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DATA NOTE
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Zhaocheng Wanga,b,c, Lijuan Shic,d, Yubao Qiu b,c, Guoqiang Jiab,c, Xiaoting Lib,c, 
Matti Leppärantab,c,e, Lanhai Lif and Massimo Menentic,g,h

aSchool of Computer and Information Security, Guilin University of Electronic Technology, Guilin, China; 
bInternational Research Center of Big Data for Sustainable Development Goals (CBAS), Aerospace 
Information Research Institute, Chinese Academy of Sciences, Beijing, China; cKey Laboratory of Digital Earth 
Science, Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing, China; dThe 
College of Computer and Information Engineering, The Henan Key Laboratory of Big Data Analysis and 
Processing, Henan University, Kaifeng, China; eInstitute of Atmospheric and Earth Sciences, University of 
Helsinki, Helsinki, Finland; fThe National Key Laboratory of Ecological Security and Sustainable Development 
in Arid Region, Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, Urumqi, China; 
gThe Netherlands Department of Geoscience and Remote Sensing, Civil Engineering, Delft University of 
Technology, Delft, The Netherlands; hInstitute of Tibetan Plateau Research, Chinese Academy of Sciences, 
Beijing, China

ABSTRACT
Significant changes in snow, glaciers, and the water system 
across High Mountain Asia (HMA) under global warming have 
intensified regional water system instabilities. Accurate mapping 
of the spatial distribution and connectivity of rivers and lakes is 
essential for understanding and managing the regional water 
balance and ecosystems. However, existing surface-water data
sets lack clear distinctions and connectivity information 
between flowing rivers and lakes. In this study, three vector 
datasets over the HMA were developed—Rivers, Lakes, and 
River–Lake spatial Connectivity—based on the European Space 
Agency’s (ESA) WorldCover data and the 2020 Global Surface 
Water dataset from the European Commission’s Joint Research 
Centre (JRC). Rivers and lakes were extracted separately using 
Geographic Information System tools for all basins in the HMA 
and incorporated into a surface water time series. The analysis 
results showed that the total area of rivers and lakes in the 
HMA increased by 23.5% from 2000 to 2019, with lakes 
accounting for 78.3% of this expansion, while river areas 
expanded by 40.8%. Glacier-fed rivers and lakes contributed 
75.5% of the total water area increase, although non-glacier- 
fed waters exhibited higher relative growth (44.8%) than gla
cier-fed ones (20.4%). In the endorheic basins, a consistent 
annual increase in lake area from 2000 to 2019 was observed: 
the area of hydrologically connected lakes and rivers expanded 
from 20,782 km2 to 25,396 km2. In contrast, the area of the 

ARTICLE HISTORY 
Received 10 November 2025  
Accepted 23 May 2026 

KEYWORDS 
High Mountain Asia; rivers 
and lakes; water body’s 
connectivity; vector dataset; 
surface water change

CONTACT Yubao Qiu qiuyb@aircas.ac.cn Aerospace Information Research Institute, Chinese Academy of 
Sciences, No. 9 Dengzhuang South Road, Haidian District, Beijing 100094, China

BIG EARTH DATA                                            
https://doi.org/10.1080/20964471.2026.2688654

© 2026 The Author(s). Published by Taylor & Francis Group and Science Press on behalf of the International Society for Digital Earth, 
supported by the International Research Center of Big Data for Sustainable Development Goals.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/ 
licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly 
cited. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or 
with their consent.

http://orcid.org/0000-0003-1313-6313
http://www.digitalearth-isde.org/
http://www.cbas.ac.cn/en/
http://english.aircas.ac.cn/
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/20964471.2026.2688654&domain=pdf&date_stamp=2026-06-25


isolated lakes grew from 9,550 km2 to 12,970 km2. Statistical 
analysis revealed a significant correlation between the lake 
area expansion and precipitation. The datasets developed in 
this study provide the fundamental basis for analyzing changes 
in rivers and lakes in the HMA, along with their connectivity, 
supporting regional water resource management, ecological 
conservation, and sustainable agricultural and pastoral 
development.

1. Introduction

The High Mountain Asia (HMA), centered with the Qinghai-Tibetan Plateau, spans over 
mountainous regions ranging from 2,000 to 8,844 (Mt. Everest) meters above sea level. It is 
home to the largest reservoirs of snow, ice, and water outside the Earth’s polar regions 
(Loomis et al., 2019) and serves as a critical high-altitude water resource for mid- to low- 
latitude regions of Asia. This area contains various types of water storages, including 
glaciers, lakes, and permafrost, featured with the name of “Asian Water Tower” (Yao et al.,  
2019; Zhu et al., 2019). Rivers and lakes (including reservoirs) form the integral of the 
region’s water resources, connect surrounding areas, and support the daily needs of over 
1.4 billion people in downstream regions. A precise understanding of the spatial distribu
tion and dynamic changes in these waters is essential for effective water resource 
management, ecological conservation, and social and economic development in the 
HMA and its drainage basin.

However, this critical water system is undergoing rapid changes due to ongoing 
climate warming. Climate change is a rapidly reshaping hydrological process in the 
HMA that influences glacier melt, precipitation patterns, and river dynamics. These 
changes have increased the complexity and frequency of flood events across the region, 
posing increasing risks to ecosystems and infrastructure (Bai et al., 2025; Liu & Wang,  
2026). Over the past few decades, HMA has experienced significant warming, resulting in 
reduced snow cover, shrinking glaciers, and permafrost (Wang et al., 2021). These changes 
have led to alterations in the surface water areas of rivers and lakes, disrupting the 
balance of water resources. Comprehensive discoveries have been made by a number 
of researchers from 2010 to 2025 for the fast expansion of the water surface area. Zhang 
et al. (2017) indicated that from the 1970s to 2010, 99 new lakes emerged on the plateau, 
and 81% of the existing lakes expanded, leading to a total area increase of 18.4% (7,240  
km2). Qiao et al. (2019) found that the total area of lakes in the endorheic basin expanded 
from 31,858.0 km2 in 1976 to 38,292.6 km2 in 2013. Song et al. (2019) reported an increase 
in the area of lakes in the inner Tibetan Plateau from 2000 to 2015, with 95.6% of the 
expansion occurring in lakes larger than 1 km2. A further study indicated that the number 
of lakes larger than 1 km2 remained relatively stable from ~2000 to 2018, with only a slight 
increase from 1,174 to 1,424, while the total area of these lakes grew from 41,000 ± 443.7  
km2 to 50,000 × 104 ± 791.4 km2. The increase in the number of lakes (>1 km2 in area) is 
primarily due to lake expansion, where lakes grow in size from less than 1 km2 to more 
than 1 km2 (Zhang et al., 2019). The rapid and exceptional expansion of lakes in the HMA 
poses significant risks to the water resources and ecosystems.
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These changes in water bodies over HMA need to be properly understood for water 
and ecosystem governance and decision-making. Recent studies indicate that lake expan
sion on the Qinghai-Tibetan Plateau is closely linked to increased precipitation and rising 
temperatures, with the resulting melting of glaciers and permafrost. For example, Phan 
et al. (2013) found that 244 of 891 analyzed lakes received direct glacial runoff, high
lighting the influence of glacial meltwater on lake hydrological processes. Liu et al. (2025) 
highlighted that one of the main drivers behind the expansion of lakes is the melting of 
ground ice near the permafrost surface. Accelerated melting of glaciers and permafrost 
has also significantly increased surface runoff in some regions. For instance, Wang et al. 
(2021) discovered that since 1997, the accelerated melting of glaciers and permafrost has 
led to an approximately 80.9% increase in surface runoff in the upper reaches of the 
Yarlung Zangbo River Basin in the southeastern Qinghai-Tibetan Plateau. In addition, the 
increase in regional precipitation and sustained warming over the past decade have 
jointly contributed to lake expansion (Zhang et al., 2020). Specifically, the water level of 
Qinghai Lake is positively correlated with surface runoff and precipitation, and negatively 
correlated with evaporation (Li et al., 2023).

Overall, climate warming on the Qinghai-Tibetan Plateau intensified the hydrological 
cycle, with the increase in water volume occurring much faster than the rise in net 
atmospheric water flux (Ayantobo & Wei, 2025; Wang et al., 2022). River responses to 
climate change in the HMA vary significantly across basins and seasons (Khanal et al.,  
2021). River discharge has accelerated across parts of the HMA, with significant increases 
observed in nearly 10% of monitored river reaches (Flores et al., 2025). Recent research 
further indicates that climate change is increasing flood complexity and exposure risks 
across the HMA, with more populations and infrastructure becoming vulnerable to flood 
hazards (Bai et al., 2025).

These climate-driven hydrological changes not only alter water storage but also 
strongly affect river systems and their internal structures. In river network systems, the 
interconnection between river branches affects water flow distribution, sediment trans
port, and deposition, and consequently influences flood events, sediment distribution, 
and the maintenance of river biodiversity (Lei et al., 2023; Nyberg et al., 2023). Glaciers 
play a dominant role in controlling sediment flux in rivers (Li et al., 2024; Zhang et al.,  
2023). As sediment flux increases, riverbed migration becomes more frequent, and the risk 
of flood disasters intensifies (Li et al., 2021). This poses a challenge to the stability of river 
ecosystems. The loss of connectivity between rivers and lakes can lead to a significant 
reduction in lake wetland areas, although the emergence of new land provides opportu
nities for agricultural development (Li et al., 2024; D. Wang et al., 2021).

The research thus far tells the truth of the temperature increase, water cycle accelera
tion (e.g., increased precipitation), and the induced systematic changes in water storage 
threatening water and ecosystem security over HMA. However, the detailed aspects of 
these changes are not clearly understood at the scale of rivers, lakes, and their interac
tions. Rapid variations in surface water bodies require high-frequency observations 
(weekly or daily) for accurate monitoring. In addition, the connectivity of rivers and 
lakes in the HMA is vital for understanding regional shifts in water resources and their 
impact (Chauhan et al., 2023; Xu et al., 2024).

Numerous global and regional datasets have been developed to map surface 
water bodies. Notable examples are the integrated SRTM data from the Space 
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Shuttle Radar Topography Mission and Moderate Resolution Imaging 
Spectroradiometer (MODIS) 250-meter resolution data to develop a global land sur
face water mask with a 250-meter spatial resolution (Carroll et al., 2009), and the 
permanent and seasonal water areas of global rivers and lakes using Landsat satellite 
image data from 1972 to 2022 with manual visual inspection and an automated 
computer algorithm (Nyberg et al., 2024; Pi et al., 2022; Zhang et al., 2017). However, 
these datasets have limitations in distinguishing between rivers and lakes, and suffer 
from a lack of connectivity characteristics of HMA surface waters. Some of the 
datasets include the location of reservoirs but not the area of water bodies (Fan 
et al., 2024). Recently, Sui et al. (2025) developed an HMA water body dataset based 
on satellite remote sensing data and provided valuable information on the regional 
water distribution.

Overall, most existing surface water datasets primarily provide raster-based water 
masks or lake inventories, which neither explicitly separate river and lake systems, nor 
represent their connectivity. This limitation hinders a comprehensive understanding of 
river–lake interactions across the HMA. To address this gap, this study uses two widely 
used water body datasets as inputs to develop and process a set of vector-based datasets 
of rivers and lakes and their spatial connectivity across the HMA. In this study, river–lake 
spatial connectivity refers to the geometric or topological relationships between rivers 
and lakes rather than hydrological connectivity. The proposed dataset explicitly separates 
river and lake systems and establishes river–lake spatial connectivity relationships, 
thereby providing a more complete representation of the regional surface water network. 
This dataset supports automated calculations and spatial analyses of water bodies, 
enables river and lake separation, and provides essential spatial connectivity information 
between the rivers and lakes. The resulting data will be instrumental in extracting more 
precise information on water body changes related to weather and hydrological pro
cesses and will provide critical data for surface water resource management and analysis 
of their changes in HMA.

2. Data

The study area of the HMA spans 22°N to 46°N and 62°E to 110°E, with elevations ranging 
from 2,000 to 8,844 m. The vector data for rivers and lakes and their spatial connectivity 
within this region were compiled using existing datasets, such as the vector dataset for 
river systems originating in Eurasia (Liang et al., 2020) and the 2020 ESA Land Cover Data 
Product WorldCover (Zanaga et al., 2022). Additional information on the datasets used is 
provided in the subsections below.

2.1. Vector dataset for river network system

The vector dataset for the river network system originating in Eurasia was developed 
using 30-meter resolution surface water data extracted from Landsat imagery in 2010, the 
Global River Width Dataset (GRWL), and the 30-meter resolution digital elevation data 
from NASA’s Shuttle Radar Topography Mission (SRTM). This dataset offers 
a comprehensive representation of rivers and lakes (including reservoirs) across the 
Eurasian continent, with an accuracy of 93.96% (Liang et al., 2020).
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The dataset was available for downloading from the National Tibetan Plateau Data 
Center (https://data.tpdc.ac.cn/home). Hereafter, referred to as the River Dataset 2010 
(RD2010), provides basic historical vector data of rivers and lakes separately in the HMA.

2.2. ESA WorldCover

The WorldCover 2020 product provided by the European Space Agency (ESA) represents 
the 2020 status of the land surface at a spatial resolution of 10 m. It was produced from 
Sentinel-1 and Sentinel-2 satellite data and verified by ground measurements and visual 
reviews (Zanaga et al., 2022). The dataset includes ten land feature types, including water 
bodies, which can be downloaded from the ESA WorldCover website (https://esa- 
worldcover.org/en) or Zenodo (https://zenodo.org/records/5571936).

Water body data extracted from WorldCover 2020 were used to create a water 
surface dataset, which is hereafter referred to as WorldCover Surface Water 2020 
(WSW2020). This was employed to supplement the gaps in the water surface in 
RD2010. This dataset has an overall accuracy of approximately 74.4%, and its classifica
tion errors may introduce some uncertainty when distinguishing water bodies from 
other land-cover types. In addition, the dataset can be affected by factors such as the 
terrain and shadows. Therefore, integrating this dataset with RD2010 can improve the 
accuracy and spatial detail of surface water mapping, while reducing misclassification 
in the HMA region.

2.3. JRC Global Surface Water

The JRC Yearly Water Classification History (v1.4) is a raster dataset that classifies global 
water-surface changes from 1984 to 2022. It was developed by the Joint Research Centre 
of the European Union (JRC) based on high-resolution images of the Landsat satellite 
series (Pekel et al., 2016). The dataset categorizes water bodies into four types by analyz
ing the water occurrence in each pixel over the course of the year: no data, no water, 
seasonal water, or permanent water. The dataset is freely available for downloading and 
accessing via Google Earth Engine, which is primarily used for verification and time-series 
analysis.

2.4. HydroSHEDS

HydroSHEDS, derived from NASA’s Shuttle Radar Topography Mission (SRTM), provides 
global river networks, watershed boundaries, and hydrological feature information with 
a spatial resolution of 30 m (Lehner & Grill, 2013). Developed primarily by the International 
Rivers Network, this dataset was downloaded from the HydroSHEDS website (https:// 
www.hydrosheds.org/). In this study, the HydroRIVERS river distribution dataset and 
HydroBASINS watershed vector dataset from HydroSHEDS were used. Specifically, 
HydroRIVERS served as the reference for river data preparation, whereas HydroBASINS 
facilitated further subdivision of the HMA watersheds.
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2.5. Randolph Glacier Inventory

The Randolph Glacier Inventory (RGI) v6.0 is a global glacier dataset that provides 
information on the distribution of glaciers as well as their area, volume, length, orienta
tion, and elevation, supports climate change research and water resource management 
(RGI Consortium, 2017). Developed collaboratively by the international glacier research 
community, this dataset covers approximately 200,000 glaciers worldwide. In the present 
study, version 6.0, which was used to identify glaciers within river basins, enabled the 
classification of basins into glacier-fed or runoff-fed cases. Because existing surface water 
body datasets often include seasonal snow cover on glaciers, RGI helps to generate glacier 
masks for water body extraction.

2.6. Classified drainage areas based on water-supply patterns

The area of the present water resource study was based on the HMA river basin. The basin 
dataset was extracted using water resource recharge patterns (Lu et al., 2020). Four types 
of basins were identified: Glacier-fed and Runoff-fed Drainage Area (GRDA), Glacier-fed 
and Runoff-free Drainage Area (GDA), Glacier-free and Runoff-fed Drainage Area (RDA), 
and the Glacier-free and Runoff-free Drainage Area (NGRDA).

In this study, the influence of glaciers on rivers and lakes was determined based on the 
basin classification dataset developed by Lu et al. (2020). Basins classified as GRDA and GDA 
were considered glacier-fed basins, whereas those classified as RDA and NGRDA were 
considered non-glacier-fed basins. Therefore, rivers and lakes located within glacier-fed 
basins were classified as glacier-fed water bodies. It should be noted that the term “runoff- 
free” adopted in this study from the work of Lu et al. (2020) refers to the absence of clearly 
identifiable surface runoff inputs under the spatial resolution and basin classification frame
work of the original input datasets rather than the complete absence of any water supply. 
Water bodies within the NGRDA regions may still receive water from direct precipitation, 
groundwater recharge, seasonal meltwater, or other local hydrological processes.

Figure 1 outlines the basin boundaries in HMA and illustrates the spatial distribution of 
glaciers, rivers, and lakes within these basins, and the corresponding basins are listed in 
Table 1. The dataset is available from Science DB (https://www.scidb.cn/en). It is primarily used 
to determine basin boundaries and, additionally, in combination with river and lake water 
body datasets, to help distinguish the water supply recharge patterns across the HMA basins.

3. Methods

The data production process includes three primary steps: creating river datasets, lake 
datasets, and datasets for connected river-lake systems. The detailed workflow is illu
strated in Figure 2.

(1) Creation of the River network System dataset.  
Using the Intersection, Erase, and Merge tools in common GIS software, the 
extracted water body data were refined to retain only river features, resulting in 
a dedicated river vector dataset, named River network System dataset. This process 
ensured accurate identification and documentation of all rivers within the HMA.
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(2) Creation of Lake/Reservoir dataset.  
Building upon the RD2010 dataset and incorporating it with the WSW2020 dataset 
for HMA, we developed a lake/reservoir dataset. This step involved the meticulous 
removal of misclassified features such as rivers, glaciers, and mountain shadows 
from the WSW2020 dataset to enhance the accuracy of the LR dataset.

(3) Creation of River-Lake Spatial Connectivity dataset.  
Water body data were identified for areas where rivers were connected to lakes and 
reservoirs. By creating buffer zones for the lake boundaries and intersecting them 
with the vector domain of the nearest river, it was observed that lakes were 
hydrologically connected to rivers. After careful manual verification and supple
mentation, we finalized the third dataset that represents river–lake spatial con
nectivity, named the river–lake spatial connectivity dataset.

Following Steps (1)–(3), we constructed datasets of river networks, lakes/reservoirs, and 
river-lake spatial connectivity. Subsequently, a new temporal source field named Source 
was appended to the attribute table to record the temporal origin of each geographic 
feature. This field contains three categories: 2010 (derived exclusively from the RD2010 

Figure 1. Classification map of surface water supply types across different basins in the High Mountain 
Asia region (Lu et al., 2020).

Table 1. Range of each basin in Figure 1.
Basin Range

Yellow–Yangtze (basin_1) Parts of the Yellow River and the Yangtze River
Mekong (basin_2) Parts of the Mekong River
Brahmaputra–Ganges–Indus (basin_3) Parts of the Brahmaputra, Ganges, and Indus Rivers
Tarim (basin_4) Parts of the Tianshan region, Tarim Basin, and Qaidam Basin
Amu Darya–Syr Darya (basin_5) Parts of the Amu Darya River and the surrounding areas in the western part 

of HMA
Qilian Mountains–Eastern Tianshan 

(basin_6)
Parts of the Tianshan region and the northern edge of HMA

Inner (basin_7) Parts of the endorheic basin
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dataset), 2020 (derived exclusively from the WSW2020 dataset), and “merged” (generated 
by integrating the two datasets). These metadata enable users to distinguish the original 
data sources of each polygon clearly.

3.1. Construction of river system datasets

The river system dataset was constructed as follows: To minimize the uncertainties 
introduced during the integration process, multiple quality control steps were applied, 
including the removal of misclassified features (e.g., glaciers and shadows), cross- 
referencing with RGI, and visual inspection using high-resolution Google Earth imagery.

(1) ESA land cover data were obtained from the European Space Agency and used to 
characterize the surface features of the basins classified by HMA water supply 
patterns. Using the basin boundaries defined by the HMA surface water-supply 
patterns (Lu et al., 2020), the ESA land cover data were mosaicked and clipped 
using GIS tools to generate raster images for the corresponding basin areas. Water 
body classes were then extracted from these raster datasets and converted into 
a vector format, yielding detailed boundary and shape information of the rivers and 
lakes/reservoirs suitable for spatial overlay analysis with WSW2020.

(2) Spatial overlay analyses were performed Using the WSW2020 and the RD2010. 
Intersecting and non-intersecting segments were identified based on spatial rela
tionships (e.g., intersections and disjoints). For the intersecting areas, GIS tools were 

Figure 2. Workflow for creation of the integrated river network dataset, lake/reservoir dataset, and 
river-lake spatial connectivity dataset in the High Mountain Asia, representing the years 2010 and 
2020.
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used to merge and integrate the overlapping vectors, producing the final river 
vector dataset for these regions (hereafter referred to as W1).

(3) For non-intersecting river vectors, the considerations included additional rivers, 
lakes/reservoirs, glaciers, and mountain shadows present in the ESA water data 
were considered. The lake and shadow vectors were manually removed using 
Google Earth. Glacier vectors were eliminated using the Randolph Glacier 
Inventory (RGI) as a mask, yielding the final non-intersecting ESA river vectors 
(hereafter referred to as W2). Subsequently, W1, W2, and the non-intersecting 
segments of the 2010 river vectors were merged to form a comprehensive HMA 
river-vector dataset.

(4) To enhance the accuracy and reliability of this dataset, the merged results were 
further validated and refined using the RGI glacier data and the HydroRIVERS global 
river network dataset. The final product was an updated and integrated HMA river 
vector dataset that encompassed river vectors for both 2010 and 2020.

3.2. Construction of lake datasets

The lake dataset was constructed as follows: Similar quality control procedures were used 
to ensure reliability.

(1) Water body data (WSW2020) extracted from the ESA WorldCover, including lakes, 
reservoirs, and rivers, were overlaid with the HMA river vector dataset developed in 
Section 3.1. River features were removed to avoid duplication, resulting in a dataset 
that primarily contained lakes/reservoirs, wetlands, and minor glacier and terrain 
shadow features.

(2) RGI glacier data were used to eliminate glacier features from the lake dataset. By 
comparing the RGI and ESA data, we observed that most glacier features were 
accurately removed. The remaining potential glacier remnants and terrain shadows 
were further assessed to identify non-water body areas.

(3) The lake dataset was verified using Google Earth imagery to remove the residual 
glaciers and terrain shadows. This process refined the HMA lake-vector datasets for 
2010 and 2020.

3.3. Construction of river-lake spatial connectivity datasets

Based on the river and lake vector datasets developed in Sections 3.1 and 3.2, we 
constructed a river–lake spatial connectivity dataset for the HMA. As direct connections 
between rivers and lakes are not always explicitly represented in vector datasets, 
a combination of automated spatial analysis and manual validation was applied to detect 
potential hydrological linkages.

3.3.1. Automated spatial connectivity detection
Rivers and lakes may be connected through minor tributaries, wetlands, or seasonal 
channels, which are often under-represented in vector datasets. To capture these poten
tial linkages, a buffer analysis was applied around each lake/reservoir to approximate its 
area of influence and identify the intersecting river segments. Buffer zones ranging from 
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10 m to 400 m at 10 m intervals were generated for each lake/reservoir. Overlay analysis 
using river vector data indicated that when the buffer distance was less than 100 m, the 
number of intersections between lakes and rivers increased rapidly, whereas beyond this 
threshold, the growth rate gradually stabilized. This suggests that a 100 m buffer can 
capture the most hydrologically meaningful connections while reducing the overestima
tion caused by spatial proximity. Therefore, a 100 m buffer distance was selected as 
a balanced and robust threshold for defining river–lake spatial connectivity, used to 
construct the initial spatial connectivity dataset, and serve as the basis for subsequent 
analyses.

3.3.2. Manual refinement processing
To improve the completeness of the dataset, manual inspections were conducted using 
Google Earth imagery captured at nearly the same time. This step enabled the identifica
tion of tributaries in the vicinity of lakes that were not captured by automated analysis, 
thereby enhancing the representation of subtle but significant hydrological linkages.

Through this combined approach, we finalized the river–lake spatial connectivity 
vector dataset for the HMA, providing a comprehensive basis for subsequent hydrological 
analyses.

4. Validation and change analysis of the dataset

4.1. Validation and comparison assessment

4.1.1. Comparison with images in Google Earth
The dataset included 418,206 lakes and a region-wide vector river network. Among them, 
405,797 lakes were less than 0.1 km2.

Representative regions were selected from three developed waterbody datasets for 
comparative analysis using Google Earth images. The results are shown in Figure 3.

For the river vector dataset, Figure 3(a) shows that the data for a section of the Yangtze 
River Basin exhibit clear contours and a complete overall structure, indicating high 
accuracy in river delineation.

For the lake vector dataset, Figure 3(b) shows a comparison of Qinghai Lake and its 
surrounding areas. The enlarged view on the right demonstrates that the outlines of the 
Qinghai Lake and the adjacent small water bodies are distinct and complete. Moreover, 
the boundaries between lakes and rivers are clearly defined, facilitating effective differ
entiation between various water body types.

For the river–lake spatial connectivity dataset, Figure 3(c) shows that the developed 
vector data accurately reflect the hydrological connections between rivers, lakes, and 
reservoirs. The dataset successfully encompasses river segments that are connected to 
lakes, ensuring a comprehensive representation of the spatial connectivity of water 
bodies.

4.1.2. Comparison with public water body datasets
The dataset was further compared spatially with the JRC Global Surface Water dataset and 
National Fundamental Geographic Information Database at a 1:250 000 Scale (Liu et al.,  
2016). As shown in Figure 4, our dataset demonstrates improved spatial detail compared 
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Figure 3. Comparison of the High Mountain Asia: (a) River dataset, (b) Lake datasets, and (c) River–lake 
spatial connectivity vector datasets with Google Earth imageries. Regions I, II, and III correspond to 
selected areas from the Yangtze River Basin, Yellow River Basin, and endorheic basin, respectively.
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with both the JRC and national databases. Notably, the national database lacks represen
tation of river tributaries and small lakes/reservoirs. Compared with the JRC dataset, the 
developed dataset effectively removed most glacier-related features, fewer river disconti
nuities, and more complete river connectivity with clearer contours.

Overall, the spatial distribution of rivers and lakes in our dataset closely aligns with that 
of the JRC data. Using the JRC data as a benchmark, we assessed the consistency between 
our dataset and the JRC dataset in the various HMA basins (the basins are shown in 
Figure 1). The statistical results (Table 2) indicated an overall consistency of 89.39% 
between the two datasets. The high spatial consistency with independent datasets 
(JRC) and visual agreement with Google Earth imagery further supported the reliability 
of the data integration and processing workflow.

The observed differences arise mainly from distinct data sources and production meth
odologies. The ESA WorldCover dataset, used as one of the primary inputs in this study, has 
a higher spatial resolution (10 m), enabling a more precise delineation of water body 
boundaries and details, and primarily represents permanent water bodies. In contrast, the 

Figure 4. Comparative visualizations of the water body datasets: (a, d) Dataset generated in this study, 
(b, e) JRC Global Surface Water dataset, and (c, f) National fundamental geographic information 
database. Panels (a–c) cover the Mekong River Basin, while panels (d–f) cover the Yellow River Basin.
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JRC Global Surface Water dataset incorporates extensive temporal information derived from 
long-term observations, capturing the full range of water occurrence within each year, and 
explicitly distinguishing between permanent and seasonal water. This allows for the analysis 
of long-term dynamics, although the spatial resolution is relatively coarse.

Further analysis showed that basins with a lower proportion of permanent water bodies 
in the JRC dataset also exhibited lower consistency with our dataset. For example, Basin_1 
(the Yellow and Yangtze Rivers) and Basin_2 (Mekong River) have minor glacier coverage, as 
confirmed by RGI glacier data, and seasonal variations have a limited impact on the 
identification of permanent water bodies, leading to minor differences between our dataset 
and the JRC data. In contrast, Basin_3 (the Brahmaputra, Ganges, and Indus Rivers), Basin_4 
(the Tianshan region, Tarim Basin, and Qaidam Basin), and Basin_6 (the Tianshan region) 
exhibited lower consistency. These regions are characterized by extensive glacier coverage, 
which likely contributes to seasonal fluctuations in the water extent in the JRC dataset due 
to glacier meltwater. In this study, the basin delineation was based on the HydroBASINS 
dataset. Level 2 (lev02) classification represents large drainage basins at the subcontinental 
scale (e.g., the Indus, Ganges, and Mekong River basins).

4.2. Analysis of changes of rivers and lakes

4.2.1. Changes of river and lake area with various recharge types
To further analyze the dynamic changes of rivers and lakes in the study area, the 
differences in area changes under various recharge types were investigated. Using our 
water body data as the base mask, the JRC river and lake data for the years 2000–2019 in 
the HMA were extracted. The classification of glacier-fed and non-glacier-fed water bodies 
followed the basin-based recharge type dataset proposed by Lu et al. (2020), in which 
basins containing glacier contributions were defined as glacier-fed. These data were 
classified and statistically analyzed based on the surface water recharge methods, as 
shown in Figure 5, which illustrates the changes in the JRC water body areas (permanent 
and seasonal) and permanent water body areas.

Table 3 shows that in 2000, the total HMA lake area was 56,790.1 km2. Glacier-fed lakes 
(G-Lake) accounted for 48,561.5 km2, and non-glacier-fed lakes (NG-Lake) accounted for 
8,228.6 km2. By 2019, the total lake area had increased to 68,763.1 km2, G-Lake area to 
57,118.6 km2, and NG-Lake area to 11,644.5 km2. The total area of the HMA River also 
increased. In 2000, it was 8,140.6 km2, with a G-River area covering 8,013.0 km2, and an 

Table 2. Comparison of water body areas between this study and the JRC dataset across HMA basins.

Basin
This study 

(km2)
Overlapping 
area (km2)

JRC water 
area (km2)

JRC permanent 
water area (km2)

Permanent water 
proportion (%)

Consistency 
(%)

Basin 
level

Basin_1 14,626.9 14,487.3 15,328.7 11,208.0 73.1% 94.5% Lev02
Basin_2 1,436.5 1,412.0 1,518.5 908.5 59.8% 93.0% Lev02
Basin_3 8,040.4 7,933.8 9,706.1 5,758.4 59.3% 81.7% Lev02
Basin_4 10,223.7 10,132.9 13,348.5 8,324.7 62.4% 75.9% Lev02
Basin_5 8,503.7 8,457.9 9,043.4 7,965.2 88.1% 93.5% Lev02
Basin_6 688.2 679.3 822.1 603.8 73.4% 82.6% Lev02
Basin_7 33,712.2 33,688.9 36,137.4 31,170.0 86.3% 93.2% Lev02
Total 77,231.5 76,792.0 85,904.6 65,937.6 76.8% 89.4%

BIG EARTH DATA 13



NG-River area covering 127.7 km2. By 2019, the total river area had grown to 11,462.6 km2, 
with a G-River area of 11,005.4 km2 and NG-River area of 457.3 km2.

Overall, both the river and lake areas showed a large increasing trend, with a total 
growth of 23.5% over 19 years. The lake and reservoir areas accounted for 78.3% of the 

Figure 5. The temporal variations in the areas of rivers, lakes, reservoirs, and permanent water bodies 
in High Mountain Asia from 2000 to 2019, as derived from the JRC water dataset under different water 
supply modes. “G” denotes glacier-fed water bodies, while “NG” represents non-glacier-fed water 
bodies. (a, c) Total lake and river areas; (b, d) Glacier-fed and non-glacier-fed water bodies, (e, g) 
Glacier-fed rivers and non-glacier-fed rivers, and (f, h) Glacier-fed lakes and non-glacier-fed lakes.

Table 3. Comparison of water body area increases in different recharge types in the High Mountain 
Asia from 2000 to 2019.

Type
Area in 2000 

(km2)
Proportion in 2000 

(%)
Area in 2019 

(km2)
Proportion in 2019 

(%)
Change (2000–2019) 

(%)

Lake 56,790.1 – 68,763.1 – +21.1%
G-Lake 48,561.5 85.5% 57,118.6 83.1% +17.6%
NG-Lake 8,228.6 14.5% 11,644.5 16.9% +41.5%
River 8,140.6 – 11,462.6 – +40.8%
G-River 8,013.0 98.4% 11,005.4 96.0% +37.3%
NG-River 127.7 1.6% 457.3 4.0% +258.2%
Total 64,930.7 – 80,225.7 – +23.5%
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total growth, while the river area increased by 40.8%, or approximately twice as much as 
the lake area. The increase in glacier-fed rivers and lakes accounted for 75.5% of the total 
growth, whereas the increase was greater in non-glacier-fed rivers and lakes (44.8%) than 
in glacier-fed rivers and lakes (20.4%). To understand why the area increase was much 
larger in rivers than in lakes, we statistically analyzed permanent water bodies in the HMA 
from 2000 to 2019 using JRC data. The results revealed that the HMA Rivers experienced 
large seasonal variations. In non-glacier-fed areas, seasonal variations in water bodies 
remained pronounced, indicating that other sources of water supply (such as precipita
tion, other surface water, and groundwater recharge) may have played a significant role in 
surface runoff changes in this region. The amplitude of annual variation was similar in the 
permanent lakes and lakes (Figure 5(a)).

Considering the long-term trend of river and lake areas from 2000 to 2019, both 
glacier-fed and non-glacier-fed water bodies exhibited an increasing trend, with glacier- 
fed water bodies showing a growth rate that was more than three times larger than that 
of non-glacier-fed water bodies (Figure 5(a)). This trend may be closely related to climate 
warming, such as increased glacier melt, leading to the expansion of glacier-fed water 
bodies. Additionally, the results indicated that 2016 was a specific year with higher water 
body changes than in other years. This sudden increase may be related to the accelerated 
glacier melting and increased precipitation.

4.2.2. Changes of river and lake area considering the connectivity
To consider the impact of river and lake connectivity, this study analyzed the changes in 
connected water bodies in the HMA endorheic basin (Figure 6). The extent of the basin 
was determined based on data from Zhang et al. (2013). Overall, the lake and river areas in 
the endorheic basin show an increasing trend. As in Table 4, The lake area increased from 
30,332.0 km2 in 2000 to 38,365.6 km2 in 2019, and the river area was doubled, from 902.1  
km2 to 1,846.3 km2. The area of connected lakes (Lake_con) increased from 20,781.7 km2 

to 25,395.6 km2, indicating that lake expansion could have been influenced by river input. 
Unconnected lakes (Lake_uncon) increased from 9,550.3 km2 to 12,970.0 km2 mainly due 
to the expansion of the existing lakes, but could also be related to other factors such as 
increased precipitation. In HMA endorheic lake areas, glacier melt is an important factor 
for lake expansion, and G-Lakes account for 67.7% of the total lake area increase.

To analyze the reasons for the growth of rivers and lakes in the HMA endorheic basin, we 
used MODIS daily cloud-free snow cover products over the Tibetan Plateau from 2003 to 
2019 (Qiu et al., 2016) and daily gridded precipitation data from 2001 to 2019 (Han et al.,  
2023) to analyze the changes in annual average snow cover area and precipitation. The 
results (Figure 6(e,f)) show that the snow cover area had no trend, whereas precipitation 
increased significantly. This suggests that the main factor for the growth of rivers and lakes 
in the endorheic basin is precipitation. Indeed, changes in annual precipitation were closely 
synchronized with variations in water body areas. For example, the average annual pre
cipitation in 2012 has decreased by 14% since 2011. Consequently, the number of con
nected rivers decreased by 15.6% and the number of glacier-fed rivers declined by 14.6%. In 
contrast, compared with 2015, the average annual precipitation in 2016 increased by 27%. 
Consequently, the number of connected rivers increased by 52.2%, and the number of 
glacier-fed rivers increased by 50.5%. The slight decrease in lake area in 2015 may be related 
to the 2015/2016 El Niño phenomenon (Lei et al., 2019; Zhang et al., 2020).
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5. Discussion

5.1. Limitations of the dataset

In the HMA, the presence of mountain shadows, snow, ice, and other cryosphere elements 
poses challenges for accurate water body extraction from remote sensing data (Khalid 
et al., 2021). The data utilized in this study were developed for global-scale applications 
and may not fully capture the unique topographical and environmental characteristics of 
the HMA, potentially affecting their regional accuracy. Furthermore, owing to the spatial 

Figure 6. The temporal variations in rivers and lakes within the endorheic basins of High Mountain 
Asia. (a, c) Temporal variations in the areas of connected lakes and connected rivers during 2000– 
2019. (b, d) Area changes in lakes and rivers grouped by water-resource recharge mode during 2000– 
2019. (e) Temporal changes in precipitation during 2001–2019. (f) Temporal changes in snow cover 
area during 2003–2019.

Table 4. Changes in water body area in endorheic basins in High Mountain Asia from 2000 to 
2019.

Type Area in 2000 (km2) Area in 2019 (km2) Change (2000–2019)

Total Lake 30,332.0 38,365.6 +26.5%
Lake_con 20,781.7 25,395.6 +22.2%
Lake_uncon 9,550.3 12,970.0 +35.8%
River 902.1 1,846.3 +104.7%
River_con 771.1 1,560.2 +102.3%
River_uncon 131.0 286.1 +118.4%
Total 31,234.0 40,211.9 +28.8%

16 Z. WANG ET AL.



and temporal resolution limitations of the input datasets (30 m for RD2010 and 10 m for 
WSW2020), the resulting river network inevitably exhibits polygon fragmentation and 
discontinuities, particularly for narrow streams and complex terrains. Consequently, river 
segments connected to lakes may be omitted, particularly for small lakes or those in 
regions with limited high-quality optical observations. Additionally, buffer analysis was 
employed in this study to provide a preliminary delineation of river–lake spatial connec
tivity rather than a fully resolved hydrological topology. However, in reality, the connec
tivity between rivers and lakes is often influenced by seasonal variability and 
anthropogenic activities, such as reservoir construction, which have not been fully 
accounted for in the current dataset. These limitations suggest that further refinement 
of both the input datasets and connectivity characterization is necessary in future work.

In Section 4.2, the proposed dataset was used as a mask to extract annual JRC water 
body data for the period 2000–2019, which were subsequently used to analyze temporal 
variations in surface water. This approach may have resulted in a small number of omitted 
water bodies in our dataset, which were not included in the analysis. Nevertheless, given 
that this study focuses on regional-scale patterns of water body dynamics, the influence of 
such omissions on overall trends is expected to be limited.

5.2. Applications and extensions of the dataset

The dataset developed in this study provides robust support for spatial delineation, auto
mated identification, and area estimation of rivers and lakes, thereby enhancing the efficiency 
of spatial information extraction. In particular, the river-lake spatial connectivity information 
serves as a fundamental dataset for studying changes in connected water bodies. 
Understanding the connectivity between water bodies aids in understanding fundamental 
river-lake geomorphology (Nyberg et al., 2023), assessing the impacts of connectivity altera
tions on human activities (Lei et al., 2023), and evaluating associated ecological and environ
mental responses (Li et al., 2024). The proposed fundamental dataset offers information on 
the extent of rivers and lakes, facilitates rapid distinction and extraction of water body types, 
and identifies basic spatial connectivity among water bodies, thereby enabling swift assess
ment of regional hydrological changes. For instance, by integrating our dataset with the JRC 
data, we conducted a preliminary analysis to classify water bodies in the HMA. Further 
integration with environmental variables, such as precipitation, evapotranspiration, glacier 
dynamics, snow cover, and snow water equivalent, can support comprehensive evaluations of 
water resource changes across different basins in the HMA.

Moreover, this dataset can function as a base map for water body studies with high 
temporal resolution, suitable for periodic (e.g., every 12 days) automated water body 
extraction using Sentinel satellite data (Liang et al., 2024), thereby reducing interference 
from land features and enhancing the accuracy and efficiency of the target water body 
extraction.

Constructed in vector data format, this dataset exhibits excellent flexibility and scal
ability. Researchers can freely combine these three types of data to generate thematic 
datasets, such as non-connected rivers and isolated lakes. Additionally, integration with 
other vector-based dataset data from other studies allows for further refinement of the 
classifications; for example, combining basin-scale water supply type data to distinguish 
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rivers and lakes with different sources of replenishment. To represent the extent of rivers 
and lakes, this dataset offers precise spatial positioning and comprehensive classification 
attributes, serving as a base map for the integration and updating of high-resolution, 
multi-source water body vector data in future research.

Beyond the example analysis presented in this study, the dataset also has potential 
applications in cryosphere-related research on HMA. Detailed river network and river–lake 
spatial connectivity information can support studies of glacial meltwater routing and down
stream hydrological connectivity. In combination with glacier-fed and non-glacier-fed clas
sifications, the dataset enabled differentiation of hydrological responses associated with 
glacier meltwater contributions. Furthermore, it can facilitate investigations of cryosphere– 
hydrology–ecosystem interactions, such as assessing how changes in glacier meltwater 
supply influence lake expansion, river connectivity, and downstream aquatic habitats. The 
dataset may also be integrated with glacier, snow cover, and permafrost datasets to explore 
the impact of cryospheric change on regional water resources and ecosystem dynamics.

Recently developed datasets, such as those presented by Sui et al. (2025), provide high- 
resolution surface-water mapping products with improved capability for detecting small 
water bodies. These datasets offer opportunities for future integration to further enhance 
the quality and completeness of the results.

6. Conclusion

This study developed a comprehensive vector dataset encompassing rivers, lakes, reser
voirs, and their spatial connectivity across HMA. The primary objective was to achieve 
effective spatial separation between rivers and lakes and to provide systematic informa
tion on their spatial connectivity. Based on the 2010 vector dataset of river systems across 
the Eurasian continent and the 2020 ESA WorldCover land cover classification data, this 
study employed vector operations, river-lake classification, and identification of spatial 
connectivity between Rivers, Lakes to produce three vector datasets for the HMA region, 
Rivers, Lakes (including reservoirs), and River–Lake Spatial Connectivity, which integrates 
the water surface information from both 2010 and 2020 data. In constructing the river 
dataset, spatial intersections and area filtering between the ESA WorldCover data and 
2010 river data were conducted to delineate precise river vector boundaries. The supple
mentary data were used for refinement and correction to enhance the completeness and 
continuity of the river network. For the lake and reservoir datasets, a stepwise exclusion 
process was implemented by subtracting the river data and incorporating RGI glacier 
vectors and Google Earth imagery for visual verification, effectively eliminating misclassi
fied glaciers, mountain shadows, and other non-lake/reservoir features. The river-lake 
spatial connectivity dataset was generated through multilevel buffer analysis of lakes/ 
reservoirs combined with manual verification to accurately identify the connected water
bodies. Comparisons with Google Earth imagery revealed high spatial accuracy in the 
distribution of water bodies across all three datasets. Compared to the JRC Global Surface 
Water dataset, an overall consistency of 89.39% was achieved. Notably, this new dataset 
distinguishes between rivers and lakes, presents more complete river networks in certain 
regions, explicitly removes glaciers and shadows, and provides fundamental information 
on river–lake spatial connectivity.
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The constructed dataset was then applied to analyze water body changes in the HMA 
from 2000 to 2019. The total water body area exhibited a 23.5% increase with lakes and 
reservoirs, accounting for 78.3% of that. The river areas increased by 40.8%, and the lakes/ 
reservoirs increased by 21.1%. Waterbodies fed by glacial melt contributed to 75.5% of the 
total area increase, with non-glacial-fed waters experiencing a greater area increase 
(44.8%) than glacial-fed cases (20.4%). The areas of glacial-fed rivers and lakes were 
significantly larger than those of their non-glacial-fed counterparts, and rivers exhibited 
more pronounced seasonal variations. Overall, glacial-fed water bodies demonstrated 
higher areas and growth rates than non-glacial-fed water bodies. In the endorheic basin, 
analysis of connected water bodies from 2000 to 2019 showed a consistent annual 
increase in the total lake area. The area of connected lakes expanded from 20,782 km2 

to 25,396 km2, while that of disconnected lakes grew from 9,550 km2 to 12,970 km2.
The dataset developed in this study provides a fundamental resource for spatial 

extraction and automated calculation of river and lake/reservoir water bodies, facilitating 
more precise detection of their changes. It serves as a crucial data source for surface water 
resource management and change analysis in the HMA. The river, lake/reservoir, and river- 
lake spatial connectivity vector datasets can support future research involving high- 
resolution, high-frequency remote sensing for waterbody monitoring in HMA, enabling 
efficient batch extraction of waterbody extents and serving as baseline vector data for 
waterbody studies in the region.
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