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Abstract:



As one of the most important geographical units affected by global climate change, lakes are sensitive to climatic changes and are considered “indicators” of climate and the environment. In this study, changes in the spatial-temporal characteristics of the water levels of 204 global major lakes are systematically analyzed using satellite altimetry data (Hydroweb product) from 2002 to 2010. Additionally, the responses of the major global lake levels to climatic fluctuations are analyzed using Global Land Surface Assimilation System (GLDAS) data (temperature and precipitation). The results show that the change rates of most global lakes exceed 0, which means that the lake levels of these lakes are rising. The change rates of the lake levels are between −0.3~0.3 m/a, which indicates that the rate of change in the water-level of most lakes is not obvious. A few lakes have a particularly sharp change rate, between −5.84~−2 m/a or 0.7~1.87 m/a. Lakes with increasing levels are mainly located in the mountain and plateau regions, and the change rates in the coastal highlands are more evident. The global temperatures rise by a change rate of 0.0058 °C/a, while the global precipitation decreases by a change rate of −0.6697 mm/a. However, there are significant regional differences in both temperature and precipitation. In addition, the impact of precipitation on the water level of lakes is significant and straightforward, while the impact of temperature is more complex. A study of lake levels on a global scale would be quite useful for a better understanding of the impact which climate change has on surface water resources.
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1. Introduction


Global environmental change, which is at the core of global climate change, has received considerable attention from governments since the 1980s [1]. The morphology and ecology of lakes have significantly changed over the past few decades, as they are affected by climate change and human activities [2]. The world’s lake area accounts for approximately 1.8% of the Earth’s total land surface area, and there are up to 8 million lakes with areas greater than 1 hectare [3]. As one type of wetland, lakes play an active role in the natural water circulation, providing functions such as water storage, groundwater replenishment, local temperature, ecological structure regulation, and biological diversity maintenance. However, the desiccation of lakes, such as the Aral Sea, has severe negative impacts, including the end of commercial fishing industries and the devastation of the floral and faunal biodiversity of the native ecosystems [4]. Therefore, it is necessary to increase the investigation of global lakes and study the characteristics of lake areas and water levels in both time and space [5,6,7].



The changes of a lake are mainly reflected by the changes of the water level and area. The measurement of a lake level or lake area can reflect the change of corresponding lake features, because of the high correlation between the lake water level and the lake area [8]. Changes in the lake level can be recorded more clearly and be observed more easily [9]. Lake water level data are some of the most important and basic data in lake hydrological analyses, and are mainly measured by field observation stations in a traditional manner. Due to economic and political factors, many regions cannot provide observational data because of a lack of hydrological observatories. In addition, the global hydrological observation network sites have been reduced over the past few decades. After many years of development, satellite and laser radars can currently provide useful data for the study of lakes, rivers, and oceans [10,11,12,13,14,15]. Duan and Bastiaanssen used four operational satellite altimetry databases to estimate water volume variations in lakes and reservoirs, and compared these with the measured water level; the accuracy of ICESat-derived water levels is found to be within 11 cm for Lake Tana, Ethiopia [10]. Furthermore, Muala et al. found that there is a 20 cm level of accuracy for Roseires Reservoir, compared to in-situ water levels [11]. Medina et al. used satellite altimetry and imagery data to estimate the reservoir discharges from Lake Nasser and Roseires Reservoir in the Nile Basin. For Roseires Reservoir, the water levels from Hydroweb were in good agreement with in-situ water levels (RMSE = 0.92 m; R2 = 0.96). For Lake Nasser, the altimetry water levels from Hydroweb were also in good agreement with in-situ levels (RMSE = 0.72 m; R2 = 0.81) [12]. In recent years, many scholars have applied high-resolution ICESat altimetry data to study the water level changes [16,17,18,19,20], and the results are well verified.



After more than ten years of development, the Global Land Data Assimilation System (GLDAS) has been widely used to study global changes, the water cycle, and comparative analyses, with other remote sensing products [21,22,23,24,25]. Li et al. analyzed the applicability of GLDAS data in the source regions of the Yellow River, using the observed temperature and precipitation data from 1979 to 2010. The results of this study show that the GLDAS temperature and precipitation data can sufficiently indicate the spatial distribution characteristics, and the laws of temperature and precipitation of the source region [23]. Wang et al. analyzed the spatial features of the precipitation trend in China, by comparing GLDAS precipitation data to the monthly precipitation data of China from 1979 to 2012, concluding that the data quality of GLDAS-2 is evidently better than that of GLDAS-1 [22]. In this study, we utilize the entire area of the Earth as the study area. However, the existing meteorological sites are mostly located in economically developed and densely populated areas. The distributions of meteorological stations in some regions (such as the Qinghai-Tibet Plateau) are sparse, and global climate change research requires high-resolution grid data. Therefore GLDAS data provide valuable information to fill these observational gaps [26].



At present, for the lake level research, most scholars focus on the study of individual lakes, and some scientists pursue research on lakes of the hot spot regions, such as the Qinghai-Tibet Plateau and central Asia [27,28]. To our knowledge, few scholars study lake levels at the global scale. Although a few scholars study global water resources [29], there is no individual analysis for the global lakes. Most researchers do not use quantitative analysis, but instead use qualitative explanations for understanding the influencing factors of lake levels. Therefore, we systematically analyze the temporal and spatial characteristics of the major lakes throughout the world and the response to climatic changes, using the satellite altimetry data (Hydroweb product) and climate data (GLDAS) from 2002 to 2010. The first objective of this study is to analyze the spatiotemporal variation of the water level of major lakes at the global scale. The second objective is to quantitatively determine the influence of climatic factors, such as temperature and precipitation, on the water level changes of the major lakes throughout the world.




2. Materials and Methods


2.1. Lake Level Data


The development of satellite altimetry makes it possible to monitor the changes of lake levels accurately and continuously. In this study, the water level data of 204 lakes are obtained from the Hydroweb [30,31] that is developed by LEGOS/GOHS (Laboratoire d’Etudes en Oceanographie et Geode’sie Spatiale, Equipe Geodesie, Oceanographie, et Hydrologie Spatiales) in France. The altimetry data are derived from Topex/Poseidon, ERS-1 and 2, Envisat, Jason-1, and GFO satellites. The time series of the lake level are of one-month temporal resolution, and the water level for some lakes constitutes that from 1992 to present [32]. The reference of the water level is the GRACE Gravity Model 02 (GGM02) geoid. Cretaux et al. described the detailed procedure for water level processing in Hydroweb, which mainly provides the lake level, water storage, and lake area. Many scholars have found that the Hydroweb product provides accurate water level variation, when compared with gauge data. Especially for big lakes, the accuracy is less than 5 cm rms [33,34]. However, the technique is less accurate for smaller lakes, and the oscillation of the derived level variations are higher than the total error budget [35,36]. In this study, the time series of 204 lakes include nine complete years from 2002 to 2010, because some lakes don’t have water level data in some years. The change rate of the water level for each lake is calculated in a spreadsheet (Microsoft Excel) and all change rates are categorized into six levels, using ArcGIS 10.2 (ESRI, Redland, CA, USA) (Figure 1).


Figure 1. Classification of the change rates of lake levels.
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2.2. Watershed Data


Watershed data with a 450 m spatial resolution are downloaded from the USGS (U.S. Geological Survey) HydroSHEDS [37]. HydroSHEDS is based on high-resolution elevation data, obtained during a Space Shuttle flight as part of NASA’s Shuttle Radar Topography Mission (SRTM). It is a scientific project that provides hydrological information, including basin boundaries, river networks, water flow direction, and water accumulation from 60°N to 60°S, in a consistent and comprehensive format for regional and global applications. In this paper, 103 watersheds are used to calculate the mean value of the change rates of 138 natural lake levels and other data in the watershed, using the Zonal Statistics in ArcGIS. However, some lakes with a high (more than 60°) latitude can’t be included in the watershed, because watershed data are only in the range of 60°N–60°S.




2.3. Meteorological Data


Temperature and precipitation data are acquired from the Global Land Assimilation System (GLDAS) [38]. GLDAS is a global high-resolution land-based simulation system that generates globally-optimized surface state variables and flux data by incorporating ground-based observations and satellite observations, providing 28 variables in the surface process, including temperature, precipitation, radiation, soil moisture, soil temperature, and wind speed. In this paper, precipitation data with a 3 h temporal resolution and 0.25-degree spatial resolution, and temperature data with a one-month temporal resolution and 0.25-degree spatial resolution, from the GLDAS-2Noah model, are downloaded for the years between 2002 and 2010. Temperature and precipitation are extracted from the GLDAS data using MATLAB (Matrix Laboratory, Math Works) software. Meanwhile, the precipitation data are synthesized every three hours, in relation to the monthly totals.



The images of temperature and precipitation are synthesized every month to the year, using the program codes and the trend line of temperature and precipitation which have been calculated for between 2002 and 2010.The change rates of the linear time trends are calculated using an ordinary least squares (OLS) estimation (see Equation (1)). The correlation between the change rates of the lake levels, and the change rates of the temperature and precipitation, is analyzed in SPSS 19.0 (Statistical Product and Service Solutions, IBM, America), after accounting for the mean change rates of the temperature and precipitation in the watershed.
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(1)




n represents the number of years. i = 1 for 2002, i = 2 for 2003 etc. Aveyeari is the mean value of i year in the region (temperature, precipitation). “Slope” is the change rate of a linear regression equation, indicating that the factor is an increasing trend in the n-year if the slope is more than 0, otherwise it is decreasing. The greater the |Slope| is, the more obvious the trend becomes.



We calculate the accumulated precipitation and temperature in the drainage basin, in order to effectively account for the change rate relationships of the lake level, precipitation, and temperature. As an example, we can produce the data of the accumulated precipitation by adding all of the differences between the values, after using the annual rainfall to minus the precipitation of the base year (2002).





3. Results


3.1. Temporal and Spatial Characteristics of Major Global Lakes


3.1.1. Time Characteristics of the Lake Water Level Changes


Using the lake water level data, we analyze the changing trend of the water level of 204 lakes throughout the world, from 2002 to 2010 (Appendix A). Lakes are ranked according to the mass distribution map of the change rates of the lake levels (Figure 1). The results are as follows.



The global lake level shows a rising trend. A total of 124 lakes, accounting for 2/3 of the total number, have increasing water levels. There are 80 lakes with decreasing water levels, which accounts for approximately 1/3 of the total number.



Of the 80 lakes for which the water level is dropping, more than 60 of these lakes present little change, with change rates between −0.03–0 m/a. Only a few lakes show obvious changes, such as the Toktogul Reservoir, and the Lake Mead, Yamzho-Yumco. The Yamzho-Yumco stands on the Tibetan Plateau and has shrunk rapidly in recent decades, including a significant decline in the water level [31,39,40]. Of the 124 lakes with an increasing water level, approximately 85 of those lakes show a small change in the trend of the water level, and the change rates are primarily around 0–0.3 m/a. Approximately six lakes have change rates ranging from 0.7 to 1.87 m/a, for which the water levels have clearly increased.



The water level fluctuation of natural lakes is smaller than that of artificial lakes (reservoirs). Of the 56 artificial lakes, 39 of those lakes show an increasing water level trend, and only 17 reservoirs have declining water levels. Of the 148 natural lakes, 138 are within the studied watershed, and the water levels of 93 of these lakes are rising, while 45 lakes have declining water levels. A total of 51 natural lakes are located on the Qinghai-Tibet Plateau, an environmentally unique area. The Qinghai-Tibet Plateau is known as the “roof of the world” and its average elevation surpasses 4000 m. The hydrological environment is less disturbed by human activities; thus, the change in the lake water level reflects the change in the global climate. The area of individual lakes in the Qinghai-Tibet Plateau is relatively small compared to other lakes in the world, but most lakes are inland lakes, and are more sensitive to climate change and variation. The analysis shows that the water level of the 44 lakes is constantly increasing, accounting for 86% of the total number of lakes on the Qinghai-Tibet Plateau. Only a few lakes (Yamzho-yumco, Pelkhu-co, Puma-yumco, and Mapam-yamco) have water levels that are decreasing.




3.1.2. Spatial Characteristics of Lake Water Level Change


As a geographical unit directly affected by climate change, a lake plays a major role in studies of global climate change [3]. The responses of a specific region to global climate change can lead to significant regional differences in lake water levels (Figure 1). The global lakes are divided into the following four regions for analysis.



(1) Asia and European continent



The lakes in Asia and Europe are widely distributed. A total of 110 in Asia and Europe are studied in this paper, 74 of which have rising water levels, accounting for 67% of the total number of lakes in this area. Most of the lakes are located on the Qinghai-Tibet Plateau, north of the Himalayas, and south of the Kunlun Mountains. The water levels of the lakes on the Qinghai-Tibet Plateau are found to rise significantly during the study period. The distribution of the other lakes is relatively broad, with lakes located on the Scandinavian Peninsula in northern Europe, the Eastern European Plain, the Asia Minor peninsula, the Caucasus, East Central Asia, north of the Tianshan Mountains in the Central Asian Mountains, and the Siberian Plateau. A total of 36 lakes with declining water levels are scattered and dispersed throughout the region, but are mainly located in the Valley of the Yarlung Zangbo River, which lies on the south side of the Himalayas, Altai Mountains, and Mesopotamia. The water levels of the lakes in the Kazakh Hills, southern Central Asia, and Central Europe, are slowly declining. Of the 110 lakes, we found that there are 23 reservoirs with an obvious regional difference in the changes of the water level. Seven reservoirs with rising water levels are mainly located in a region of higher latitude. However, 18 reservoirs with decreasing levels are distributed in a region of middle latitude, especially the arid zone and semi-arid region.



(2) South America



In this study, there are 27 lakes included from South America. A total of 12 lakes with increasing water levels, are mainly distributed in eastern South America, the Brazilian plateau, and the Amazon plain on the Atlantic coast. The increasing water level of the lakes on the Brazilian plateau is more evident than in the other areas. The water level of 15 lakes is decreasing, mainly in western South America. The water levels of the lakes that are located the eastern side of the Andes, in particular on the southern tip of the Andes, are evidently declining. A total 13 reservoirs are located in South America. The water levels of 12 of these reservoirs, which are mainly distributed in the east of South America, are increasing.



(3) North America



There are 46 lakes in North America. The number of lakes with water levels rising is 28, accounting for more than 2/3 of the total number of lakes in the area. The lakes with declining water levels are mainly located in the Central Plains of North America, the Labrador Peninsula in the east and the Mexican plateau. One-third of the lakes with decreasing water levels are located in the east of the Rocky Mountains and in northern North America, and lake levels are decreasing at a faster rate near the Arctic Ocean. Of the 46 lakes in North America, 10 reservoirs with rising water levels are mainly located the middle-eastern part of North America. However, 12 reservoirs with decreasing levels are mainly distributed in the west and north of North America.



(4) Africa



There are 21 lakes in Africa. There is no significant difference in the number of lakes with increasing water levels and the number of lakes with descending water levels. A total of 11 lakes have declining water levels and are mainly distributed in the East African Great Rift Valley and East African Plateau. The 10 lakes with increasing water levels are relatively scattered throughout the Sudan steppe, the Ethiopian Plateau, and the South African plateau. Only the Volta reservoir, situated downstream of Volta River, and Lake Cahora Bassa, which stands on the South African Plateau, have higher water-level rise rates, while others only present small increases in the lake water level. Of four reservoirs included in this study, three have water levels which are rising, and are located in the south of the Sultan grassland, as well as at the middle reaches of the rivers.





3.2. Global Climate Fluctuations


Climate change, one of the most important current global issues, is related to the development of sustainable economic and social practices. In recent years, global floods, droughts, and other extreme climatic events, caused by global climate change, have been increasing [41,42]. In this paper, the GLDAS-2Noah model is used to analyze global climate change from 2002 to 2010, at 0.25 degree spatial resolution, and a monthly temporal resolution of precipitation and temperature data. Temperature and precipitation trends are graded using the histogram distribution of the temperature and precipitation change rates in ArcGIS (Figure 2).


Figure 2. The change rate of global temperature (A) and precipitation (B) from 2002 to 2010.
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3.2.1. Temperature


The results show that the change rate of the global monthly temperature is 0.0058 °C/a, after analyzing the monthly GLDAS data from 2002 to 2010 (Figure 3). Overall, the Earth is warming, but the temperature largely varies in different regions (Figure 2A).


Figure 3. The trends in global temperature and precipitation.
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The temperature gradient on the east side of the Northern Hemisphere is 0.193 °C/a–0.613 °C/a, and the temperature increase is evident. The temperature drops significantly on the west side of the Northern Hemisphere, and the temperature change rate is between −0.082 °C/a and 0.999 °C/a. While the eastern side of the Southern Hemisphere is cooling, the western side is warming. The northeast and southwest regions of the Asian continent have an air temperature change rate which is greater than 0, and most of the northeast region has a temperature gradient between 0.193 °C/a and 0.613 °C/a. The temperature decrease with the widest margin is seen in the northeast region of China and the central region of Russia, where the change rates vary from −0.082 to 0.999 °C/a. In most parts of South America, the temperature change rates are greater than 0 °C/a, and the fastest increasing temperatures are mainly distributed on the Brazilian Plateau and the Guyanan Plateau. The Rocky Mountains and the Central Plains in North America have change rates of less than 0 °C/a, and other regions have different degrees of warming. The temperature in the north-eastern part of North America has change rates between 0.193 and 0.613 °C/a, demonstrating a clear increase. The temperature gradient of most parts of Africa is larger than other areas, and the temperature is evidently increasing. Only the temperatures of the South African Plateau, East African Rift Valley, and East African Plateau, are decreasing.




3.2.2. Precipitation


The upshot shows that the global precipitation change rate is −0.6697 mm/a (Figure 3), by analyzing the GLDAS precipitation data for the period 2002–2010. The global precipitation rate is decreasing, but there is an obvious regional variation of precipitation tendency (Figure 2B).



Across the distribution area, the precipitation change rate is less than 0 in most parts of the world. The degree of reduction is obvious, concentrated between −40–−10 mm/a. The regional change rate of precipitation increases indistinctively, varying from 0 to 10 m/a in most regions, demonstrating that the global total precipitation rate is decreasing. The regions with a high intensity of precipitation increase are mainly located in middle-low latitude areas, and the intensity of the precipitation increase in middle-high latitudes is relatively small. The precipitation change rates of Northeast Asia, South Asia, and the Asia Minor Peninsula, are more than 0 mm/a. Precipitation in central North America and the east of the Cabrado Peninsula is increasing, while the precipitation change rate in other regions is less than 0 mm/a. The precipitation change rates in the coastal area of the Gulf of Mexico, and the eastern part of Europe, are between −40 and −10 mm/a, and this decrease is more obvious than in other regions. In South America, except for the Brazilian Plateau and the Amazon basin, the rainfall is increasing, and the rainfall in South America is variable. Increasing rainfall in South Africa is the most obvious, with the change rate of precipitation mainly being between 10 and 40 mm/a, while the precipitation change rates of most areas north of the South African Plateau are less than 0 mm/a.





3.3. Responses of the Lake Water Level Variation to Climate Fluctuation


3.3.1. Response of the Lake Water Level Variation to Climate Fluctuation


In general, the water levels of global lakes show a rising trend, and are closely related to the increases in temperature and precipitation. The global lake water level changes are mainly affected by climatic changes, but there are large differences in the degree of climatic response in different regions. The relationship between lakes and climate change is complicated.



Precipitation is an important factor affecting the change in lake levels. At the global scale, lakes with rising water levels are mainly distributed in regions with increased precipitation, such as North Central America, the Eastern European Plain, the Brazilian Plateau, the South African Plateau, and the Central Siberian Plain. The influence of precipitation on lake levels is prominent. Precipitation mainly affects lakes that are primarily supplied by precipitation and surface runoff. The effect of temperature on the lake water level is mainly reflected in two aspects. First, the temperature increase has a significant effect on the lakes due to the melting of ice and snow. The amount of melt-water increases with an increase in temperature, and the water levels of the nearby lakes show a rising trend. Second, an increase in temperature also increases the amount of evaporation. Therefore, when the increase in evaporation caused by an increase in temperature is greater than the increase in precipitation and ice melt-water supply, a decline in the lake water level will be witnessed.




3.3.2. Response of Natural Lakes to Climate


Compared to artificial lakes, natural lakes are subject to fewer impacts by human activities, and are more responsive to changes in global climate and the environment.



In this study, 148 of the 204 lakes are natural, and 138 natural lakes within 103 catchments are selected for the study. The average accumulated precipitation and temperature variability within each basin is counted and analyzed (Table 1). The correlation coefficient between the water level variability and accumulated precipitation is 0.258, which is significant at the 0.01 level (2-tailed), and the correlation coefficient with accumulated temperature is −0.238, which is a significant negative correlation at the 0.05 level (2-tailed), indicating that the effect of precipitation on the lake level is greater than that of air temperature.



Precipitation is a significant factor affecting the lake water level. This paper analyses the impact of precipitation on the lake water level by measuring the accumulated precipitation in the basin from 2002 to 2010 (Figure 4).The result shows that 42 of the 69 drainage basins with rising lake levels are located in the region where the average accumulated precipitation is increasing. However, of 34 drainage basins with decreasing lake levels, there are only 23 watersheds whose average lake levels are decreasing when the average accumulated precipitation is dropping. The area of the increasing accumulated precipitation is mainly distributed in the center of North America, the central and southern parts of Africa, the Northern Indian peninsula, the Qinghai-Tibet Plateau, and the Central Siberian Plateau. Of the 138 lakes examined, the water level of 88 lakes is increasing. There are 51 lakes distributed in areas with increasing accumulated precipitation, and 37 lakes are distributed in areas with decreasing accumulated precipitation. Among those lakes, seven are distributed near the lower reaches of the river, and the volume of accumulated precipitation in the upper reaches of the river is increasing. Only 50 lakes have declining water levels.


Figure 4. Accumulated precipitation and trend changes of the lake level in the watershed data.
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4. Discussion


This paper has studied the changes in the water level of major lakes in the world, and quantitatively analyzed its response to the global climate change. Generally, of the 204 lakes discussed in this study, there are 124 lakes accounting for 2/3 of the total number, with a rising water level. Pekel pointed out that the new permanent bodies of global surface water have increased by 184,000 square kilometers since 1984. Although the permanent surface water has disappeared by almost 90,000 square kilometers elsewhere, the permanent surface water is still increasing between 1984 and 2015 [29]. However, there are obvious regional differences for the change of permanent bodies. In this way, we can also conclude that the water levels of most lakes in the world are rising. Moreover, we find that the oscillation of lake levels is not obvious between 2002 and 2010. The increasing lake levels are mainly found in the mountain plateau areas and the coastal highlands. The evidence that the mountain plateau areas and the coastal highlands are slightly affected by human activities manifests that climate change is the primary reason. However, lakes with declining water levels are chiefly situated in flatlands and valleys. The vertical distribution of the world’s population is not balanced. More than 55% of the population live below 200 m above sea level, in the distributed flat area which accounts for less than 28% of global land area. Prigent studied the changes in land surface water dynamics since the 1990s and their relation to population pressure, and pointed out that the largest descents of open water are found where there are large increases in population. This indicates that a denser population can influence local hydrology by reducing the freshwater extent and by increasing water withdrawals [35]. Lake Urmia (Iraq) is the best example for explaining the conclusion. The building of a dam which intercepted nearly 90% water from three rivers flowing into Urmia for irrigation and hydropower, digging wells for freshwater, grazing, and mining near the lake, has caused the demise of Urmia. In addition, Iraq has underdone 34% less permanent surface water losses in the past three decades [29,43]. The Aral Sea, which is affected by human activities, has undergone rapid desiccation and salinization since 1960. Although efforts in water management and other measures have been, and are being, made to restore the sea’s water, the diversion of, and withdraw from, the Amu and Syr river that once fed the Aral Sea are the main reason for the loss [4,29].



It’s found that the response of the lake level to climate change is obvious. On a global scale, the impact of climate change on lake level changes is evident. Precipitation directly affects the water level of lakes, and controls the lake with the supply of precipitation and surface runoff. For example, lake levels are rising in central North America, South Africa, and the Qinghai-Tibet Plateau, where the precipitation rate is increasing. However, the lake levels in the Great Rift Valley of East Africa are decreasing, with decreasing precipitation. The temperature has a greater impact on lakes with ice and snow melt-water as a replenishment source. The water level of most lakes on the Qinghai-Tibet Plateau is rising, which is closely related to the rising temperature of the Qinghai-Tibet Plateau in the early 2000s. As temperatures rise, the melting of glaciers and snow from the mountains causes an increase in the water supply of lakes [15,27,44]. For the lakes situated in semi-arid regions, precipitation is especially important under global warming. The water levels of Balkhash, the Aral Sea, and Bosten, were seen to be decreasing between 2002 and 2010, which are closely related to decreasing precipitation in this region. Meanwhile, the evaporation caused by rising temperatures and continuous drought from 2007 to 2010 is strong [18,28]. Currently, GLDAS data is widely used in global climate change research, but the authors find that GLDAS monthly temperature data show a decreasing trend on the Tibetan Plateau from 2002 to 2010, which is inconsistent with many scholars’ conclusions [15,16,17,18]. Therefore, the applicability of GLDAS monthly temperature data in the Qinghai-Tibet Plateau requires further study.



In this paper, we consider the cumulative precipitation in the basin, because the change of lakes is affected by the hydrological characteristics of the river basin. There is a certain lag relationship between the precipitation and the lake water in the process of precipitation formation. Precipitation accumulation takes the effect of precipitation in the pre-period of precipitation into account, so it can better reflect the impact of precipitation on lakes [45]. Meanwhile, the impact of the river on the lake level is very significant. Despite the lake locations in the downstream area of the river and the region of reducing precipitation, the lake level will also increase if the upstream of the river witnesses increasing precipitation. In this study, the spatial distribution of the 204 lakes is not homogeneous. No lakes are studied in Oceania or Antarctica. Thus, it is also necessary to consider the lakes that are distributed on additional continents. In addition, although the lake water level is highly correlated with the lake area, this paper only analyzes the trend of the lake level. It is necessary to comprehensively analyze the lake using both the lake area and the lake water reserves. Moreover, the lake levels used are fused from satellite altimetry data from Topex/Poseidon, Jason-1 and 2, and ENVISAT. The validated results from various scholars using similar data are very good, and it is essential to apply the ice, cloud, and land elevation satellite (ICESat) altimetry data, with a higher resolution compared to other altimetry satellites, to research on the water levels of global lakes.




5. Conclusions


The findings reported here will reinforce the comprehension of the impact of climate change on global lakes. The dynamic changes of lake water levels from 2002 to 2010 show that the water levels of most lakes throughout the world are generally rising. The changes in the water levels of most lakes are not obvious. Only a small number of lakes show noticeable changes. The water level fluctuation of artificial lakes (reservoirs) is more obvious than that of natural lakes. The spatial characteristics of the lake levels show that there are clear relationships between the spatial characteristics of the lake water level and its geographical location. The increasing lake levels are mainly found in the mountain plateau areas, and the coastal highlands. A few lakes located in the plains are found to have increasing lake levels. Lakes with declining water levels are mainly distributed in low-lying plains and valleys.



The meteorological data show that the global temperature increased, and precipitation decreased, from 2002 to 2010. The global temperature fluctuation indicates that the temperature increase in the high latitude areas is larger than that in the middle and low latitude regions. The eastern side of the Northern Hemisphere’s continents obviously warmed, whereas the western side of the continents remained colder. The Southern Hemisphere’s continents revealed the opposite, resulting in a significant regional variation in global temperature. The area with increasing global precipitation is smaller than that with decreasing precipitation, and the decreasing intensity of the precipitation is greater than the increasing intensity of the precipitation, resulting in an overall decrease in rainfall. In general, the regions with a high intensity of precipitation increase are mainly situated in middle-low latitude areas, and the intensity of the precipitation increase in middle-high latitudes is relatively small. Regions with increasing precipitation are concentrated in coastal areas, especially in coastal flatlands. However, regions with decreasing precipitation are mainly located in inland areas.



The influence of precipitation changes on the lake level is greater than the effect of temperature. Precipitation directly affects the lake level changes. However, the impact of temperature on the lake level is more complicated. On the one hand, the temperature increase has a significant effect on the lakes, thanks to the melting of ice and snow. The amount of melt-water increases with the increase of temperature, and the water levels of the nearby lakes show a rising trend. Furthermore, an increase in temperature also increases the amount of evaporation. When the increased evaporation caused by an increase in temperature is greater than the increase in precipitation and ice melt-water supply, there will be a decline in the lake water level. Lakes with rising water levels are mainly distributed in regions with increased precipitation, and precipitation mainly affects lakes that are primarily supplied by precipitation and surface runoff. However, the region with an abundant accumulated precipitation is not completely located in the same area as the lakes with obviously rising water levels, indicating that the lake water level is synthetically affected by precipitation, temperature, evaporation, and other meteorological factors, along with human activities. At the same time, the impact of human activities on the lake water level cannot be ignored, and the specific impact of human activities on lakes requires further study.
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Table 1. The correlation of the change rate of the average lake level and the change rate of accumulated precipitation and accumulated temperature in the basin.







	

	
The Change Rate of Lake Level

	
Accumulated Precipitation

	
Accumulated Temperature






	
the change rate of lake level

	
Pearson Correlation

	
1

	
0.258 **

	
−0.238 *




	
Sig. (2-tailed)

	

	
0.009

	
0.016




	
N

	
103

	
103

	
103




	
accumulated precipitation

	
Pearson Correlation

	
0.258 **

	
1

	
−0.201 *




	
Sig. (2-tailed)

	
0.009

	

	
0.042




	
N

	
103

	
103

	
103




	
accumulated temperature

	
Pearson Correlation

	
−0.238 *

	
−0.201 *

	
1




	
Sig. (2-tailed)

	
0.016

	
0.042

	




	
N

	
103

	
103

	
103








** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).
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