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Abstract:



During the past few decades, the ecosystems of lakes have been reshaped greatly by global climate change and expanding human activities. As the second largest freshwater lake in China, Dongting Lake is the most important regulating lake in the Yangtze River Basin because it has extensive flood storage capacity. The dynamic characteristics of its circulation and sediment transport are significantly affected by the scheduling and interception of control reservoirs at the upper reaches of the Yangtze River. In this paper, a central lake reservoir is proposed to improve the flood and drought resistance of Dongting Lake. The efficiency of the central lake reservoir is investigated numerically by developing a two-dimensional shallow water model. We demonstrate that current velocity and water elevation during flood and drought events can be influenced significantly by the construction of the central lake reservoir. The flood storage capacity of the central lake reservoir can reduce the peak flood elevation significantly in West Dongting Lake, which would enhance its flood resistance. The water replenishment of the central lake reservoir in the dry season can also efficiently increase the lake water elevation to enhance the drought resistance in the area surrounding the lake. Our findings have important implications for policy makers and their management of Dongting Lake.
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1. Introduction


Over the past few decades, the ecosystems of lakes have been reshaped greatly by global climate change especially global warming effect on lakes [1,2,3,4,5] and expanding human activities [6,7]. The gradual deterioration of lake resources and the destruction of the lake ecosystem has led to the annual decline [8,9,10], salinization [11,12] and extinction of some lakes [8]. In densely populated areas, lakes have been silted and reclaimed while pollution and eutrophication were aggravated [13]. Due to the influence of lake basin silting and reclamation, lakes are shrinking to a great extent, which leads to the occurrence of floods and other disasters [14,15,16]. These problems have become an important factor affecting and restricting sustainable social and economic development in the Dongting Lake region. The hydrodynamic characteristics of lakes ecosystems and its corresponding management strategies have been studied extensively by many researchers [17,18,19,20,21]. To pursue sustainable developments of lakes, necessary adjustment should be archived on human activities. The deterioration of the lakes ecosystems is caused by the mutual interaction of natural factors and human activities [22]. Therefore, due to global climate change, we need to pay more attention to the theoretical study of the natural evolution and development laws of lakes. Additionally, it is also necessary to gradually establish large-scale water conservancy and scientifically restrict the influence of human activities on the evolution of lakes. It is also key to carry out correct judgment and decision-making along with maintaining the sustainable and healthy development of lakes.



Dongting Lake, the second largest freshwater lake in China, is the most important regulating lake in the Yangtze River Basin due to its major flood storage capacity. Dongting Lake is located at 28°30’–30°20’ N and 111°40’–113°40’ E in the northeastern part of Hunan Province and covers a water surface area of about 2681 km2 [17]. It consists of West Dongting Lake, South Dongting Lake and East Dongting Lake, which spans from the convergence zone of the upper reaches to the lower reaches of Yangtze River. We demonstrate that the dynamic characteristics of the water and sediment transport in Dongting Lake can be affected greatly by the scheduling and interception of control reservoirs on the upper reaches of the Yangtze River. Unfortunately, silting of mud and sands in the lake along with the anthropogenic environmental transformations in the lowland areas reduces the lake area and its storage capacity significantly, which causes the rapid deterioration of the lake’s flood diversion and flood storage functions. This diminishing capacity increases the frequency of flood disasters.



As reported by Wan et al. (2014) [23], the exchange rate of the water, the evolution of the sediment erosion and deposition, and the material and energy exchange between the Yangtze River and Dongting lake have changed significantly during the over few decades. Over the past 200 years, the area of the Dongting Lake shrank due to very serious sediment deposition. This reduced the capacity of catchment and flood storage of Dongting Lake significantly. The impact of human activities on Dongting Lake has increased gradually since the construction of sluices in the Huarong River in 1958. At the same time, the upstream sediment transport was intercepted significantly by the construction of the reservoir. Therefore, the space-time relationship of the inflow conditions of the Dongting Lake has changed in major ways, which directly causes the imbalance of the water and sediment relationship. Over the last few decades, the water and sediment diversion ratios of the three inlets of Dongting Lake have declined significantly. This is a direct outcome of climate change and expanding human activity on Yangtze River and Dongting Lake [24]. In addition, frequent floods, seasonal water shortage, and ecological imbalance cause very serious social and economic consequences in Dongting Lake economic belt. They have become a serious threat to ecological water security. Therefore, as a major scientific problem, developing comprehensively and managing scientifically the existing resources of Dongting Lake needs to be solved urgently.



To meet the urgent need discussed above, many studies focusing on Dongting Lake have been carried out due its vulnerability to flood disasters in the Yangtze River Basin and its complex relationship with the Yangtze River [25,26,27,28,29,30,31,32,33,34,35]. However, according to the authors’ understanding, there is still a knowledge gap. This gap is mainly due to the complicated relationship between Dongting Lake and Yangtze River. The study on the efficient utilization of water resources and control of the ecological environment in Dongting Lake focuses on building a barrage in the Songcihou, establishing the flood forecast scheme, building the polders, disposing heavy metal pollution, and protecting the wetland [36,37]. Nevertheless, these measures cannot radically solve these problems. It is very difficult to balance disaster prevention and reduction as well as resource utilization and environmental protection. Therefore, an effective method is urgently needed to ensure the efficient utilization of natural resources in Dongting Lake, and to protect the natural ecological environment from flood and drought at the same time.



To solve this urgent issue, a new Dongting Lake treatment strategy has been proposed in this study. The proposal includes a central lake reservoir, which can greatly enhance the flood and drought resistance of Dongting Lake. The central lake reservoir is constructed as a jetty around the lake with several connecting sluice gates. It can easily separate the lakes. When the water level in the Yangtze River approaches its low water level every February, water stored in the central lake reservoir would be released to the death level. All of the sluice gates of the jetty should be opened. Once a disaster flood occurs in the Yangtze River region, the central lake reservoir begins to store the flood water. Then, the gate of the reservoir would be closed. It will stop until the central lake reservoir is filled. When the water level in the lake area drops below the safe level, the gate of the central lake reservoir will open again until the second flood crest arrives. To verify the feasibility of applying the central lake reservoir in Dongting Lake, a series of numerical simulations are carried out. The findings have been used to analyze the dynamic characteristics, flood control, drought resistance, and other related problems before and after the construction of the central lake reservoir.




2. Model Description


2.1. Numerical Methods


Dongting Lake is generally shallow with an average water depth of six to seven meters [38]. Therefore, a 2D horizontal depth-averaged hydrodynamic model based on Mike 21 has been applied to investigate the flow characteristics in Dongting Lake. The governing equations of the numerical model in this paper are the two-dimensional depth-averaged continuity and momentum equations as below.
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where t is time, x and y are Cartesian coordinate system coordinates, d is static water depth, η is water level, [image: ] is the total water depth, u and v are the corresponding velocity components in x and y directions, respectively, g is gravitational acceleration (m/s2), n is Manning coefficient, C is Chezy coefficient, and [image: ], [image: ] is turbulence viscosity coefficient.



The hydrodynamic model in the MIKE21 FM is based on a flexible mesh approach. This model has been developed for applications within rivers, lakes, and coastal estuarine environments in China, such as Poyang Lake [39], Xiangjiang River [40], and Tieshan Bay [41]. The model is based on the solution of the incompressible Reynolds Averaged Navier-Stokes equations, which are subject to the assumptions of Boussinesq and hydrostatic pressure [42].




2.2. Model Validation


There are 403 river systems in the Dongting Lake District with a total length of more than five kilometers, which forms a very complex river network. The bathymetry distribution of the Dongting Lake District is shown in Figure 1a, which has 30 to 50 m resolution in most regions. The triangular mesh elements have been used to approximate the whole computational domain of Dongting Lake. To ensure the mesh quality, triangular element size is chosen based on the local topographic characteristics. High resolution mesh (about 30 m) is applied in the small river channels, the central lake reservoir, the regions with a large bed slope, and in the region with small bed slopes. Mesh elements with 500 m resolution are used, which is in Figure 1b. The whole computation mesh consists of 204,716 nodes and 462,082 elements.


Figure 1. (a) The bathymetry distribution of Dongting Lake District; (b) Layout of computational mesh; (c) Distribution of stations (filled black squares).
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In this study, it is assumed that the central lake reservoir is constructed in the West Dongting Lake, which is shown in Figure 1c. Its total surface area is about 4.37 km2. As depicted in Figure 1c, eight elevation stations are selected to analyze the variation of water elevation in the West Dongting Lake. Nanzui station and the Xiaohezui station are picked as the main flood control station. Li River station, Yuan River station, 1#, 2#, 3# and 4# are picked as the characteristic water elevation stations. The data recorded at these stations are used to analyze the variations of water elevation in West Dongting Lake since the construction of the central lake reservoir.



To validate the computational capability of our model, the water circulation process in the Dongting Lake region goes through three different time periods, which include the wet season (18 July, 2004 00:00–28 July, 2004 00:00), the normal season (19 March, 2004 00:00–21 April, 2004 00:00) and the dry season (4 December, 2004 00:00–21 December, 2004 00:00). The predicted water elevations are compared with the measured data at three selected stations (Nanzui, Lujiao and Xiangyin) as shown in Figure 2, Figure 3 and Figure 4 to account for the wet, normal and dry seasons, respectively. The minimum time step of the numerical integration is set to 0.01 s to maintain the Courant–Friedrich–Levy (CFL) condition for a stable solution [43].The running time for different time period is about 24 h (wet season), 72 h (normal season) and 72 h (dry season), which is calculated using a computer with i7-4790 CPU (3.6 GHz, Intel Core).The calculated values of the Coefficient of variation (Cv) of the water level at selected stations at different time periods are listed in Table 1. Most of them are less than 1.50% except for the water level at Lujiao station (i.e., Cv = 2.15%), which indicates that the predicted water elevations agree well with the observations.


Figure 2. Comparisons of time series of water elevation between predictions and measurement during the wet season. (a) the Nanzui station; (b) the Lujiao station; (c) the Xiangyin station.
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Figure 3. Comparisons of time series of water elevation between predictions and measurement during the normal season. (a) the Nanzui station; (b) the Lujiao station; (c) the Xiangyin station.



[image: Water 10 00225 g003]





Figure 4. Comparisons of time series of water elevation between predictions and measurement during the dry season. (a) the Nanzui station; (b) the Lujiao station; (c) the Xiangyin station.
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Table 1. The values of Cv calculated at the selected stations in the Dongting Lake area during different time periods.







	
Coefficient of variation (%)

	
Nanzui

	
Lujiao

	
Xiangyin






	
Wet season

	
0.80

	
0.41

	
0.77




	
Normal season

	
0.60

	
2.15

	
1.45




	
Dry season

	
0.86

	
1.50

	
0.56












3. Results and Discussion


3.1. The Central Lake Reservoir Effect


In this section, the hydrodynamic characteristics of the Dongting Lake after the construction of the central lake reservoir are discussed. The flow velocity contours are plotted in Figure 5 for different flood stages including the flood rise stage (18 July, 2004 08:00), flood peak stage (23 July, 2004 00:00), and the flood fall stage (27 July, 2004 05:00) in Dongting Lake without the central lake reservoir. As observed in Figure 5a, during the flood rising stage, it is shown that high flow velocity is formed in the main channel (0.8 m/s ~ 2.0 m/s), and the flow velocity in the rest of the region is between 0 and 0.2 m/s. At the flood peak stage, the flow velocity in the whole lake area increases significantly especially in the West Dongting Lake and the South Dongting Lake, which is shown in Figure 5b. However, in the flood fall stage, the flow velocity in the lake area decreases sharply (see Figure 5c).


Figure 5. The flow velocity contour without the construction of the central lake reservoir (unit: m/s)
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Figure 6 depicts the contour of the velocity difference with and without the central lake reservoir for different flood stages including the flood rise stage (18 July, 2004 08:00), flood peak stage (23 July, 2004 00:00), and the flood fall stage (27 July, 2004 05:00) in Dongting Lake after the construction of the central lake reservoir. The area of the central lake reservoir equals 4.37 km2 and the height of the central lake reservoir is 12 m in this section. The flow velocity around the lake reservoir has increased in different degrees after the reservoir was built. During the peak time, the flow velocity increased about 0.5 m/s in the narrow channels between the central lake reservoir and the lake banks. This is due to the central lake reservoir reducing the discharge section area and the water being able to only flow between the lake reservoir and the embankments of the lake. For the rest of the region, the current speed does not change significantly.


Figure 6. The change of flow velocity contour with the central lake reservoir (unit: m/s).
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Figure 7 plots the time series of water elevations at eight selected stations before and after the construction of the central lake reservoir. The existence of the central lake reservoir impacts the time series of water elevation separately at different station sites. The recorded water elevations decrease to some extent at Lishui, Nanzui, Xiaohezui, 3#, and 4# stations after the construction of the central lake reservoir. The decrease in water elevations ranges from 0.01 to 0.02 m. The recorded water elevations increase to some extent at Yuanshui, 1#, and 2# stations in the vicinity region of the central lake reservoir. The increase in water elevation ranges from 0.13 to 0.24 m. This is because the existence of the central lake reservoir has reduced the discharge section area, and the dammed water is observed at the upstream stations (Yuanshui, 1# and 2# stations). We demonstrate that water elevation of the downstream area and the northern region of West Dongting Lake decreases due to the water resistance of the reservoir.


Figure 7. The time series of water elevations recorded at eight selected stations.
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3.2. Flood Resistance Analysis


In order to alleviate the flood control pressure in the lake area during a flood event, the central lake reservoir begins to store flood water when the water elevation at characteristic sites reaches the warning water level. In this section, the effects of the central lake reservoir on the flood resistance of the Dongting Lake are discussed. To analyze the effects of the reservoir depth on flood resistance, three design depths were selected, which are 10 m, 12 m, and 15 m. Figure 8 plots the time series of water elevation at two main flood control stations (Nanzui and Xiaohezui stations) before and after the construction of the central lake reservoir in the West Dongting Lake between 12 July, 2004 to 1 August 2004. It is observed that, during the flood rising stage, the temporal variations of water elevation basically coincide for all of the situations. This is due to the fact that the central lake reservoir does not begin to store flood water at the flood rising stage. During the flood peak stage, the flood peak elevations at the two main flood control stations can be reduced significantly after the construction of the central lake reservoir. It was also observed that the design depth of the reservoir has a limited contribution to the reduction of the peak flood elevation if the design depth is larger than 10 m. In the flood decline stage, the existence of the central lake reservoir can speed up the flood releasing rate.


Figure 8. The time series of water elevation at two main flood control stations in the West Dongting Lake.
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Table 2 shows the influence of different design depth on the peak flood elevation reduction at eight stations (Lishui, Nanzui, Yuanshui, 1#, 2#, 3#, 4#, and Xiaohezui). It can be seen from the table that the peak flood elevation at each site is clearly reduced by the central lake reservoir. The elevation reduction grows when the design depth increases. The construction of the central lake reservoir can relieve the flood control pressure of the lower reaches of the lake reservoir. Although the flood elevations at the Yuanshui, 1# and 2# stations can be somewhat affected by the central lake reservoir, the flood elevations at Lishui, Nanzui, 4#, and Xiaohekou stations can be influenced greatly by the central lake reservoir.



Table 2. The influence of different design depth on the peak water elevation (m).







	
Station

	
Measure value

	
The Design Depth of the Middle Lake Reservoir




	
10 m

	
12 m

	
15 m




	
Water level

	
Water level

	
Difference value

	
Water level

	
Difference value

	
Water level

	
Difference value






	
Lishui

	
34.14

	
33.81

	
−0.33

	
33.74

	
−0.4

	
33.73

	
−0.41




	
Nanzui

	
33.69

	
33.36

	
−0.33

	
33.31

	
−0.38

	
33.3

	
−0.39




	
Yuanshui

	
35.43

	
35.4

	
−0.03

	
35.36

	
−-0.07

	
35.34

	
−0.09




	
1#

	
34.36

	
34.32

	
−.04

	
34.24

	
−0.12

	
34.22

	
−0.14




	
2#

	
34.23

	
34.12

	
−0.11

	
34.05

	
−0.16

	
34.02

	
−0.21




	
3#

	
34.17

	
33.89

	
−0.28

	
33.82

	
−0.35

	
33.81

	
−0.36




	
4#

	
34.22

	
33.92

	
−0.30

	
33.85

	
−0.37

	
33.84

	
−0.38




	
Xiaohezui

	
33.44

	
33.22

	
−0.22

	
33.2

	
−0.28

	
33.16

	
−0.29








Notice: The positive values indicate rising water level and the negative values indicate falling water level.









3.3. Drought Resistance Analysis


Once the central reservoir is completely filled, the gate of the training jetty will be closed. Then, the reservoir will store a large amount of water, which can be used to ensure that the Dongting Lake can have some drought resistance. Figure 9 plots the processing of water elevation along the Dongting Lake channel during the dry season (4 December, 2004 00:00- 14 January, 2005 00:00). The effects of the design depth (10 m, 12 m and 15 m) are also discussed in this section. As shown in Figure 9, the distribution of water elevation from the Caowei channel to the Luhu channel can be raised significantly by the supplemental water from the central lake reservoir. The supplemental water from the central lake reservoir can also increase the gradient of the water elevation along the Dongting Lake channel. The uplift value of water elevation also increases when the design depth of the central lake reservoir increases. However, a limited change in water elevation from the Luhu reach to the Zhanyukou reach can be observed.


Figure 9. The distribution of the processing water elevation along the Dongting Lake channel.
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To develop a detailed discussion on the impact of water replenishment from the central lake reservoir to the water level of the channel during the dry season, the time series of water elevation are selected at four stations, which include Caowei, Xinhekou, Niwan, and Nianyukou. The data are plotted in Figure 10 and the station locations are depicted in Figure 9. As shown in Figure 10a,b, after using the supplemental water from the central lake reservoir, the water levels during the dry season at the Caowei station and Xinhekou stations increase significantly.


Figure 10. The time series of water elevation at different sites under different design depth during the dry season.
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Figure 10c,d plot the time series of water elevations at the Niwan and Nianyukou stations before and after water replenishment from the central lake reservoir. Since the Niwan station is located at the intersection of the Eastern Dongting Lake, its water elevation can be influenced by the Caowei, South Dongting Lake and Xiangjiang River. It is observed that the time series of the water elevation at the Niwan station is different from that of the upstream stations (the Caowei station and the Xinhekou station). The water level is relatively stable and maintained at about 23.6 m. The Nianyukou station is located in the East Dongting Lake, and its water level is influenced mainly by the South Dongting Lake and Xiangjiang River. Similar to the Niwan station, the Nianyukou station is only somewhat influenced by the water replenishment of the central lake reservoir. However, the water level at the Nianyukou station does increase to some extent. The average rise of water level of the Niwan station and the Nianyukou station is about 0.10–0.15 m. Additionally, the water elevations at all of the stations tend to increase during the dry season. There is no doubt that the water replenishment from the central lake reservoir can significantly enhance the drought resistance of the Dongting Lake.





4. Conclusions


In the past, a large amount flood water flowed into the lake, which resulted in flood disaster in the lake area during the rainy season. However, the lake area also faces a water crisis during the drier months. If the central lake reservoir is constructed, surplus flood water could be stored in the central lake reservoir which would to mitigate the flood disaster during rainy season. Additionally, water stored during the flood season can be used to relieve the nearby water supply stress during the dry season. Therefore, this is a win-win situation once the central lake reservoir is developed. The feasibility of the central lake reservoir has been verified by series simulations carried out by a shallow water model. We believe that the results and discussion presented in this paper have important implications for policy makers and their management of Dongting Lake. The main conclusions are below:

	(1)

	
The replenishment of the central lake reservoir can increase the water exchange rate in the Kaihu channel and the Xiangjiang River downstream channel. Therefore, it is favorable for reducing the risk of water eutrophication and improving the water environment in the channel.




	(2)

	
The existence of the central lake reservoir can effectively reduce the peak flood water level in the West Dongting Lake, and finally reduce the flood pressure.




	(3)

	
The capacity of water storage of the central lake reservoir during the dry season can efficiently increase the lake water level in the upstream channel and thereby, enhance the drought resistance of the lake area.




	(4)

	
It is also observed that the design depth of the reservoir makes a limited contribution to the reduction of the peak flood elevation if the design depth is larger than 10 m. The uplift value of water elevation also increases when the design depth of the central lake reservoir increases.
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