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Abstract

:

The Three Gorges Reservoir (TGR), a landmark of human engineering, has significantly altered the hydrodynamics and ecology of its surrounding environment. Our research explores the hydrodynamic and ecological changes in the TGR, focusing on their implications for reservoir-induced water quality and water resource issues. We designed a 2D hydrodynamic and water quality model and implemented 15 operational scenarios with an advanced dynamic storage capacity method for the TGR during flood season, drawdown and impoundment periods. Our simulations well reproduced and predicted water levels, discharge rates, and thermal conditions of the TGR, providing critical insights. The dynamic storage capacity method significantly improved the precision of water level simulations. This approach achieved modeling errors below 0.2 m when compared to real measurements from seven stations. We performed a detailed analysis of the sensitive, sub-sensitive, and insensitive areas during three reservoir operation periods. The drawdown period showed the most extensive impact range (468 km river channel), while the impoundment period had the least impact range (76 km river channel). Furthermore, we quantified the delay of temperature waves during these periods, observing a maximum delay of approximately 120 km and a minimum delay of less than 10 km, which underscores the variability in hydrodynamic responses under different operational scenarios. Our findings reveal the complex sensitivities of the TGR to varied operational modes, aiding in the development of eutrophication and water resources control strategies. Our modeling application provides different operational scenarios and insights for ecological management strategies in large dam systems globally, informing future water resource management and policy-making, ensuring sustainable and effective management of large reservoir systems.
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1. Introduction


Across millennia, aquatic ecosystems have evolved with their hydrothermal environments, forming complex and dynamic interactions [1,2]. The evolution of aquatic ecosystems is not static; they are constantly changing and adapting to environmental pressures and human activities, such as climate variations, land use changes, and water resource management, etc. The recent surge in dam constructions has significantly altered these ecological systems [3,4,5], bringing both benefits in hydropower and water management, but also altering the hydrothermal dynamics of riverine ecosystems [6,7]. These changes present potential risks to aquatic ecosystems [8,9,10]. For example, dam construction and management can contribute to greenhouse gas emissions, while eutrophication may occur in reservoirs resulting in poor water quality [11,12,13].



The Three Gorges Reservoir (TGR) stands as a prime example of such infrastructural advancements and their potential environmental impacts. Following the construction of the TGR, dramatic changes have occurred in its aquatic habitat, including an expanded water surface, reduced flow rates, and increased sediment deposition. This transformation has led to a new equilibrium in the ecosystems, creating a hybrid river–reservoir environment [14,15,16].



Although numerous studies have explored the long-term ecological and hydrothermal consequences of reservoir operations [17,18,19], there remains a gap in understanding the short-term impacts of water level fluctuations, particularly in large systems like the TGR. We hypothesize that daily water level fluctuations, caused by short-term scheduling in the TGR, result in significant changes in water temperature and levels. These changes affect the hydrodynamics and ecological health of the reservoir’s different regions. Understanding these variations in the TGR could provide insights for managing similar large dam systems globally.



Focusing on the TGR, the current study aims to understand the complex relationship between dam operations, water level fluctuations, and hydrothermal dynamics. Our modeling application, focused on the Three Gorges Dam (TGD), provides different operational scenarios and insights for ecological management strategies. This approach ensures sustainable and effective management of large reservoir systems similar to the TGD, informing future water resource management and policy-making.




2. Methods


2.1. Study Area and Data Collection


Located in the Yangtze River, China, the TGR serves as a prime example of a standard channel reservoir. With its impressive capacity of 39.3 billion cubic meters (3.93 × 1010 m3), the TGR ranks as the world’s foremost hydropower station. Since its first filling in June 2003, which increased the water level to 135 m, followed by a further increase to 175 m in 2010, the TGR has witnessed regular fluctuations in water levels between 145 and 175 m [15].



This study focuses on the backwater region of the TGR, extending from the Cuntan hydrologic station in Chongqing City to the Three Gorges Dam (TGD) in Zigui, Yichang City, covering a span of approximately 604 km (Figure 1). There are 6 larger tributaries considered in the subsequent model: Wujiang (WJ), Longhe (LH), Xiaojiang (XJ), Modaoxi (MDX), Daninghe (DNH), and Xiangxi River (XXR).




2.2. Model Development


2.2.1. Model Grid Generalization


CE-QUAL-W2 is a two-dimensional (longitudinal-vertical) laterally averaged hydrodynamic and water quality model developed by the U.S. Army Corps of Engineers’ Waterways Experiment Station. It is suitable for numerical simulation of long and narrow rivers, estuaries, and reservoirs. This model has been successfully used in many peer-reviewed studies on hydrodynamics and water quality [20]. The model has been applied to rivers [21], lakes [22,23], reservoirs [24,25], estuaries [26,27], and their combinations, including entire river basins with multiple reservoirs and river segments. Additionally, CE-QUAL-W2 also performs well in modeling laboratory tanks [28], showcasing its reliability and feasibility in both natural and controlled settings.



The computational grid system of the TGR model used a rectangular grid. This grid system (Figure 2) was divided into 7 branches (waterbodies), with 8 key cross-sections including Cuntan, Changshou, Wanxian, Yunyang, Fengjie, Wushan, Badong, and the TGD (Table 1). The grid was defined by a longitudinal length of 2000 m, vertical layer spacing of 1 m, and a width for each layer derived from the average width of the section, calculated using data from over 100 large cross-sections. The TGR model consisted of 316 segments and 214 layers. It specified two distinct slopes, one for the permanent backwater region, set at zero, and another for the fluctuating backwater area, set at a non-zero value. In the modeling process, the mainstream of the TGR was considered with detailed bathymetry, while tributaries were treated as point source loadings and were not included in the bathymetric data.



A more detailed description of the data required for modeling in this study is provided in the Supplementary Materials (Figures S1–S5 and Tables S1 and S2).




2.2.2. Assessment of Model Performance


To assess the model’s effectiveness, two primary metrics were utilized, the mean error (ME) and the absolute mean error (AME). The ME offers insights into the model’s bias, whereas the AME provides an average error measure, reflecting the model’s overall performance. These metrics are widely recognized in the scientific community for evaluating the congruence between models and observed data [20,24,26]. The calculation formula is as follows:


  M E =      ∑  i = 1   n        X   o b s , i   −   X   m o d e l , i         n     



(1)






  A M E =      ∑  i = 1   n        X   o b s , i   −   X   m o d e l , i         n     



(2)




where n is the number of observations,     X   o b s , i     is the     i   t h     observation, and     X   m o d e l , i     is the     i   t h     simulated value.



This model’s starting date was 1 May 2014 (Julian day = 121) and ending date was 30 April 2015 (Julian day = 485). The calibration and validation of the model demonstrated that the simulated water elevation was quite close to the observed elevation, with an |ME| less than 0.2 and an AME less than 0.37. Additionally, the |ME| of the surface water temperature in key sections was less than 0.35 °C (Figures S4 and S5).




2.2.3. Reservoir Operation Scenarios


As an annual regulation reservoir, the TGR has four operation periods during a hydrological year: a dry season (winter), a drawdown period (spring), a flood season (summer), and an impoundment period (autumn). During the dry season, the TGR maintains a high water level of 175 m from November to April of the following year. The drawdown period extends from mid-May to June. In the flood season, the water level is lowered to 145 m from June to August. Lastly, the impoundment period occurs from September to November, preparing the reservoir for the upcoming hydrological cycle.



According to the tide-type ecological operation method [14,29] and the TGR regulation rule (China Three Gorges Corporation), five specific regulation scenarios have been implemented for each operation period. These regulation scenarios are significant in managing the reservoir’s hydrological dynamics.



The water level process under the tide-type ecological operation method has been parameterized into six types: initial water level (IWL), daily fluctuation in the first fluctuation period (DF1), daily fluctuation in the second fluctuation period (DF2), duration of the first fluctuation period (DLDF1), duration of the second fluctuation period (DLDF2), days with an unchanged water level (DWLU), and duration for the scheduling period (DSP). These parameters for the typical regulation scenarios are detailed in Table 2, providing a comprehensive view of each scheme’s characteristics. Additionally, Figure 3 graphically depicts the water level process, illustrating the fluctuations and patterns across different periods within the TGR operation, each water level process lasting 15 days.





2.3. Defining Sensitivity Zones in Channel Reservoirs


Channel reservoirs are characterized by a pronounced longitudinal gradient change pattern, with deeper waters near the dam head and shallower waters in the tail and tributary backwater areas. These unique bathymetric morphologies and flow characteristics give rise to hydrodynamic properties that differ from typical rivers and lakes, where flow velocity and other parameters exhibit a combination of both riverine and lake features. From the dam’s head to the reservoir’s end, a gradient change is apparent, leading to the categorization of the reservoir into river-type, transition-type, and lake-type zones [30]. Due to varying discharge rates and distances from the dam, different sections of the backwater area respond differently to water level fluctuations at the dam. For instance, a daily rise of 1.5 m in the water level at the TGD, sustained over a week, could potentially cause the water level in the Wushan section (Da’ning River) to increase by up to 1.4 m per day. However, the Yunyang section (Xiaojiang River) and Wanzhou section only reach a maximum of 1.3 m per day, lagging by approximately one day. The Qingxichang section only achieves a maximum change of 0.5 m per day, with almost no significant change occurring in the Cuntan section.



To investigate the extent of the backwater area impacted by the TGD’s water level fluctuations in different seasons, ‘sensitivity zoning’ was employed. This method separated the channel reservoir into different sensitivity zones based on the correlation analysis of various hydrodynamic characteristics across different sections (Figure 4). A correlation coefficient (|R|) value of ≥0.9 denotes a ‘Sensitive Area’; a value between 0.5 and <0.9 signifies a ‘Sub-sensitive Area’; and a value of <0.5 indicates an ‘Insensitive Area’.





3. Results


3.1. Correlation Analysis of Water Level Daily Fluctuations in Different Scenarios


To understand the impact of reservoir operations on water level fluctuations, a correlation analysis was conducted on key sections of the TGR, with the correlation coefficients presented in Table 3. The analysis revealed that the sensitivity of areas within the reservoir varies across different operation periods (Figure 5).



In the flood season, the section from Fengjie to the TGD was identified as a sensitive area, spanning a river length of 168 km, which constituted 27.8% of the total river length. The area from Qingxichang to Fengjie was classified as a sub-sensitive area, covering 300 km (49.7% of the total river length). Finally, the segment from Cuntan to Qingxichang was designated as an insensitive area, with a river length of 136 km, accounting for 22.5% of the total river length. This scenario reflects the influence of operational strategies on water level dynamics.



During the drawdown period, the sensitive area extended from Qingxichang to the TGD, covering 468 km (77.5% of the total river length), marking the largest sensitive zone. The sub-sensitive area during this period ranged from Changshou to Qingxichang, covering a distance of 136 km (22.5% of the total river length). These variations highlight the changing impact of water level management across the reservoir.



In the impoundment period, the sensitive area was from Badong to the TGD, covering 76 km (12.6% of the total river length). The sub-sensitive area extended from Zhongxian to Badong, covering 288 km (47.7% of the total river length). Additionally, the river channel from Cuntan to Zhongxian was identified as the insensitive area, spanning 240 km (39.7% of the total river length). This distribution was primarily due to the lower discharge rates during this period. Contrary to common expectations, the sensitive area in the impoundment period was smaller than in the flood season, mainly because the upstream section is more influenced by inflow and less influenced by the backwater effect of the reservoir. However, if the discharge exceeds inflow, the extent of the impact of water level scheduling increases, highlighting the complexity of managing reservoir operations.



This correlation analysis underscores the importance of tailoring reservoir management strategies to the specific dynamics of each operational period, ensuring an optimal balance between water resource utilization and environmental conservation.




3.2. Surface Water Temperature Variability under Different Scenarios


As depicted in Figure 6, surface water temperatures in the TGR display varying patterns under different operational scenarios, with each scenario revealing its unique characteristics.



	(a)

	
Flood Season Analysis:







The flood season revealed similar temperature change patterns under five regulation conditions, with comparable highest, lowest, and average surface temperatures. The spatial distribution of temperatures, including the location of peak temperatures and the high-temperature zone, was influenced by water level processes, but not significantly by water level fluctuations during the scheduling period.



In S01 to S04, water levels in the TGR exceeded the 145 m benchmark observed in the baseline S00. This indicates higher water storage in these scenarios compared to baseline. Temperature Waves: A notable feature in these scenarios (S01–S04) was the delayed propagation of surface water temperature waves compared to the baseline S00. Interestingly, a direct relationship was observed; higher water levels corresponded to a slower transfer speed of the temperature wave. When the water level in front of the dam rose by 10 m (comparing S01 with S00), the propagation of the temperature wave from upstream to downstream was delayed over a range of approximately 120 km.



	(b)

	
Drawdown Period Analysis:







The spatial distribution of surface water temperature in the mainstream during the drawdown period remained consistent across different regulation conditions, with stability upstream and a downward trend midstream and downstream. The highest and average surface temperatures varied minimally (<0.2 °C), and the lowest temperature difference was small (<0.4 °C). The temperature in front of the dam was more influenced by water level fluctuations than by final water level height. For instance, scenarios 10 and 12, both ending at 159.2 m, exhibited a 0.6 °C temperature difference in front of the dam due to differing water level trajectories.



Across all five regulation schemes (S10 to S14), a consistent observation was the minimal fluctuation in the reservoir’s water volume. The consistency in water volume led to uniformity in surface water temperature waves across these scenarios. The spatial difference in the phase of temperature waves was essentially negligible, not exceeding 10 km, because of the minimal differences in water volume during the drawdown period.



	(c)

	
Impoundment Period Analysis:







The water temperature trends observed during the impoundment period showed similarities to those in the flood season. During the impoundment period, when the water level in front of the dam rises (using S20 as a benchmark), the delay in the propagation of the water temperature wave along the river at the end of the regulation period ranged from 15 to 36 km. The maximum spatial delay occurred in scenario S22, as this scenario maintained a daily fluctuation of 1 m/d for continuous storage over 15 days, whereas other scenarios experienced a slowdown in the rate of water storage.




3.3. Variation of Vertical Water Temperature in Different Scenarios


Variations in water temperature within the TGR were noticeable, both vertically and longitudinally (Figure 7), and were significantly influenced by different operational scenarios.



During the flood season, under five conditions (S00–S04), the TGR exhibited consistent vertical temperature conditions. In the upstream sections, the water temperature was almost uniformly mixed, showing negligible vertical stratification. However, a dispersion phenomenon occurred in the vertical temperature profile, resulting in temporary stratification in some parts of the river, such as the middle section of the reservoir. This is attributed to the discharge of water from the mid-upper layer of the reservoir, leading to faster surface water flow compared to the bottom layer. Each condition presented specific stratification profiles, with onset points ranging from 455 km to 462 km and peak stratification occurring between 550 km and 560 km. The differences in water temperature between the surface and bottom layers varied, with maximum differences reaching up to 11.98 °C, although variations near the dam were generally minimal, usually under 1 °C.



During the drawdown period, similar conditions were observed under five different conditions (S10–S14), characterized by upstream temperature homogeneity and downstream stratification. Stratification onset points shifted from around 280 km to 310 km, with peaks up to 560 km, and temperature differences ranged from 4.16 °C to 5.97 °C. The temperature differential near the dam was more significant, reaching up to 2.8 °C. The trend of outflow exceeding inflow during this period implies that operational scheduling only alters the length of the stratified section without significantly impacting the vertical temperature structure.



During the impoundment period, stratification was minimal. However, longitudinal temperature distribution was evident, influenced by water level variations. In conditions S22 to S24, higher water levels led to clearer stratification layers, marked by localized high surface temperatures extending from the CJXX to the dam front (approximately 32 km river length). For both the flood season and impoundment periods, our results showed that if the water level remained constant, temperature variations occurred longitudinally along the river. During rising water conditions, an “S”-shaped thermal stratification formed near the dam, caused by the strengthening backwater effects (S01, S02, and S22, S23, S24).





4. Discussion


4.1. Modeling Backwater Fluctuations: Implications, Challenges and Perspectives


The backwater region presents an interesting characteristic; it is like a natural river at low water levels and transforms into a reservoir-like state at higher water levels. This characteristic poses unique challenges for reservoir simulation and water quality management. Typically, such reservoir simulations assume a uniform water level [20]; however, natural rivers exhibit a gradient on the water surface [31]. This condition becomes particularly crucial in the case of water quality and resource management for the TGR.



Ignoring the variations of the fluctuating backwater region during simulations can lead to significant errors [32,33]. This is particularly evident when considering the reservoir’s capacity. Simulated estimates (or static capacity) may not accurately reflect the actual capacity (or dynamic capacity), especially at lower water levels. This discrepancy can be attributed to factors such as the elevation at the riverbed’s base at the end of the TGR. During low water level periods, the error in estimating water levels becomes non-negligible. In some scenarios, this can even result in a complete disruption of the flow, underscoring the need for more detailed modeling approaches that account for the variation of the backwater region (Figure 8).



Our results highlight the complexities of modeling dynamic water systems like the TGR and underscore the importance of integrating natural river characteristics into simulation models for more accurate and effective reservoir water resource and water quality management. However, the reliability of these results depends on the suitability of the modeling data. Over the course of long-term reservoir operation, sedimentation will occur and alter the bottom topography, thereby impacting the hydrodynamic characteristics of the reservoir area. It is reasonable for this TGR model to match the simulation period of the model with the bathymetric data surveyed in 2013, spanning from 1 May 2014 to 30 April 2015. The topographic data will need to be updated accordingly if there are any updates made to the study period.




4.2. Role of Reservoir Operations on Tributaries in Different Sensibility Zones


The sensitivity zones of different tributary estuaries vary across seasons, as does their susceptibility to fluctuations in water levels upstream of the dam. Firstly, the XXR falls within a highly responsive area during all three periods and exhibits extreme sensitivity to water level fluctuations in the TGR. This forms the basis for ecological operation and algae control measures in the XXR. Secondly, the representative tributaries in the middle and at the end of the reservoir are only sensitive during the drawdown period, such as XJ and LH, respectively. Therefore, if environmental issues like algal blooms arise in spring within these rivers, emergency regulations can be implemented through water level adjustments. During the flood season and impoundment period, however, this approach may not be effective; other alternative methods for environmental governance are required.



How does reservoir scheduling impact the water environment conditions of different tributaries? There are two aspects to consider. Firstly, water level fluctuations affect various estuaries located within distinct sensitive areas with varying potential energy [34]. Secondly, water temperature waves accelerate or decelerate propagation processes along the main stream due to operations at the TGR resulting in increased or decreased temperatures at river mouths, thereby influencing water exchange patterns among major tributaries.



XXR experiences thermal stratification for the majority of the year [35]. Lakes often display static stratification [36], while rivers, due to their high flow velocity, typically prevent stratification. However, reservoirs and especially their tributaries can manifest characteristics of both lakes and rivers. This unique combination can lead to the formation of density currents [37,38]. The depth of the intrusion layer is dictated by the temperature differential between the intrusion flow and the existing stratification in the bay [26,39,40,41].



Notably, the depth of this intrusion layer is influenced by water level fluctuations. For instance, density currents shifted from the middle to the surface layer during rising water levels [39]. Such shifts are crucial since only these transfers can effectively mitigate algal blooms in XXR. In this study, we conducted a sensitivity analysis on the reservoir area impacted by the operations of the TGR during different periods, providing valuable support for enhancing and refining the TGR regulation rule. For instance, the flood limit water level (145 m) could be raised to help control blooms in XXR at appropriate times during the flood season. By reservoir scheduling to induce these shifts, it provides an innovative yet straightforward strategy for algal bloom management. This approach essentially converges on the concept of ecology operation.



With the development of cascade hydropower projects and more attention to the ecological environment, the ability of reservoirs to effectively balance eco-environmental and dynamoelectric benefits through operational strategies is a matter of significant concern for all stakeholders involved [42]. There have been relevant studies on the impact of reservoir operations on aquatic ecosystems of tributaries [3,43] and the enhancement of tributary water environments through these operations [44].





5. Conclusions


This current study presents a thorough examination of the water level and temperature of the TGR on the Yangtze River. We analyzed the effects of reservoir operations on hydraulic characteristics, with a focus on the TGR’s backwater region. We conclude that:Large reservoir modeling research needs to consider dynamic storage capacity to achieve higher accuracy and to better reflect real conditions.



	(1)

	
During different operational periods of the reservoir, the range of areas affected by changing water levels varies. The sensitive zone is largest during the drawdown period (468 km river channel), making it more feasible to achieve ecological benefits through operational regulation. Conversely, during the impoundment period, the sensitive zone is the smallest (76 km river channel), posing challenges for enhancing ecological and environmental benefits through operational regulations. During the flood season, the sensitive zone is moderate in size (168 km river channel), but ecological and environmental benefits need to be considered with priority of ensuring flood control objectives.




	(2)

	
The fluctuation in reservoir water levels alters the propagation speed of surface temperature waves in the river direction by increasing or decreasing the water volume. The propagation of surface water temperature waves from upstream to downstream could be delayed over a range of approximately 120 km in the flood season and could be delayed by about 36 km in the impoundment period. However, the spatial difference in the phase of temperature waves did not exceed 10 km during the drawdown period.




	(3)

	
The study of surface and vertical water temperature variabilities revealed different patterns across the flood season, drawdown, and impoundment periods. In most cases, the vertical water temperature in the TGR was well-mixed, but occasionally, short-term stratification occurred due to the flow velocity among the surface, middle, and bottom layers.







In summary, our research offers a comprehensive understanding of the TGR’s hydrodynamic and thermal characteristics during short-term scheduling. These insights provide significant scientific evidence for developing effective reservoir management strategies, beneficial for the TGR and other large-scale reservoirs worldwide.
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Figure 1. The spatial representation of the Three Gorges Reservoir (TGR) (highlighting the backwater area, extending from the Cuntan hydrologic station in Chongqing City to the Three Gorges Dam in Zigui, Yichang City. Key sections including Cuntan, Changshou, Wanxian, Yunyang, Fengjie, Wushan, Badong, and the TGD are displayed in green or red shapes). 
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Figure 2. Grids of TGR model: (a) plan view, (b) longitudinal profile, and (c) segment section for TGD. There were 316 segments and 214 layers in total. Length = 2000 m. Layer height = 1 m. 
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Figure 3. Water level processes for different regulation schemes: (a) flood season, (b) drawdown period, and (c) impoundment period with different initial water levels (145 m, 165 m, and 150 m). 
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Figure 4. Longitudinal zoning of sensitivity in channel reservoirs and their response to tide-type operations at TGD. (a–c) Daily water level fluctuations in different zones. V.S. tide-type operation at TGD. S.A., SS.A., and IS.A. represent “sensitive area”, “sub-sensitive area” and “insensitive area”. 
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Figure 5. Zoning of sensitivity in TGR during different operation periods: (a) flood season, (b) drawdown period, and (c) impoundment period. 
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Figure 6. Surface water temperature in different scenarios: (a) flood season, (b) drawdown period, and (c) impoundment period. 
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Figure 7. Water temperature longitudinal profile after different scenarios: (a) flood season, Julian Day = 175.4, (b) drawdown period, Julian Day = 470.4, and (c) impoundment period, Julian Day = 264.4. 
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Figure 8. Dynamic and static reservoir capacity of TGR under different water levels: (a) flood season and (b) dry season. 
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Table 1. Bathymetry parameters for all waterbodies.
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	Branch ID
	Upstream

/HydroStation
	Downstream

/HydroStation
	Number of Segments
	Branch Length (km)
	Tributary
	MetStation





	BR_1
	Cuntan
	Changshou
	39
	78
	—
	Changshou



	BR_2
	Changshou
	Wanxian
	124
	248
	WJ & LH
	Fengdu



	BR_3
	Wanxian
	Yunyang
	19
	38
	XJ
	Wanzhou



	BR_4
	Yunyang
	Fengjie
	37
	74
	MDX
	Fengjie



	BR_5
	Fengjie
	Wushan
	24
	48
	DNH
	Fengjie



	BR_6
	Wushan
	Badong
	22
	44
	—
	Badong



	BR_7
	Badong
	TGD
	37
	76
	XXR
	Badong










 





Table 2. Parameters of reservoir regulation scenarios.
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	Scenario Number
	IWL

(m)
	DF1

(m/Day)
	DLDF1

(Day)
	DWLU

(Day)
	DF2

(m/Day)
	DLDF2

(Day)
	DSP

(Day)





	S00
	145
	0
	0
	15
	0
	0
	15



	S01
	145
	1
	10
	5
	−1
	0
	15



	S02
	145
	1
	7
	7
	−1
	1
	15



	S03
	145
	1
	4
	4
	−1
	4
	15



	S04
	145
	1
	1
	1
	−1
	1
	15



	S10
	165
	0.2
	4
	0
	−0.6
	11
	15



	S11
	165
	−0.6
	15
	0
	0
	0
	15



	S12
	165
	−0.6
	11
	0
	0.2
	4
	15



	S13
	165
	−0.6
	4
	0
	0.1
	11
	15



	S14
	165
	−0.3
	15
	0
	0
	0
	15



	S20
	150
	0
	15
	0
	0
	0
	15



	S21
	150
	1
	2
	2
	1
	2
	15



	S22
	150
	1
	15
	0
	0
	0
	15



	S23
	150
	3
	3
	10
	3
	2
	15



	S24
	150
	3
	3
	0
	0.5
	12
	15










 





Table 3. Correlation coefficients (|R|) of typical sites during different periods. (p < 0.01).
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	Site Name
	Flood Season
	Drawdown Period
	Impoundment Period





	Cuntan
	0.1895
	0.6439
	0.3967



	Changshou
	0.3482
	0.8334
	0.2894



	Qingxichang
	0.7086
	0.8984
	0.3730



	Zhongxian
	0.8179
	0.9444
	0.5771



	Wanxian
	0.8686
	0.9747
	0.6663



	Yunyang
	0.8918
	0.9785
	0.6927



	Fengjie
	0.9381
	0.9894
	0.7397



	Wushan
	0.9682
	0.9947
	0.7583



	Badong
	0.9964
	0.9987
	0.9099
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