km2 group.

Wei’s data had a larger lake area due to topographic 
shadows and seasonal changes, and their effects were 
removed from our dataset. This difference is evident 
in the Sentinel-2 images across various lake sizes 
(Figure 8(b-g)). Another factor contributing to errors 

Table 6. Comparing Wang’s dataset with our dataset in various size groups.

Lake size 
(km2)

Wang’s glacial lakes dataset Our glacial lake dataset Difference  
percentage (%)Count Area (km2) Count Area (km2)

0.0054–0.05 2932 61.66 2970 59.47 −1.28 (3.68)
0.05–0.1 570 39.80 547 38.17 4.20 (4.27)
0.1–0.5 472 92.82 460 89.10 2.61 (4.18)
0.5–1.0 42 29.89 40 28.63 5.00 (4.40)
≥1.0 32 55.42 31 54.06 3.23 (2.52)
Total 4048 279.59 4048 269.43 0.00 (3.77)

Note: The MMU in the table is 6 pixels (0.0054 km2), and glacial lakes that overlap between Wang’s and our datasets have been reselected 
for comparison. The difference percentage (%) represents the error between Wang’s dataset and ours in count and area, respectively.

Table 7. Comparing the count and area of glacial lakes between Wei’s and our datasets across different 
size categories.

Lake size (km2)

Wei’s dataset Our dataset Difference 
percentage (%)Count Area (km2) Count Area (km2)

0.0009–0.0081 1153 4.40 1317 4.73 −12.45 (−6.98)
0.0081–0.05 1083 22.68 975 19.96 11.08 (13.63)
0.05–0.1 248 17.67 215 15.10 15.35 (17.02)
0.1–0.5 183 33.93 162 29.88 12.96 (13.55)
0.5–1.0 13 9.00 11 7.57 18.18 (18.89)
≥1.0 10 18.33 10 17.85 0.00 (2.69)
Total 2690 106.01 2690 95.09 0.00 (11.48)

Note: The MMU in Wei’s dataset (Wei 2021) is 5 pixels (0.0005 km2), which is smaller than the 9 pixels in our dataset. 
Therefore, a 9-pixel threshold was utilized to select glacial lakes for comparison. The difference percentage (%) represents 
the errors between Wei’s dataset and ours in count and area, respectively.

Figure 8. Comparison between Wei’s dataset and ours. (a) The spatial distribution of the selected glacial lakes from Wei’s dataset 
and enlarged sub-graph locations. (b)-(g) Examples of glacial lake boundaries in Wei’s dataset and ours, shown at the numbering 
sites in (a).
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is the difference in acquisition dates between the 
Sentinel-2 source images. In our study, we dedicated 
time to selecting the best image for each tile and 
inspecting and validating lake data to minimize the 
impact of clouds, topographical shadows, and other 
factors, thereby producing a high-quality dataset of 
glacial lakes.

4.3. Accuracy and limitations in the glacial lake 
dataset

Several factors, including pixel grid size, georeferen
cing errors, MMU, and the effects of cloud and snow 
cover, as well as key parameters of mapping methods 
and operator experience, influence the accuracy of the 
glacial lake dataset. In this study, we calculate area 
uncertainty using an improved equation that incorpo
rates pixel grid size and lake perimeter (Lesi et al.  
2022a). This equation considers only the displacement 
caused by georeferencing satellite imagery. Other chal
lenging factors that are difficult to quantify have been 
excluded. Additionally, the MMU has a significant 
influence on the discrepancies in both the number 
and area of the glacial lake datasets. A smaller MMU 
typically results in a higher number of detected glacial 
lakes (Nie et al. 2017). Pixel sizes ranging from 3 to 55 
pixels have been used in glacial lake mapping with 
satellite images (Chen et al. 2021; Lesi et al. 2022a; 
Nie et al. 2017; Shugar et al. 2020; Wang et al. 2020; 
Zhang et al. 2015). The research objectives and map
ping techniques determine the MMU threshold. In 
this study, we set the MMU at 9 pixels, a threshold 
widely accepted in the previous research (Chen et al.  
2021; Nie et al. 2017). The MMU impacts uncertainty 
estimation due to the measurement approach related 
to pixel grid size and lake perimeter (Hanshaw and 
Bookhagen 2014; Lesi et al. 2022a). A smaller lake may 
show less absolute error but a higher relative error 
according to the uncertainty calculation equation, 
and vice versa. Examples from our dataset illustrate 
that the outlines of small glacial lakes produced using 
our mapping method are reliable (Figures 7 and 8). 
Our study demonstrates that 10 m Sentinel-2-derived 
glacial lakes provide more accurate boundaries with 
less mapping uncertainty compared to 30 m Landsat- 
derived glacial lake outlines (Figure 7), consistent with 
earlier research (Lesi et al. 2022a).

A series of mapping procedures and workflows 
enhances the reliability of our glacial lake dataset. (1) 
We selected a total of 165 glacial lakes through strati
fied random sampling and manually digitized them 
using high-resolution images from Google Earth. This 
sample size exceeds that of a previous study, which 
utilized 89 samples (Lesi et al. 2022a), demonstrating 
the reliability of the lake dataset produced by our 
mapping workflow. (2) To minimize the effects of 
clouds, cloud shadows, and snow, we select autumn- 

dominated Sentinel-2 images for mapping glacial lakes 
(Figure 3), thereby reducing the impact of seasonal 
variations and snow cover. We also reference an exist
ing glacial lake dataset (Wang et al. 2020; Wei et al.  
2021) to select source images for our dataset, which 
further minimizes the effects of clouds and cloud 
shadows. (3) Integrating a user-interactive mapping 
tool and a data verification process carried out by an 
assigned individual enhances the consistency and 
accuracy of glacial lake mapping, reducing potential 
errors from multiple operators. All these mapping 
strategies improve the quality of our glacial lake data
set by minimizing mapping errors. Finally, we present 
the first 10 m glacial lake dataset covering the entire 
STR-related region.

Our glacial lake dataset has several limitations. (1) 
The global area-volume empirical function (Cook and 
Quincey 2015), typically used to estimate glacial lake 
volumes, may cause regional-scale inaccuracies com
pared to area-volume equations derived from the 
Tibetan Plateau (Qi et al. 2025; Zhang et al. 2023). 
Limited bathymetric measurements in the study area 
restrict the creation of a localized model that could 
enhance the accuracy of volume estimates. (2) 
Temporal discrepancies between the RGI 6.0 glacier 
outlines and Sentinel-2 imagery employed for deli
neating glacial lakes may result in minor errors in 
identifying lake types. Although RGI 6.0 has been 
combined with Sentinel-2 images to address these 
issues, the lack of an updated and synchronized glacier 
dataset limits the precision of lake type classification. 
(3) There is a seasonal bias in our glacial lake dataset, 
but its impact on analyzing intra- and inter-annual 
changes is minimal. Most Sentinel-2 images (76%) 
were captured in September, October, and 
November, when the Indian summer monsoon weak
ens (Nie et al. 2021), resulting in minimal water-level 
changes in glacial lakes during autumn (Wang et al.  
2025). Optical satellite images are inherently affected 
by snow and cloud cover (Wang et al. 2021; Wei et al.  
2021), which means that we cannot gather enough 
high-quality Sentinel-2 images in a single month to 
eliminate seasonal bias entirely. The bias caused by the 
timing difference of satellite image acquisition is una
voidable in similar studies (Lesi et al. 2022b; Wang 
et al. 2021; Wei et al. 2021) that rely on images from 
a single satellite platform to create a glacial lake data
set. This issue is common in remote sensing-based 
glacial lake mapping. Prior research indicates that 
water levels in glacial lakes on the Tibetan Plateau 
and nearby regions tend to remain relatively stable 
(Wang et al. 2025), with less than 1 m of intra- 
annual variation in 86% of these lakes. While seasonal 
changes may slightly affect year-to-year comparisons, 
selecting datasets from comparable seasons helps 
reduce this effect. (4) Temporal mismatches between 
our dataset (Deng 2022) and existing datasets (Wang 
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et al. 2020; Wei 2021) introduce potential biases in 
comparative studies that are challenging to quantify. 
Considering the increasing risk of GLOFs (Zheng et al.  
2021) due to climate warming, our 10-m resolution 
glacial lake dataset in 2021 is highly valuable for 
hazard risk assessments.
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