
Heliyon 10 (2024) e35672

Available online 3 August 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).

Research article 

Analysis of lake changes and their influence factors in the three 
river regions from 2000 to 2020 in the Sanjiangyuan 
Region, China 

Ya’nan Hu a,b,c,d, Hongmei Li e,f, Di Yu d,*, Xiaoli Feng d, Wenxue Ba g 

a School of Politics and Public Administration, Qinghai Minzu University, Xining, 810007, Qinghai, China 
b Key Laboratory of Land Resources Survey and Planning of Qinghai Province, Xining, 810007, Qinghai, China 
c Qinghai-Tibet Plateau Eco-Environmental Research Institute, Xining, 810007, Qinghai, China 
d Qinghai Climate Center, Xining, 810007, Qinghai, China 
e China Atmospheric Background Reference Observatory, Xining, 810007, Qinghai, China 
f Greenhouse Gas and Carbon Neutral Key Laboratory of Qinghai Province, Xining, 810001, China 
g Qinghai Meteorological Service Center, Xining, 810007, Qinghai, China   

A R T I C L E  I N F O   

Keywords: 
Lakes 
Dynamic change 
Climate change 
The glacier 
Freezing 
Three river region 

A B S T R A C T   

An important factor for investigating climate change in the Sanjiangyuan is the evolution of the 
spatio-temporal pattern of lakes in this region. The present study used the Google Earth Engine 
(GEE) platform to extract lakes from 2000 to 2020. The present approach created a lake distri-
bution dataset yearly and analyzed spatial and temporal patterns over 20 years. The analysis of 
lakes focused on the reaction of the Sanjiangyuan Lakes area to changes in climate, glaciers, and 
permafrost. The findings indicated that the Sanjiangyuan region contains 143 lakes, the majority 
of which are predominantly small, measuring 1–10 km2. The small lakes account for 60.14 % of 
the total and are primarily located in the source regions of the Yangtze River and Yellow River. 
The findings demonstrated that the Sanjiangyuan lakes experienced a significant expansion over 
the past two decades, particularly from 2011 to 2020. These lakes are divided into expanded, 
atrophic, and stable categories. Expanded lakes showed significant inter-annual trends in 
expansion, while atrophic lakes showed smaller fluctuations. The area of stable lakes experienced 
a consistent decline after 2010, despite a consistent expansion tendency from 2001 to 2010. 
Moreover, the results indicated that alterations in the size of glaciers and ice reserves in the 
Sanjiangyuan region have had the greatest influence on the fluctuation in lake area. Among the 
factors that affect the climate, temperature had the most significant effect on the change in lake 
area, followed by precipitation.   

1. Introduction 

Sanjiangyuan is located in southwest Qinghai Province and includes highly riverine and lake-filled territory in the hinterland of the 
Qinghai-Tibet Plateau. "Chinese Water Tower" is the name given to it. The Sanjiangyuan region’s climatic shift is a typical reaction to 
global climate change. Previous studies reported that climate change is the main factor responsible for hydrological and ecosystem 
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changes due to the sparse population and low anthropological impact in the Sanjiangyuan region [1,2]. Hence, temperature and 
precipitation variations in the Sanjiangyuan region have dominated the spatiotemporal pattern of the lakes’ history. As a result, this 
pattern serves as a useful indicator for researching climate change in the area. 

Researchers are consistently investigating the wide-ranging effects and hazards of natural phenomena in order to gain a deeper 
understanding of their impacts and assist decision-makers in mitigating the consequences of these events [3–6]. The outcome of 
studying these natural occurrences is the ability for researchers to assess the influence of such events on sustainable development. 
Sustainable development seeks to fulfill present demands while preserving the capacity of subsequent generations to satisfy their 
individual requirements. It encompasses economic expansion, social integration, and environmental preservation. Human activities 
contribute to sustainable development through primarily carbon emissions, which influence global warming and climate change 
[7–11]. 

Climate change affects the achievement of sustainable development in various aspects, such as impacts on groundwater and surface 
water resources. The impacts of climate variations influence temperature and precipitation, leading to modified discharge and changes 
in water quality [12–15]. The climate system is inherently uncertain due to complex interactions [16–18]. Hence, making it chal-
lenging to address water-related issues under different climate change scenarios [19–22]. Climate change can significantly impact the 
global water cycle, increasing floods and droughts [23–26]. It is essential to consider these impacts when designing hydraulic 
structures for potential flooding [27]. Climate change can also affect ecological health by modifying aquatic environments, agricul-
tural production, and food security [28–31]. Therefore, studying climate change in key geographical areas is crucial for 
decision-makers to address challenges in water resource management [32,33]. 

The process of glacial melting, the retreat of the snowline, and the subsequent increase in runoff in the Sanjiangyuan headwaters 
are having a direct impact on the availability of water resources in the Yangtze and Yellow Rivers [34,35]. This poses a substantial risk 
to the long-term viability of sustainable development in the region [36–38]. Hence, it is essential to precisely evaluate the impacts of 
climate change on lakes and perform quantitative analysis on the distribution, volume, and spatial-temporal pattern evolution of lakes 
in the Sanjiangyuan region. This is necessary for protecting and restoring lake ecosystems in alignment with local circumstances and 
promoting the advancement of ecological civilization. 

For the importance of the Sanjiangyuan region, it has always been interesting for researchers to investigate this area from different 
research aspects, especially the hydrological and ecosystem changes of the region and climate changes. For example, some studies 
focused on carbon emissions and regional carbon storage in the Sanjiangyuan region that are influenced by climate change [39–42]. 
Wang et al. [43] found that glaciers in Sanjiangyuan National Park are a sensitive indicator of climate change. Zhai et al. [44] con-
ducted a study on alpine grassland degradation in the Sanjiangyuan region and found climate change, precipitation, wind speed, and 
human activities intensified the degradation. Wang et al. [45] indicated that the glacier area will decrease by the end of the 21st 
century due to climate warming in the Sanjiangyuan region. Zhang and Zhou [46], investigated precipitation trends and land cover 
changes on the Qinghai-Tibet Plateau. The evidence indicated that there had been a variable increase in annual precipitation in this 
area from 1967 to 2016. Qu et al. [47] analyzed water consumption in the Sanjiangyuan Region from November 2019 to October 2020, 
finding that it is higher in the south than in the north. These mentioned research efforts conducted in the Sanjiangyuan Region reflect 
the direct or indirect effects of climate change in the area. 

Research on surface water changes is essential for assessing water availability, quality, and environmental impacts, establishing 
effective water management strategies, and preserving environmental and human health [48,49]. In recent years, remote sensing 
technologies and Google Earth Engine (GEE) have been effectively used to monitor earth surface changes, analyze water bodies, and 
detect lake changes in various areas [50–54]. The following studies used the GEE platform for monitoring lakes. For instance, Gong 
et al. [55] studied the lake area in Wuhan city from 1987 to 2019 and found a significant correlation between precipitation, tem-
perature, and lake size. Zhao et al. [56] analyzed wetland data from 1988 to 2020 in the Dianchi Basin, revealing an increasing trend in 
the wetland area. Zhao et al. [57] estimated the average chlorophyll-a (Chl-a) concentration for the largest global lakes from 2019 to 
2021 using remote estimation. Nguyen et al. [58] investigated lake changes in New Zealand and revealed that most lakes’ spatial areas 
remained consistent despite climate variability from 2014 to 2018. Chen et al. [59] assessed water quality in China during 2015, 
finding yellow and green as the most prevalent lake colors. Albarqouni et al. [60] analyzed the water surface area of three lakes in 
Turkey’s Lakes Region from 2000 to 2021. They concluded that there has been a decrease or no change in the lake area. Jiang et al. 
[61] used the GEE platform to evaluate surface water changes in Baiyangdian Lake, located in the north of China, from 2014 to 2020. 
They observed a gradual increase in the surface water area of Baiyangdian Lake. Hence, the above investigations demonstrated that 
remote sensing image data is a reliable scientific technique for monitoring lake surfaces and water bodies. In addition, remote sensing 
technologies have been applied to study various parameters of the Sanjiangyuan region. For example, Lu et al. [62] conducted a study 
on nitrogen and phosphorus nutrients over the period of 2012–2015. They realized the mean nutrient concentrations exceeded the 
water quality criteria in this area. Cao et al. [63] analyzed ecosystem variations from 2000 to 2015, revealing increasing climate 
warming and humidification. Zhu et al. [64] presented a suitable model for net primary productivity (NPP) estimation from 2001 to 
2020. 

The Sanjiangyuan region plays a crucial role in the preservation of water resources and the maintenance of ecological equilibrium 
in China. As far as the knowledge of the authors shows, a comprehensive study on the analysis of lake changes in the Sanjiangyuan 
region has not been done using historical data. Therefore, this study emphasizes the analysis of lake change in this region. Analysis of 
lake changes is crucial for understanding climate change’s impact on water resources, aquatic ecosystems, temperature, precipitation 
patterns, and glacial melt in the Sanjiangyuan region. Monitoring and analyzing lake changes is crucial for better resource utilization 
and management, as well as promoting sustainable use of water resources and maintaining ecological balance. Furthermore, the 
changes in lakes are very responsive to variations in climate and environmental conditions. The present study utilized the Google Earth 
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Engine (GEE) platform to collect data on lakes in the Sanjiangyuan region from 2000 to 2020. The analysis of changes in lake areas 
provides valuable information for decision-makers in this area. 

2. Overview of the study area 

Sanjiangyuan Region of Qinghai Province is situated between 31◦39′N-37◦10′N and 89◦24′E− 102◦27′E, with a total area of 
approximately 30.25 × 104 km2. The typical climate characteristics of the region are as follows: The daily temperature variation is 
significant, whereas the annual temperature discrepancy is negligible. Furthermore, the region has abundant sunlight and high levels 
of radiation. There are several lakes and extensive glaciers in the area. For rivers in China and even East Asia, this is a crucial region for 
water conservation. Fig. 1 depicts its location geographically. 

3. Data sources and methodology 

3.1. Data source 

The geographic data and remote sensing satellite images from several sources were available on the Google Earth Engine (GEE) 
platform. The GEE platform’s Landsat5 TM, Landsat8 OLI, and Landsat 7 ETM + series of satellite image data were used in this article 
as data sources. Additional data was provided by Landsat7 ETM + images. The quality, quantity, and continuity of remote sensing 
photos were taken into consideration while utilizing the top of the atmosphere reflectance data (TOA) following geometric correction 
and radiometric calibration of Landsat images taken between 2000 and 2020. Additionally, since most lakes in the Sanjiangyuan area 
were susceptible to freezing in November and had a steady period from September to November, August through October was the 
primary month chosen for image acquisition. Lastly, remote sensing photos with less than 20 % cloud cover were filtered out for mosaic 
stitching using the GEE platform. The National Aeronautics and Space Administration (NASA) provided the SRTM digital elevation 
product, which has a resolution of 30 m and is the source of the geographic elevation data used in this present study [65]. 

The elevation map of the Sanjiangyuan region was created in accordance with the research area’s vector border. After that, 
Geographic Information System (GIS) software was utilized for data extraction, processing, and handling to create the Sanjiangyuan 
elevation data. The China Meteorological Science Data Sharing Service Network provided the meteorological data used in this article 
[66], and the Food and Agriculture Organization of the United Nations’ updated Penman method was used to calculate evaporation. 
The Sanjiangyuan Region’s 23 meteorological observation stations provided yearly value data on temperature, precipitation, evap-
oration, sunlight hours, and maximum frozen soil active layer thickness from 2000 to 2020. These data were used to study changes in 
the region’s climate and frozen soil. The glacier data in this article was extracted using the band ratio approach from Landsat remote 
sensing images. More details are provided in the following section. 

3.2. Research methodology 

3.2.1. Calculation of normalized difference water index 
The best way to retrieve water body information from inland lakes on the Tibetan Plateau is to use the automated categorization 

technique in conjunction with the computation of the water body index. McFeeters [67] presented the normalized water index 

Fig. 1. Map of the study region.  
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algorithm, a method for calculating the water index that minimizes interference from plants and soil and adds water information. The 
formula is as follows:  

NDWI=(Green-NIR)/(Green + NIR)                                                                                                                                           (1) 

In Equation (1), "Green" represents the reflectivity of the second band in Landsat 5 TM and the third band in Landsat 8 OLI, while "NIR" 
represents the reflectivity of the fourth band in Landsat 5 TM and the fifth band in Landsat 8 OLI. This distinction is crucial for 
accurately interpreting and comparing NDWI values derived from different Landsat datasets, as it ensures consistency in the spectral 
bands used for vegetation and water body analysis across various satellite missions. 

3.2.2. GEE-based lake extraction 
Lake water in the research region was extracted using the random forest approach implemented in JavaScript using the GEE 

platform. Breiman created the random forest technique, a classification algorithm made up of many decision trees. It is a multi- 
dimensional, concurrently operating, high-accuracy machine learning algorithm. Its benefits include high model stability, quick 
processing speed, few parameters, and more accurate classification results when handling high-dimensional data. Wetland classifi-
cation research has made extensive use of the random forest method in recent years, with encouraging classification outcomes [68]. 
The GEE platform is configured to use the random forest algorithm by using ee.Classifier "ee.Classifier.smile Random Forest ()."Adjust 
the code for implementation. 

3.2.3. Analysis of the trend of lake area change 
A one-way linear regression model of lake area and year was constructed using the least squares approach in order to statistically 

assess the changing trend of various lakes in the research region with an area larger than 1 km2. The formula is as follows:  

y = a⋅x + b                                                                                                                                                                             (2) 

where y is the annual lake area, x is the corresponding year, a is the trend of lake area, b is a constant, and a and b are identified by least 
squares. When a is 0.02, the linear inclination angle of the regression model is about 10◦, which means that the lake area in the study 
area changes gently during the study period, and the evolution trend of the lake area is divided into three categories: shrinking, stable, 
and expanding according to a<− 0.02， |a| ≤ 0.02 and a>0.02. 

3.2.4. Correlation analysis 
The understand the response connection of lake dynamics to climate, glacier, and permafrost changes correlation analysis was 

conducted. Correlation analysis was utilized to investigate the link between lake area and climatic driving variables, maximum 
permafrost active layer thickness, glacier area, and ice storage. 

4. Analysis of results 

4.1. The distribution of lakes 

According to the results of the lake image interpretation, there were 143 lakes with an area larger than 1 km2 in the Sanjiangyuan 
region, with a total area of 6997.56 km2.The majority of the lakes are found in the Yangtze River source area, which makes up 5091.29 
km2 and accounts for approximately 72.75 % of all the lakes. The lakes in the Yellow River source region make up just 27.24 % of all 
lakes, with an area of 1906.27 km2. The lakes in the Lancang River are extremely little and essentially insignificant. The lake data for 
2020 was separated into four categories: small, medium, big, and super-large, with cut-off points of 10 km2, 100 km2, and 500 km2. 
With 4000 m, 4500 m, and 5000 m serving as the demarcation marks, the height gradient was split into four categories: low altitude, 
medium altitude, medium high altitude, and high altitude. The statistical findings are displayed in Table 1. Only 4 large lakes with an 
area of more than 500 km2 exist in the Sanjiangyuan region, the largest of which is Ngoring Lake. The majority of the lakes in the 
source of the Sanjiangyuan region are tiny lakes, ranging in size from 1 to 10 km2, making up 60.14 % of all the lakes in this region. The 
lakes in the Sanjiangyuan region are all located in the region above 4000 m above sea level, with 62.94 % of the lakes concentrated in 

Table 1 
The numbers, areas and elevations of different groups of lakes in the Three-River Regions.  

Source area Numbers Areas 
(km2) 

Area 
Segmentation 
S/km2 

Numbers Areas 
(km2) 

Altitude Segmentation h/ 
m 

Numbers Areas 
(km2) 

The Three-River 
Regions 

143 6997.56 1<S ≤ 10 86 278.11 h ≤ 4000 – – 

The Yangtze River 
Region 

108 5091.29 10<S ≤ 100 41 1387.32 4000<h ≤ 4500 43 2432.56 

The Yellow River 
Region 

35 1906.27 100<S ≤ 500 12 2780.62 4500<h ≤ 5000 90 4404.45 

The Lancang River 
Region 

– – S > 500 4 2551.51 h > 5000 10 160.55  
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the 4500–5000 m range. Only 10 lakes are located above 5000 m above sea level. 

4.2. Characteristics of lake variation 

The study categorized the Sanjiangyuan region’s lakes into expended, atrophic, and stable types to better understand the variability 
in area changes. The trend of lakes larger than 1 km2 at the three rivers’ sources is depicted in Fig. 2. It is evident that the three rivers’ 
sources contain 82 expended lakes, 15 atrophic lakes, and 46 stable lakes. From the standpoint of various source areas, the Yangtze 
River source area has a distribution of the three types of lakes, with expanded lakes making up the majority (59.29 %). The Yellow 
River source area has lakes that are both expansive and stable, with 56.67 % of the lakes being expansive. The Sanjiangyuan lakes’ area 
expansion declined as their size increased, whereas the tiny lakes’ area expansion was the greatest. This pattern of area change was 
comparable with small lakes’ features on the Tibetan Plateau [69]. From an altitude viewpoint, lakes that are shrinking are often found 
in high-altitude regions, whereas lakes that are expanding are found at all altitudes. The intensity of the expansion range of lakes in 
middle- and high-altitude regions is greater than that of lakes at higher altitudes (Fig. 2). 

It is worth mentioning that the expansion of lake area in the Sanjiangyuan region decreases with the increase in area size due to 
several interconnected factors. Larger lakes face more significant constraints compared to smaller lakes, such as geographical, hy-
drological, climatic, ecological, and anthropogenic constraints. These constraints interact to slow down the rate of expansion as the 
lake grows, resulting in a diminishing return on area increase as size increases. The expansion of larger lakes is often constrained by 
natural barriers, while smaller lakes typically have more space to grow in their surroundings before encountering such limitations. 
Larger lakes have larger catchment areas, which are the regions that drain into them. During heavy rains or snowmelt, these areas can 
fill up with water and stop draining into the lake as quickly. This can reduce the impact of additional inflow on the lake’s level. In 
addition, larger lakes have a greater surface area exposed to the air. This leads to a higher rate of evaporation, which removes water 
from the lake and counteracts the incoming flow of water. This can slow down the lake’s expansion. On the other hand, larger lakes 
have a larger volume of water, making their levels more resilient to short-term changes in precipitation. In contrast, smaller lakes can 
fluctuate more rapidly in response to such changes, allowing for quicker, albeit smaller, expansions. It should also be noted that in the 
Sanjiangyuan area, larger lakes are more likely to be affected by human activities such as agriculture and water extraction for human 
consumption. This anthropogenic impact can restrict the natural expansion of larger lakes more than smaller lakes. 

The lakes in the Sanjiangyuan region showed an overall expansion trend over the past 20 years (Slope = 76.12 km2/a, R2 = 0.92), 
particularly from 2011 to 2020 (Slope = 75.20 km2/a, R2 = 0.65), according to Fig. 3a, which analyzes the area of the lakes in the 
Sanjiangyuan region from 2000 to 2020. After analyzing the specific trends of the three types of lakes, Fig. 3b–d shows that the 
expanded lake area’s interannual variation trend is significant (Slope = 85.33 km2/a, R2 = 0.95) (Fig. 3b). The lake area peaked in 
2000 at 5068.20 km2, and from 2011 to 2020, the area growth trend became more evident (Slope = 92.73 km2/a, R2 = 0.88). Because 
expansive lakes predominate in the Sanjiangyuan lakes, the overall trend of expansive lakes is similar to that of the Sanjiangyuan lakes. 
It is worth mentioning that such factors as increased temperatures due to climate change have led to more glacial melt and increased 
water input into the lakes, contributing to lake expansion. 

The atrophic lake area decreased with little interannual variation (Slope = − 9.03 km2/a, R2 = 0.19), but after 2010, the atrophic 
lake area fluctuated and declined more (Slope = − 15.82 km2/a, R2 = 0.11) (Fig. 3c). While the area of stable lakes showed no obvious 
trend (Slope = − 0.06 km2/a, R2 = 0.01), with larger interannual fluctuations, showing a steady expansion trend from 2001 to 2010 

Fig. 2. Classifications of lake area changes in the Three-River Regions with an area of more than 1 km2.  
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Fig. 3. Trends of lake area changes in the Three-River Regions since 2000 (a. 143 lakes; b. expanded lakes; c. atrophic lakes; d. stable lakes).  

Fig. 4. Climate change characteristics in the Three-River Regions between 2000 and 2020.  
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(Slope = 2.21 km2/a, R2 = 0.85), while the lake area declined yearly after 2010 Slope = − 0.35 km2/a, R2 = 0.01) (Fig. 3d). 

4.3. Climate change characteristics 

The trends of the Sanjiangyuan region’s meteorological stations’ yearly average temperature, annual precipitation, annual 
evaporation, and annual sunlight hours are displayed in Fig. 4 from 2000 to 2020. The figure illustrates how the Sanjiangyuan region’s 
temperature has fluctuated more over the last 20 years, with a rising rate of 0.42 ◦C•10 a− 1, greater than the Tibetan Plateau’s multi- 
year average warming rate of 0.19 ◦C•10a− 1 [70]. With an increasing rate of 54.68 mm•10a-1, the precipitation increased dramat-
ically over the Tibetan Plateau, surpassing the multi-year average growth rate of 48.43 mm•10 a− 1 [71]. In line with the Tibetan 
Plateau’s tendency to change, the yearly evaporation exhibited a declining trend, and the number of sunlight hours dramatically fell 
[72,73]. It is worth mentioning that the result is consistent with the previous studies [74,75]. 

(a. annual average temperature; b. annual precipitation; c. annual evaporation in the headwaters; d. sunshine hours). 

4.4. Characteristics of glacial and permafrost changes 

The results of calculating ice reserves using Grinsted’s algorithm [76] are displayed in Table 2. With an average variability of 
− 5.75 km2•a− 1 and -0.39 km3•a− 1, the glacier area and ice storage in the Sanjiangyuan region declined steadily and at an increased 
pace of retreat between 2000 and 2020, by 114.96 km2 and 7.86 km3, respectively. The glacier retreat rate in the Sanjiangyuan region 
reached its greatest values (− 11.30 km2•a− 1 and -0.77 km3•a− 1) between 2015 and 2020, suggesting that the glaciers have been 
melting more quickly since 2015. The Sanjiangyuan region’s permafrost evolution trend is depicted in Fig. 5 for 2000–2020. 

The chart shows that during the last two decades, the average yearly maximum permafrost depth of the three rivers’ sources is 
126.2 cm, with an overall trend of 1.08 cm•(10a)− 1. The average yearly maximum permafrost depth has decreased since 2010 
(Fig. 5a), going from 140.5 cm in 2000 to 114.5 cm in 2020. The seasonal permafrost in the Sanjiangyuan region started to freeze in 
October, achieved its maximum value in January and February, and entered the thaw stage in March, as can be seen from the daily 
maximum permafrost depth curve (Fig. 5b). The maximum permafrost depth from 2011 to 2020 has a greater daily reduction than that 
from 2001 to 2010, according to a comparison of the daily variation characteristics of the two interdecadal average maximum 
permafrost depths from 2000 to 2010 and 2011 to 2020. The interdecadal variation characteristics are particularly noticeable from 
February to March. The period from February to March is critical due to the combined effects of seasonal temperature changes, 
increased solar radiation, and snowmelt. 

4.5. The response of lake area to changes in climate, glaciers, and permafrost 

This subsection examined the correlation between annual temperature, precipitation, evaporation, sunshine hours, permafrost 
depth, glacier area, and ice storage data and the total lake area in the Sanjiangyuan region. Table 3 shows that there is a substantial 
association between the remaining parameters and lake extent, with the exception of yearly evaporation. With a significance level of 
greater than 0.01 and a positive correlation between the annual average temperature and the lake area, the annual average tem-
perature showed the strongest relationship with the lake area of Sanjiangyuan Lake. This suggests that increasing temperature and 
precipitation will result in an increase in the lake area, with temperature having a greater influence on the lake area. The correlation 
between the lake area and the annual maximum permafrost depth, glacier area, ice storage, and sunshine hours was negative. The 
correlation between the lake area and the glacier area, ice storage, and sunshine hours was higher than that of the other influencing 
factors, and the significance level was above 0.01; this suggests that the decrease in sunshine hours, maximum permafrost depth, 
glacier area, and ice storage was the primary cause of the increase in Sanjiangyuan’s lake area, with glacier ablation playing the largest 
role. 

The lakes in the Sanjiangyuan region showed an annual increase tendency between 2000 and 2020. Between 2000 and 2010, 
Sanjiangyuan area temperatures rose, causing permafrost to melt, glacier area and ice storage to decrease, and precipitation to in-
crease. This resulted in an increase in precipitation and meltwater entering the lake, with the lake area exhibiting an increasing trend 
due to the combined recharge of precipitation and glacial meltwater. The Sanjiangyuan region’s annual maximum permafrost depth 
decreased after 2010, the glacier melt intensified, sunshine hours and evaporation both showed a declining trend, and as a result, the 

Table 2 
Change of glacier area and ice storage in the Three-River Regions from 2000 to 2020.  

Years Glacier Area（km2） Ice Storage（km3） Steps Glacier Area Ice Storage 

Changes 
（km2） 

Rate (km2•a− 1) Changes (km3) Rate (km3•a− 1) 

2000 1812.4 93.18      
2005 1787.22 91.44 2000–2005 − 25.18 − 5.04 − 1.74 − 0.35 
2010 1778.86 90.86 2005–2010 − 8.36 − 1.67 − 0.58 − 0.12 
2015 1753.94 89.16 2010–2015 − 24.92 − 4.98 − 1.71 − 0.34 
2020 1697.44 85.32 2015–2020 − 56.5 − 11.30 − 3.84 − 0.77    

2000–2020 − 114.96 − 5.75 − 7.86 − 0.39  
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lake area expanded continuously and at a faster rate from 2011 to 2020. 

5. Discussion 

Some studies were conducted recently on the variables that influence the change in lake area on the Tibetan Plateau [77–80]. 
Nonetheless, the majority of research concentrates on the influence of climate drivers such as temperature, precipitation, and evap-
oration. Although some studies have analyzed the impact of glacier changes on lake area, most of them focus on the dynamic response 
of glacier-recharged lakes to glacier changes [81,82]. Particularly, there are even fewer studies related to the driving factors of lake 
area changes in the Sanjiangyuan region. But permafrost meltwater also has an impact on lake area variations, in addition to tem-
perature and glacier fluctuations; tiny lakes are particularly vulnerable to these influences [83,84]. Therefore, it is helpful to inves-
tigate the primary influencing factors and differences in the dynamic changes of the lakes in the Sanjiangyuan region. Additionally, 
monitoring the area changes of numerous lakes in the Sanjiangyuan and revealing the relationship between the changes in lake area 
and temperature, precipitation, evaporation, sunshine hours, glaciers, and permafrost has theoretical guidance significance for the 
protection of water sources in the Sanjiangyuan region. 

Studies of lakes at the regional scale are crucial to comprehending how various regions are responding to climate change [85]. The 
three rivers’ headwaters are vulnerable to climate change, and the region’s lake area changes are trending upward, which is mostly in 
line with the features of the western Tibetan Plateau’s lake area changes [86]. On the influencing factors of the area change of the lakes 
in the source of the three rivers, the contribution rate of evaporation is low among the driving factors affecting the area change of the 
lakes in the source of the three rivers in this paper, which is consistent with the results of Hao ’s [87] study on the factors affecting the 
lake area change of Sanjiangyuan. Nonetheless, some research indicates that the primary cause of lake deterioration in the source area 
is higher evaporation [88]. The primary cause of this discrepancy could be because the variation in lake area reflects changes in the 
water balance of the inflow and outflow from the lake, which are mostly influenced by the disparity in precipitation and evaporation 
[89]. The influence of evaporation on lake water balance was lessened between 2000 and 2020 when precipitation increased 
significantly at the sources of the three rivers. The increase in precipitation in the Sanjiangyuan region from 2000 to 2020 was much 
larger than the change in evaporation, which weakened the effect of evaporation on the water balance of the lake. 

6. Conclusion 

In this work, the GEE platform was utilized to gather area data from Landsat remote sensing photos of lakes larger than 1 km2 in the 
Sanjiangyuan region, and the lakes’ spatiotemporal evolution patterns were examined from 2000 to 2020. Concurrently, the primary 
driving forces influencing the change in lake area in the Sanjiangyuan area during the last 20 years were briefly examined, along with 
the changes in climate, glaciers, and permafrost in the Sanjiangyuan region. The main findings of the present study are summarized as 
follows: (1) From the point of view of area size, the expansion of the area of lakes in the Sanjiangyuan region decreases with the 
increase in area size, and the expansion of small lakes is the largest due to various factors, including geographical, hydrological, 
climatic, ecological, and anthropogenic constraints. In addition, from the point of view of elevation, atrophic lakes are distributed at 
high elevations, and expanded lakes are distributed at all elevations. (2) Over the last two decades, there has been a general trend of 
lake extension in the Sanjiangyuan region, particularly between 2011 and 2020. Among them, expanded lakes have significant inter- 
annual trends in area, atrophic lakes have smaller inter-annual trends in area, and stable lakes have insignificant trends in area and 

Fig. 5. Change of freezing in the Three-River Regions from 1981 to 2020(a: annual maximum freezing depth; b:daily freezing depth).  

Table 3 
Correlation between the effective factors and the lake areas.   

Temperature Precipitation Evapotran Spiration Daylight Hours Maximum Permafrost Depth Glacier Area Ice Storage 

Spearman 0.582b 0.538b − 0.199 − 0.521a − 0.722b − 0.859b − 0.860b  

a is significant at the 0.05 level and. 
b is significant at the 0.01 level. 
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large inter-annual fluctuations. (3) Over the last two decades, the Sanjiangyuan region has seen a rise in temperature and humidity, an 
ongoing rapid retreat of its glacier area and ice store, and a continual declining trend in the annual maximum permafrost depth. (4) 
Apart from the annual evaporation, there was a noteworthy association found between the variations in the Sanjiangyuan lakes’ area 
and the annual mean temperature, annual precipitation, annual sunshine hours, annual maximum permafrost depth, glacier area, and 
ice storage, with the greatest contribution coming from glacier ablation. 

Funding 

Joint Fund of the National Natural Fund, China National Natural Fund (CNF), Permafrost - vegetation interaction and regional 
climate effect in the source of three rivers (project number:U20A2081) 

Data availability 

All data generated or analyzed during this study are included in this published article. 

CRediT authorship contribution statement 

Ya’nan Hu: Investigation. Hongmei Li: Investigation. Di Yu: Investigation. Xiaoli Feng: Investigation. Wenxue Ba: Investigation. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

References 

[1] P. Ji, X. Yuan, High-resolution land surface modeling of hydrological changes over the Sanjiangyuan region in the eastern Tibetan Plateau: 2. Impact of climate 
and land cover change, J. Adv. Model. Earth Syst. 10 (11) (2018) 2829–2843, https://doi.org/10.1029/2018MS001413. 

[2] Z. Yuxi, Z. Linsheng, W. Ling-en, Spatiotemporal changes in recreation potential of ecosystem services in Sanjiangyuan, China, Spatial Sci. 63 (2) (2018) 
359–377, https://doi.org/10.1080/14498596.2018.1494059. 

[3] S. Liang, Z. Zhao, C. Li, Y. Yin, H. Li, J. Zhou, Age and petrogenesis of ore-forming volcanic-subvolcanic rocks in the Yidonglinchang Au deposit, Lesser Xing’an 
Range: implications for late Mesozoic Au mineralization in NE China, Ore Geol. Rev. (2024) 105875, https://doi.org/10.1016/j.oregeorev.2024.105875. 

[4] Z. Dai, X. Li, B. Lan, Three-dimensional modeling of tsunami waves triggered by submarine landslides based on the smoothed particle hydrodynamics method, 
J. Mar. Sci. Eng. 11 (10) (2023) 2015, https://doi.org/10.3390/jmse11102015. 

[5] X. Xie, B. Xie, J. Cheng, Q. Chu, T. Dooling, A simple Monte Carlo method for estimating the chance of a cyclone impact, Nat. Hazards 107 (2021) 2573–2582, 
https://doi.org/10.1007/s11069-021-04505-2. 

[6] W.S. Dong, A. Ismailluddin, L.S. Yun, E.H. Ariffin, C. Saengsupavanich, K.N.A. Maulud, M.Z. Ramli, M.F. Miskon, M.H. Jeofry, J. Mohamed, F.A. Mohd, The 
impact of climate change on coastal erosion in Southeast Asia and the compelling need to establish robust adaptation strategies, Heliyon (2024) e25609, https:// 
doi.org/10.1016/j.heliyon.2024.e25609. 

[7] C. Du, X. Bai, Y. Li, Q. Tan, C. Zhao, G. Luo, L. Wu, F. Chen, C. Li, C. Ran, S. Zhang, Storage, form, and influencing factors of karst inorganic carbon in a 
carbonate area in China, Sci. China Earth Sci. (2024) 1–15, https://doi.org/10.1007/s11430-023-1249-9. 

[8] B. Jia, G. Zhou, Estimation of global karst carbon sink from 1950s to 2050s using response surface methodology, Geo-Spatial Inf. Sci. (2023) 1–18, https://doi. 
org/10.1080/10095020.2023.2165974. 

[9] Z. Liu, Z. Xu, X. Zhu, L. Yin, Z. Yin, X. Li, W. Zheng, Calculation of carbon emissions in wastewater treatment and its neutralization measures: a review, Sci. Total 
Environ. (2023) 169356, https://doi.org/10.1016/j.scitotenv.2023.169356. 

[10] Z. Wen, J. Han, Y. Shang, H. Tao, C. Fang, L. Lyu, S. Li, J. Hou, G. Liu, K. Song, Spatial variations of DOM in a diverse range of lakes across various frozen ground 
zones in China: insights into molecular composition, Water Res. 252 (2024) 121204, https://doi.org/10.1016/j.watres.2024.121204. 

[11] M.G. Nejati, S.E. Kamali, M.J. Zoqi, F.M. Sami, M.K. Al-hussainawy, H. Fooladi, Life cycle analysis (cost and environmental) of different renewable natural gas 
from waste procedures based on a multivariate decision-making approach: a comprehensive comparative analysis, Int. J. Low Carbon Technol. 19 (2024) 
339–350, https://doi.org/10.1093/ijlct/ctae008. 

[12] J. Li, Z. Pang, Y. Liu, S. Hu, W. Jiang, L. Tian, G. Yang, Y. Jiang, X. Jiao, J. Tian, Changes in groundwater dynamics and geochemical evolution induced by 
drainage reorganization: evidence from 81Kr and 36Cl dating of geothermal water in the Weihe Basin of China, Earth Planet Sci. Lett. 623 (2023) 118425, 
https://doi.org/10.1016/j.epsl.2023.118425. 

[13] Y. Jiang, J. Li, R. Zuo, C. Sun, Y. Zhai, L. Tian, W. Dai, S. Wang, Z. Shang, Y. Liu, X. Jiao, The transmission of isotopic signals from precipitation to groundwater 
and its controls: an experimental study with soil cylinders of various soil textures and burial depths in a monsoon region, J. Hydrol. 631 (2024) 130746, https:// 
doi.org/10.1016/j.jhydrol.2024.130746. 

[14] M. Maar, J. Larsen, M. Butenschön, T. Kristiansen, H. Thodsen, D. Taylor, V. Schourup-Kristensen, Impacts of climate change on water quality, benthic mussels, 
and suspended mussel culture in a shallow, eutrophic estuary, Heliyon 10 (3) (2024) e25218, https://doi.org/10.1016/j.heliyon.2024.e25218. 

[15] A. Shahmirnoori, M. Hasani Zonoozi, M. Samadi, Evaluating groundwater quality using health risk assessment and irrigation indexes: saveh Aquifer, Iran, Water 
Pract. Technol. 18 (12) (2023) 3333–3346, https://doi.org/10.2166/wpt.2023.216. 

[16] H. Dai, Y. Liu, A. Guadagnini, S. Yuan, J. Yang, M. Ye, Comparative assessment of two global sensitivity approaches considering model and parameter 
uncertainty, Water Resour. Res. 60 (2) (2024) e2023WR036096, https://doi.org/10.1029/2023WR036096. 

[17] X. Lin, G. Zhu, D. Qiu, L. Ye, Y. Liu, L. Chen, J. Liu, S. Lu, L. Wang, K. Zhao, W. Zhang, Stable precipitation isotope records of cold wave events in Eurasia, Atmos. 
Res. 296 (2023) 107070, https://doi.org/10.1016/j.atmosres.2023.107070. 

[18] S. Lu, G. Zhu, G. Meng, X. Lin, Y. Liu, D. Qiu, Y. Xu, Q. Wang, L. Chen, R. Li, Y. Jiao, Influence of atmospheric circulation on the stable isotope of precipitation in 
the monsoon margin region, Atmos. Res. 298 (2024) 107131, https://doi.org/10.1016/j.atmosres.2023.107131. 

[19] A.D. Ayada, S.S. Majeed, A.S. Ati, Impact of future climate change on land and water productivity for wheat crop (Wasit Governorate, Iraq), Caspian Journal of 
Environmental Sciences 22 (1) (2024) 31–41, https://doi.org/10.22124/cjes.2023.7335. 

[20] B.G. Reta, S.D. Hatiye, M.M. Finsa, Crop water requirement and irrigation scheduling under climate change scenario, and optimal cropland allocation in lower 
Kulfo catchment, Heliyon (2024) e31332, https://doi.org/10.1016/j.heliyon.2024.e31332. 

Y. Hu et al.                                                                                                                                                                                                              

https://doi.org/10.1029/2018MS001413
https://doi.org/10.1080/14498596.2018.1494059
https://doi.org/10.1016/j.oregeorev.2024.105875
https://doi.org/10.3390/jmse11102015
https://doi.org/10.1007/s11069-021-04505-2
https://doi.org/10.1016/j.heliyon.2024.e25609
https://doi.org/10.1016/j.heliyon.2024.e25609
https://doi.org/10.1007/s11430-023-1249-9
https://doi.org/10.1080/10095020.2023.2165974
https://doi.org/10.1080/10095020.2023.2165974
https://doi.org/10.1016/j.scitotenv.2023.169356
https://doi.org/10.1016/j.watres.2024.121204
https://doi.org/10.1093/ijlct/ctae008
https://doi.org/10.1016/j.epsl.2023.118425
https://doi.org/10.1016/j.jhydrol.2024.130746
https://doi.org/10.1016/j.jhydrol.2024.130746
https://doi.org/10.1016/j.heliyon.2024.e25218
https://doi.org/10.2166/wpt.2023.216
https://doi.org/10.1029/2023WR036096
https://doi.org/10.1016/j.atmosres.2023.107070
https://doi.org/10.1016/j.atmosres.2023.107131
https://doi.org/10.22124/cjes.2023.7335
https://doi.org/10.1016/j.heliyon.2024.e31332


Heliyon 10 (2024) e35672

10

[21] Y. Wang, Z. Wang, Change of spermatophyte family diversity in distribution patterns with climate change in China, Heliyon 10 (7) (2024) e28519, https://doi. 
org/10.1016/j.heliyon.2024.e28519. 

[22] Z. Deng, H. Zhao, L. Li, G. Liu, H. Lin, A.T. Devlin, The climate adaptive characteristics of urban inside/outside water bodies based on their cooling effect in 
Poyang and Dongting lake regions, China, Heliyon 9 (5) (2023) e15974, https://doi.org/10.1016/j.heliyon.2023.e15974. 

[23] H. Guan, J. Huang, L. Li, X. Li, S. Miao, W. Su, Y. Ma, Q. Niu, H. Huang, Improved Gaussian mixture model to map the flooded crops of VV and VH polarization 
data, Rem. Sens. Environ. 295 (2023) 113714, https://doi.org/10.1016/j.rse.2023.113714. 

[24] R. Li, G. Zhu, S. Lu, L. Sang, G. Meng, L. Chen, Y. Jiao, Q. Wang, Effects of urbanization on the water cycle in the Shiyang river basin: based on stable isotope 
method, Hydrol. Earth Syst. Sci. Discuss. 2023 (2023) 1–34, https://doi.org/10.5194/hess-2023-96. 

[25] K. Zhang, Y. Li, Z. Yu, T. Yang, J. Xu, L. Chao, J. Ni, L. Wang, Y. Gao, Y. Hu, Z. Lin, Xin’anjiang nested experimental watershed (XAJ-NEW) for understanding 
multiscale water cycle: scientific objectives and experimental design, Engineering 18 (2022) 207–217, https://doi.org/10.1016/j.eng.2021.08.026. 

[26] E. Oborie, E.D. Rowland, Flood influence using GIS and remote sensing based morphometric parameters: a case study in Niger delta region, J. Asian Sci. Res. 13 
(1) (2023) 1–15, https://doi.org/10.55493/5003.v13i1.4719. 

[27] W. Wei, J. Gong, J. Deng, W. Xu, Effects of air vent size and location design on air supply efficiency in flood discharge tunnel operations, J. Hydraul. Eng. 149 
(12) (2023) 04023050, https://doi.org/10.1061/JHEND8.HYENG-13305. 

[28] M.K. Al-Atrash, F.A. Abd Algabar, L.S. Abbod, Assessment of soil microbial properties in some regions affected by climate change, Caspian Journal of 
Environmental Sciences 21 (3) (2023) 623–628, https://doi.org/10.22124/cjes.2023.6940. 

[29] A. Vafeiadou, M.J. Banissy, J.F. Banissy, J.P. Higgins, G. Howard, The influence of climate change on mental health in populations of the western Pacific region: 
an umbrella scoping review, Heliyon (2023) e21457, https://doi.org/10.1016/j.heliyon.2023.e21457. 

[30] D.D. Minh, A.T. Oo, K. Sovanndara, Farm households’ vulnerability to climate change in Cambodia, Myanmar, and Vietnam: an advanced livelihood 
vulnerability indexing approach, Asian J. Agric. Rural Dev. 13 (1) (2023) 75–90, https://doi.org/10.55493/5005.v13i1.4768. 

[31] K. Chao, Family farming in climate change: strategies for resilient and sustainable food systems, Heliyon 10 (7) (2024) e28599, https://doi.org/10.1016/j. 
heliyon.2024.e28599. 

[32] S. Esfandeh, A. Danehkar, A. Salmanmahiny, H. Alipour, M. Kazemzadeh, M.V. Marcu, S.M.M. Sadeghi, Climate change projection using statistical downscaling 
model over southern coastal Iran, Heliyon 10 (8) (2024) e29416, https://doi.org/10.1016/j.heliyon.2024.e29416. 

[33] C.A.A.S. Sadio, C. Faye, Evaluation of extreme flow characteristics in the Casamance watershed upstream of Kolda using the IHA/RVA method, Int. J. Sustain. 
Energy Environ. Res. 12 (2) (2023) 31–45, https://doi.org/10.18488/13.v12i2.3584. 

[34] Y. Zhang, X. Yao, S. Zhou, D. Zhang, Glacier changes in the Sanjiangyuan nature reserve of China during 2000-2018, J. Geogr. Sci. 32 (2) (2022) 259–279, 
https://doi.org/10.1007/s11442-022-1946-0. 

[35] H. Gao, Z. Feng, T. Zhang, Y. Wang, X. He, H. Li, X. Pan, Z. Ren, X. Chen, W. Zhang, Z. Duan, Assessing glacier retreat and its impact on water resources in a 
headwater of Yangtze River based on CMIP6 projections, Sci. Total Environ. 765 (2021) 142774, https://doi.org/10.1016/j.scitotenv.2020.142774. 

[36] G.R. McGregor, Climate variability and change in the Sanjiangyuan region, Landscape and ecosystem diversity, dynamics and management in the Yellow River 
Source Zone (2016) 35–57, https://doi.org/10.1007/978-3-319-30475-5_2. 

[37] F. Xiao, Impact of climate change on ecological security of the Yellow River Basin and its adaptation countermeasures, Journal of Landscape Research 13 (4) 
(2021) 51–56. 

[38] C. Jiang, L. Zhang, Ecosystem change assessment in the Three-River headwater region, China: patterns, causes, and implications, Ecol. Eng. 93 (2016) 24–36, 
https://doi.org/10.1016/j.ecoleng.2016.05.011. 

[39] R. Meng, L. Zhang, H. Zang, S. Jin, Evaluation of environmental and economic integrated benefits of photovoltaic poverty alleviation technology in the 
Sanjiangyuan region of Qinghai province, Sustainability 13 (23) (2021) 13236, https://doi.org/10.3390/su132313236. 

[40] C. Song, L. Liu, C. Xian, F. Feng, Z. Ouyang, Analysis of carbon emission characteristics and influencing factors of herder households: a county-scale 
investigation of the Sanjiangyuan region on the Qinghai-Tibet Plateau, Atmosphere 14 (12) (2023) 1800, https://doi.org/10.3390/atmos14121800. 

[41] X. Wu, C. Shen, L. Shi, Y. Wan, J. Ding, Q. Wen, Spatio-temporal evolution characteristics and simulation prediction of carbon storage: a case study in 
Sanjiangyuan Area, China, Ecol. Inf. 80 (2024) 102485, https://doi.org/10.1016/j.ecoinf.2024.102485. 

[42] Y. Wang, S. Quan, X. Tang, T. Hosono, Y. Hao, J. Tian, Z. Pang, Organic and inorganic carbon sinks reduce long-term deep carbon emissions in the continental 
collision margin of the southern Tibetan Plateau: implications for Cenozoic climate cooling, J. Geophys. Res. Solid Earth 129 (4) (2024) e2024JB028802, 
https://doi.org/10.1029/2024JB028802. 

[43] L. Wang, Y.Q. Bi, F.T. Wang, C.B. Bai, J. Ming, Scrutinise the variations of glaciers and their climatic attributions in the Sanjiangyuan National Park during 
1969-2018, Adv. Clim. Change Res. 13 (4) (2022) 531–539, https://doi.org/10.1016/j.accre.2022.06.007. 

[44] X. Zhai, C. Yan, X. Xing, H. Jia, X. Wei, K. Feng, Spatial-temporal changes and driving forces of aeolian desertification of grassland in the Sanjiangyuan region 
from 1975 to 2015 based on the analysis of Landsat images, Environ. Monit. Assess. 193 (2021) 1–16, https://doi.org/10.1007/s10661-020-08763-8. 

[45] R. Wang, Y. Ding, D. Shangguan, L. Cuo, Q. Zhao, J. Qin, J. Li, M. Song, Projections of glacier peak water and its timing in the Sanjiangyuan on the Tibet Plateau, 
J. Hydrol.: Reg. Stud. 45 (2023) 101313, https://doi.org/10.1016/j.ejrh.2022.101313. 

[46] B. Zhang, W. Zhou, Spatial-temporal characteristics of precipitation and its relationship with land use/cover change on the Qinghai-Tibet Plateau, China. Land 
10 (3) (2021) 269, https://doi.org/10.3390/land10030269. 

[47] L. Qu, S. Jia, R. Li, Spatial water consumption test and analysis of various typical vegetation in the Sanjiangyuan region, Sustainability 15 (6) (2023) 5422, 
https://doi.org/10.3390/su15065422. 

[48] G. Mehdizadeh, M.R. Nikoo, N. Talebbeydokhti, S. Vanda, B. Nematollahi, Hypolimnetic aeration optimization based on reservoir thermal stratification 
simulation, J. Hydrol. 625 (2023) 130106, https://doi.org/10.1016/j.jhydrol.2023.130106. 

[49] M. Hajihosseinlou, A. Maghsoudi, R. Ghezelbash, A comprehensive evaluation of OPTICS, GMM and K-means clustering methodologies for geochemical 
anomaly detection connected with sample catchment basins, Geochemistry (2024) 126094, https://doi.org/10.1016/j.chemer.2024.126094. 

[50] W. Zhu, J. Chen, Q. Sun, Z. Li, W. Tan, Y. Wei, Reconstructing of high-spatial-resolution three-dimensional electron density by ingesting SAR-derived VTEC into 
IRI model, Geosci. Rem. Sens. Lett. IEEE 19 (2022) 1–5, https://doi.org/10.1109/LGRS.2022.3178242. 
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