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Abstract

:

Changes in lake water volume can reflect variations in regional hydrometeorology and are a sensitive indicator of regional environmental change. The Tibetan Plateau, referred to as the “Asian Water Tower”, has a large number of lakes. These lakes are in a natural state and are relatively unaffected by human activities. Understanding the changes to lake water volume is a key issue for the study of lake-atmosphere interactions and the effects of lake expansion and contraction on regional climate. By using multisource remote sensing and water level observations, this study systematically analyzed inter-annual changes from 1970 to 2021 of three typical inland lakes basin (Bamu Co-Peng Co basin, Langa Co-Mapum Yumco basin andLongmu Co-Songmuxi Co basin), which are located in different climatic regions of the Tibetan Plateau and monthly changes from 2019 to 2021 of Bamu Co, Langa Co and Longmu Co in the lake area, water level, and water volume. In addition, the study analyzed the response of lakes in different climate regions to climate change from 1979 to 2018. The main conclusions are as follows. (1) From 1970 to 2021, there were similar trends in lake changes between the primary and twin lakes. (2) The changes to lakes in different climatic regions are different: lakes in the monsoon-dominated region showed a significant trend of expansion from 2000 to 2014, but the trend slowed down and stabilized after 2014; lakes in the westerlies-dominated region showed a small expansion trend; lakes in the region affected by both westerlies and the monsoon showed an overall shrinking trend. (3) The monthly variation of lake water volume showed a trend of first increasing and then decreasing, with the largest relative change of lake water volume in August and September. (4) Precipitation is a dominant factor controlling lake variation during the year. (5) Temperature and precipitation are dominant meteorological elements affecting the decadal variation of the lake, and with the warming of the TP, temperature plays an increasingly important role.
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1. Introduction


The Tibetan Plateau (TP) has an average elevation of over 4000 m. This region is known as the “Asian Water Tower” as it contains numerous lakes, covering a total area of 5 × 104 km2 in 2018 [1], and is the birthplace of many large rivers [2]. Most lakes on the TP are in a natural state and are relatively unaffected by human activities. Under the background of TP warming and wetting in recent decades, the change in lake water volume is one of the most sensitive indicators of regional environmental change [3]. The change in lake water volume is the result of the combined action of variability in water level and lake area. The magnitude of these changes determines the heat absorbed and released by lakes, which affects the energy exchange between the land and the atmosphere. As such, lakes need to be closely monitored and are good sentinels of climate change [4,5,6].



The rapid development of remote sensing, multispectral mapping, and satellite altimetry has led to great improvements in understanding the variations of TP lakes in recent years [7,8]. Multispectral optical remote sensing images, such as the Landsat MSS/TM/ETM+/OLI, Gaofen series satellites (GF−1 and GF−2), and Sentinel data (Sentinel−2), have enabled lake mapping since the 1970s [7,8,9]. Many previous studies have analyzed the changes in water volume in a single lake on the TP. For example, Zhu et al., 2010, used remote sensing, meteorological data, and field-measured water depth to analyze the temporal and spatial changes in water volume in Nam Co from 1970 to 2004. This study found that lake water volume increased from 78.32 km3 to 86.38 km3 across this period at a rate of 2.37 km3/a [10]. Zhang et al. used field-measured water depth and the area extracted from remote sensing images of Nam Co to quantify the lake water volume and its variation in 2011. The result shows that the water volume of Nam Co increased by 84.24 km3 from 1976 to 2009 [11]. Qiao et al. used field bathymetry data, remote sensing images, and satellite altimetry of Chibuzhang Co and Duoersuodong Co in 2019. This study showed that these two lakes increased by 2.4 km3 and 2 km3 from 2003 to 2014, accounting for 24.5% and 14.1% of the original lake water, respectively [12].



Additional studies have analyzed changes in the lake water volume across the entire TP. Zhang et al. used SRTM DEM (30 m) data to estimate the water volume change of lakes with an area greater than 1 km2 from 1976 to 2019 in 2021. The results show that lake water storage on the TP increased by about 170 km3 mainly in the inflow area (158 km3) [13]. The increase in water volume of glacial-supplied lakes (about 127 km3) was much higher than that of non-glacial-supplied lakes (43 km3). This result was related to the large number and wide area of glacier-supplied lakes. In addition, the increase in the water volume of closed lakes (about 163 km3) was much higher than that of outflow lakes (about 8 km3). Luo et al. further estimated the water storage change of 242 lakes on the TP from 2003 to 2019 to be 11.51 ± 2.26 km3/a by integrating ICESat/ICESat−2, the global surface water dataset, and the HydroLAKES dataset in 2021 [14].



At present, most research on the change of lake water volume on the TP is based on the analysis of long-term interannual variability. There are relatively few studies on the trend of water level changes in lakes and the dynamic characteristics of lake areas during the year in different climate zones. The change in lake water volume can accurately reflect changes to the regional climate and hydrological processes and is a sensitive indicator of environmental change. Lake effects affect climate change mainly by affecting the energy budget. The energy absorbed and released will affect the energy exchange between land and the atmosphere and affect the regional climate [15]. Therefore, records of lake water volume changes provide valuable information for understanding how lakes respond to climate change.



Due to the remote location and a lack of observational data, there is currently limited research about intra-annual water volume changes and spatial differences of lakes on the TP. This paper selects three lakes in the westerlies-dominated, monsoon-dominated, and westerlies–monsoon interaction zones of the TP and analyzes the differences in lake water volume change between these regions (Figure 1). First, the monthly lake water area of the three lakes was extracted using multisource remote sensing satellite images and the Normalized Difference Water Index. Then, the variations in lake water level were calculated from remote sensing altimetry data and in situ observations of water level. Finally, the water volume changes of the three lakes and their spatial differences were analyzed by quantifying the estimated change in the lake area and water level.




2. Overview of the Study Area


We analyzed three groups of inland lakes in different climate regions for our study. Firstly, according to the atmospheric circulation field and local dry/wet conditions in the area, we divided the TP into the monsoon region, westerly region, and monsoon–westerly interaction region. Then three groups of lakes with large adjacent lakes and similar topographic conditions in the catchment area were selected from different climate zones, which were Bamu Co (BMC) and Peng Co (PC) in the monsoon zone, the Longmu Co (LMC) and Songmuxi Co (SMXC) in the westerly zone and the Langa Co and Mapum Yumco (MPYC) in the monsoon–westerly interaction zone.



The BMC (31.25°N, 90.58°E)–PC (31.52°N, 90.97°E) basin locate in the east of Bangor Country, in the Tibetan Autonomous Region of China, and it is situated in the north of the Nyenchen Tanglha Mountain. The BMC extends in a north-south direction and is a relatively regular rectangular shape with an average altitude of 4566 m, a lake area of 242.05 km2 and the PC shows a shape of narrow in the north and wide in the south with an average altitude of 4553 m, the lake area of 175.43 km2. The basin belongs to the sub-frigid and semi-arid climate region of the TP, which is mainly affected by the monsoon; the mean annual temperature is 0.0~2.0 °C, with the highest average temperature in July and the lowest in January; the annual precipitation is 300~400 mm, and multi-year average precipitation from June to September is 263.30 mm [16]. The area of the catchment is 4839.2 km2 and 1020.3 km2 with a supply factor of 25.3 and 7.5, respectively. The two lakes both mainly rely on surface runoff for supply, in which BMC has nine inflow rivers, and among which the Baisangsangqu is mainly a supply river, with a drainage area of 1890.0 km2, accounting for 38% of the total lake catchment area, and PC has 11 inflow rivers, among which the Dangxiong Co is mainly a supply river [17].



The LAC (30.69°N, 81.22°E)–MPYC (30.67°N, 81.47°E) basin locate in Pulan County in Pulan County in the Ali area of the Tibetan Autonomous Region of China, and there are two high mountains facing each other in the south and north of the basin: The Naimona’nyi Peak on the south side is 7728 m above sea level with developed glaciers; the Kangrinpoche Mountain on the north side is 6656 m above sea level and covered with ice and snow the whole year. There are five tiers of ladder plates in the east and west of the basin, which are 1.5~2.0, 4.0, 8.0~10.0, 13.0~15.0, and 27.0~30.0 m higher than the lake surface, respectively. The LAC shows a spoon shape, with an average altitude of 4567 m and a lake area of 252.43 km2, where the northern part is an alluvial fan with a depth of 10 m. The middle part of the lake is narrow and long, with a depth of about 25 m; and the MPYC exhibits a trapezoidal shape that is wide in the north and narrow in the south, with an average altitude of 4572 m, the lake area of 414.23 km2. The basin locates in a semi-arid region with mountainous shrubs and grasslands, which is a mixed climatic zone that is affected by both the westerly belt and the monsoon, the mean annual temperature is about 2.0 °C, with the highest average temperature in July and the lowest in January, and the lake surface temperature reaches a maximum in August [18]; the annual precipitation is 150~200 mm. The area of the catchment is 2551.5 km2 and 4148.0 km2 with a supply factor of 9.5 and 10.0, respectively. The LAC mainly relies on precipitation and the Ganga River and Nagqu River in the north of the lake for the supply, and it also receives water from MPYC in the wet season. The MPYC mainly relies on precipitation and surface runoff supply [17].



The LMC (34.61°N, 80.45°E)–SMXC (34.60°N, 80.25°E) basin locate in the Ritu County of the Tibetan Autonomous Region, and it is situated in the northeast of the lowest part of the Quaternary sedimentary basin on the north side of the Karakoram. The two lakes belonged to the same great lake in the Quaternary Period, and now these two lakes are twin lakes. The LMC shows a gourd shape, with an average altitude of 5012 m and an area of 107.95 km2; the average altitude of the SMXC is 5015 m, and the area is 32.64 km2. The climate in the basin is cold and dry and mainly affected by the westerly belt, with an average annual temperature of −8.0 °C and annual precipitation of 75–100 mm. The area of the catchment is 570.0 km2 and 1605.0 km2 and the supply factor of 5.9 and 64.2, respectively. The LMC mainly relies on underground runoff for supply, and there are three main rivers in the east of the lake; the SMXC relies on the surface runoff for supply, and there are two main inflow rivers [17].



The main characteristics of the three inland lakes are shown in Table 1.



The climate of the TP is mainly influenced by monsoons (including the Indian monsoon and East Asian monsoon) and westerlies [19,20]. The monsoon brings abundant rainfall to the affected areas during the summer, while the westerlies bring cold and dry weather in winter [21], which will cause different impacts on lakes in different climate zones, resulting in different expansion or contraction trends. The interaction of atmospheric circulation patterns in the TP leads to an uneven distribution of precipitation: The annual precipitation of the BMC-PC basin controlled by the monsoon zone is 300~400 mm; that of the LMC-SMXC basin controlled by the westerly zone is 75–100 mm, and that of LAC-MPYC basin controlled by the westerly–monsoon interaction zone is 150–200 mm, which is between the monsoon zone and the westerly zone.




3. Data and Methods


3.1. Data Source


3.1.1. Satellite Imagery


Multisource remote sensing images were used to extract the annual lake area changes of the six lakes from 1970 to 2021 and monthly lake area changes of the three main lakes from 2019 to 2021 in order to analyze the temporal and spatial variations across the region. Landsat remote sensing images were mainly used to quantify the annual lake area from 1970 to 2021. Sentinel−2 remote sensing images were mainly used to extract monthly lake area data from 2019 to 2021. The Landsat project has completed seven missions since 1972 and provided a long time-series of observations for monitoring water resources on the Earth’s surface [9,22,23,24,25]. We selected Landsat images with little or no cloud cover and the highest satellite repetition period. Sentinel-1 remote sensing images are supplemented into the dataset. Due to the lack of complete data from 1970 to 2013, we calculated the mean lake area from 1970 to 1990 as the lake area of the 1970s. From 1990 to 2010, we calculated the lake area every five years.



The Landsat images used in this study were collected using the Multispectral Scanner (MSS) of Landsat1-3, Thematic Mapper (TM) of Landsat 5, Enhanced Thematic Mapper Plus (ETM+) of Landsat7 and Operational Land Imager (OLI) of Landsat8. Sentinel−2 is a multispectral imaging satellite developed by the European Space Agency. These data not only have high resolution and a short revisit period but are also freely available to the public [26]. Sentinel−2A and Sentinel−2B satellites were launched and put into use on 23 June 2015 and 7 March 2017, respectively. The two satellites are polar orbit satellites, with an orbital altitude of 786 km and an inclination of 98.62°E. The swath width is 290 km, and the orbital period is 100 min [27].



Under good meteorological conditions, dual-satellite synchronization can shorten the satellite revisit period to 5 days and achieve full coverage in 2–3 days in mid-latitude regions [9]. Sentinel−2A/B satellite is equipped with a multispectral imager MIS (Multispectral Instrument). The sensor is arranged with 12 detection elements along the scanning direction. The ground reflection spectrum of the scanning zone is obtained by push-broom scanning. The imager can obtain 13 detection elements. The green light band (B3) and the near-infrared band (B8) are mainly used to calculate the water body index in this study.



Sentinel−1 contains four imaging modes: SM (Strip map), IW (Interferometric Wide swath), EW (Extra-Wide swath), and WV (Wave). The SM, IW, and EM modes include single polarization (HH/VV) and dual polarization ((HH + HV)/(VV + HV)) imaging. The WV mode contains single polarization (HH/VV) imaging. The acronyms VV, HH, HV, and VH refer to different transmit and receive angles, which are vertical transmit/vertical receive, horizontal transmit/horizontal receive, horizontal transmit/vertical receive, and vertical transmit/horizontal receive, respectively, with a single co-polarization. VV + VV and VV + HV refer to dual-frequency cross-polarization with different transmit and receive angles [28]. End users have access to a variety of applications, including surface water monitoring [29]. To ensure the accuracy of the data, the lake area of this study was also compared with a long-term dataset of lake areas on the Tibetan Plateau (1970–2013) [30], and the changing trend was similar.




3.1.2. Satellite Altimetry


Satellite altimetry technology refers to using altimeters carried by satellites to measure the height of the Earth’s surface. There are two major categories of satellite altimeters: laser and radar. Laser altimeters are mainly used in the Ice, Cloud, and land Elevation Satellite (ICESat). Laser altimeters have smaller footprints and higher accuracy than radar altimeters [31,32] but a lower time resolution. In this study, we use multisource altimetry data (CryoSat−2, Jason−2, Sentinel−3B, and ICESat−2). These data were combined if available. A brief description of the data is shown in Table 2 below.




3.1.3. Water Level Observational Data


The water level in the lakes was measured using an automatic water level gauge (HOBO−U20). The pressure water level gauge can observe small changes (1 mm) in the lake water level. Two HOBO−U20 loggers were placed on the long axis of the BMC, LAC, and LMC. The field environment restricted measurements of all six lakes. The water level gauges observe hourly water levels and obtain average lake water level data every half hour/day. Due to the climate and geographical environment of the TP, the shallow layers of the lakes are frozen in winter, and the movement of the ice will damage the instruments. Therefore, water level data are mainly concentrated in summer (May, June, and July) and autumn (August, September, and October). Due to the impact of COVID-19 prevention policies, it was not possible to replace the batteries in the water level gauge, resulting in partial data loss. The missing data were filled using satellite altimetry data.




3.1.4. Meteorological Data


This study mainly used the dataset of lake-catchment characteristics for the Tibetan Plateau (LCC−TP v1.0) [33]. The data are the first dataset of lake-catchment characteristics on the TP; it can provide fundamental data for the study of lakes in the TP. The climate variables mainly used the grid-based CMFD dataset to calculate the catchment-level climate characteristics; the CMFD was constructed through the fusion of in situ observation, remote sensing data, and reanalysis datasets, which improved the data quality in the TP. By reprocessing the CMFD dataset, the LCC−TP v1.0 dataset obtained the meteorological data from 1979 to 2018 of lakes over 0.2 km2 with a temporal resolution of 1 day. We extracted basic meteorological data (temperature, precipitation, wind), which are related to the change of lake for catchments of the BMC, PC, LMC, SMXC, LAC, and MPYC. Moreover, the monthly precipitation from 2019 to 2021 is collected by the automatic weather station and rain gauge set around the BMC, LMC, and LAC.





3.2. Calculation Method


3.2.1. Extraction of Water Area


The extraction of water bodies from remote sensing images mainly uses the different spectral characteristics of different ground objects on remote sensing images. There are many satellites remote sensing data available for lake mapping on the TP. The method for extracting the lake area is generally referred to as the Normalized Difference Water Index (NDWI), which is a reliable method for the extraction of lake water information on the TP [9]. The normalized difference water body index method was proposed by Mcfeeters [34]. The method highlights the water body and weakens the background environment. The most basic formula (1) is:


  N D W I =   G r e e n − N I R   G r e e n + N I R    



(1)




where Green represents the green wave band, and NIR represents the near-infrared band.



In this study, the long time-series lake area is mainly extracted by the data of Landsat and Sentinel−1 SAR data, and the monthly lake area from 2019 to 2021 is mainly extracted by the data of Landsat−8 and Sentinel−2 remote sensing images. The data are processed by GEE (Google Earth Engine) platform; the GEE is a comprehensive platform for geographic information data processing and visualization launched by Google. It provides remote sensing data, including Sentinel and Landsat and topographic data, and it can process data online. The Sentinel−1 data provided by the GEE have been preprocessed for thermal noise removal, radiometric calibration, terrain correction, and fringe processing. We adopt the SVM (Support Vector Machine) method to extract the lake water body. The SVM is a kind of generalized linear classifier that classifies data bivariate according to supervised learning. The decision boundary is the maximum-margin hyperplane solved for the learning sample. It can be classified nonlinearly by kernel method, which is one of the common kernel learning methods and is widely used in pattern recognition. In this study, we use the hard margin linear SVM to classify the water body using NDWI; the ultimate goal of this method is to calculate an optimal separating hyperplane based on the calculated NDWI as the identification boundary between land and water bodies (2).


  m =  2   ‖ w ‖     



(2)




where m is the margin of the optimal separating hyperplane, and ‖w‖ means the two norms of each element. The calculation result of NDWI, which are larger than the optimal separating hyperplane, can be recognized in the water body.



The first step is the processing of remote sensing images, which is carried out on the GEE platform. This preprocessing involves cloud removal and atmospheric correction on the remote sensing images. We then use the NDWI to identify lakes and a machine learning method to classify lake water bodies. This study adopts the SVM method, which enables accurate identification and classification of water bodies. After the water body is determined, the vectorized processing is performed on ArcGIS. The monthly water body area of the lake is finally obtained through manual sight translation.



The second step is the processing of remote sensing images, including a topographic correction and speckle noise removal. The fluctuation of terrain causes significant geometric distortion of remote sensing images and can lead to perspective shrinkage, overlapping, shadows, and other phenomena. In addition, when the echoes of continuous radar pulses are processed over a rough surface, the superposition of reflected electromagnetic waves and the different distances between each scatterer and the sensor means that the echoes are incoherent in phase, resulting in echoes. Pixel-by-pixel variation in intensity, which appears grainy in pattern, resulting in randomly distributed black-and-white specks in the image. In order to address these issues, the images are topographically corrected, and speckle noise is removed. The water body index is then calculated as shown in Equation (3):


  N D W I = ln  (  10 × V V × V H  )   



(3)







After determining the water body index, we export the image and carry out a vectorization processing in ArcGIS to produce a water area of the lake every month through visual interpretation (VI).




3.2.2. Extraction and Calculation of the Lake Water Level


The first step is the processing of the observational data of the lake water level. The HOBO water level gauge is used to observe the lake water level, producing half-hourly lake water level data. As the gauge use pressure changes to record changes in water level, air pressure data obtained from meteorological observations are subtracted from the water level to remove the influence of atmospheric pressure changes. The monthly average water level is calculated from the data. We mainly focus on the process of lake surface fluctuations and do not consider the absolute elevation of each lake surface. As such, we only use the relative change of lake water level of different months in the summer (May, June, July) and autumn (August, September, October) of the same year, compared to the lake level in May.



The second step involves processing the satellite altimetry data. Using the acquisition of ICESat−2 altimetry data as an example, we use basic geospatial data such as water bodies and lake boundaries to mask the longitude and latitude information of the spot center in the ATL13 product. Second, we extract the sub-satellite track of the ICESat−2 satellite in the lake area and perform photon signal delay and geophysical corrections. Third, we correct the spot heights corresponding to the six pulse signals (gravity level anomaly, level height, and projection deformation) and calculate the corrected instantaneous water level of the lake. Finally, a simple Normalized Median Absolute Deviation method (NMAD) is used to remove outliers and obtain the average lake level [35]. After obtaining the lake water level data from different satellite altimeters for the six lakes, we compare the mean lake water level for the same period to eliminate systematic errors between different satellite altimeters. We also use observational data as a reference for the altimetry-derived water levels to improve the accuracy of the data.




3.2.3. Estimation of Changes in Water Volume


Because the lake area is irregular, the lake water volume can be approximately simplified as an irregular platform, as shown in Equation (4):


  V =  1 3  H ×  (  S ’ + S +   S ’ × S    )   



(4)




where S’ and S are the lake surface area and the lake bottom area, respectively. H is the lake height. The lake water volume change is calculated from the difference between the upper and lower bottom areas of the two lakes, as shown in Equation (5):


  Δ V =  1 3   (   H 2  −  H 1   )  ×  (   S 1  +  S 2  +    S 1  ×  S 2     )   



(5)




where ΔV is the change of lake water volume from lake surface water level H1 and area S1 relative to water level S2 and area S2.



A flowchart showing the method for calculating the relative change in lake water volume is shown in Figure 2.




3.2.4. Calculating Lakes Changes Responses to Climate Change


In the study, we mainly used Pearson Correlation to analyze the response of lake changes to climate change. The Pearson correlation coefficient is widely used to measure the degree of correlation between two variables in natural sciences research. Among them, the correlation coefficient of the sample is denoted by r, and p is a probability value. If p < 0.01, it means that the null hypothesis is rejected at the 99% confidence level; p < 0.05 or 0.1 is the same, and the p-value can be used as an evaluation index of contribution. The formula is shown in formula (6).


  r =   ∑  (  X −   X ¯    )   (  Y −   Y ¯    )      ∑    (  X −   X ¯    )   2  ∑    (  Y −   Y ¯    )   2       



(6)




where the X and Y means lake water area and meteorological elements in the same year.






4. Results and Analyses


4.1. Analysis of Lake Change


Analysis of Area Change


The lake area changes differently in different climate zones from the 1970s to 2021 (Figure 3). Lakes in the monsoon region (BMC and PC) and the westerly region (LMC and SMXC) show an overall expansion trend. The BMC and PC showed a trend of rapid expansion from 1995 to 2005, with growth rates of 4.746 km2/a and 31.8098 km2/a, respectively, before the trend stabilizes. The LMC and SMXC showed a steady growth trend from the 1970s to 2021, with growth rates of 1.092 km2/a and 0.747 km2/a, respectively. Lakes in the westerly–monsoon interaction zone (LAC and MPYC) showed an overall shrinking trend. Lake areas in this region show a rapid shrinking trend from the 1970s to 2005, with a reduced rate of 1.744 km2/a and 1.061 km2/a, after which the reduction slows or stabilizes. The three groups of primary and twin lakes have similar trends, suggesting they are connected by groundwater.



The changes in the lake area of inland lakes on the TP are primarily affected by precipitation, snowfall, and melting of glaciers and permafrost. There are obvious seasonal differences in the supply of these water resources, meaning that changes in lakes within a year cannot be ignored. In order to make the investigation more accurate and make full use of the observed meteorological and lake water level data, the analysis of annual variance in lake water level focuses on 2019–2021. The lakes in the monsoon region and westerly–monsoon interaction region have similar trends during the year. Lakes in these regions both began to expand in May, reached the maximum in August then began to shrink. The lake area expanded slightly in winter after the lake surface froze. The timing of the maximum lake area in the westerly–monsoon interaction region was delayed by one month compared to the monsoon region.



It can also be seen in Figure 4 that the seasonal changes in the lake area from 2019 to 2021 are different. For example, at BMC in 2019, the lake area showed a decreasing trend from January to April. The lake ice started to melt in May, and the lake area expanded and reached a maximum in August before gradually retreating. In 2020, the lake area showed a decreasing trend from January to May. The lake ice began to melt in May, and the lake area began to expand. The lake area reached a maximum in August and then gradually retreated. In 2021, the lake area showed a decreasing trend from January to March, and the lake ice began to melt in May. The lake area began to expand in May and reached a maximum in September before gradually retreating.





4.2. Analysis of Lake Water Level Change


The parameter of lake level change is very important for estimating the change of lake water volume and can represent climate change to a certain extent. Lakes located in different climate zones have different trends (Figure 5). The twin lakes have similar interannual variations in lake water level as their respective primary lakes.



In this study, lake water level change is mainly analyzed for seasonal characteristics. The change in lake water level in May is set to zero every year, and then the monthly average value of water level change during the non-freezing period (May to October) relative to that in May is calculated. In order to verify the accuracy of the ICESat−2 ATL13 remote sensing altimetry product, this paper selects 26 repeated ATL13 orbital data passing through the three lakes from May to October every year from 2019 to 2021. We then calculate the change of lake water level obtained by the ATL13 remote sensing altimetry products as the change of lake water level in the month relative to that in May. The changes in the repeater orbit data of ATL13 are not considered due to the relatively small amount of data obtained from BMC (Table 3). Correlation analysis between the relative change of lake water level from ATL13 and the observational data (Figure 6) showed R2 values of 0.85. Therefore, the ICESat−2/ATL13 laser altimetry product can accurately reflect the relative change in lake water level.



As is shown in the Figure 7, the relative lake water level change of BMC reached maximum values in September 2019 (0.32 m), August 2020 (0.23 m), and September 2021 (0.42 m). LMC reached maximum values in August 2019 (0.17 m), August 2020 (0.02 m), and September 2021 (0.01 m). LAC reached maximum values in September 2019 (0.75 m), August 2020 (0.07 m), and August 2021 (0.01 m).




4.3. Analysis of Relative Change in Lake Water Volume


The change in lake water volume is a key factor for evaluating the degree of lake impacts on climate. Changes in lake volume are the result of the combined action of water level change and lake area change. By using the obtained lake water level change and lake area change, the lake water volume change can be estimated following Equations (3) and (4) [36,37].



The inter-annual relative change of lake water level from 2013–2021 is calculated relative to 2011 (Figure 8). The inter-annual relative change of lake water level showed a significant difference in the different climatic regions. At the BMC and PC, in the monsoon region, the water volume of the lake was relatively stable before around 2017 but then decreased significantly. LAC in the westerly–monsoon interaction region showed a significant decreasing trend, while MPYC was stable. LMC and SMXC in the westerly region showed a significant increasing trend. However, the growth rate of SMXC is an order of magnitude lower than LMC.



Differences in lake water volume change are significantly related to temporal and spatial variations in precipitation. From 1980–2015, the monsoon region showed a warm-wet tendency (ΔT = 0.54 °C/10a, Δp = −12.44 mm/10a), the Westerly–monsoon interaction region showed a cold-wet tendency (ΔT = −0.71 °C/10a, Δp = 37.66 mm/10a) and the westerly region showed a warm–dry tendency (ΔT = −0.53 °C/10a, Δp = −12.44 mm/a). The combined action of precipitation and melting of glacial snow cover causes lake expansion [38]. In the TP, which is relatively unaffected by human factors, variations in precipitation are the main drivers of inland lake change [39,40].



The annual relative change in 2019–2021 is calculated relative to the first month of the year for which data are available each year (Figure 9). The relative changes in lake water volume in typical inland lakes in different climatic regions are different in different seasons.



The lake water volume of BMC, located in the monsoon region, is relatively stable, and the overall lake water volume shows an increasing trend from 2019 to 2021. Among the annual changes in the lake water volume, the relative change of lake water volume shows a trend of first rising and then falling. The relative change of lake water volume reached maximum values in August 2019 (77.76 × 103 km−3), August 2020 (55.61 × 103 km3), and September 2021 (102.91 × 103 km3). The lake water volume in LMC, located in the westerlies area, showed a significant change trend in 2019 but was stable in 2020 and 2021. The annual changes in the lake water volume at LMC reached maximum values in August 2019 (42.16 × 103 km3), August 2020 (5.66 × 103 km3), and June 2021 (8.67 × 103 km3). The lake water volume of LAC, located in the westerly–monsoon interaction area, shows an overall decreasing trend from 2019 to 2021. The relative lake water volume change of LAC reached maximum values in September 2019 (81.44 × 103 km3), August 2020 (7.66 × 103 km3), and August 2021 (32.43 × 103 km3).



Abnormally high rainfall in the westerly region (LAC and LMC) in 2019 meant that the precipitation was significantly higher compared with other years. This high precipitation shows a good correlation with the obvious increase in lake water volume in 2019. In addition, there is also a good correlation between the peak of precipitation and the increase in lake water volume, indicating that precipitation is an important factor affecting lake change.




4.4. Response of Lake Change to Climate Change


4.4.1. Interdecadal Variation of Meteorological Elements


From 1979 to 2018, the temperature showed an overall increasing trend with different rates: BMC-PC basin in the monsoon region is 0.68 °C/10a; LMC-SMXC basin in the westerly region is 0.24 °C/10a; LAC-MPYC basin in the westerly–monsoon interaction region is 0.064 °C/10a (Figure 10), the annual mean temperature of the three basins are −1.96, −4.26 and −8.48 °C, respectively. Among them, we can see that the BMC-PC basin showed a rapid warming trend, while the LAC-MPYC basin was relatively stable, and it is worth noting that the LMC-SMXC basin was stable before 2000, but it sharply decreased in 2000 then increased significantly.



The annual cumulative precipitation in different climate regions showed an overall increasing trend with a ratio of 36.31, 12.40, and 119.12 mm/10a, respectively, from 1979 to 2018. Among them, the cumulative precipitation of the BMC-PC basin was relatively stable before 2000 but fluctuated significantly after 2000, that of the LAC-MPYC basin increased significantly after 2000, and that of the LMC-SMXC basin was stable before 1998 and then increased rapidly. The increasing trend of the cumulative precipitation rate was mostly bounded by the year 2000, and the cumulative precipitation increased significantly after 2000, which corresponded to the obvious increase in the lake area after 2000 (Figure 11).



The annual mean wind speed from 1979 to 2018 showed different trends in different climate regions: the wind speed of the BMC-PC basin decreased slightly, with the rate of −0.16 m/(s·10a), and the wind speed fluctuated significantly from 1990 to 2000, then stabilized; the wind speed of LAC-MPYC basin decreased with the rate of −0.20 m/(s·10a), the wind speed increased in 2000 then decreased rapidly; the wind speed of LMC-SMXC basin decreased slightly before 1997 then increased rapidly with the rate of 0.39 m/(s·10a) (Figure 12).



The annual average specific humidity is generally stable from 1979 to 2018, but there are abnormally large or small around 2000: the specific humidity of the BMC-PC basin in the monsoon region and the LMC-SMXC basin increased significantly from 1995 to 2000 then decreased gradually while that of the LAC-MPYC basin showed a contrary tendency (Figure 13).



The variation trends of these meteorological elements changed in 2000, and the variation trends of the lake also changed in the same period. Therefore, the response mechanism of lakes to climate change will be analyzed in different periods, and the responses will be discussed over the entire time, before and after 2000.




4.4.2. Response of Lake Change to Climate


In this study, we analyzed the correlation between the lake area and the annual mean temperature, wind speed, specific humidity, and annual cumulative precipitation. Analysis results from 1979 to 2918 show that the main factors affecting the lake change are different from the change in climate zone. For the BMC and PC in the monsoon region, the correlation between temperature and lake area was the highest, with a correlation coefficient of 0.90 (p < 0.01), followed by specific humidity, with a correlation coefficient of −0.37 (p = 0.23), indicating a strong correlation; for the LMC and SMXC, the correlation between cumulative precipitation and lake area was the highest, with a correlation coefficient of 0.87 (p < 0.01) and 0.88 (p < 0.01), followed by specific humidity, with a correlation coefficient of −0.36 (p = 0.24), indicating a strong correlation; for the LAC and MPYC, the correlation between wind speed, cumulative precipitation, and lake area were both high, with a correlation coefficient of 0.78 (p < 0.01) and −0.71 (p < 0.01), respectively. In addition, the dominant meteorological factors also changed in different periods. Before 2000, the dominant factors in the monsoon zone, the westerly zone, and the monsoon–westerly interaction zone were temperature, precipitation, and wind speed, while after 2000, which is the period of acceleration of warming on the TP, the dominant factors changed to temperature, precipitation, temperature and wind speed, specific humidity, respectively (Table 4). The wind speed and specific humidity (which can represent evaporation) are the dominant meteorological elements in the LAC-MPYC basin and show a negative correlation; this explains the contraction trend of lake area changes in the LAC and MPYC.



In conclusion, although the dominant meteorological factors change with different climate regions, temperature and precipitation are always the main factors affecting the change of the lake. With the rapid warming of the TP, the influence of temperature on the expansion of the lake area is becoming more significant. The warming of the lake catchment area leads to the melting of glaciers and snow, which increases runoff and leads to the expansion of lakes. Moreover, with the warming and wetting of the TP, the precipitation gradually increases, which also promotes the expansion of lakes.






5. Discussion


In recent years, the TP has become warmer and wetter. This trend involves a decreasing surface sensible heat and increasing latent heat from the northwest to the southeast, resulting in a significant increase in precipitation in the southeast and a decrease in the northwest [41,42]. In addition to being affected by precipitation, lakes in the TP are also closely related to glacial meltwater and permafrost degradation in the basin. Lake changes in the TP are significantly influenced by water and heat exchange between the lakes and the atmosphere, which in turn affects the regional water cycle. However, quantifying the dominant factors affecting lakes in different regions and how these factors will change under climate change conditions is key to accurately understanding the mechanistic role that lakes play in the water cycle of “Asian Water Tower”.



Therefore, in each typical area of the TP, we should strengthen research on lake water balance and its response to climate change. This will involve collecting observations of the spatial and seasonal distribution of precipitation, runoff (including precipitation, meltwater, and underground runoff), and evaporation, and using methods such as a total water balance and isotope segmentation to study the response of lake water balance to changes in different supply sources. Such research would provide valuable information about the processes and mechanisms of how climate change will impact lakes in the future.



The changes in the area, water level, and water volume, as well as the monthly water volume variations of three pairwise lakes from different climate zones, were analyzed using remote sensing data and in situ observations. For the response of lake change to meteorological factors, we mainly focused on qualitative research but lacked quantitative research on the contribution of each meteorological element. In addition, there is still a part of the research that has not been carried out, such as the reason for lake water decline after 2020 due to lack of meteorological data. Therefore, quantifying the contribution of meteorological elements to lake change and using high-frequency meteorological data and eddy covariance data to analyze the reduction of lake level after 2020 will be the focus of the next stage of research. This will be helpful in accurately understanding the mechanism of climate change affecting lakes. Moreover, with the development of tourism in Tibet, the TP has been affected by more and more human activities; consideration of direct human impacts on the TP water supply remains poorly articulated but potentially important to the lake change research [43,44].




6. Conclusions


There is a lack of research on the annual water volume changes and spatial differences of typical lakes in the TP due to the remote location and the lack of observational data. In the study, we have found there is obvious spatial heterogeneity in the seasonal changes of lake water volume in different climate regions. By using Sentine−2 remote sensing images, multisource altimetry, and observational water level data, the following conclusions are drawn.



(1) Inter-annual variations of lakes in different climatic zones are markedly different. From the 1970s to 2021, lakes in the monsoon (BMC and PC) and westerly (LMC and SMXC) regions show an overall expansion trend, while lakes in the westerly–monsoon interaction region (LAC and MPYC) showed an overall shrinking trend [45]. In the westerly–monsoon interaction region, the lake area shows a rapidly shrinking trend from the 1970s to 2005, after which the reduction slows or stabilizes [46]. The three groups of lakes have similar trends.



(2) Monthly variations of the lakes during the year in different climatic zones generally show similar trends. The changes are highly correlated with increases and decreases in monthly rainfall. This correlation is especially strong in 2019, which was a year of abnormal fluctuations in the westerly belt, with increased precipitation and significantly increased monthly changes in lake water volume. In addition, there is a good correlation between the peak of precipitation and lake water volume increase. These findings indicate that precipitation is a dominant factor affecting lake changes in the TP.



(3) The paper focuses on the effects of climate change on lakes from 1979 to 2018. The meteorological factors that dominate lake variation are temperature, precipitation, specific humidity, and wind speed (where specific humidity and wind speed can represent evaporation). Increases in temperature (which promotes melting of glaciers and snow) and precipitation promote the lake expansion, while increases in evaporation cause the lake shrinkage. For lakes in different climate regions, the main impact of meteorological elements is different, but with the accelerated warming on the TP, temperature plays an increasingly important role in accelerating lake expansion, while in the LAC-MPYC basin, evaporation is the leading factor that has caused the lake to shrink over the past decade.
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Figure 1. (a) Area of the basins studied, (b) BMC-PC basin, (c) LMC-SMXC basin, (d) LAC-MPYC basin. 






Figure 1. (a) Area of the basins studied, (b) BMC-PC basin, (c) LMC-SMXC basin, (d) LAC-MPYC basin.



[image: Remotesensing 14 05015 g001]







[image: Remotesensing 14 05015 g002 550] 





Figure 2. A flowchart illustrating the method used to calculate lake water volume change. 
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Figure 3. Lake area from 1970 to 2021, (a) lakes in the monsoon region, (b) lakes in the westerly–monsoon interaction region, (c) lakes in the westerly region. 
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Figure 4. The annual lake area changes from 2019 to 2021, (a) BMC, (b) LMC, (c) LAC. 
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Figure 5. Lake water level from 1970s to 2021, (a) lakes in monsoon region, (b) lakes in westerly–monsoon interaction region, (c) lakes in westerly region. 
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Figure 6. Water level change rate from ICESat−2 and observation. 
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Figure 7. The relative change of water level in (a) BMC, (b) LMC, (c) LAC. 
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Figure 8. Relative change of lake water volume from 2013 to 2021, (a) lakes in the monsoon region, (b) lakes in the westerly–monsoon interaction region, (c) lakes in the westerly region. 
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Figure 9. Monthly relative change of lake water volume and precipitation from 2019–2021, (a,b) lake water volume change and precipitation of BMC, (c,d) lake water volume change and precipitation of LAC, (e,f) lake water volume change and precipitation of LMC. 
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Figure 10. Annual mean temperature of three basins in different climate region, the green lines mean one linear fitting equation, (a) the BMC-PC basin, (b) the LAC-MPYC basin, (c) the LMC-SMXC basin. 
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Figure 11. Annual cumulative precipitation of three basins in different climate region, the green lines mean one linear fitting equation, (a) the BMC-PC basin, (b) the LAC-MPYC basin, (c) the LMC-SMXC basin. 
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Figure 12. Annual mean wind speed of three basins in different climate region, the green lines mean one linear fitting equation, (a) the BMC-PC basin, (b) the LAC-MPYC basin, (c) the LMC-SMXC basin. 
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Figure 13. Annual Specific Humidity of three basins in different climate region, the green lines mean one linear fitting equation, (a) the BMC-PC basin, (b) the LAC-MPYC basin, (c) the LMC-SMXC basin. 
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Table 1. Main characteristics of the lakes in the study region.
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Bamu Co—Peng Co Basin

	
Langa Co—Mapum Yumco Basin

	
Longmu Co—Songmuxi Co Basin




	
Climate Region

	
Monsoon Region

	
Westerly–Monsoon Interaction Region

	
Westerly Region






	
Mean Annual

Temperature (°C)

	
0.0~2.0

	
2.0

	
−8.0




	
Annual Precipitation

(mm)

	
300~400

	
150~200

	
75~100




	
lake

	
BMC

	
PC

	
LAC

	
MPYC

	
LMC

	
SMXC




	
Latitude

	
31.25°N

	
31.52°N

	
30.69°N

	
30.67°N

	
34.61°N

	
34.60°N




	
Longitude

	
90.58°E

	
90.97°E

	
81.22°E

	
81.47°E

	
80.45°E

	
80.25°E




	
Altitude (m)

	
4566

	
4553

	
4567

	
4572

	
5012

	
5015




	
Lake Area (km2)

	
242.05

	
175.43

	
252.43

	
414.23

	
107.95

	
36.24




	
Catchment Area (km2)

	
4839.2

	
1220.3

	
2551.5

	
4148.0

	
570.0

	
1605.0




	
Supply Factor

	
25.3

	
7.5

	
9.5

	
10.0

	
5.9

	
64.2




	
Supply Type

	
Surface runoff

	
Surface runoff and Precipitation

	
Underground runoff

	
Surface runoff
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Table 2. Summary of the multisource altimetry data used in this study.






Table 2. Summary of the multisource altimetry data used in this study.





	Mission
	Sensor
	Type
	Duration
	Repetition Period

(day)
	Footprint Interval

(m)
	Footprint Diameter

(km)
	Data Source





	CryoSat−2
	SIRAL
	radar
	2010-
	369
	280
	1.65
	ESA



	Jason−2
	Poseidon-3
	radar
	2008-
	10
	300
	2–4
	CNES Aviso+



	Sentinel−3B
	SRAL
	radar
	2018-
	27
	291–306
	>2
	ESA



	ICESat−2
	ATLAS
	laser
	2018-
	91
	90
	0.0175
	NASA
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Table 3. Repeat orbit data from ATL13 of Bamu Co, Langa Co and Longmu Co (m).






Table 3. Repeat orbit data from ATL13 of Bamu Co, Langa Co and Longmu Co (m).





	
Data

	
Lake

	
May

	
June

	
July

	
August

	
September

	
October






	
2019

	
Bamu Co

	
4566.018

	
×××

	
×××

	
×××

	
×××

	
×××




	
Langa Co

	
4567.530

	
4567.905

	
×××

	
4568.220

	
4568.026

	
×××




	
Longmu Co

	
5012.203

	
5012.101

	
5012.166

	
5012.238

	
×××

	
×××




	
2020

	
Bamu Co

	
×××

	
×××

	
×××

	
×××

	
4566.523

	
4566.438




	
Langa Co

	
×××

	
4567.656

	
×××

	
4567.706

	
4567.698

	
×××




	
Longmu Co

	
5012.485

	
×××

	
5012.507

	
×××

	
5012.460

	
×××




	
2021

	
Bamu Co

	
4569.784

	
×××

	
×××

	
×××

	
×××

	
×××




	
Langa Co

	
4567.060

	
4567.039

	
×××

	
×××

	
4567.147

	
×××




	
Longmu Co

	
5012.610

	
5012.689

	
5012.750

	
×××

	
5012.736

	
5012.688








××× means lack of data.
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Table 4. Correlation analysis between lake area and meteorological factors.






Table 4. Correlation analysis between lake area and meteorological factors.





	
Year

	
Climate Region

	
Dominant Factors

	
Correlation

Coefficient

	
p-Value






	
1979–2018

	
Monsoon Region

	
Temperature,

Specific Humidity

	
0.90

−0.37

	
0.001

0.23




	
Westerly–monsoon Interaction Region

	
Temperature

Specific Humidity

	
0.78

−0.71

	
0.002

0.009




	
Westerly Region

	
Precipitation

Specific Humidity

	
0.88

−0.37

	
0.002

0.23




	
1979–2000

	
Monsoon Region

	
Temperature

	
0.69

	
0.30




	
Westerly–monsoon Interaction Region

	
Wind Speed

	
0.60

	
0.28




	
Westerly Region

	
Precipitation

	
0.62

	
0.38




	
2000–2018

	
Monsoon Region

	
Temperature

	
0.49

	
0.22




	
Westerly–monsoon Interaction Region

	
Wind Speed

Specific Humidity

	
−0.50

−0.42

	
0.24

0.34




	
Westerly Region

	
Precipitation

Temperature

	
0.80

0.71

	
0.02

0.05
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