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In recent years, the operation of cascade reservoirs in the upper reaches of the Yangtze River led by the Three Gorges Reservoir has significantly changed the low water level of Dongting Lake, which has had an adverse impact on the water resources and ecological security in the lake area. As a result, the low water level situation of Dongting Lake is drawing more and more attention. Based on the abundant and long-term daily observation data of Dongting Lake and main stream of the Yangtze River, the spatial and temporal evolution characteristics of low water level in the Dongting Lake area since the 1950s were analyzed in this study, especially during the storage period of the Three Gorges Reservoir. In addition, the influence of the jacking effect of the Yangtze River on Dongting Lake was also discussed to analyze the impact of the Three Gorges Reservoir. The results show that the annual minimum water level in the Dongting Lake area over the years generally occurs from January to February and December. Since it is not within the storage period of the Three Gorges Reservoir, it is not affected by the Three Gorges Reservoir. However, the average water level in September and October during the main storage period of the Three Gorges Reservoir has significantly reduced, and the closer it is to the main stream of the Yangtze River, the greater the influence is. In recent years, affected by the advance of the impounding period, the average water level has decreased further in September. In addition, the low water level of Dongting Lake is obviously affected by the jacking effect of the main stream of the Yangtze River. After the impoundment of the Three Gorges Reservoir, the water surface slope of the Dongting Lake area has decreased, while that of the main stream of the Yangtze River has increased. This has strengthened the jacking effect of the main stream. The research results can provide reference for the solution of water resource and ecological crises in the Dongting Lake area.
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INTRODUCTION
Dongting Lake receives the water through the three inlets, named Songzikou, Taipingkou, and Ouchikou, in Jingjiang reach from middle Yangtze River and the four rivers named Xiang River, Zi River, Yuan River, and Li River. After regulation and storage, it converges with the Yangtze River in Chenglingji, forming a trend of throughput of the Yangtze River with a characteristic relationship between the rivers and lake. In the past century, a series of human activities such as the construction of river and lake regulation projects have brought about a drastic adjustment in river and lake relations. The interaction between the increasingly fierce flood and drought disasters in river and lake systems has attracted great attention and controversy. In particular, the Three Gorges Reservoir (TGR) and other control water conservancy projects upstream of the Yangtze River have been completed and operated one after another, which strongly drives a new round of adjustment to relations between the river and the lake. Its impact on the low water level of Dongting Lake is drawing more and more attention from the academic community. Macro analysis of the variation of low water level in Dongting Lake and objective evaluation of the impact of the operation of TGR have become the focus of common concern of the government, society, and academia.
In recent years, some scholars have analyzed the change in low water level in Dongting Lake based on some measurements. For example, by taking Chenglingji, Yangliutan, and Nanzui as representative stations, Wang et al. (2021) believe that TGR has little impact on the water level change rate and extreme water level of Dongting Lake, while Lai et al. (2021) believe that the decline of the lake bed surface caused by the reduction of sediment in Dongting Lake after the impoundment of the TGR has led to the decline of water level in the lake area, represented by Chenglingji’s water level. Dai et al. (2020) and Han et al. (2016) think that reservoir storage is an important factor in reducing the water level of Dongting Lake. By using the hydraulic method, Zhou et al. (2014) considered that during the impounding stage of the TGR, the water level of the East Dongting Lake has dropped rapidly and the lake area entered the dry season one month in advance. During the dry season, the water level in Dongting Lake was raised due to the continuous replenishment of water from the discharge of the TGR. It shows that the water level in January and the lowest water level in 1, 3, 7, and 30 days at the mouth of Dongting Lake have changed significantly, and the degree of hydrological change was greater than 85%, which was mainly affected by the increase in rainfall and dam regulation (Cheng et al., 2019). Similar conclusions also appear in the research studies of Liang et al. (2018), Dai et al. (2018), and Cheng et al. (2018). The water storage of TGR exposed the wetland earlier and prolonged the autumn drought by about 30%. However, the simulation also shows that the normal operation of TGR does not change the natural drought trend of Dongting Lake, and it is not considered to be the main cause of recent hydrological droughts (Huang et al., 2014). In addition to the water storage and operation of TGR, some researchers believe that the precipitation in the Dongting Lake Basin, the runoff into and out of the lake, and the water regime of the main stream of the Yangtze River are the main influencing factors of the water level change of Dongting Lake (Meng et al., 2014; Zhou et al., 2017), and the influence degree of the Yangtze River water regime in different regions of the Dongting Lake is also different (Cheng et al., 2017). This is also confirmed by sensitivity analysis by the means of mathematical model (Jiang et al., 2019). In fact, the dry season of Dongting Lake is long, and the variation characteristics of low water level in different periods are different. The low water level in some periods has increased in recent years (Yuan et al., 2015; Zhang et al., 2015), and the water level changes in the lake area caused by different water regime changes in the main stream of the Yangtze River are also different (Liu et al., 2015). Among them, the study of typical hydrological years shows that the hydrological effect of TGR water storage on Dongting Lake is higher in the north and east of Dongting Lake, while it is less in the south and west of Dongting Lake, and the most significant effect is observed in the east of Dongting Lake (Lai et al., 2014). The change in river regime caused by TGR is not only due to the acceleration of lake drainage but also due to the reduction of the inflow of the Yangtze River. In extreme hydrological years such as 2006 and 2009, during TGR impoundment, the water level at the lake mouth was decreased by 2.03 and 2.11 m, respectively, and the extreme decline was as high as 3.30 and 3.02 m, respectively. These changes inevitably lead to the differences in inundation mode of the lake’s wetland, which then interfere with the ecological function of the lake wetland as the habitat of migratory birds and aquatic fish, resulting in a series of ecological problems. The severe drought of Dongting Lake in recent years is largely related to the abovementioned changes (Huang et al., 2011; Sun et al., 2012). Due to the low water level drop, the wetland vegetation pattern had significantly changed after the operation of TGD, mainly as a result of changes in submergence condition (Hu et al., 2018). The decline in water level has caused the lack of water supply in the Dongting Lake area (Fang et al., 2022). In addition, some studies believe that the TGD has provided some benefits for migratory birds by changing the spatial and temporal distribution of low water level (Zhu et al., 2021). Unfortunately, not only has the low water level of Dongting Lake further declined but Poyang Lake, China’s largest freshwater lake, is also suffering a declining trend in the dry water level after the impoundment of the Three Gorges Reservoir (Bing et al., 2020; Wang et al., 2020; Huang et al., 2021), and this has brought about water quality problems (Yang et al., 2018).
Based on the current research, there is no doubt that the impoundment of TGR has an impact on the low-water regime of Dongting Lake. Although there have been some studies on the impact of the storage period of TGR on the water level of Dongting Lake, the changes in TGR operation rules in recent years inevitably have a new impact. On the one hand, the storage time of TGR is advanced, and on the other hand, the medium and small floods are regulated in the flood season. At present, Dongting Lake is far from a lake with complete open water surface. It is divided into many lake groups connected by waterways, such as East Dongting Lake, South Dongting Lake, and West Dongting Lake, distributed in a narrow band from east to west. This feature is particularly obvious in dry season, and the variation characteristics of low water level in different regions are different. The current research results have been slightly insufficient to deal with the low water level situation in the Dongting Lake area. Therefore, based on the latest measured data from the 1950s to 2021, the characteristics of low water level in different areas of Dongting Lake were analyzed in this study, so as to further clarify the latest change trend and the impact of TGR. The research results can provide some support for solving the problems of water resources and ecology in the dry season in Dongting Lake area.
STUDY AREA AND DATA
Dongting Lake is located at the south bank of Jingjiang reach in the middle Yangtze River, including the vast plain and lake water network area between 27°39´–29°51′N and 111°19´–113°34′E. It can be roughly divided into three parts: East Dongting Lake, South Dongting Lake, and West Dongting Lake, as shown in Figure 1. The Lujiao station is distributed in East Dongting Lake. South Dongting Lake is composed of Hengling Lake, Wanzi Lake, and Southeast Lake. The water level of Hengling Lake is represented by Yingtian station, and Wanzi Lake water level is represented by the Yangliutan station and Yuanjiang station. The water level of Southeast Lake is represented by Dongnan Hu station. West Dongting Lake is composed of Dalian Lake and Muping Lake, and its water level is represented by Xiaohezui station and Nanzui station, respectively. Chenglingji station is located at the outlet of Dongting Lake and can be also used as a water level reference station of the Yangtze River.
[image: Figure 1]FIGURE 1 | (A) Geographical position of Dongting Lake in the Yangtze River basin and (B) study area including the water level stations.
In this study, the daily average water level observation data of the abovementioned stations were collected to analyze the variation characteristics of low water level in different areas of Dongting Lake. In addition, the water level data of Luoshan station in the main stream of the Yangtze River were also collected for the analysis of the jacking relationship between the Yangtze River and Dongting Lake. The detailed information of the collected data is shown in Table 1.
TABLE 1 | Details about the collected data at different stations.
[image: Table 1]RESULTS
Change in Annual Minimum Water Level
The changes in annual minimum water level are shown in Figure 2. The following can be seen from the figure:
(1) East Dongting Lake area. Before 1980, the annual minimum water level of Lujiao station in East Dongting Lake had shown a notable upward trend, rising from about 19.16 m in the 1950s to about 21.21 m in the 1980s, with an upward range of 2.05 m. From 1981 until the impoundment of the TGR, the annual minimum water level had little change. The multiyear average values of the minimum water level from 1981 to 1990 and 1991 to 2002 were 21.21 and 20.88 m, respectively, and the decline value was only 0.33 m as shown in Table 2. After the impoundment of the TGR, the annual minimum water level of Lujiao station slightly decreased by about 0.11 m from 2013 to 2021 compared with the multiyear average value from 1991 to 2002. The occurrence time of the lowest water level is relatively concentrated in the dry season from January to February before the flood season, accounting for about 60–70%, followed by December after the flood season, accounting for about 30–40%.
(2) South Dongting Lake area. From the 1950s until the impoundment of TGR, the annual minimum water level in South Dongting Lake had fluctuated from year to year, and there had been no notable change trend. The change ranges of the multiyear average values of Yuanjiang, Yangliutan, Dongnan Hu, and Yingtian stations in each period were only about 0.19, 0.38, 0.15, and 0.57 m, respectively. After the impoundment of the TGR, the minimum water level of Yingtian station has showed a notable downward trend. From 2013 to 2021, compared with that from 1991 to 2002, the multiyear average value has been decreased from 21.87 to 20.77 m, with the decline range of about 1.1 m. Except for Yingtian station, the annual average value of the lowest water level of Yuanjiang, Yangliutan, and Dongnan Hu stations has not decreased significantly, and the decline ranges are about 0.18, 0.02, and 0.01 m, respectively. The statistical values are shown in Table 3.
[image: Figure 2]FIGURE 2 | Historical change of annual minimum water level. (A) East Dongting Lake, (B) South Dongting Lake, (C) West Dongting Lake, and (D) the outlet of Dongting Lake.
TABLE 2 | Mean value and occurrence month distribution of minimum water level in East Dongting Lake.
[image: Table 2]TABLE 3 | Mean value and occurrence month distribution of minimum water level in South Dongting Lake.
[image: Table 3]The occurrence time of the lowest water level in South Dongting Lake is still relatively concentrated in the dry season from January to February before the flood season and December after the flood season, generally accounting for more than 80%. Yingtian station is almost concentrated in January to February before the flood season and December after the flood season, accounting for about 60% and 40%, respectively.
(3) West Dongting Lake area. Before the impoundment of TGR, the annual minimum water level of West Dongting Lake had fluctuated between years, and the variation range of each statistical period was about 0.2 m, among which the average value in the 1970s was the lowest, and the minimum values in Nanzui and Xiaohezui stations were 27.92 and 28.12 m, respectively, as counted in Table 4. After the impoundment of TGR, the annual minimum water level of West Dongting Lake has shown a weak downward trend. Compared with 1991–2002 before the impoundment, the mean values of Nanzui and Xiaohezui stations from 2013 to 2021 are 0.06 and 0.17 m, respectively. The lowest water level in the year is still concentrated in January to February before the flood season and December after the flood season. The lowest water levels of Nanzui and Xiaohezui stations are about 70% and 80% in January and February, respectively.
(4) Outlet of Dongting Lake. The change trend of Chenglingji station was basically the same as Lujiao station in East Dongting Lake before the 1980s, showing an upward trend, rising from 17.96 m in the 1950s to 19.78 m in the 1980s, with an increase range of 1.88 m. Since the 1980s, the minimum water level has shown little change and increased slightly. From 2013 to 2021, it increased by about 0.46 m compared with that in the 1980s. The statistical values are shown in Table 5. In terms of the occurrence, the lowest water level still occurs from January to February, accounting for about 70%, followed by March, accounting for about 20%, and the number of occurrences in December accounts for about 10%.
TABLE 4 | Mean value and occurrence month distribution of minimum water level in West Dongting Lake.
[image: Table 4]TABLE 5 | Mean value and occurrence month distribution of minimum water level in the outlet of Dongting Lake.
[image: Table 5]Monthly Averaged Water Level in dry Season
Figure 3 shows the variation of monthly average water level at different stations in the Dongting Lake area in dry season. The following can be seen:
(1) East Dongting Lake area. Before the impoundment of TGR, the minimum monthly averaged water level of East Dongting Lake in the year occurred in January, and the average low water level in different statistical periods was between 22.04 and 22.31 m. After the impoundment of TGR, the minimum monthly average low water level in the year appears in December, but there is little difference from that in January. Compared with that before the impoundment of TGR, the average low water level of the East Dongting Lake had increased slightly in March and decreased in November and December, generally by 0.4 and 0.6 m, respectively.
(2) South Dongting Lake area. The minimum value of multiyear monthly average water level in the dry season of South Dongting Lake was also concentrated in January before the 1990s and mainly in December after the 1990s until now. After the impoundment of TGR, the average low water level of each station in South Dongting Lake was reduced in January, February, March, November, and December. Compared with 1991–2002, the maximum monthly average water level reduction of Yuanjiang, Yangliutan, and Dongnan Hu stations from 2013 to 2021 all occurred in December, shown as 0.36, 0.23, 0.27, and 0.83 m, respectively, while the maximum reduction of Yingtian station occurred in February, shown as 1.51 m.
(3) West Dongting Lake area. The monthly average water level in the dry season of the West Dongting Lake is the smallest, and it is basically concentrated in January and December. Compared with that before the impoundment of TGR, the average water level has decreased slightly from January to March, generally about 0.1 m. The decline was slightly more in November and December, especially in November. From 2013 to 2021, compared with 1991–2003, the average water level of Nanzui and Xiaohezui stations has been decreased about 0.35 m.
(4) The outlet of Dongting Lake. The monthly average water level of Chenglingji station is consistent with the overall law of the lake area, and the lowest water level basically occurs in January and December. Different from the stations in the lake area, the monthly average water level has increased from January to March due to the operation of TGR, while it has decreased in November and December due to the operation of the reservoir and the scouring of the main stream riverbed. Compared with the average value from 1991 to 2002, the average water level changes in January, February, March, November, and December from 2013 to 2021 are +0.68, +0.48, +0.85, −0.47 m, and −0.37 m, respectively.
[image: Figure 3]FIGURE 3 | Variation of monthly average water level in dry season.
Monthly Average Water Level During the Storage Period of Three Gorges Reservoir
September and October are the main impounding periods of TGR. Figure 4 and Figure 5 show the changes in the average water level at different stations in Dongting Lake over the years in September and October, and Figure 6 shows the average values of different periods. The following can be seen from the figure and table:
(1) Compared with that before the impoundment of the TGR, the average water level of East Dongting Lake in September and October during the impoundment period of TGR has decreased by 0.54 and 1.27 m, respectively, in the first 10 years after the impoundment, and 1.66 and 1.0 m, respectively, in the next 9 years from 2013 to 2021.
(2) The decline in water level in South Dongting Lake in the first 10 years after the impoundment of the TGR is mainly in October compared with that before the impoundment, and the decline in water level in Yuanjiang, Yangliutan, Dongnan Hu, and Yingtian stations is 0.75, 0.68, 0.69, and 1.83 m, respectively. After 10 years of impoundment, that is, from 2013 to 2021, the water level decline is mainly in September, reduced by 0.58, 0.67, 0.56, and 1.50 m at Yuanjiang, Yangliutan, Dongnan Hu, and Yingtian stations, respectively.
(3) Similar to the South Dongting Lake, the average water level decreased in September and October after the impoundment of TGR in West Dongting Lake. The decline value in October of the first 10 years of impoundment was larger, about 0.8 m, and then in September, about 0.6 m, from 2013 to 2021.
(4) During the main impoundment period of TGR, the water level change of Chenglingji at the outlet of Dongting Lake is basically consistent with the overall water level change law of the lake area. In the first 10 years of TGR impoundment, it had mainly decreased in October, with an average decrease of about 1.68 m, and then decreased significantly in September from 2013 to 2021, about 1.31 m.
[image: Figure 4]FIGURE 4 | Variation of average water level in September. (A) East Dongting Lake, (B) South Dongting Lake, (C) West Dongting Lake, and (D) the outlet of Dongting Lake.
[image: Figure 5]FIGURE 5 | Variation of average water level in October. (A) East Dongting Lake, (B) South Dongting Lake, (C) West Dongting Lake, and (D) the outlet of Dongting Lake.
[image: Figure 6]FIGURE 6 | Monthly average water level change during different periods in main impoundment period of TGR. (A) September, (B) October.
DISCUSSION
Based on the daily observation data of water level in Dongting Lake area from the 1950s to 2021, this study analyzes and obtains the change law of low water hydrological situation in different regions of Dongting Lake. The results show that the low water period in Dongting Lake area is mainly concentrated in January, February, and December, and the lowest water level in most regions of the lake area has no notable change trend in the year. The average water level in November and December has decreased slightly, but shows little change from January to March. However, the water level in the lake area has decreased significantly in September and October during the main storage period of TGR, which indicates that the storage of TGR has a great impact on the water level in the lake area. Compared with that before the impounding of the Three Gorges reservoir, the monthly average water level of East Dongting Lake, South Dongting Lake, West Dongting Lake, and Outlet decreased by 0.90, 0.67, 0.51, and 0.91 m, respectively, in September. The water level drop in October was even greater, 1.33, 0.81, 0.67, and 1.36 m, respectively, in East Dongting Lake, South Dongting Lake, West Dongting Lake, and the outlet. This is qualitatively consistent but quantitatively larger than the results obtained by an improved LSTM model (Zhang et al., 2022). This is mainly because the LSTM model takes the hydrological data from 2017 to 2018 as the training set, but the results in this study were based on the measured values.
In the dry season, due to the very small partial discharge of the three inlets of Jingjiang reach, the impact of reservoir impoundment on Dongting Lake area is mainly reflected in the decline of water level in the lake area caused by the water level drop in the main stream of the Yangtze River due to riverbed scouring and the decrease of discharge in the impoundment period. The jacking mechanism of the Yangtze River on the Dongting Lake area is very complex, which is discussed later.
Water Surface Gradient
Generally, with the change in the inflow of Dongting Lake and the confluence ratio of the river and lake, there will be great differences in the water jacking intensity and range. The water jacking range can be expressed by the change of water surface gradient at different stations and its relationship with the water level of Chenglingji station. Figure 7A shows the changes in daily average water surface gradient between different water level stations in the Dongting Lake area and Chenglingji station for many years. It can be seen from Figure 7A that there are great differences in the variation range of water surface gradient in different areas of Dongting Lake area, and the time and intensity of water jacking vary with the distance from Chenglingji.
[image: Figure 7]FIGURE 7 | Variation of water surface gradient in the main stream of the Yangtze River and different regions of Dongting Lake area during the year. (A) Multiyear average, (B) 1975, (C) 1998, and (D) 2006.
Before April, Dongting Lake supported the main stream, and the water surface gradient in the lake area was greater than that in Chenglingji to Luoshan reach. The river and lake supported each other in May. From June to October, the main stream supported Dongting Lake, and the water surface gradient in the lake area was significantly less than that in Chenglingji to Luoshan reach. The water jacking in the lake area is the most notable in July. After the water retreats in October, the water surface gradient above Yangliutan and Chenglingji in the lake area is greater than that in Chenglingji to Luoshan section, which is not subject to the current jacking or is very little affected by the current jacking. The water surface gradient below Yingtian is less than that in Luoshan section, which is still subject to a certain degree of jacking. In addition, the gradient change between Yingtian to Chenglingji and Lujiao to Chenglingji is relatively close. In the flood stage of Dongting Lake before April, the gradient from Lujiao to Chenglingji is greater than that from Yingtian to Chenglingji. In other months, the gradient of Yingtian section is slightly greater than that of Lujiao section. The Lujiao section is close to the confluence, and the water jacking is more notable. The water surface gradient of Yingtian to Chenglingji and Lujiao to Chenglingji is quite different from that of other areas. With the increase in distance from the junction, the jacking effect becomes weaker, which is manifested in the increase of the water surface gradient. The water surface gradient of the upper part of Yangliutan is still slightly greater than that of the lake area below Yingtian in July, when the water flow is most strongly supported. From May to October, the water surface gradient in Dongting Lake area is smaller than that in Chenglingji to Luoshan section of the main stream, and the difference in water surface gradient is very small. The main stream has a great impact on the jacking of Dongting Lake. The water surface gradient in the lake area above Yangliutan is significantly lower than that in the dry season, and the water surface gradient value is very close, indicating that the range of water flow jacking reaches Yangliutan station at least.
With the different water inflow and water encounter of Dongting Lake and the main stream of the Yangtze River, there are great differences in the range and duration of water jacking in Dongting Lake area. Figure 7B to Figure 7D, respectively, plot the water jacking in 1975, 1998, and 2006. The year 2006 was a dry year, and the water flow jacking was mainly in the range of East Dongting Lake, while the South Dongting Lake and West Dongting Lake only had a short jacking in June and July, and the jacking range reaches Yangliutan. The year 1975 was the year of reclaimed water. Dongting Lake was affected by water jacking from April to November. The jacking of East Dongting Lake was obvious, and the jacking time of South Dongting Lake and West Dongting Lake was also long. The year 1998 was a flood year, and the jacking was not obvious before April. From June to September, the jacking effect of Dongting Lake was very strong. The water surface gradient from different water level stations to Chenglingji was almost the same, and the water surface gradient was only about 0.040/000. The jacking range reached the area above Yangliutan. After October, the water level of Yingtian was still strongly supported, and the jacking above Yangliutan was not obvious.
Water Level Correlation
The water jacking situation can also be analyzed by using the change in water level relationship between the two hydrological stations. When the water level of Chenglingji station is at a certain value, the water level of the upstream station changes greatly, and the water level is not affected by the water level change of Chenglingji station, and it is considered that there is no jacking effect or the jacking effect is very weak; when the water level of Chenglingji station exceeds this value, the water level of the upstream station changes linearly with the change of the water level of Chenglingji station, and the correlation between the two becomes better, and it can be considered that this water level is the lowest water level at which the upstream station begins to receive jacking, and the upstream begins to receive jacking.
The relationship between the annual average daily water level of Chenglingji station and Luoshan station is shown in Figure 8A. The two are well correlated. The water level of Chenglingji changes linearly with the water level of Luoshan, and the water level of Chenglingji is greatly affected by the jacking of Luoshan.
[image: Figure 8]FIGURE 8 | Water level correlation between Chenglingji and the stations in both main stream of the Yangtze River and Dongting Lake. (A) Main stream of the Yangtze River, (B) East Dongting Lake, (C) South Dongting Lake, and (D) West Dongting Lake.
Figure 8B shows the water level relationship between Yingtian station and Chenglingji station. It can be seen that the water level relationship is in a clockwise rope sleeve shape, and there is a great difference between the water level relationship in the rising stage and the falling stage. The water level difference in the rising stage is large, the water level difference in the falling stage is small, and the difference between the water level in the rising stage and the falling stage is large. In January, when the water level of Chenglingji is about 18 m, the corresponding Yingtian water level is about 21 m. When Chenglingji is at the same water level, the water level difference between the two stations changes greatly, and the Yingtian water level is less affected by the jacking of the main stream of the Yangtze River. From February to early April, when the water level of Chenglingji is about 21 m, the Dongting Lake supports the main stream of the Yangtze River, and the water level of Chenglingji rises in proportion to the water level of Yingtian. From late July to early October, the water level in Chenglingji drops. When the water level in Chenglingji is more than 25 m, the water level in Yingtian also drops with the same value. After late October, when the water level of Chenglingji is about 23 m, the water level of Chenglingji drops faster than that of Yingtian, and the jacking of the main stream to Dongting Lake decreases.
From the water level relationship between Yangliutan station in South Dongting Lake and Chenglingji station as shown in Figure 8C, it can be seen that the water level relationship is also in a clockwise rope sleeve shape. In January, when the water level of Chenglingji is about 18 m, the corresponding Yingtian water level is about 26 m. When Chenglingji is at the same water level, the water level difference between the two stations changes greatly, and the water level of Yangliutan is not affected by the jacking of the main stream of the Yangtze River. From February to May, when the water level of Chenglingji is below 24.5 m, Dongting Lake supports the main stream of the Yangtze River. The water level of Chenglingji rises with Yingtian water level. At the same time, the inflow of the main stream also increases, and the increase of Chenglingji water level is greater than that of Yangliutan. From late July to early October, the water level in Chenglingji falls. When the water level in Chenglingji is above 24.5 m, the water level in Yangliutan also falls with Chenglingji. After late October, when the water level in Chenglingji is below 24.5 m, there is a turning point in the decline of water level. The decline of water level in Chenglingji is faster, and the jacking of main stream to Dongting Lake is reduced.
From Figure 8D of the water level relationship between Xiaohezui station and Chenglingji station in West Dongting Lake, it can be seen that it is also in the shape of clockwise rope sleeve. When Chenglingji is at the same water level, the water level of Xiaohezui in the rising period and falling period is very different. In January, when the water level of Chenglingji is about 18 m, the corresponding Xiaohezui is about 26.7 m. When Chenglingji is at the same water level, the Xiaohezui water level changes greatly and is not affected by the jacking of the main stream of the Yangtze River. From February to May, when the water level of Chenglingji is below 25.5 m, Dongting Lake supports the main stream of the Yangtze River. The water level of Chenglingji rises with the rise of Yingtian water level. At the same time, the water inflow from the main stream also increases, and the increase in Chenglingji water level is greater than Xiaohezui. After late July, the water level in Chenglingji fell. When the water level in Chenglingji was about 25.5 m, there was also a turning point in the decline of water level at Xiaohezui. When the water level in Chenglingji was below 25.5 m, the decline of water level at Xiaohezui was significantly slower than that when the water level in Chenglingji was above 25.5 m, indicating that the support of the main stream to the Dongting Lake was weakened.
Jacking Effect of Main Stream on Lake Area
Overall, the main stream of the Yangtze River has a relatively obvious jacking effect on the Dongting Lake. The jacking effect is obvious from March to April. From November to February of the next year, the river and lake retreat, and the jacking effect is weakened. The Dongting Lake area can be affected by the jacking effect of the main stream, and the degree of influence increases along the way. The supporting range of the main stream to the lake includes almost the whole lake area from East Dongting Lake to West Dongting Lake. After the impoundment of TGR, the water surface gradient in the Dongting Lake area decreases, while the water surface gradient in the main stream of the Yangtze River increases. The jacking effect of the main stream on the Dongting Lake is enhanced, especially in the middle and low water period. The abovementioned phenomena are similar to some existing studies, such as the reduction of water surface gradient in the outlet section of Dongting Lake (Mao et al., 2013). For the period with the strongest jacking effect, there are also some inconsistencies. For example, Chen et al. (2020) believe that the maximum jacking effect occurs in February to April, which was a little different with the period from March to April in this study. However, the research based on the data from July to August shows that the mutual jacking strength of river and lake floods was weakened to varying degrees under different magnitudes of flow and water levels (Liu et al., 2019).
The analysis of influencing factors of flow jacking is complex. The research of Ni et al. (1992) shows that the flow jacking in the intersection area is mainly affected by the inlet angle, upstream water depth, confluence ratio, and the flow of main stream or tributary. When the inlet angle is given, the three variables of upstream water depth, confluence ratio, and the flow of main stream or tributary are the core influencing factors. In addition, it is also related to river roughness, river width, bottom slope, and other factors. In addition, river scouring and silting will also have a certain impact on the upstream flow jacking, and water conservation projects may cause changes in the abovementioned factors, thus affecting the flow jacking. The recent study shows that the operation of the TGR has had an important impact on the jacking relationship between the Yangtze River and Dongting Lake (Duan et al., 2019). The water level and flow in the intersection area of the Yangtze River and Dongting Lake have decreased, and the mutual jacking intensity has also been weakened. Further research on jacking impacts needs to integrate the aforementioned factors for more in-depth research.
CONCLUSION
Based on the daily average water level data, the variation law of low flow hydrological situation in different areas of Dongting Lake from the 1950s to 2021 was analyzed in this study. The results show that:
(1) The annual minimum water level of Dongting Lake stations generally occurs from January to February, accounting for 60–80% of all years, followed by December, accounting for 20–40%. Before the impoundment of the Three Gorges Reservoir, except that the annual minimum low water level of East Dongting Lake (Lujiao station) and outlet (Chenglingji station) increased significantly from the 1950s to the 1980s, there was little change in other stations. After the impoundment, the annual minimum water level of Yingtian station in South Dongting Lake shows an obvious decline, while the decline value of other stations is small and the downward trend is not notable.
(2) From the change of monthly average water level in the dry season, the driest month in the 1990s and before was generally concentrated in January, and after the 1990s, it was generally concentrated in December. After the impoundment of the Three Gorges Reservoir, the low water level of Dongting Lake decreased in November and December. From January to March, affected by the increase of the discharge of the Three Gorges Reservoir during the dry season and the jacking effect of the low water level of the main stream of the Yangtze River, the low water level of Chenglingji and East Dongting Lake increased, until the jacking effect of the main stream of the Yangtze River in South Dongting Lake and West Dongting Lake basically disappeared, and the water level decreased mainly below the water level.
(3) During the main impoundment period of the Three Gorges Reservoir, the water level in all regions of Dongting Lake decreased significantly. In the first 10 years after the impoundment, the decline value was relatively large in October, and then greater in September in the next 9 years. From different regions, the closer to the main stream of the Yangtze River, the greater the water level drop is.
(4) The jacking effect of the main stream of the Yangtze River has a very important impact on the low water level in the Dongting Lake area, and the influencing factors are complex. Further research needs to analyze the changes in discharge and water level, confluence ratio of rivers and lakes, hydraulic engineering, and river erosion and deposition.
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