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Abstract

:

Lakes are important natural resources closely related to human survival and development. Based on PIE cloud computing platform, the study uses Landsat images and the empirical normalized water body index (ENDWI) to extract water body information of the large lakes in Sichuan province from 2000 to 2020 in the drought and rainy seasons, respectively, and uses the Mann–Kendall test to obtain the long-term trends of their area and climate. On this basis, the evolution of the lakes and their correlation with climate and human activities are analyzed. The results show that (1) In the past 20 years, the area of Lugu Lake, Qionghai Lake, and Luban Reservoir represent a decreasing trend, with Lugu Lake being the most affected. The area of Ma Lake, Three Forks Lake, and Shengzhong Reservoir increased, with the area of Shengzhong Reservoir increasing significantly; (2) During the drought season, all six lakes showed a decreasing trend in precipitation, with the most apparent decreasing trend for Lugu Lake (Slope = −0.8). Only Lugu Lake showed a decreasing trend in precipitation (Slope = −0.15) during the rainy season. The precipitation of Ma Lake, Three Forks Lake, Luban Reservoir and Shengzhong Reservoir showed a significant increasing trend (Slope value was greater than 1.96); (3) The temperatures of the remaining lakes all decreased in the drought season and increased in the rainy season, except that the temperature of Shengzhong Reservoir decreases throughout the year; (4) The area change of plain lakes is greatly affected by human activities, but the area of plateau lakes is are more impacted by climate. Our study improved the accuracy of long-term water body change monitoring with PIE-Engine Studio. Besides, the findings would provide reference for the implementation of sustainable water resources management in Sichuan Province.
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1. Introduction


As critical national resources, lakes and reservoirs are essential in providing water for life and production, regulating climate, and maintaining ecosystem balance. The area of the lake is sensitive to human activities and climate changes [1,2,3,4,5]. The dynamic changes in the lake and the resulting changes in the surrounding ecosystem are likely to be influenced by global climate change [6,7,8]. Therefore, timely and accurate monitoring of changes in lakes enables our better understanding of regional and global environmental evolution [9]. Increased precipitation and permafrost degradation caused by warming temperatures are the primary reasons for rapid expansion of lakes in the Qinghai-Tibet interior basin [10]. The area of Hongjian Nur has been diminished due to a periodic decrease in precipitation [11]. Furthermore, the effects of anthropogenic hydraulic projects and land-cover changes caused by human activity on lake surface area have been observed. The Three Gorges Dam impoundment has altered the hydrological environment and land cover surrounding the Dongting Lake wetlands, resulting in changes there in recent decades [12]. Lakes have shrunk due to river diversions, damming, and unregulated water consumption [13,14,15,16]. Based on climatic, hydrological, and vegetation data in the Lake Urmia basin, Khazaei et al. [17] used the Pettitt test and Mann–Kendall test to explain the lake desiccation and discovered that the correlation between climate change and the drying of Lake Urmia was not significant. Human activities (increased water consumption) may be the driving factor in the drying of Lake Urmia.



In recent years, many scholars have made efforts to monitor the long time series dynamics of lakes and analyzed the causes of changes. Tao et al. [18] made a national assessment of lake changes and their drivers in the last 30 years (the mid-1980s to 2015). However, they did not consider the relationship between lake changes, climate changes, and changes of human activities in local regions. Liu et al. [19] studied the changes in alpine and non-alpine lakes and integrated them with climate changes. The results showed that the spatial pattern of lake changes was consistent with that of climate changes, but there is a lack of consideration of the impact of human activities on non-alpine lakes. Xiao et al. [20] extracted the area of lakes in the Yunnan-Guizhou plateau from 1985–2015 with a time interval of five years. They analyzed the influence of climate and human activities on the area of lakes in the Yunnan-Guizhou plateau. Too long a time interval can lead to errors in judgment regarding lake change trends [21]. To bridge the gap, this study focuses on the dynamic monitoring of lakes in Sichuan Province on a year-by-year basis during dry and rainy seasons. We also analyzed the impact of climate change and human activities on different types of lakes by combining climate and land cover data.



The rapid growth in cloud computing improves the possibility of large-scale and long-time series surface water monitoring [22]. Many researchers have used GEE (Google Earth Engine) for large-scale and long-term surface water monitoring [23,24,25,26,27,28,29]. Users can use pre-processed datasets, such as Landsat, directly on cloud computing platforms [30] without using specialized software for radiometric and atmospheric corrections, thereby significantly improving efficiency. PIE-Engine Studio is a computing cloud service platform in remote sensing and a geospatial data analysis and computing platform. Cheng et al. compared the data processing capability of GEE and PIE-Engine Studio using the calculation of the NDVI(Normalized Difference Vegetation Index) as an example. They found that GEE was more efficient, but the two platforms had consistent results [31]. The results demonstrated that China’s independent remote sensing cloud computing platform, PIE-Engine Studio, can offer data and arithmetic support for geoscience research and will aid in the development of China’s remote sensing cloud computing platform. We analyzed the spatial and temporal changes of highland and plain lakes using the PIE-Engine Studio platform and Landsat imagery. To avoid cloud pixels and seasonality, de-clouding was performed, and the drought and wet seasons were divided. Finally, the effects of climate and human activities on lake variation are explored. It is expected to provide a reference for the rational allocation of water resources in Sichuan Province. In addition, the feasibility of applying PIE-Engine Studio to the dynamic monitoring of long-time series lake areas is explored.




2. Materials and Methods


2.1. Study Area


Sichuan is in southwest China (97°~108° E, 26°~34° N). The area has high mountains in the west and flat topography in the east. It can be divided into two major parts, i.e., the western Sichuan plateau and the eastern Sichuan basin [32]. In this paper, six lakes were chosen as the study region. In the west, we chose the top three natural lakes (in terms of area) in Sichuan Province: Lugu Lake, Qionghai Lake, and Ma Lake. In the eastern basin, the top three artificial lakes were selected: Shengzhong Reservoir, Three Forks Lake, and Luban Reservoir. Figure 1 shows the location of the lakes in the study area.




2.2. Data


PIE-Engine Remote Sensing Cloud Service Platform (PIE Cloud Platform) includes PIE-Engine Factory, PIE-Engine Studio, PIE-Engine AI, and PIE-Engine Server data sharing cloud service. This paper researched area changes of typical water bodies in Sichuan Province mainly based on the PIE-Engine Studio remote sensing computing cloud service platform.



PIE-Engine Studio takes online programming as the primary usage mode and has a relatively rich data source. More than 90 datasets, including Landsat, Gaofen, Sentinel, Modis, etc., can be used on the platform. The remote sensing images we used are from the Landsat series data in PIE-Engine Studio (Table 1), and the number of images used is shown in Figure 2. Since the Landsat-7 Enhanced Thematic Mapper Plus (ETM+) image had a Scan Line Corrector failure after 2003, resulting in the striping of the image, so we used the Landsat-7 ETM image that was available from 2000–2021 as Supplementary Data. To ensure the temporal continuity of this study, we downloaded 2012 Landsat 7 ETM+ images and performed pre-processing such as strip filling, radiometric calibration, atmospheric correction, geometric correction, and clipping on ENVI 5.3.



The Chinese monthly precipitation dataset and the Chinese monthly average temperature dataset in PIE-Engine Studio were selected as the data sources (Table 1) for the meteorological data [33]. The analysis of how the lake area responded to changes in human activity employed data from the China 30 m Annual Land Cover Product (CLCD) in PIE-Engine Studio [33]. Prof. Huang’s team at Wuhan University obtained the CLCD with an overall accuracy of 79.31% using 300,000 scenes of Landsat images. The dataset was produced from 5463 independent reference samples, combined with automated stabilization samples of existing products and visual interpretation samples. We selected the JRC Global Surface Water Mapping Layers v1.4 dataset to validate the accuracy of extracting water bodies using ENDWI. This data product is the Global Surface Water atlas generated by scientists at the Joint Research Centre of the European Commission (JRC) with a resolution of 30 m [34].



To reduce the influence of seasonal factors on the area of water bodies [35], this paper divided a year into the drought season (December to May of the following year) and the rainy season (June to November). The related literature [36,37], shows that the wet season in southwest China mostly starts in May, and the rainy season starts in the east and gradually pushes toward the west. The six lakes selected in this paper have a wide latitudinal span, so June was chosen as the beginning of the rainy season.




2.3. Methods


The schematic diagram of the study is illustrated in Figure 3. Firstly, pre-processing of data was done on PIE-Engine Studio and ENVI 5.3. Next, water body extraction was programmed online on the cloud platform using ENDWI. After that, the changing trend was observed based on Sen slope estimation and the Mann–Kendall test. Finally, the response of meteorology and human activities to the lake area change was analyzed.



2.3.1. Water Body Extraction Method


We extracted water bodies using the Empirical Normalized Difference in Water Index (ENDWI) [38]. Qiao et al. studied Lugu Lake by comparing and analyzing the accuracy of seven models, normalized difference water index (NDWI) [39], modified normalized difference water index (MNDWI) [40], enhanced water index (EWI) [41], slope adjusted water index (SAWI) [42], revised normalized different water index (RNDWI) [43], new water index (NWI) [44], and ENDWI. They found that the extraction accuracy of each water body model is greater, but ENDWI has the highest accuracy. Therefore, we also chose ENDWI to extract water bodies. The following formula calculates the ENDWI. The green band, near-infrared (NIR) band and the mid-infrared (MIR) band are applied to ENDWI calculations (1). Table 2 shows the wavelength ranges of Landsat satellites.


   ENDWI =    Green − MIR   Green + NIR    



(1)








2.3.2. Water Body Area Calculation


The workflow of the water body area calculation is illustrated in Figure 4. The Landsat 5, Landsat 7, and Landsat 8 datasets in the PIE-Engine Studio platform were first selected, and the data were filtered by time and region. Afterward, we calculated the cloud mask using the values of the quality assessment (QA) band. We performed the mask operation with the update mask algorithm to remove the cloud effect. Because the median values are not affected by the biased large or small data, it is more appropriate to represent the whole data. Therefore, we took the median value of the drought synthetic data and wet season synthetic data, and then calculated the ENDWI. Finally, after several visual judgments, we obtained the optimal threshold to segment the water body of each lake’s extraction result, and then calculated the water body area.




2.3.3. Rate of Change in the Lake Area


The rate of change (φ) indicates the intensity of change in the lake area over the different observation periods. The lake’s shrinkage and expansion rate are more intuitively analyzed using this indicator, which is given by the following formula.


   φ =     S t  −  S 0     S 0       ×   100 %   



(2)




where φ indicates the percentage change of the lake area in a certain period.    S t    and    S 0    mean the lake area at the beginning and end of the certain period.




2.3.4. Trend Analysis Methods


The Theil–Sen Median, also known as the Sen slope estimate, is a robust nonparametric statistical method for calculating trends [45]. The formula is:


   slope = median    (  X j  −  X i  )   j − i    



(3)




where slope is the slope of Sen,    X j    represents the lake area or meteorological factor value in the year j, and      X   i        represents the lake area or meteorological factor value in the year i.



The Mann–Kendall test [46,47] is a nonparametric test commonly used for trend analysis of time series data [48,49]. Nonparametric tests usually are used in combination [50,51]. It means that the Sen trend value is calculated first and the Mann–Kendall test is subsequently used to determine the significance of the trend. In this study, the statistics z-value, p-value and Sen slope estimating slope values for the Mann–Kendall test were calculated using R software v. 4.1.3 [14].




2.3.5. Verification of Accuracy


We used ENDWI to extract the surface water body information of typical lakes in Sichuan Province in 2020. We then used the water body information from Global Surface Water in 2020 to randomly select 100~200 test samples of each lake region to calculate the classification confusion matrix for accuracy analysis. Meanwhile, we also compared the lake areas with those obtained in other scholars' studies to verify the accuracy further.






3. Results


3.1. Verification Results


We analyzed the accuracy of the extraction results with Global Surface Water. We found that the overall accuracy was greater than 85%, the Kappa coefficients were all above 0.75 (Table 3), and the differences with other studies were below 4 km2 (Table 4). The above results indicate that it is feasible for us to extract water bodies with the ENDWI method on PIE-Engine Studio. The larger extent of Lugu Lake that we extracted may be that previous studies selected images of a specific date to extract water bodies as the lake area for that year. In contrast, we chose all available images in both the dry and rainy season time ranges to extract the water bodies and averaged the area of the dry and rainy seasons as the lake area for the year. The areas of the six lakes from 2000 to 2020 are shown in Table S1.




3.2. Spatial and Temporal Change of Typical Lakes in Sichuan Province


3.2.1. The Temporal and Spatial Change in the Lake Area


Figure 5a shows the changes in the lake area of Lugu Lake (LGL), Qionghai Lake (QHL), Ma Lake (ML), Three Forks Lake (TFL), Luban Reservoir (LBR), and Shengzhong Reservoir (SZR) from 2000 to 2020. Combined with Table 5, SZR and LGL represent significant changes while the trends of the remaining four lakes are less obvious.



Figure 5b shows the changes in LGL during the drought and rainy seasons and the annual average area. The changing trend of the drought and rainy seasons is the same, and the area difference between the drought and rainy seasons in 2001 is the largest. Using the drought season as an example, the area change has two stages. The first stage is a sharp decline (2000–2006), with a reduction of 3.45 km2. Figure 6a shows that the reduction mainly occurs in the Caohai wetland (the green part represents the reduced water body). The second is in the slow decline stage (2006–2020). The area decreased by 0.22 km², reaching its lowest level in 2011. Figure 6b shows that the Caohai part of Lugu Lake has been disappearing slowly since 2006. Figure 5c displays changes in the drought and rainy seasons and the annual average area of SZR. While the trends for the drought and wet seasons are mostly similar, the most significant area difference between the two occurred in 2001. Using the drought season as an example, the area change has four stages. The green color portion of Figure 7a shows the shrinkage of water bodies between 2000 and 2004. The second period is the phase of significant increase (2004–2013), with a rise of 14.88 km². During this period, the cropland near the Shengzhong Reservoir began to decrease, and the forest area became larger. The third period (2013–2014) depicts the decline phase, with a loss of 7.98 km², and the blue in Figure 7c represents the shrinking water bodies. The fourth period is the rising stage (2014–2020) but with a smaller magnitude than the second stage, with an increase of 4.83 km², and the red color in Figure 7d represents the increased water bodies.




3.2.2. Characteristics of Drought and Wet Season Area Changes


The water body information of the six lakes from 2000 to 2020 drought and wet seasons were extracted separately. The extraction results are shown in Figures S1–S12.



Figure 8a shows that Lugu Lake has an average area of 50.35 km² during the drought season. Furthermore, it reached a peak area of 53.6 km² in 2001 and a minimum area of 49.4 km² in 2020.



The area of Lugu Lake in the drought season has decreased significantly in the last 20 years (Table 5). The average area of Qionghai Lake in the drought season is 26.09 km² (Figure 8b), the area of the lake is relatively stable overall, and the area of Qionghai Lake in the drought season is decreased in the last 20 years (Table 5). The average area of Ma Lake during the drought season is 6.79 km² (Figure 8c). The lake area peaked at 7.07 km² in 2003 and dropped to a minimum of 6.59 km² in 2011 and 2019, indicating a generally smooth variation in the extent of Ma Lake during the dry season and a rise in general (Table 5). In the dry season, the average area of Three Forks Lake is 21.01 km² (Figure 8d), with a high of 23.6 km² in 2012 and a low of 18.2 km² in 2005. The Mann–Kendall test results demonstrated that the dry season area of Three Forks Lake has shrunk over the previous 20 years (Table 5). The Luban Reservoir’s area peaked at 13.1 km² in 2007 and 2019, decreased to a minimum of 8.68 km² in 2009, and has climbed over the past 20 years. The average area of Luban Reservoir during the dry season is 12.05 km² (Figure 8e) (Table 5). Shengzhong Reservoir’s average dry season area is 38.4 km² (Figure 8f), but the lake’s area peaked at 45.8 km² in 2010. The reservoir’s area was below the multi-year average until 2007, reaching its lowest extent of 27.3 km² and has significantly grown in the past 20 years (Table 5).



As shown in Figure 9a, the average area of Lugu Lake during the wet season is 50.35 km², with a peak area of 52.3 km² in 2000 and a minimum area of 49.2 km² in 2015. The area of Lugu Lake in the wet season has been declining significantly in the last 20 years (Table 5). In the wet season, the average area of Qionghai Lake is 25.95 km² (Figure 9b). The lake area is less changeable, with a declining tendency (Table 5). The average area of Ma Lake during the wet season is 6.71 km² (Figure 9c), and the lake area peaked at 6.96 km² in 2013 and dropped to a minimum of 6.49 km² in 2005. The area during the wet season is less than 7 km², which is generally increasing (Table 5). The average area of Three Forks Lake during the wet season is 19.75 km² (Figure 9d), and the lake area peaked in 2015 at 23.3 km². According to the Mann–Kendall test, the area of Three Forks Lake during the wet season has expanded during the last 20 years (Table 5). During the wet season, the area of Luban Reservoir decreased, and that of Shengzhong Reservoir was significantly increased (Table 5). The area of both Luban and Shengzhong Reservoirs reached their lowest values in 2006. We think the reason may be that the mega-drought occurred in Sichuan and Chongqing that summer [54], which caused a relatively significant impact on the reservoirs.




3.2.3. Variable Characteristics of Different Lake Types


The six lakes can be categorized into two groups based on their geomorphological features and elevation, i.e., highland lakes (>1000 m elevation) and plain lakes (<1000 m) (Table 6). Plains lakes are artificially built reservoirs with elevations less than 1000 m, such as Three Forks Lake, Luban Reservoir, and Shengzhong Reservoir. Plains lakes are more affected by human activities (irrigation, for example) because of their location in plains or basins. Highland lakes, natural lakes with altitudes higher than 1000 m, are Lugu Lake, Qionghai Lake, and Ma Lake. They all belong to semi-enclosed lakes, and the lake water is resupplied mainly by rainfall. Therefore, these lakes are more influenced by meteorological factors and less by human activities.



Table 6 shows that the plateau lakes’ area changed slowly between 2000 and 2020, indicating a more stable trend in the region’s evolution. The changes in the area of the plain lakes are more significant due to human intervention (irrigation, for example).





3.3. Impact of Climate on Lake Area Changes


The main climate influence factors in this study were rainfall and temperature. As can be seen in Figure 10, all six lakes show a decreasing trend in precipitation in the springand an increasing trend in the summer. In autumn, all lakes except Lugu Lake show increased rainfall in the last 20 years. We also found that the rainfall of Three Forks Lake, Luban Reservoir, and Shengzhong Reservoir, which are in the plains, show a striking consistency in seasonal changes. Moreover, their rainfall shows the same trend in Qionghai Lake and Ma Lake, which are at the same altitude. In contrast, precipitation trends differ between plains and highland lakes (elevation < 1500 m). This situation shows that the altitude on the seasonal scale affects rainfall over a range of heights [55]. Figure 11 shows the rainfall of the six lakes during the dry and rainy seasons. It can be seen that the rainfall of all six lakes shows a decreasing trend in the dry season. Combined with Table 7, we found that Lugu Lake has the most apparent decreasing trend (Slope = −0.8). For the rainy season, only the precipitation of Lugu Lake shows a decreasing trend (Slope = −0.15). The rest of the lakes show an increasing trend in precipitation during the rainy season, with Ma Lake, Three Forks Lake, Luban Reservoir, and Shengzhong Reservoir showing a significant increasing trend (Slope values are all greater than 1.96).



Figure 12 illustrates the seasonal characteristics of temperature changes in the study area. In spring and autumn, temperatures increase in all lakes except two reservoirs, and Lee [56] showed that irrigation reservoirs in urban areas have a decreasing effect on temperatures. In all six lakes, the temperature increases in summer and decreases in winter. As seen in Figure 13 and Table 7, the dry season temperatures in the study area are all decreasing slightly. The temperature in the rainy season tends to increase except for Shengzhong Reservoir and Qionghai Lake which shows a significant increase (Slope = 0.03, Z = 1.98). In general, only the rainfall of Lugu Lake decrease in dry and rainy seasons. The precipitation of the rest of the lakes decreases in the dry seasons and increases in the rainy seasons. Only the temperature of Shengzhong Reservoir decreases throughout the year. The temperatures of the rest of the lakes decreases in the dry seasons and increases in the rainy seasons.



The correlation analysis of lake area with temperature and precipitation was studied using SPSS (Table 8). The correlation between the precipitation and the area of Lake Ma in the rainy season was significant (p < 0.05), showing a significant positive correlation. In the dry season, there was a negative correlation between rainfall and the area in Three Forks Lake and Shengzhong Reservoir. The correlation between temperature change and the area of Lugu Lake in the rainy season was more significant (p < 0.05) than that of Lake Ma, showing a significant negative correlation. The correlations between climatic factors and the areas of Qionghai Lake, Three Forks Lake, Luban Reservoir, and Shengzhong Reservoir are all poor. This situation indicates that climatic factors (i.e., precipitation and temperature) are not the main drivers of the changes in these four lakes.




3.4. Impact of Human Activities on Changes in the Lake Area


According to relevant studies, anthropogenic activities are one of the significant factors impacting the change in lake surface water area [57]. Analyzing the land cover change of each lake basin provides insight into how human activities have affected lakes, which is the most evident manifestation of human activity. Origin was used to plot the land cover changes of the selected lakes (Figure 14), and the data were scaled up and down equally to be more intuitive. See Figures S13–S18 for detailed land cover maps around the selected lakes.



The impervious surface area of all lakes increased (Figure 14), with Qionghai showing the most rapid growth. The cropland surrounding Lugu Lake decreased and subsequently increased (Figure 14). Some cropland was turned to impervious surfaces in 2008. The main reason for the declining trend of the grassland around Lugu Lake is that some grasslands have been turned into forest land during the natural succession process due to ecological measures such as “returning farmland to forest and grass”. Since 2012, some grasslands have been converted to wetlands. Since 2013, wastelands have been turned into forested land, minimizing soil erosion around the lake [58]. As a result, the area change of Lugu Lake is still in a decreasing trend but gradually stabilized.



The cropland area in Qionghai Lake is declining, while the impervious surface area is significantly increasing. The “four retreats and three returns” project (retreating people, houses, fields, and ponds; returning lakes, water, and wetlands), has effectively protected the forests around Qionghai and slowed down the impact of human activities on Qionghai. Although the area of Qionghai Lake has declined in the past 20 years, the change is very slight.



After proposing measures to protect and restore the ecosystems of mountains, water, forests, fields, and lakes in 2016, the forest area around Three Forks Lake began to rise and the cropland area began to decrease. Three Forks Lake shoreline land is primarily used for agriculture and lake water is mainly used for irrigation. As agricultural land is decreasing, the water area increases. Farmers’ income has shifted from planting and farming to tourism and related services as a result of the growth of tourism and the rise in tourists. This measure has contributed to the protection of surface water [59].



The impervious surface area around the Luban Reservoir is increasing. Meanwhile, the forest area decreased significantly between 2000 and 2006, resulting in severe soil erosion.



The Shengzhong Reservoir’s water resources consumption in the reservoir area is primarily used for agricultural water [60], domestic water demand, and upstream water consumption. Since the return of farmland to forest, the cropland area has gradually decreased, and water resource consumption has decreased. Furthermore, we found that a reduction in soil erosion often accompanies cropland conversion to forest according to the work of Li [61]. Therefore, we concluded that the reduction in water consumption and erosion conditions have increased in the reservoir area.





4. Discussion


4.1. Driving Forces for Changes in Lake Dynamics


According to Table 9, the total area of the six lakes increased from 153.23 km² to 158.77 km², with Lugu Lake’s area decreasing from 34.4% to 31.4% in 2000 and Shengzhong Reservoir’s area increasing from 22.87% to 26.9%. The following analysis focuses on the factors influencing changes in Lugu Lake and Shengzhong Reservoir.



Qiao et al. [62] found that the area changes of Lugu Lake from 1974 to 2018 were relatively stable, with changes occurring mainly in the Caohai wetlands. This is consistent with our findings, and we have monitored the area of Lugu Lake year by year to more clearly see the dynamic trend of Lugu Lake in the last 20 years. Wang et al. [63] also noted the degradation of wetlands around Lugu Lake. The wetlands were disturbed by poverty alleviation projects and tourism development. The source of water in Lugu Lake was mainly spring water and rainwater. In this study, we found that the rainfall in Lugu Lake has decreased in the last 20 years, which is consistent with the study of Wang et al. There is a significant negative correlation between the temperature increase and the area change during the rainy seasons. The rise in temperature and decrease in precipitation caused a substantial reduction in the area of Lugu Lake. Shengzhong Reservoir is the largest irrigation project in Southwest China, and the water resources are mainly used for agricultural irrigation. Figure 14 shows that the cropland area around the reservoir is decreasing, and water resource consumption is decreasing [64,65]. One of the main reasons for the shrinkage of lakes in wet areas is the severe soil erosion in the watershed due to natural or anthropogenic causes and a large amount of sediment siltation in the lakes. The forest area around the Shengzhong Reservoir has gradually increased in the last 20 years, making the erosion situation less. Thus, human activities are the main driving forces for the increase in the area of Shengzhong Reservoir. During the rainy season, the precipitation in Shengzhong Reservoir increases significantly, and the temperature decreases (Table 7). However, the correlation between climate change and the area change of Shengzhong Reservoir is low, indicating that climatic factors may affect the area change of Shengzhong Reservoir, but the effect is not significant.




4.2. Ecological Impacts


Wetlands are known as one of the three major ecosystems of the Earth, along with forests and oceans. They have the title “Kidney of the Earth”, which is vital in regulating climate and maintaining biological and genetic diversity [66]. Sichuan’s unique geomorphology and climate provide advantaged conditions for producing a wide variety of wetland types: Lugu Lake, Qionghai Lake and Ma Lake are natural wetlands [67]; Three Forks Lake, Luban Reservoir and Shengzhong Reservoir are artificial wetlands. The area of Lugu Lake, Qionghai Lake, and Luban Reservoir is shrinking, which will also impact the ecological environment. Using Qionghai Lake as an example, from the 1960s to the 1990s, disorderly human activities such as sea enclosures and pond reclamation severely damaged nearly two-thirds of the lakeside wetlands. Mudflats and native wetlands essentially vanished. Water birds and native species declined, and the ecological functions of Qionghai wetlands were gradually reduced [68]. At the same time, the water area was also significantly shrinking, and water quality fell from Class II to Class III [69,70]. Consequently, the government has implemented ecological management measures, including the comprehensive treatment project of intercepting sewage on the northwest shore of Qionghai Lake and the protective forest and coastal greening project [71]. These measures have significantly improved the water quality of the Qionghai wetlands and protected the lakeside wetlands, stabilizing the Qionghai Lake, although it is still decreasing.




4.3. Uncertainties and Limitations


Hu [72] extracted the area of four lakes, Zhuonai Lake, Kusai Lake, Heidinor Lake, and Salt Lake, from 1989 to 2018 using Landsat imagery but selected the area of the lakes for only one day of the year to represent the area for the whole year, resulting in inaccurate results as the surface of water bodies varies significantly due to change of seasons [73].



This study used the PIE-Engine remote sensing computational cloud platform to monitor the area changes of typical water bodies in Sichuan Province based on Landsat images year by year in dry and wet seasons. Long time series of continuous and sufficient remote sensing images may more precisely depict the dynamic changes of water bodies. Compared to previous studies’ results, the area of water bodies obtained for this paper showed good consistency. However, there are some uncertain aspects at the same time. Only Landsat images are used as the data source in this paper. There is still a lack of data due to the long revisit period of Landsat satellites and the large amount of clouds in the Sichuan basin. Because the missing data in this research are few, and the water extraction is divided into drought and wet seasons to decrease the impact of seasonal influences, this paper used Python to fill in the data using the linear regression filling method. In future work, we can combine Sentinel, GF series, and other data sources to improve it. In addition, the water segmentation thresholds in this paper are derived from several experiments, some errors and uncertainties may occur due to the manual visual inspection. In future research, we can consider reducing the uncertainty by using more human-independent methods such as deep learning. Only climatic conditions (rainfall and temperature) and human activities were chosen as driving factors in this paper. However, the dynamics of water body area are the consequence of various factors. Therefore, subsequent studies can integrate surface water temperature, groundwater, evaporation, and other factors for a more comprehensive analysis.





5. Conclusions


Using PIE-Engine Studio, information on water bodies in drought and wet seasons was extracted separately, and long-term trends in area and climate were analyzed using the Mann–Kendall method. Based on this, the drivers of area changes of different lake types (highland lakes and plains lakes) were investigated from both natural and anthropogenic aspects. The Qionghai Lake and Luban Reservoir show a decreasing trend during 2000–2020, and the area of Lugu Lake decreased significantly. Shengzhong Reservoir is showing a significant trend of increase, and the area of Ma Lake and Three Forks Lake is slowly rising. Climate change was verified as the main factor causing changes in Lugu Lake while human activities have little effect. The area changes of Qionghai Lake in the last 20 years fluctuated slightly, and there was poor correlation between them and climate. We consider that it was mainly human activities around the lake shoreline that caused minor changes in the lake surface area. The rainfall of Ma Lake increased significantly during the rainy seasons, and there was a significant positive correlation between it and its surface area (R = 0.55, p < 0.05). Thus, the climate is the primary driver of dynamic changes in Ma Lake. Human activities (for example, land use changes and irrigation water use) are the key factors influencing the changes in the area of the plain lakes, and climate has few influences on them. The results provide a basis for surface water resource management and large-scale, long-term surface water monitoring studies. The conclusion can be drawn that PIE-Engine Studio can be used for continuous time series and large-scale monitoring of water dynamics, with the advantages of multiple data sources, high efficiency, and low cost.
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Figure 1. Locations of the lakes in the study area. 
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Figure 2. The number of Landsat images used. 
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Figure 3. Schematic diagram of the study. 
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Figure 4. The workflow of the water body area calculation. 
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Figure 5. Lake area. (a) Trends in the average annual area of the six lakes; (b) Annual average change in area of the Lugu Lake from drought to wet season; (c) Annual average change in area of the Shengzhong Reservoir from drought to wet season. 
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Figure 6. Spatial changes in Lugu Lake. (a) The shrinking water bodies of Lugu Lake during 2000–2006; (b) After 2006, the Caohai part of Lugu Lake slowly disappeared. 






Figure 6. Spatial changes in Lugu Lake. (a) The shrinking water bodies of Lugu Lake during 2000–2006; (b) After 2006, the Caohai part of Lugu Lake slowly disappeared.



[image: Water 14 02816 g006]







[image: Water 14 02816 g007 550] 





Figure 7. Spatial changes in Shengzhong Reservoir. (a) The shrinking water bodies of Shengzhong Reservoir during 2000-2004; (b) The expansion of water bodies in Shengzhong Reservoir during the period 2004-2013; (c) The shrinking water bodies of Shengzhong Reservoir during 2013–2014; (d) The expansion of water bodies in Shengzhong Reservoir during the period 2014–2020. 
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Figure 8. Change in dry season area of selected lakes from 2000 to 2020. (a) Lugu Lake; (b) Qionghai Lake; (c) Ma Lake; (d) Three Forks Lake; (e) Luban Reservoir; (f) Shengzhong Reservoir. Note, the dashed line indicates the multi-year average lake area during the dry season. 
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Figure 9. Change in wet season area of selected lakes from 2000 to 2020. (a) Lugu Lake; (b) Qionghai Lake; (c) Ma Lake; (d) Three Forks Lake; (e) Luban Reservoir; (f) Shengzhong Reservoir. Note, the dashed line indicates the multi-year average lake area during the wet season. 
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Figure 10. Seasonal characteristics of the precipitation variation in the study area (mm). (a) Lugu Lake; (b) Qionghai Lake; (c) Ma Lake; (d) Three Forks Lake; (e) Luban Reservoir; (f) Shengzhong Reservoir. Note, the direction of the dashed line indicates the trend of precipitation in spring, summer, autumn and winter. 
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Figure 11. Characteristics of the drought and wet season variation in precipitation (mm). (a) Lugu Lake; (b) Qionghai Lake; (c) Ma Lake; (d) Three Forks Lake; (e) Luban Reservoir; (f) Shengzhong Reservoir. Note, the direction of the dashed line indicates the trend of precipitation in the drought and wet season. 
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Figure 12. Seasonal characteristics of the temperature variation in the study area (℃). (a) Lugu Lake; (b) Qionghai Lake; (c) Ma Lake; (d) Three Forks Lake; (e) Luban Reservoir; (f) Shengzhong Reservoir. Note, the direction of the dashed line indicates the trend of temperature in spring, summer, autumn and winter. 
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Figure 13. Characteristics of the drought and wet season variation in temperature (°C). (a) Lugu Lake; (b) Qionghai Lake; (c) Ma Lake; (d) Three Forks Lake; (e) Luban Reservoir; (f) Shengzhong Reservoir. Note, the direction of the dashed line indicates the trend of temperature in the drought and wet season. 
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Figure 14. Land cover change of selected lakes from 2000 to 2019. (a) Lugu Lake; (b) Qionghai Lake; (c) Ma Lake; (d) Three Forks Lake; (e) Luban Reservoir; (f) Shengzhong Reservoir. Note, the types of land cover represented by the different colored lines is shown at the bottom of the figure. 
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Table 1. Data sources.






Table 1. Data sources.











	Dataset
	Time Range
	Satellites and Sensors
	Resolution





	Landsat 5 Collection 2 Top of Atmosphere
	2000–2011
	TM
	30 m



	Landsat 7 Top of Atmosphere
	2000–2021
	ETM+
	30 m



	Landsat 8 Top of Atmosphere
	2013–2021
	OLI, TIRS
	30 m



	JRC Global Surface Water Mapping Layers, v1.4
	2020
	
	30 m



	TPDC/China 1 km Precipitation (Monthly)
	2001–2019
	
	1 km



	TPDC/China 1 km Avg Temperature (Monthly)
	2001–2019
	
	1 km



	Annual China Land Cover Dataset
	2000–2019
	
	30 m
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Table 2. Wavelength ranges of the band used in this study.






Table 2. Wavelength ranges of the band used in this study.





	Satellite
	Green/μm
	NIR/μm
	MIR/μm





	Landsat-5
	0.52–0.60
	0.76–0.90
	1.55–1.75



	Landsat-7
	0.52–0.60
	0.76–0.90
	1.55–1.75



	Landsat-8
	0.53–0.60
	0.85–0.89
	1.56–1.67
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Table 3. Results of validating water body extraction accuracy with the Global Surface Water dataset.






Table 3. Results of validating water body extraction accuracy with the Global Surface Water dataset.














	
	Lugu Lake
	Qionghai Lake
	Ma Lake
	Three Forks Lake
	Luban Reservoir
	Shengzhong Reservoir





	Overall Accuracy
	96.00%
	97.00%
	98.00%
	89.00%
	90.00%
	93.47%



	Kappa Coefficient
	0.92
	0.94
	0.96
	0.78
	0.8
	0.87
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Table 4. Comparison of the results of different extraction methods (km²).






Table 4. Comparison of the results of different extraction methods (km²).





	
Lakes

	
Year

	
ENDWI

	
AWEIsh/MNDWI/Supervised Classification 1

	
Difference of Areas 2






	
Lugu Lake

	
2000

	
52.72

	
49.33

	
3.39




	
2005

	
50.72

	
49.51

	
1.21




	
2010

	
50.28

	
49.40

	
0.88




	
2015

	
49.56

	
49.50

	
0.06




	
Ma Lake

	
2005

	
6.60

	
6.98

	
−0.38




	
2011

	
6.56

	
6.97

	
−0.41




	
2017

	
6.77

	
6.86

	
−0.09




	
Qionghai Lake

	
2004

	
26.06

	
27.29

	
−1.23




	
2010

	
25.74

	
27.36

	
−1.62




	
2013

	
26.24

	
26.85

	
−0.61




	
2017

	
25.90

	
27.23

	
−1.33








Note: 1 AWEIsh is the index used by Xiao [20] to extract Lugu Lake; MNDWI is used by Li [52] to extract Ma Lake; supervised classification is the method used by Deng [53] to extract Qionghai Lake. 2 The difference between the lake area in this paper and the data from the previous study.
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Table 5. Mann-Kendall trend test for water area of typical lakes in Sichuan Province.
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Lakes

	
Time

	
Test

	
Trend




	
Sen’s Slope 1

	
p 2

	
Z 3






	
LGL

	
Drought

	
−0.042

	
0.037

	
−2.084

	
Decreasing significantly




	
Wet

	
−0.060

	
0.005

	
−2.808

	
Decreasing significantly




	
Annual

	
−0.068

	
0.0003

	
−3.654

	
Decreasing significantly




	
QHL

	
Drought

	
−0.007

	
0.487

	
−0.695

	
Decreasing




	
Wet

	
−5.00 × 10−4

	
0.976

	
−0.030

	
Decreasing




	
Annual

	
−0.007

	
0.607

	
−0.514

	
Decreasing




	
ML

	
Drought

	
0.00045455

	
0.832

	
0.212

	
Increasing




	
Wet

	
0.002

	
0.717

	
0.363

	
Increasing




	
Annual

	
0.001

	
0.739

	
0.333

	
Increasing




	
TFL

	
Drought

	
−0.040

	
0.381

	
−0.876

	
Decreasing




	
Wet

	
0.042

	
0.566

	
0.574

	
Increasing




	
Annual

	
0.010

	
0.880

	
0.151

	
Increasing




	
LBR

	
Drought

	
0.011

	
0.566

	
0.574

	
Increasing




	
Wet

	
−0.013

	
0.740

	
−0.332

	
Decreasing




	
Annual

	
−0.009

	
0.740

	
−0.332

	
Decreasing




	
SZR

	
Drought

	
0.563

	
0.010

	
2.567

	
Increasing significantly




	
Wet

	
0.653

	
0.020

	
2.325

	
Increasing significantly




	
Annual

	
0.668

	
0.007

	
2.688

	
Increasing significantly








Note: 1 Sen’s slope estimator. 2 Mann–Kendall tests. 3 The smaller the p-value, the more significant the result.
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Table 6. Changes in the area of typical lakes in Sichuan Province from 2000 to 2020 (km²).
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Name

	
Longitude

	
Latitude

	
Elevation

	
Lake Areas (km²)

	
Changes




	
(E)

	
(N)

	
(m)

	
2000

	
2020

	
(%)






	
Lugu Lake (LGL)

	
100.78

	
27.71

	
2659

	
52.72

	
49.83

	
−5.482




	
Qionghai Lake (QHL)

	
102.31

	
27.82

	
1475

	
26.53

	
26.51

	
−0.075




	
Ma Lake (ML)

	
103.78

	
28.41

	
1079

	
6.75

	
6.85

	
1.481




	
Three Forks Lake (TFL)

	
104.28

	
30.28

	
420

	
19.78

	
21.02

	
6.269




	
Luban Reservoir (LBR)

	
105.01

	
30.91

	
424

	
12.41

	
11.85

	
−4.512




	
Shengzhong Reservoir (SZR)

	
105.65

	
31.54

	
385

	
35.04

	
42.71

	
21.889
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Table 7. Mann–Kendall trend test for meteorological factors.
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Lake

	
Time

	
Precipitation

	
Trend

	
Temperature

	
Trend




	
Slope

	
Z

	
p

	
Slope

	
Z

	
p






	
Lugu Lake

	
Drought

	
−0.80

	
−1.72

	
0.09

	
Decreasing

	
−0.01

	
−0.62

	
0.54

	
Decreasing




	
Wet

	
−0.15

	
−0.62

	
0.54

	
Decreasing

	
0.02

	
1.91

	
0.06

	
Increasing




	
Qionghai Lake

	
Drought

	
−0.58

	
−1.91

	
0.06

	
Decreasing

	
−0.01

	
−0.49

	
0.63

	
Decreasing




	
Wet

	
1.26

	
1.78

	
0.07

	
Increasing

	
0.03

	
1.98

	
0.05

	
Increasing significantly




	
Ma Lake

	
Drought

	
−0.38

	
−0.75

	
0.46

	
Decreasing

	
−0.01

	
−0.23

	
0.82

	
Decreasing




	
Wet

	
1.75

	
1.98

	
0.05

	
Increasing significantly

	
0.02

	
1.20

	
0.23

	
Increasing




	
Three Forks Lake

	
Drought

	
−0.39

	
−0.75

	
0.46

	
Decreasing

	
−0.01

	
−1.07

	
0.28

	
Decreasing




	
Wet

	
2.37

	
2.89

	
0.00

	
Increasing significantly

	
0.02

	
1.85

	
0.06

	
Increasing




	
Luban Reservoir

	
Drought

	
−0.42

	
−1.07

	
0.28

	
Decreasing

	
−0.01

	
−1.07

	
0.28

	
Decreasing




	
Wet

	
2.26

	
3.15

	
0.00

	
Increasing significantly

	
0.01

	
0.62

	
0.54

	
Increasing




	
Shengzhong Reservoir

	
Drought

	
−0.25

	
−0.94

	
0.35

	
Decreasing

	
−0.03

	
−1.72

	
0.09

	
Decreasing




	
Wet

	
1.43

	
2.30

	
0.02

	
Increasing significantly

	
−0.01

	
−0.49

	
0.63

	
Decreasing
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Table 8. Correlation of area with precipitation and temperature.






Table 8. Correlation of area with precipitation and temperature.





	
Lakes

	
Time

	
Precipitation

	
Temperature




	
R

	
p

	
Sig

	
R

	
p

	
Sig






	
Lugu Lake

	
wet

	
0.31

	
0.18

	

	
−0.53

	
0.02

	
*(1)




	
drought

	
0.23

	
0.34

	

	
0.27

	
0.24

	




	
Qionghai Lake

	
wet

	
0.11

	
0.65

	

	
0.15

	
0.52

	




	
drought

	
0.15

	
0.53

	

	
−0.39

	
0.09

	




	
Ma Lake

	
wet

	
0.55

	
0.01

	
*

	
−0.07

	
0.78

	




	
drought

	
0.29

	
0.22

	

	
0.09

	
0.71

	




	
Three Forks Lake

	
wet

	
0.32

	
0.17

	

	
−0.34

	
0.15

	




	
drought

	
−0.07

	
0.77

	

	
−0.04

	
0.86

	




	
Luban Reservoir

	
wet

	
0.29

	
0.21

	

	
−0.32

	
0.17

	




	
drought

	
0.15

	
0.53

	

	
−0.12

	
0.63

	




	
Shengzhong Reservoir

	
wet

	
0.42

	
0.07

	

	
0.01

	
0.96

	




	
drought

	
−0.20

	
0.39

	

	
−0.24

	
0.31

	








Note: 1 Sig is *, representing a significant correlation at the 0.05 level (two-tailed).













[image: Table] 





Table 9. Comparison of the area percentage of each lake in 2000 and 2020.






Table 9. Comparison of the area percentage of each lake in 2000 and 2020.





	Lake
	2000 (km²)
	2020 (km²)
	Proportion of Total

Area in 2000
	Proportion of Total

Area in 2020





	Lugu Lake
	52.72
	49.83
	34.4%
	31.4%



	Qionghai Lake
	26.53
	26.51
	17.3%
	16.7%



	Ma Lake
	6.75
	6.85
	4.4%
	4.3%



	Three Forks Lake
	19.78
	21.02
	12.9%
	13.2%



	Luban Reservoir
	12.41
	11.85
	8.1%
	7.5%



	Shengzhong Reservoir
	35.04
	42.71
	22.9%
	26.9%



	Total
	153.23
	158.77
	100%
	100%
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