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The lakes on the Qinghai–Tibetan Plateau have undergone substantial changes. As intensive cryospheric components change, the response of the lake dynamics to climatic factors, glacier-snow melting, and permafrost thawing has been complex. Based on Landsat images, meteorological data, and glacier and permafrost data, the spatial-temporal changes in the lake area on the northeastern Tibetan Plateau between 1988 and 2019 were analyzed and the driving factors behind the lake changes were further explored. The results suggest that the regional lake area increased from 1988 to 2019 at rates of 0.01–16.03 km2/yr. It decreased during 1988–2000, quickly increased during 2000–2012, and rapidly increased during 2012–2019. The most significant lake expansion occurred in sub-region I, which is the source region of the Yangtze River Basin. There was a sharper increase during 2012–2019 than during 2000–2012 in sub-region II (the source region of the Yellow River Basin and the Qinghai Lake Basin) and sub-region III (the Qaidam Basin). The significant lake expansion occurred about 12 years earlier in sub-region I than in sub-regions II and III. This dramatic change in the lake area was closely associated with the annual precipitation, and precipitation was the primary driving factor. Although serious glacier retreat occurred, most of the lakes in the sub-regions were non-glacier-fed lakes. The correlation between glacier ablation and the change in the lake area was poor, which suggests that glacial meltwater was not the replenishment source of most of the lakes in this region. A more accelerated increase in the active layer thickness occurred (1.90 cm/yr), which was consistent with the more rapid lake expansion, and the permafrost degradation further intensified the lake expansion.
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1 INTRODUCTION
The Qinghai–Tibetan Plateau (QTP) is the source of several large rivers in China and east Asia, and therefore, it is known as the Asian water tower (Zhang et al., 2019; Wang et al., 2021). It contains more than 1,000 lakes (areas of >1 km2), with a total lake area of about 41,800 km2. These lakes account for 39.2% and 51.4% of the total number of lakes and lake area in China, respectively (Zhang et al., 2014). They play a crucial role in regulating the balance between the regional surface water and groundwater. In recent decades, the QTP has experienced significant changes, which were mainly characterized by climate warming-wetting (Yang et al., 2011; Duan et al., 2015), glacier melting (Bolch et al., 2010; Yao et al., 2012), and permafrost thawing (Wu et al., 2010; Cheng et al., 2019; Zhao et al., 2020). Due to cloud-radiation feedback, an accelerated warming trend occurred on the Tibetan Plateau during 1998–2013 (0.25°C decade−1), compared with that during 1980–1997 (0.21°C decade−1) (Duan and Xiao, 2015). The annual retreat rate of the Basu Glacier in the Karakorum Mountains is nearly 50 m/yr and that of the Large Dongkemadi Glacier in the Tanggula Mountains is 4.6 m/yr (Yao et al., 2012). With continued climate warming, as well as accelerated glacier ablation and permafrost degradation, a succession of hydrological changes is anticipated to occur, which will have intensive impacts on the hydrological processes (Cheng et al., 2021; Ding et al., 2021; Gao et al., 2021). In particular, the lakes on the QTP have undergone substantial changes, including significant lake expansion, since 2000 (Lei et al., 2013; Li et al., 2014; Song et al., 2014; Yang et al., 2017; Zhang et al., 2019, 2021; Liu et al., 2021). The relationship between the lake dynamics and climate mechanism has been explored in many studies, but the dominant driver behind these lake changes is still under debate (Phan et al., 2013; Song and Sheng, 2016; Yao et al., 2018). Furthermore, the permafrost was not taken into consideration in these studies.
Permafrost is widely distributed on the QTP, with a total area of 1.06 × 106 km2 (Zou et al., 2017), and the total volume of the ground ice in the permafrost regions is 9,528 km3 (Zhao et al., 2010). Permafrost degradation has accelerated due to the rising air temperature, resulting in reduced permafrost coverage (Zou et al., 2017), increased permafrost ground temperature (Wu et al., 2010), thickening of the active layer (Li et al., 2012), a decrease in the depth of the zero annual amplitude of the ground temperature of the permafrost (Xie et al., 2015; Liu et al., 2016), intensified thawing-freezing processes in the active layer (Zhu et al., 2022), and even a decrease in the ground ice content (Zhao et al., 2010). Long-term monitoring data have revealed that the Active Layer Thickness (ALT) along the Qinghai–Tibet Highway has increased at a rate of 1.33–1.90 cm/yr (Li et al., 2012). Permafrost temperatures at a depth of 15 m have decreased at a rate of 0.57°C per 100 m of altitude increase and 0.79°C per degree latitude northward (Wu et al., 2010). The effect of the presence of ice-rich permafrost and its thawing on the hydrological regimes of catchments has been commonly detected in the sub-basins in the QTP (Song et al., 2020) and typical basins in northwestern China (Niu et al., 2011; Li et al., 2016; Wang et al., 2018). Permafrost degradation has caused increases in the amount of ground ice meltwater, aquifer thicknesses, and the amount of surface water infiltration, which has impacted the movement patterns of the surface water and groundwater and enhanced the hydraulic exchange between the surface water and groundwater, further resulting in an important contribution to rive runoff (Kurylyk et al., 2014; Walvoord and Kurylyk, 2016). An increasing number of studies have suggested that the spatial trend in the lake changes in recent years has been closely related to the existence of permafrost and its accelerated degradation, which have contributed to the increase in lake volume in permafrost catchments (Zhang et al., 2017a; Liu et al., 2020).
In addition, intensive changes in cryospheric components and increases in climate extremes, especially accelerated glacier ablation and permafrost degradation, are playing increasingly significant roles in influencing the hydrological regimes and water resources in cold regions. Lake changes are one consequence of these influencing factors; and they may be related to the permafrost and glacier melting distribution rather than to a direct climatic mechanism such as increased precipitation. Many previous studies have extensively explored the lake variation across the endorheic basin on the QTP (Song et al., 2014; Yang et al., 2017; Yao et al., 2018; Liu et al., 2021) or focused on single large lakes (Qinghai Lake, Selin Co, Num Co) (Lei et al., 2013; Tang et al., 2018; Liu et al., 2022), but less research focuses on that on the northeast QTP. In fact, the northeastern QTP contains many lakes, and most of these lakes are distributed in the Yangtze River Basin (489 lakes, 38.29%), the Yellow River Basin (265 lakes, 20.75%), and the Qaidam Basin (164 lakes, 12.8%). Due to the large differences in the landforms, climate, hydrological conditions, and topography at the basin scale, as well as significant human interventions on lakes, especially lakes in the Qaidam Basin, the responses of the lake dynamics to climatic factors, glacier-snow melting, permafrost thawing, and water input from other lakes have been more complex. Therefore, a comprehensive analysis of many factors behind lake change for different geomorphologic units is necessary and of importance. In this study, the spatial-temporal trend of the lake area across the northeastern QTP between 1988 and 2019 was analyzed, and the potential driving factors were further explored. The results of this study provide a comprehensive understanding of the major mechanism controlling the lake dynamics.
2 DATA AND METHODS
2.1 Study area
The northeastern QTP (89°35′–103°04′N, 31°39′–39°19′E), the coverage of the whole Qinghai Province in this paper, has a total area of 72.23 × 104 km2, a west-east length of 1,200 km, and a north-south width of 800 km. It is characterized by an alpine continental climate with a Mean Annual Air Temperature (MAAT) of −5.6°C to 8.6°C and a mean Annual Precipitation (AP) of 15–750 mm. The precipitation mainly occurs from May to September. As shown in Figure 1, the average elevation is 3,000 m above sea level (a.s.l.). The areas with elevations of <3,000 m a.s.l., 3,000–5,000 m a.s.l., and >5,000 m a.s.l. account for 26.3%, 67%, and 5% of the total area, respectively. The terrain is high in the southwest and low in the east. It is the source region of the Yangtze River, Yellow River, and Lancang River; so, it is also known as the river source region. There are 1,277 lakes with areas greater than 0.01 km2, with a total area of 14,370.2 km2, accounting for 1.99% of the total area of Qinghai Province (Pi et al., 2018). Qinghai Lake (99°37′–100°44′N, 36°33′–37°14′E) is the largest inland salt lake on the QTP, with a lake area of 4,165 km2, a surface elevation of 3,193 m, and a water volume of 71.6 km3 (Tang et al., 2018). It has a maximum length of 101 km, a width of 76 km, and a depth of 25.5 m. The annual river runoff in the region is 63.34 km3, accounting for 2.34% of the total annual river runoff in China. Modern glaciers have grown, covering an area of 5,225.38 km2 and having a glacial storage of 3,705.92 km3, accounting for 9.2% and 12.5% of the total glacier area and storage in China, respectively (Pi et al., 2018). Permafrost is widely distributed with coverage of 336,783 km2, its area accounts for 46.6% of the entire study region and 31.7% of the total permafrost area on the QTP, respectively. The permafrost temperature is low, with a lowest value of −13.58°C; and the permafrost thickness is large, with a maximum value of 139 m in the Qilian Mountains, which may provide the occurrence conditions and resource background for the formation of a large amount of natural gas hydrates. The region studied is classified as alpine meadow, alpine steppe, and alpine desert.
[image: Figure 1]FIGURE 1 | Schematic representation of the study area. The digital elevation model was obtained from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) version 2.0, with a spatial resolution of 30 m; the glacier area shown is from the Second Glacier Inventory Dataset of China; the drainage networks and drainage basins were extracted from the HydroSHEDS dataset to calculate the glacier area in each basin; and the lake areas shown in 2019 are from this paper.
2.2 Satellite images
Landsat data (http://glovis.usgs.gov) are widely used to delineate lakes. Landsat Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+), and Operational Land Imager (OLI) images with no or small fractions of cloud coverage (<10%) were selected to extract the lake surface areas to create a continuous time series of the area changes from 1998 to 2019. All of these images had a 30 m spatial resolution and were acquired each October because the lake areas were relatively stable in October. The data window was also extended to September and November if insufficient data were available for October (Zhang et al., 2017b). Manual visual interpretation was used to delineate the lakes. The false color compositions of the raw Landsat images for each lake using the ENVI 5.3 software were processed to identify lake boundary (bands 5, 4, and 3 as red, green, and blue, respectively, for Landsat TM/ETM+ and bands 7, 6, and 5 for Landsat OLI), which satisfactorily distinguished the water areas from the non-water areas. Then, visual examination and manual editing of the lake boundaries based on false color compositions images (also called lake digitization) were conducted to delineate the lakes and the calculated geometry of lake boundary shapes were subsequently carried out in ArcGIS 10.2 software. The accuracy of the manual digitization was controlled within one pixel. All image data were projected into the UTM coordinate system Zone 45 using the WGS-84 geodetic datum.
2.3 Climate data
The air temperature and precipitation recorded at the Wudaoliang (93.08°E, 35.21°N, 4,612 m a.s.l.), Tuotuohe (92.43°E, 34.21°N, 4,433 m a.s.l.), Maduo (98.21°E, 34.91°N, 4,272 m a.s.l.), Gonghe (100.61°E, 36.26°N, 2,835 m a.s.l.), Geermu (94.9°E, 36.41°N, 2,807 m a.s.l.), and Nuomuhong (96.41°E, 36.43°N, 2,790 m a.s.l.) meteorological stations, as well as the pan evaporation from a 20-cm pan by using a data set recorded at the Tuotuohe, Maduo, and Geermu meteorological stations on the QTP, were used to analyze the influences of the climatic condition on the lake changes. These climate data were provided by the National Meteorological Information Center (NMIC), China Meteorological Administration (CMA) (http://cdc.cma.gov.cn).
2.4 Glacier and permafrost data
The glacier and permafrost data were used to analyze the influence of the cryosphere changes on the lake dynamics under the background of climate warming. The glacier areas (http://www.tpedatabase.cn/portal/Login.jsp) in 1980 and 2010 were extracted from the First Glacier Inventory of China (images taken during 1950–1980) and the Second Glacier Inventory of China (images taken during 2006–2010), respectively. The spatial distribution of the permafrost types, Mean Annual Ground Temperature (MAGT), and ground ice content over the study area, as well as the long-term averaged ALT along the Qinghai–Tibet Highway (available at http://www.crs.ac.cn/), were provided by the Cryosphere Research Station on the QTP, Chinese Academy of Sciences. The MAGT and ground ice content over the study region were extracted from the MAGT and ground ice content across the QTP calculated by Zhao and Sheng. (2019). The spatial distribution MAGT was modeled by using an improved Noah land surface model (LSM). The ground ice content was calculated by the formula:[image: image] , where Gi was ground ice content (kg), [image: image] was bulk density of the soil (kg·m−3), [image: image] was gravimetric water content of the soil (%), Z was permafrost thickness (m) and S was permafrost area (m2). Based on the parameters from borehole drilling and permafrost area of 1.06×106 km2, the calculated ground ice content in permafrost on the QTP was 12,700 km3. The long-term averaged ALT during 1981–2017 was calculated by Li et al. (2012) using active-layer monitoring data recorded at more than 10 observation sites and a long sequence of meteorological variables using a multiple regression method.
The freezing and thawing depths were subsequently calculated using Stefan’s equation, as follows:
[image: image]
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where Z is the depth of the frost or thaw (m), K is the appropriate frozen or thawed thermal conductivity (W·m−1°C−1), [image: image] is the dry soil density (kg·m−3), [image: image] is the soil’s water content (%), [image: image] is the unfrozen water content (%), L is the latent heat of the fusion of ice (3.3×105 Jkg−1), and DDF/DDT stands for the annual degree-days of freezing/thawing, i.e., the sum of the daily mean temperatures below (above) 0°C. In this study, these physical parameters in equation were derived from soil profile borehole and field investigation data during summer for a site around Maduo meteorological station; [image: image] and [image: image] are 19% and 5% respectively, [image: image] is 1,240 kgm−3, K is 0.88 W·m−1°C−1.
3 RESULTS
3.1 Spatial-temporal changes in lake areas
Figure 2 shows the spatial-temporal changes in the areas of the lakes in the northeastern Tibetan Plateau from 1988 to 2019. Overall, the lakes experienced dramatic changes. Although the shrinkage of some of the lakes weakened, the regional lake area tended to increase. The areas of 75.7% of the lakes increased at rates of 0.01–16.03 km2/yr; and the areas of only 24.2% of the lakes decreased at rates of 0.01–3.52 km2/yr (Figure 2D). Specifically, this change trend exhibited three stages between 1988 and 2019. During 1988–2000, the lake area decreased sharply; and the areas of 54.5% of the lakes decreased slightly at rates of 0.01–2.27 km2/yr. In addition, the areas of 45.6% of the lakes increased at rates of 0.01–8.53 km2/yr (Figure 2A). However, after 2000, the lake area increased quickly. The areas of 75.7% of the lakes increased at rates of 0.01–20.74 km2/yr from 2000 to 2012 (Figure 2B), and the areas of 72.7% of the lakes increased at high rates of 0.01–32.80 km2/yr from 2012 to 2019 (Figure 2C). The prevailing lake expansion in this region since 2000 was also commonly observed for the inland lakes in the endorheic basin on the QTP and has been reported in many studies (Li et al., 2014; Song et al., 2014; Yang et al., 2017; Liu et al., 2021).
[image: Figure 2]FIGURE 2 | Spatial patterns of the trends in the lake area from (A) 1988 to 2000, (B) from 2000 to 2012, (C) from 2012 to 2019, and (D) from 1988 to 2019. The blue and red dots indicate lake expansion and lake shrinkage, respectively. The red line is the boundary of the drainage-basin of the river source region.
Figure 2 also shows the large spatial differences in the lake area changes in the three sub-regions (I–III). These large spatial differences in the lake area changes were observed during the same period. Generally, from 1988 to 2019, the most significant lake expansion occurred in sub-region I, which is the source region of the Yangtze River Basin (Figure 2D). In sub-region I, most of the lakes are mainly distributed in the northwestern part of the source region of the Yangtze River in the unpopulated, high-altitude area. The areas of most of the lakes exhibited an obvious decreasing trend during 1988–2000, an abrupt increasing trend during 2000–2012, and a relatively slow increasing trend during 2012–2019. Similar to sub-region I, most of the lakes in sub-regions II and III have increased since 2000, with significant area increases and rates. However, in sub-region II, which is the source region of the Yellow River and the Qinghai Lake Basin, the lakes exhibited sharper increases during 2012–2019 than during 2000–2012. In sub-region III, in the northern part of Qinghai Province (mainly the Qaidam Basin), the lake area shrunk dramatically before 2000, but it began to expand rapidly and substantially in 2012. There was a more rapid increasing trend during 2012–2019 than during 2000–2012. The lake expansion occurred in sub-region I about 12 years earlier than in sub-regions II and III. Compared with the results for the period before 2000 obtained by Huang et al. (2011), widespread decreases occurred in the abundance and areas of inland lakes in the entire source area of the Yellow River and the southeastern part of the source area of the Yangtze River, while the western and northern parts of the source area of the Yangtze River exhibited completely opposite trends. The spatial difference in the lake expansion and contraction in sub-region II was not fully reflected, which may be related to the delimitation of only the large lakes (>10 km2) and not the small lakes (<10 km2) in this study.
3.2 Changes in typical lakes
Seven typical expanding large-lakes with great area-increase from 1988 to 2019 in the three sub-regions were selected to present dramatic lake changes, and the annual area changes of these lakes are shown in Figure 3. Overall, in spite of the small lake areas in some years, the trends in the areas of the seven lakes were highly consistent with the overall trend in the lake area on the northeastern QTP, which decreased before 2000 and increased after 2000. In detail, during 1988–2019, Qinghai Lake experienced the greatest increase of 452.11 km2 at a rate of 15.96 km2/yr. The areas of the Xijinwulan Lake, the Wulanwula Lake, and the Mingjing Lake increased by 370.17 km2, 118.36 km2, and 125.09 km2, respectively, at rates of increase of 10.31 km2/yr, 5.46 km2/yr, and 4.70 km2/yr, respectively. The areas of these three lakes exhibited similar trends, and the changes occurred in three stages: decreasing during 1988–2000, sharply increasing during 2000–2012, and increasing since 2012. The areas of the Gyaring Lake and the Ngoring Lake increased by 43.58 km2 and 92.97 km2, respectively, at rates of 0.77 km2/yr and 2.27 km2/y, respectively. Their areas decreased obviously during 1988–1996, rapidly increased during 1996–2012, and slightly decreased during 2012–2019. In addition to increased precipitation, the expansion of the lakes’ surface areas was primarily due to the construction of a hydropower station near the outlet of the Ngoring Lake. The areas of the Dongtaijinaier Lake increased by a large amount (278.23 km2) but at a slow rate of 4.33 km2/yr. Its change trend was different from those of the other lakes, was mainly attributed to increasing imbalance between precipitation and evaporation, with Annual Evaporation (AE) of 3,560 mm and AP of 21.9 mm. The area change was W-shaped: decreasing during 1988–1996, increasing during 1996–2003, decreasing during 2003–2012, and decreasing more rapidly during 2012–2019. Similar to the Qinghai Lake, a sustainable expansion has occurred in recent years (since 2012). The Zonag, Kusai, Hedin Noel, and Yanhu lakes are independent inland lakes in the Hoh Xil region of the QTP. After the outburst of the Zonag Lake in September 2011, the flood waters flowed through the Kusai Lake and the HedinNoel Lake and eventually into the Yanhu Lake, leading to rapid shrinkage of the Zonag Lake and the continuous expansion of the Yanhu Lake. The temporal changes of the four lakes involved in this event were examined and discussed in detail by Liu et al. (2019).
[image: Figure 3]FIGURE 3 | The annual area changes of seven typical lakes that expanded from 1988 to 2019.
3.3 Controlling mechanism of lake changes
3.3.1 Influence of climatic conditions
Both the AP and MAAT recorded at the meteorological stations exhibited overall increasing trends, with rates of 2.37 mm/yr and 0.06°C/yr, respectively, from 1988 to 2018 (Figures 4A, 5A). The AE exhibited a decreasing trend (14.31 mm/yr) during the same period (Figure 6A). During the same period, the P/E (the ratio of annual precipitation to annual evaporation) tended to increase continuously (Figure 7A). The climate has exhibited a warming and wetting trend with significant accelerated increases in the MAAT, AP and P/E over the last 30 years. These climatic characteristics are consistent with the warming-wetting of the climate in most regions of the QTP in recent decades (Yang et al., 2011). In general, the AP and P/E decreased before 2000 but rapidly increased after 2000, which well explains the lake shrinkage during 1988–2000 and the lake expansion during 2000–2019 in the study area. The continuous decrease in the AE indicates an actual increase in potential evaporation, which suggests that the lake evaporation and the evaporation in the lake basin increased, theoretically exerting a positive effect on the lake water budget and contributing to the enhanced lake growth. However, it appears that the decrease in the AE was not significantly correlated with the change in the lake area. Under the continuous decrease in the AE, the lake area significantly decreased before 2000 and significantly increased after 2012.
[image: Figure 4]FIGURE 4 | The changes in the average values of annual precipitation for the meteorological stations (A) and the annual precipitation recorded at meteorological stations in the three sub-regions from 1988 to 2019 (B–D).
[image: Figure 5]FIGURE 5 | The changes in the average values of mean annual air temperature for the meteorological stations (A) and the mean annual air temperature recorded at meteorological stations in the three sub-regions from 1988 to 2019 (B–D).
[image: Figure 6]FIGURE 6 | The changes in the average values of annual evaporation for the meteorological stations (A) and the annual evaporation recorded at meteorological stations in the three sub-regions from 1988 to 2019 (B–D).
[image: Figure 7]FIGURE 7 | The changes in the average values of the P/E for the meteorological stations (A) and the P/E based on annual precipitation and evaporation recorded at meteorological stations in the three sub-regions from 1988 to 2019 (B–D).
More importantly, the large spatial variations in the AP, MAAT, and AE resulted in a regional discrepancy in the lake area changes. In sub-region I, the lake area responded well to the decrease in the AP and increase in the AE as reducing MAAT during 1988–2000, the significant increase in the AP and decrease in the AE during 2000–2012, and the increase in the AP during 2012–2019 (Figures 4B2212;Figures 6B). Slightly different from that in sub-region I, the lakes in sub-region II expanded more rapidly during 2012–2019 in response to the most significant increase in the AP, in spite of no obvious trend in the AE and MAAT (Figures 4C2212;Figures 6C). Most of the lakes in sub-region III have expanded before 2012 was mainly attributed to significant increase in the AP (0.47 mm/yr) and sharp rising MAAT (0.04–0.05°C/yr), in spite of the decreasing AE (−39.69 mm/yr) (Figures 4D2212;Figures 6D). Since 2012, the accelerated lake expansion was mainly caused by climate change and human activities, such as water consumption in the catchment, blocking rivers and lakes connection around the lake, brine mining utilization, constructions of solar ponds. What’s more, a strong positive relationship between lake area change and precipitation increase was observed; lake area increases more than 0.5 km2/yr agrees fairly well with precipitation increase rates (R2=0.18, p<0.05). These results suggest that the expansion of most of the lakes in the study area was more closely related to the changes in the AP than the changes in the AE, and precipitation was the primary factor influencing the lake area changes. The good correlation between the regional precipitation and the changes in the areas of the lakes in the study area, as well as over the entire QTP, has also been confirmed by other researchers (Li et al., 2010; Huang et al., 2011; Duan et al., 2015).
3.3.2 Glacier melting
The total glacier area in Qinghai Province was 5,381.56 km2 in 1980 and 4,464.93 km2 in 2010, i.e., a significant decrease of 916.62 km2 (17.03%). The spatial variation in the glacier area differed obviously in the sub-regions of Qinghai Province. The glacier area in sub-region II decreased the most (22%), followed by that in sub-region III (19%) (Figure 8). The glacier area in sub-region I decreased relatively little (14%). This spatial pattern of the change in the glacier area did not agree well with the spatial pattern of the lake area changes in the three sub-regions due to the presence of glacier-fed lakes and non glacier-fed lakes, as well as the different responses of the glacier-fed lakes to the regional glacial meltwater. In sub-region I, only four large lakes (Lexiewudan Lake, Kekexili Lake, Xijinwulan Lake and Wulanwula Lake) that expanded were glacier-fed lakes, which were fed by the Malan Glacier and the Hantaishan Glacier, respectively, with accelerated area decreases of 6.04% and 5.4%, respectively, from 1973 to 2010 (Jiang et al., 2012). The Xijinwulan Lake and Wulanwula Lake, the glacier-fed lakes, glacier areas in basins greatly decrease by 58.492 km2 (39.7%) and 23.193 km2 (48.8%) from 1988 to 2019, but the Mingjing Lake, the non-glacier-fed lakes, its area change exhibited same trends as theses two lakes. This was not consistent with the significant lake expansion, and this further suggests that glacial meltwater was not the replenishment source of most of the lakes in the source area of the Yangtze River. Similarly, in sub-regions II and III, although significant glacier retreat occurred, all of the lakes were non-glacier-fed lakes, except for the Qinghai Lake. In spite of large glacier shrinkage in the Qinghai Lake basin, i.e., a decrease of 19.191 km2 (29.12%), the recharge from the glacier meltwater was small (5 × 106 m3/yr), contributing <2% of the water supply and a small increase in the lake volume (297.67 × 106 m3/yr). This suggests that the glacier melting caused by the rising temperature contributed little to the recent lake expansion in this region, and it was not the dominant driving factor of the recent lake expansion in Qinghai Province.
[image: Figure 8]FIGURE 8 | The changes in the total glacier area in the different sub-regions.
3.3.3 Permafrost degradation
The study area has a total permafrost area of 0.336 × 106 km2, accounting for approximately 31.7% of the total permafrost area on the QTP. The total volume of ground ice in the permafrost is 4,142 km3, with contents of 2.0–185.8 km3, accounting for 32.6% of the total ground ice content in the QTP. The permafrost in the study area was mainly distributed in sub-region I (the hinterland of continuous permafrost on the QTP), followed by sub-region II (the eastern boundary of continuous permafrost on the QTP). 81.3% of the total expanding lakes were distributed in continuous permafrost region, and the area increased by 1,673.85 km2, accounting for 74.3% of the total area increase. A dramatic lake expansion was observed in the continuous permafrost region, which has exhibited large spatial differences. (Figure 9A). The spatial pattern of the lake expansion in the continuous permafrost region agreed well with the spatial patterns of the MAGT and the ground ice content of the continuous permafrost. The lakes in the continuous permafrost region with a large amount of ground ice and a low MAGT expanded significantly, whereas the lakes in the continuous permafrost with little ground ice and a high MAGT only expanded slightly (Figures 9B,C). The statistical result showed that 79.5% of the total expanding lakes and even all lakes with increase rate larger than 5 km2/yr in continuous permafrost region distributed in cold permafrost (MAGT<−1.5°C) with high-ground ice content (>10×106 m3). This is also supported by the fact that the permafrost characteristics and degradation trends were closely related to the lake changes in the endorheic basin in the QTP (Liu et al., 2020). The lake expansion in the continuous permafrost region was mainly due to the presence of ice-rich permafrost with a high permafrost coverage, which acted as a barrier layer due to its low hydraulic conductivity and permeability. This layer impeded the infiltration of liquid water and the interaction between the surface water and groundwater, which finally resulted in more direct surface runoff of both rain and snow-melt and the lack of a water storage buffer effect compared to the non-permafrost regions. This was followed by the melting of the ground ice in the shallow permafrost due to the accelerated permafrost degradation, which was a significant potential source in the water balance of the lakes in this cold region.
[image: Figure 9]FIGURE 9 | (A) The permafrost distribution; (B–C) the spatial patterns of the mean annual ground temperature and the ground ice content of permafrost, respectively; (D) the annual change in the active layer thickness from 1981 to 2017 along the Qinghai–Tibet Highway.
The permafrost was significantly degraded in the continuous permafrost region, as well as on the QTP, due to the increase in temperature in recent decades. Long-term monitoring data collected along the Qinghai–Tibet Highway reveal that the average ALT increased from 181 cm in 1981 to 238 cm in 2017 at a rate of 1.90 cm/yr. Notably, an accelerated increase has been observed since 2000. The rate of increase during 2000–2017 (2.60 cm/yr) was higher than that during 1981–2000 (1.44 cm/yr). Specifically, the rate during 2000–2012 (2.89 cm/yr) was higher during 2012–2019 (2.29 cm/yr) (Figure 9D), which is consistent with the more rapid lake expansion during 2000–2012 than during 2012–2019 in sub-region I. The calculated thawing index and ALT of the permafrost in the source area of the Yellow River Basin also exhibited increasing trends, with rates of 7.50°Cd/yr and 0.13 m/yr, respectively (Figure 10). Due to the permafrost degradation, the larger amount of meltwater from the ground ice due to permafrost degradation was a major supply of water for the lake growth. In addition, as the ground ice began to melt, the permeability of the soil increased and the hydraulic exchange between the surface water and the suprapermafrost groundwater was enhanced. Thus, aquifer activation arising from permafrost degradation may have increased the recharge and groundwater discharge to the rivers and lakes, further accelerating the lake expansion. Thus, the permafrost degradation may have partially contributed to the increase in the lake surface area in the study area, especially in sub-region I.
[image: Figure 10]FIGURE 10 | The annual changes in the thawing index and active layer thickness of the permafrost from 1988 to 2014 in the source region of the Yellow River Basin.
Moreover, the analysis of infuential factors in basins for several typical lakes showed that lake changes were mostly related to AP. The Xijinwulan Lake and Wulanwula Lake, the glacier-fed lakes with large decrease in glacier area, presented same area-change trends as the Mingjign Lake, which was consistent with the decrease in the AP and increase in the AE during 1988–2000, the significant increase in the AP and decrease in the AE during 2000–2012, and the increase in the AP in spite of slight decreasing AE during 2012–2019 recorded at Tuotuohe meteorological station. Similar to the Gyaring Lake and Ngoring Lake, the area-change trends also showed well corresponding response to AP. For the Qinghai Lake, with little contribution of glacial meltwater to water budget, its sustainable expansion, especially in recent years (since 2012) showed closer covariation with significant increasing AP (226 mm/yr) and MAAT (0.03°C/yr) than with slight decreasing AE (−0.98 mm/yr) from 1988 to 2019 recorded at Gangcha meteorological station.
4 DISCUSSION
4.1 Impact of permafrost degradation on lake changes
The source region of the Yellow River is underlain by seasonally frozen ground, as well as continuous, discontinuous, and sporadic permafrost in the northeastern QTP. Since the 1980s, significant regional permafrost degradation due to warming has occurred, along with decreased permafrost area, decreased permafrost thickness, and expansion of taliks. The lower limit of the permafrost has risen by 50–80 m. The average maximum depth of the frost penetration has decreased by 12 cm in the areas of seasonally frozen ground (Jin et al., 2010). The maximum frozen soil depth decreased from 3.2 m in 1980 to 2.8 m in 2000 and further decreased to 2.4 m in 2008. The temperature at the depth of the zero annual amplitude of the permafrost increased by 0.03–0.20°C during 2010–2017 (Luo et al., 2020). Thermokarst ponds (ground subsidence induced by the degradation of ice-rich permafrost causes the formation of thermokarst lakes) (French, 1974), which are a significant sign of local permafrost degradation, are the most widespread evidence of accelerating permafrost thawing in the source region of the Yellow River. There are a variety of thermokarst ponds dotting the predominantly continuous permafrost region. There are 477,518 thermokarst lakes in the permafrost region in 2021 with a total area of 190.22×106 m2. Water bodies consisting of lakes, thermokarst ponds, and depressions are widely distributed in this region and occasionally form clusters of ponds in the same geographical unit. Adjacent thermokarst ponds and depressions are sometimes interconnected by ditches and troughs, indicating the melting of ground ice in the permafrost table.
Moreover, due to the thawing of discontinuous permafrost under the present climate and warmer climate conditions, the evolution of the hydrogeological conditions also dramatically affects the lake dynamics. Although most of the lakes in the source region of the Yellow River are still distributed in the continuous permafrost region, these lakes may still shrink or disappear when the permafrost in the lake region and its surrounding area undergoes a transition from continuous to discontinuous-isolated permafrost, and some isolated permafrost areas may have already been converted to seasonally frozen ground. Further intensified permafrost degradation will lead to thinning and eventual breakage of the permafrost beneath the lakes, greatly facilitating their drainage into the subsurface zone via taliks (Smith et al., 2005). Newly formed open taliks can facilitate groundwater movement into subpermafrost aquifers at lower heads and can thereby drain lakes, leading to decreased groundwater levels and lake shrinkage. The phenomenon of significant lake expansion in the continuous permafrost region is in sharp contrast to the lake shrinkage in the island-discontinuous permafrost region that is widespread throughout the endorheic basin in the QTP (Liu et al., 2020) and the Mongolian Plateau (Zhou et al., 2019). Lake shrinkage has become a common feature in the island-discontinuous permafrost region, especially, the shrinkage or disappearance of thermokarst lakes in the discontinuous permafrost region in the Arctic and in subarctic regions (Yoshikawa and Hinzman, 2003). This phenomenon was well described by Smith et al. (2005) and Riordan et al., 2015: initial permafrost warming led to the development of thermokarst lakes and lake expansion, followed by lake drainage as the permafrost degraded further.
In addition, the groundwater in the island-discontinuous permafrost region and the adjacent area became connected and was mutually transformed. The increased recharge and discharge supplied the groundwater in the adjacent regions at low heads with a low elevation through taliks (activated aquifers), which caused lake expansion instead. Thus, the coexistence of lake expansion and shrinkages in one geographic unit in this region, and even over the entire QTP, will occur and become a common feature of the permafrost region. This is manifested as the broad geographic pattern, in which permanently drained lakes are commonly found alongside unchanged neighboring lakes. In the island-discontinuous permafrost region, Southern Seling Co has expanded, while in the continuous permafrost boundary, Northern Seling Co has expanded (Liu et al., 2022). Lake expansion in the continuous permafrost region and losses where the permafrost is thinner and less contiguous have been observed in Siberia (Smith et al., 2005). This also suggests a spatially patchy process, rather than a direct climatic mechanism such as increased precipitation and decreased evaporation.
4.2 Effect of lake changes on regional climate conditions and permafrost
Even though regional climate conditions were the main drivers of the dynamic changes of the lakes, recent research has also revealed that the lakes have had an important influence on the local temperature and precipitation and are also regulators of the regional climate. The lakes are strong heat sinks in the daytime and heat sources at night in summer, and they are weak heat sinks in the daytime and strong heat sources at night in autumn (Dai et al., 2020). After the outburst of the Zonag Lake on 14 September 2011, the influences of this event on the permafrost surrounding it and the permafrost surrounding the Yanhu Lake were investigated. Observations revealed that new permafrost had formed in the exposed lake bottom, accompanied by various periglacial landscapes. The permafrost aggradation in the exposed bottom of the lake was rapid, and the permafrost base reached 4.9, 5.4, and 5.7 m in the first 3 years. The simulated results indicate that the permafrost in the exposed lake bottom is likely to continue to develop, quickly at first and then slowly (Zhang et al., 2022). In contrast, the continuous expansion of the Yanhu Lake significantly accelerated the degradation of the surrounding permafrost. It resulted in the obvious thermal disturbance of the underlying permafrost and lateral thermal erosion of the surrounding permafrost. Such degradation may have been due to the thermal alteration of the thawing-freezing cycle of the permafrost and the melting of the ground ice, along with the resulting changes in the hydrological connectivity and soil permeability (Lu et al., 2020).
The permafrost hydrological processes on the QTP are complex, and they affect soil water movement, rainfall-runoff, base flow, and evaporation (Gao et al., 2021). Although several in situ observation stations have been established to gather long-term measurements, given the vast area of the QTP, the permafrost hydrology research in this region remains far from adequate. Due to the different scales of the permafrost coverage, the thermal conditions and the amount of ground ice melting in the different watersheds in the study area, and the different changes in the streamflow characteristics, it is difficult to determine the specific contribution of the permafrost degradation to the lake changes in each lake basin, as well as those of the glacier ablation and climate factors. Therefore, permafrost hydrological modeling is a powerful tool for quantifying the effects of the spatiotemporal variations in the permafrost on the basin-scale hydrology because it can incorporate landscape and topographical data in order to sufficiently represent the horizontal heterogeneities. There are some developing hydrological models which considers both snow and frozen ground processes describe interactions between cryosphere, hydrosphere, biosphere, and atmosphere. These model have been applied in many river basins in cold regions and performed very well. The HydroSiB2-SF model coupled snow and frozen ground physics was developed based on a hydrologically improved land surface model (HydroSiB2), and indicated good performance at two typical sites on the QTP (Zhou et al., 2015; Wang et al., 2017). Based on the Water and Energy Budget-based Distributed Hydrological Model (WEB-DHM), the WEB-DHM-SF model incorporating both three-layer snow and frozen ground physics successfully reproduced the basin-wide daytime and nighttime land surface temperature as well as snow depth in basin-averaged time series and spatial distributions at the upper Yangtze River Basin under widespread snow cover and frozen ground (Qi et al., 2019). The cryosphere-hydrology-lake-dam model was recently used to quantify the different contributors to the rising water levels at Lake Yanhu. This well-performing model reproduce the volume of Lake Zonag satisfactorily, with an RMSE (root mean square error) of 0.012–0.062 km3, which can well used for reproduce the following simulations and predictions of lake change (Wang et al., 2022). Determining the balance point between model simplicity and catchment complexity is likely one of the most important scientific challenges yet to be resolved in permafrost hydrological modeling on the QTP, which will be investigated in our next study.
5 CONCLUSION
Overall, from 1988 to 2019, the lakes in the northeastern Tibetan Plateau experienced rapid expansion. The total area of 75.7% of the lakes increased at rates of 0.01–16.03 km2/y. In detail, the lake area generally decreased during 1988–2000, quickly increased during 2000–2012, and rapidly increased from 2012 to 2019. Large spatial differences in the lake area changes were observed in the three sub-regions, and the most significant lake expansion occurred in sub-region I. In sub-region I, the lake area significantly decreased during 1988–2000, quickly increased during 2000–2012, and slowly increased during 2012–2019. Similarly, most of the lakes in sub-regions II and III have continued to increase since 2000, with significant lake area increases and rates of increase. The lakes in sub-region II exhibited sharper increasing trends during 2012–2019 than during 2000–2012. In sub-region III, the lakes shrank dramatically before 2000 but have expanded rapidly and substantially since 2012. There was a sharper increasing trend during 2012–2019 than during 2000–2012. The lake expansion occurred in sub-region I about 12 years earlier than in sub-regions II and III.
The AP decreased before 2000 but rapidly increased after 2000, which explains the lake shrinkage during 1988–2000 and the lake expansion since 2000 in the study area. The expansion of most of the lakes in the study area was closely related to the AP, and precipitation was the primary factor influencing the lake area changes. Although significant glacier retreat occurred, most of the lakes in the sub-regions were non-glacier-fed lakes. This is inconsistent with the significant lake expansion, further suggesting that glacial meltwater was not the replenishment source of most of the lakes in the study area. An accelerated increase in the ALT has occurred since 2000. The increase rate was higher during 2000–2017 (2.60 cm/yr) than during 1981–2000 (1.44 cm/yr). Specifically, the rate was higher during 2000–2012 (2.89 cm/yr), which is consistent with the more rapid lake expansion during 2000–2012 than during 2012–2019 in sub-region I. Permafrost degradation further intensified the lake expansion.
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