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Assessment of Long-Term Trends in Water Level and Water Volume Changes in Erhai Lake, Southwest China (1987–2020)
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ABSTRACT

	Understanding the dynamic changes of lake water level and water volume is conducive to the protection and restoration of the environment of a lake. Taking Erhai Lake in Southwest China as the study area, this research quantifies and analyzes the long-term variation trends of water level and water volume from 1987 to 2020 based on multi-source data and an integrated approach. The results show that annual water level and annual water volume of the Erhai Lake generally show a downward trend, and fluctuate between years. Annual water level and annual water volume of the Erhai Lake increased most rapidly in 1989-1990, and decreased most rapidly in 2013-2014. Compared with 1987, annual water level and annual water volume of the Erhai Lake decreased by 2.14 m and 0.41 billion m³ respectively in 2020. In 1991, the Erhai Lake had the most abundant water resources, with annual water level and annual water volume of 1968.98 m and 4.39 billion m³; in 2016, the Erhai Lake had the most scarce water resources, with annual water level and annual water volume of 1961.05 m and 2.89 billion m³. The results from this study provide basic data for the rational use of water resources, the management and protection of the environ-ment of the Erhai Lake.
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1. INTRODUCTION

Lakes are an important part of terrestrial freshwater resources, and play a key role in the global water cycle and regulating regional climate (Chunqiao et al., 2020; Yang et al., 2020). Lakes provide many ecosystem services for human beings and all kinds of organisms (Rinke et al., 2019; Pham-Duc et al., 2020), many countries have included lake protection in their national sustainable development goals (Feng et al., 2022). The study of lake changes is of great value in revealing climate change, environmental change and the impact of human activities (Yang et al., 2020).
Water level (WL) and water volume (WV) are important physical parameters of lakes and also are important contents for the study of lake evolution (Kediao et al., 2019; Yaseen et al., 2020; Assainar et al., 2023). Their changes are indicative of climate change and human activity impacts (Woolway et al., 2020; Ma et al., 2019). WL are key parameters and major climate variables for the Global Hydrological Data Center (GHDC) and Global Climate Observation System (GCOS) of the World Meteorological Organization (WMO) (Kostianoy et al., 2022). The changes of WL and WV directly or indirectly affect the lake ecosystem health (Woolway et al., 2020; Fang et al., 2019). With the global warming and the increasing human activities, the monitoring of WL and WV changes has become one of the important environmental issues of research and concern, and has attracted the attention of governments and departments. 
[bookmark: OLE_LINK1]Traditionally, the monitoring of WL and WV changes has been based on ground-based hydrological stations observations. This method is time-consuming and labor-intensive, and the monitoring area and timeliness are limited, thus it is nearly impossible to provide long-term monitoring information of WL and WV in a large and heterogeneous environment (Normandin et al., 2018). Since 1970, remote sensing is widely used in limnology and lake management for identifying, measuring, and characterizing the properties of lakes (Chipman, 2019). Satellite radar altimetry (Topex/Poseidon, CryoSat-1/2, Jason-1/2/3) and laser altimetry (ICESat-1/2, MABEL) are capable of measuring WL of lakes (Ma et al., 2019; Chipman, 2019; Duan and Bastiaanssen, 2013). However, the information of WL is limited by the time duration of the satellite altimetry data (Ma et al., 2019). Radar altimetry data for WLs are available as early as 1992 from the Topex/Poseidon [9], while laser altimetry data are available as early as 2003 from ICESat-1 (Ma et al., 2019). Therefore, the discontinuity of monitoring data and the mismatch of information between datasets undermine the comparability of different WL measurements, making it difficult to analyze the trend of WL changes. WV is typically estimated using empirical equations established based on lake area and WL (Ma et al., 2019; Schwatke et al., 2020; Getirana et al., 2018). However, this method has an implicit assumption that the lake is fitted as a conical frustum (Ma et al., 2019; Cael et al., 2017). Other approach estimated WV using lake area and the lakeside topographic slopes (derived from a digital elevation model) (Schwatke et al., 2020; Cael et al., 2017; Zhan et al., 2022). Either way, the prediction accuracy of lake WV is highly unreliable (Cael et al., 2017). Mainly because the lake bottom morphology may be uplifted, depressed or undulated, which is not isotropic and uniform. Currently, accurate WV in a lake can be estimated based on WL and bathymetric map (Ma et al., 2019; Duan and Bastiaanssen, 2013; Cael et al., 2017).
The Erhai Lake is a typical plateau fault depression freshwater lake, ranking seventh in China's freshwater lakes. The Erhai Lake, which plays an important role in coordinating regional ecological balance and maintaining the ecological security of the upper and middle reaches of the Yangtze River, is one of the national key protected water bodies. Driven by global climate change and human activities, the environment of Erhai Lake and its watershed has experienced dramatic transformations in recent decades, including a decline in regional rainfall and the expansion of farmland and construction areas. Thus, long-term and continuous monitoring the change trend of WL and WV in the Erhai Lake is of great significance for lake water resources management and rational utilization (Zheng et al., 2021; Wu et al., 2020), and is of importance in assessing the impact of human activities on water environment.
As previously mentioned, long-term monitoring of WL and WV changes presents significant challenges and uncertainties, such as data compatibility among different satellite altimetry sensors, the continuity of monitoring data, and the modeling of lakebed topography. To address these issues, we utilized multi-source data and an integrated methodology to monitor the change trends in WL and WV of Erhai Lake over long periods of time. The primary goal of this research was to analyze the long-term change trend in Erhai Lake's WL and WV from 1987 to 2020. 

2. material and methods

2.1 Study area 
The Erhai Lake, situated in the central region of the Dali Bai Autonomous Prefecture, is the second-largest freshwater lake on the Yunnan-Guizhou Plateau and the seventh-largest in China. It is characterized by a mid-subtropical plateau monsoon climate, with an average annual temperature of 15.6°C and an average annual precipitation of 1032 mm (Wu et al., 2020). The lake extends 41.5 km from north to south and varies in width from 3 to 9 km, exhibiting a long and narrow morphology resembling an ear.
As a typical urban fringe lake, Erhai Lake is in close proximity to Dali City, a key urban center in western Yunnan Province, and serves as its primary source of drinking water. Beyond water supply, it has many functions, such as tourism, climate regulation, etc., and is of great significance in supporting a variety of regional ecosystem services. The Lake plays a pivotal role in regional social and economic development as well as in the construction of ecological civilization (Wu et al., 2020).
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Fig. 1. Location of the study area and elevation map of water depth based on bathymetry data. Note that the background image is the hillshade generated by GDEM V3 ( from USGS LPDAAC).

2.2 Data Sources 
Lake area is a key intermediary variable for analyzing long-term trends in WL and WV changes (Gownaris et al., 2018; Crétaux et al., 2016). Imagery from the longest-operating Landsat satellite series was utilized to extract the area of the Erhai Lake. However, Erhai Lake is located in the mid-subtropical plateau monsoon climate zone and is jointly controlled by the Indian Ocean and Pacific Ocean monsoon, there are few cloud-free images in a year (Schwatke et al., 2015). Together with the long revisit period of Landsat, it leads to the number of available images in the study area was restricted (Yang et al., 2020). For these reasons, we retrieved all Landsat satellite images (p131r42) from 1987 to 2020 within the study area, the maximum cloud cover was set to 80%. All the imagery data were obtained from the EROS Science Processing Architecture (ESPA) (https://espa.cr.usgs.gov). In total, 519 scenes Landsat images from 1987 to 2020 were used.
WL is based on “Database for Hydrological Time Series of Inland Waters” (DAHITI) and is calculated by modelling to obtain long time series of WL data. DAHITI provides global hydrological information on various lakes, reservoirs, rivers and wetlands (Schwatke et al., 2015). Compared with Global Reservoirs and Lakes Monitor (GRLM) and HY-DROWEB (Duan and Bastiaanssen, 2013), DAHITI was more comprehensive. In the DAHITI, WL data for Erhai Lake has been available since 17 April 2016, and there are 57 data between 2016 and 2020, with an error of 0-0.057 m (from DAHITI accurcy report).
In addition, the measured bathymetry data in 2004 was used as an important parameter for the accurate assessment of WV of the Erhai Lake. The bathymetry data was based on sonar sensors to describe the underwater topography of the Erhai Lake (Fig. 1).

2.3 Methods 
Located in a cloud-prone and topographically complex plateau and mountainous region, monitoring the long-term trends of WL and WV in Erhai Lake poses considerable challenges. Therefore, a specific technical framework is required to monitor the change trend in WL and WV of the Erhai lake over the long term (Fig. 2). We propose a four-stage framework to monitor and analyze the change trend of WL and WV in the Erhai Lake from 1987 to 2020: (1) synthesize annual lake areas to minimize the impact of cloud cover and data scarcity on lake area extraction; (2) establish a water level-area relationship model using short-term WL data from DAHITI to derive long-term annual WL information; (3) calculate WV using the synthesized annual lake area, the calculated annual water levels, and bathymetry map; and (4) analyze the trends in WL and WV changes of Erhai Lake from 1987 to 2020.
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Fig. 2. Flowchart for analyzing trends in water level and water volume over long periods of time in cloudy and monitoring data deficient areas.

2.3.1 Annual water body composite and area calculation  
The extraction of lake area is affected by cloud cover and long revisit period of Landsat satellites, often resulting in incomplete image coverage or data discontinuities. These issues lead to temporal and spatial data gaps, making it difficult to ensure data comparability across different periods (Yang et al., 2020). To tackle these challenges, a compromise approach was adopted. Water bodies are extracted from cloud-masked Landsat imagery, and then a maximum value composite (MVC) method was employed to integrate all the waters within a year. This process combines all cloud-masked water body data from a given year into annual water body image, which is then used to calculate the area of MVCed water body. The compositeness and area calculation of annual lake water bodies are performed using the following workflow.
Firstly, the cloud and cloud shadow mask were generated using the MFmask algorithm (Qiu et al., 2017), and the cloud and cloud shadow of the Landsat imagery were removed using this mask. Based on the data after cloud and cloud shadow removal, a modified normalized difference water index (MNDWI) was calculated to enhance water information (Equation 1) (Chen and Yu, 2016; Xu, 2007). To avoid the uncertainty and subjectivity of threshold selection for water extraction by MNDWI, we utilized the response difference of water to different bands to construct a radiative relationship expression (Equation 2), enabling the automatic extraction of water from Landsat images without relying on subjective judgment. Additionally,  to maximize the accuracy of water extraction, we employed the multi-band true-color combination images that remove clouds and cloud shadows to visually inspect and edit the water information one by one. The overall accuracy of extracted water body exceeded 90%. Then, using the extracted water bodies within a year, the annual lake water body was synthesized using the MVC method, and its area was calculated.

                                         (1)

              (2)

for the extracted water image, ，， represent the green, near infrared and short wave infrared bands of Landsat series satellite images.

2.3.2 Calculation of annual WL and annual WV  
Due to the WL data of the Erhai Lake in the DAHITI covered a short period of time, it cannot meet our demand for long-term continuous WL information. To deal with this issue, WL from DAHITI (2016-2020) and area extracted from cloud-free Landsat imagery werecombined to estimate a relationship model (Ma et al., 2019). First, Pearson correlation analysis was conducted using WL data from the DAHITI for the period 2016–2020 and area data extracted from cloud-free Landsat images (13 scenes) from the same or adjacent periods. The Pearson correlation coefficient of " WL–area" was as high as 0.95. Subsequently, a regression model was constructed, the relationship is illustrated in Fig. 3. From this, area can be employed to convert WL for other time series (Lee et al., 2022). Based on annual lake area data, annual WL of the Erhai Lake from 1987 to 2020 was inversely calculated by using this model.
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Fig. 3. Linear regression model and goodness of fit between WL and lake area.

Then, annual WL and boundaries of annual lake area were combined to create the elevation contours of the lake boundaries in different years. The bathymetry map measured in 2004 (Fig. 1) was intersected with the elevation contours of the lake boundaries to generate the three-dimensional topography of lake for different years (Ma et al., 2019). Finally, annual WV was calculated.

2.3.3 Analyzing the trend of annual WL and WV changes  
We applied the least squares method to plot trend lines for the annual WL and WV over time, providing insights into the long-term variation trends of WL and WV for the Erhai Lake.

3. results 

3.1 Change in annual lake area  
Fig. 4 shows the change characteristics of the annual area of Erhai Lake. From 1987 to 2020, Annual area of the Erhai Lake fluctuated and showed a decreasing trend. Among them, the Erhai Lake had the largest annual area of 257.67 km2 in 1991 and the smallest annual area of 245.58 km2 in 2016. Annual area of the Erhai Lake fluctuated sharply from 1987 to 1999 and from 2013 to 2017, while annual area changed relatively smoothly from 1999 to 2013 and from 2017 to 2020.
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Fig. 4. Changes in annual area of the Erhai Lake from 1987-2020.

3.1 Change trend of annual WL and WV  
From 1987 to 2020, Annual WL of the Erhai Lake showed a downward trend (Fig. 5). Comparing annual WL changes in the past 34 years, it can be seen that the overall change range of annual WL in the Erhai Lake is between 1961.05 m and 1968.98 m, the highest annual WL appeared in 1991, which was 1968.98 m, and the lowest annual WL was 1961.05 m occurred in 2016. The most dramatic change in the rising annual WL of the lake was from 1989 to 1991, with a total rising annual WL of 5.98 m. The most dramatic drawdown occurred in 2013-2014, with a drawdown of 4.23 m. Since 2009, annual WL of the Erhai Lake began to decline sharply. From 2009 to 2016, annual WL of the Erhai Lake declined in all the years except a few years (annual WL rose in 2013 and 2015), with a cumulative decline of 6.58 m. In 2017, annual WL rose, but it was still below the trend line. From 2017 to 2020, annual WL changed smoothly without dramatic changes.
As shown in Fig. 5, the annual WV of Erhai Lake exhibits a trend similar to that of the annual WL, generally showing a downward trajectory. In 2020, the WV decreased by 0.41 billion m³ compared to 1987. During the study period, the maximum annual WV of Erhai Lake was recorded at 4.39 billion m³ in 1991, while the minimum was 2.89 billion m³ in 2016. The most significant increase in WV occurred between 1989 and 1991, with a rise of 1.13 billion m³. From 1991 to 1994, the annual WV showed a declining trend, and after 1992, it remained below the trend line. Between 2014 and 2020, the annual WV was generally below the trend line, except for increases observed in 2016–2017 and 2019–2020. In other years, WV continued to decline, making 2016 the year with the lowest recorded annual WV during the study period.
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Fig. 5. Annual WL, annual WV and their change trend of the Erhai Lake from 1987 to 2020.

4. discussion 
In this study, three main datasets (Landsat satellites images, DAHITI and bathymetry map) were used which enabled the estimation change of WL and WV. However, there are still many challenges in obtaining WL and WV data. On the one hand, the cloudy weather has resulted in few or no available Landsat data in the study area; on the other hand, there is no long-term spatial and temporal continuity Erhai data in the DAHIT dataset.
To overcome these problems, the integrated method was used. A linear regression model was developed using the existing time matched data pairs on lake area and WL (Zhang et al., 2021). Based on the annual lake area, annual WL was obtained using the established re-gression model. Thus, filling in WL gaps of the long time series. Subsequently, annual WV of the Erhai Lake from 1987 to 2020 was calculated by integrating the annual lake area, annual WL and bathymetry map. There was not achievable in previous studies.
The study did not obtain WL and WV at a defined point in time, but rather the annual WL and annual WV obtained through synthesis and conversion, which makes it difficult to verify the results. In spite of the difficulty of validation, the study has its rationale and scientific validity. Firstly, Landsat images may be distributed in different months for different years, which may introduce a seasonal bias in lake area. Instead, the annual lake maps from the study were generated by all available Landsat images that is less than 80% cloud coverage, which can minimize the effect of area fluctua-tions in different months. It solves the problem of only being able to acquire cloud-free images in most optical satellite applications. A WL–area regression model can be es-tablished by overlapping WL and area (from 2016 to 2020) in time, thereby obtaining annual WL information for long time series. Meanwhile, the image interpretation ac-curacies of the Erhai Lake area from 2016 to 2020, which participated in the model construction, were all above 90%. The errors introduced into the model due to the area error were effectively controlled. Compared to the DAHITI dataset, annual WL for 2016-2020 have a similar fluctuating downward trend as the DAHITI data (Figs. 5 to 6). In addition, the bathymetry map is the basic data of lake characteristics, which reflects the topography features of the lake bottom. The bathymetry map can effectively improve the accuracy of WV calculation and help to accurately monitor the long-term changes of lake WV (Li et al., 2022).
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Fig. 6. Changes in 57 WL data of the Erhai Lake from 2016 to 2020 in DAHITI database. (The numbers 1-57 represent the point in time when the data was recorded, and the recording time is available on the DAHITI website.)

Fig. 4 show significant fluctuations in annual WL and annual WV between 1987 and 2020, with a general downward trend.Influenced by climate change, the Erhai Lake Basin has experienced a decline in precipitation over the past few decades (Wu et al., 2020), which has directly or indirectly contributed to a reduction in water inflow to the lake (Huang et al., 2013; Wu et al., 2020). Another aspect,  with the rapid development of tourism and agricultural economies and population growth, water demand in the basin is increasing every year. Under the joint action of human and natural factors, the amount of water flowing into the Erhai Lake is decreasing directly or indirectly, which leads to the decreasing trend of WL and WV in the study period. This also indirectly validates the rationality and efficiency of our scenario in assessing WL and WV variation trends.

5. Conclusion

As the seventh largest freshwater lake in China, the Erhai Lake has played an important role in regional sustainable development and ecological environmental protection. Monitoring and analyzing changes of critical water resources information in the Erhai Lake has been an urgent and necessary task. However, the measurement and evaluation of WL and WV of the Erhai Lake have faced challenges such as cloudy coverage and data gaps. Based on multi-source data and using an integrated approach, we successfully conducted a long-term assessment of the changes in annual WL and annual WV of the Erhai Lake. The main conclusions are as follows:
(1) The combination of multi-source data is a feasible and effective method to detect changes in annual WL and annual WV. The method used in the study provide technical reference and support for the rapid assessment of annual WL and WV variation trends in other lakes lacking long-term observational data.
(2) We developed the linear regression model between WL and area, which can estimate WL for the Erhai Lake using a no-cost and simple method. And the model is a convenient and efficient water resource management tool when attempting to calculate WL in a timely and cost-effective manner.
(3) The study provides consistent long-term time-series information on annual WL and annual WV from 1987 to 2020. We found that annual WL and annual WV of the Erhai Lake fluctuated greatly, showing a downward trend during the period from 1987 to 2020.
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