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Abstract

:

The discharge of low-temperature water from the middle and lower layers of thermally stratified dam reservoirs leads to thermal pollution and adversely affects fish production and reproduction in downstream rivers. Selective water withdrawal using stoplog gates is an effective approach to address this issue. However, comprehensively and effectively evaluating the effects of stratified withdrawal and optimizing the scheduling of stoplog gates to provide better ecological services to downstream habitats pose significant challenges for reservoir managers. In this study, an equivalent elevation method (EEM) was developed based on in situ observation data of water temperature. The EEM calculates the equivalent withdrawal elevation (EWE) in the far dam area corresponding to the discharge-water temperature (DWT), facilitating the evaluation of stoplog-gate effects. EEM was applied to a thermally stratified dam reservoir in southwestern China (Guangzhao reservoir, GZ). The results showed a significant positive correlation (r > 0.7, p < 0.05) between DWT and the vertical-water-temperature structure in the far dam area. The average EWEs for the 5-layer, 4-layer, and 3-layer stoplog gates in GZ were 697.2 m, 690.8 m, and 689.9 m, respectively. Utilizing the EEM findings, a scheduling operation scheme was proposed to improve DWT while reducing the number of stoplog-gate operations, thereby increasing their efficiency and saving the cost of invested labor and time. This method provides a reference for reservoir managers in optimizing stoplog-gate-scheduling strategies to mitigate potential risks to aquatic ecosystems caused by abnormal water temperature.
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1. Introduction


Due to reservoir-water-temperature stratification, the release of low-temperature water from the middle and bottom layers during the warming period can directly impact the downstream river’s water-temperature pattern [1], leading to adverse effects on downstream habitat, particularly the production and reproduction of fish [2,3]. Currently, the primary approach to addressing this issue is through stratified-water-intake measures [4]. A relatively new design is of selective withdrawal with stoplog doors [5,6], which can adjust the inlet position by stacking different layers of gates in front of it. This method is widely used in large reservoirs such as Guangzhao, Nuozadu, and Wudongde in Southwest China due to its high intake flow rate, adaptability to significant water-level changes, and ability to continuously acquire warm surface water. However, for reservoir managers, the quick and effective evaluation of how stoplog gates operate and their optimized scheduling remain challenging problems.



Currently, most researchers employ simplified empirical formulas [7,8], indoor physical model tests scaled to certain proportions [9,10], and numerical hydrodynamic models, such as CE-QUAL-W2 [11,12] and EFDC [13,14] to investigate the relevant issues and assess the impact of water extraction from stoplog gates. These methods have guided the development of operational programs to some extent by calculating the discharge-water temperature (DWT), processed under certain representative operating conditions. However, because the actual operation of stoplog gates is influenced by various factors, such as changes in reservoir level, hydrodynamic conditions, climatic conditions, and human activities [15,16], it is challenging to accurately reflect the dynamic change process of the reservoir by evaluating the operational effect based on the calculation results of preset working conditions. Moreover, the effectiveness of the stoplog gate in practical applications may not be fully realized when scheduling plans are based on using such methods. For instance, the year-long-observation data of water temperature at the Nuozadu reservoir in Yunnan Province, China, showed that only one layer of the three-layered stoplog gates was actually used to meet the required downstream-fish-breeding water temperature, despite the design manual requiring three layers [17]. In some reservoirs, only one layer of the stoplog gates was used in actual practice due to the lack of scientific guidance on the dispatching process, and the desired effect of improving the water temperature of the outlet reservoir was hardly satisfactory. Therefore, there is significant potential for optimizing the management of stratified-water-intake facilities. An urgent need exists for a fast, real-time, and effective method to evaluate the operational effectiveness of stoplog gates and to follow up and analyze their effectiveness in real time to assist managers in guiding the scheduling of stoplog gates.



Continuous monitoring of water temperature has the advantage of providing real-time and accurate information on the changes in the water-temperature-structure process, in contrast to empirical formulas, physical tests, and numerical models [18,19]. With recent advancements in temperature-sensor accuracy, long-distance transmission, and high-frequency monitoring technologies, water-temperature monitoring in reservoir areas and rivers downstream of dams has become more widespread [15,19,20,21,22]. The use of hourly and daily monitoring data enables a more realistic and accurate reflection of the reservoir’s thermal-change process [16,23,24]. Studies analyzing the impact of stoplog-gate operations on DWT based on water-temperature monitoring have also been conducted [25]. However, related studies have shown that the DWT is affected by the abstraction flow rate, vertical-water-temperature structure, and other factors, and has a certain correlation with the dam elevation [8]. Most of the current analysis methods based on monitoring data only focus on DWT changes and ignore the correspondence with dam elevation [26], and cannot effectively explore the relationships between the monitored data; thus, they cannot fully reflect the effectiveness of the stoplog gate, and are limited in their ability to serve as a reference for scheduling strategies.



In 2019, a selective withdrawal experiment was conducted at the Guangzhao reservoir (GZ) in Southwest China, where different intake channels were used. Simultaneously, data on power plant scheduling and stoplog-gate operation were collected to analyze the response relationship between the DWT and the vertical-water-temperature structure upstream of the dam. Based on the continuous high-frequency monitoring data obtained in the stratified-water-extraction test, the study (1) reveals the change process of the thermal state and DWT in the GZ on the “time and day” scale, (2) establishes the equivalent elevation method (EEM) to evaluate the operational effectiveness of the stoplog gate in GZ, and (3) proposes the optimization of the stoplog-gate scheduling in GZ during the test period. Our work aims to provide a new perspective for evaluating the stoplog-gate operational effectiveness, and then provide a reference method for managers to develop a better stoplog-gate-scheduling scheme.




2. Materials and Methods


2.1. Study Area


GZ (25°57′ N, 105°14′ E) is located in the middle reaches of the Beipan River (Figure 1a) in Guizhou Province, China. The station operates within a watershed area of 13,548 km2 above the dam, and the average annual flow rate is 257 m3/s. The reservoir area spans 51.54 km2, with a normal storage level of 745 m and a total capacity of 3.245 billion m3, corresponding to a normal storage-level capacity of 3.135 billion m3. The reservoir serves as a partial regulating reservoir, with a regulating capacity of 2.037 billion m3.



During the warming period, the discharge of low-temperature water downstream can have further negative impacts on the growth and reproduction of fish populations [27]. The study area is mainly inhabited by temperate-zone fish species, with carp being the dominant population. Their spawning period occurs from March to August each year, and they require a minimum-water-temperature threshold for successful reproduction of 18 °C. The phenomenon of downstream discharge of low-temperature water from March to August every year in GZ can have adverse effects on the growth and reproduction of downstream fish populations.




2.2. Overview of the Stoplog Gate


GZ regulates the water temperature by releasing water in a layered manner using a stacked steel gate system. The hydropower station has two intake channels, each of which is equipped with two water turbines. The six-hole stoplog gate is arranged in front of the inlet of the diversion channel, the inlet floor elevation is 670 m, the stoplog gate is divided into 20 sections, the height of each section is 3 m (Figure 1c), the highest gate-top elevation is 730 m, and the minimum operating water depth at the top of the gate is 15 m. The operation of the stoplog gate is carried out according to the rise and fall of the reservoir water level. The guiding regulation is that the water level should be higher than the operating-stoplog-gate-top elevation of 15 m, as such when the reservoir water level is lower than 745 m (normal storage level), the first section of the stoplog door is lifted, and when the reservoir water level is lower than 742 m, the second section of the stoplog door is lifted, and so on. The scheduling operation of the stoplog gate during the test period of the GZ is shown in Table 1.



Since the deployed vertical-temperature chain fluctuates with the water level, the original water-temperature-monitoring data were collected based on depth from the water surface. In this study, the original data were combined with the process of reservoir-water-level changes and transformed into a process based on elevation. Then, using Equation (1), linear interpolation is employed to calculate the water temperature at a fixed elevation.


    T   x   =   T   x n   +     Z   x   −   Z   x n       Z   x n + 1   −   Z   x n         T   x n + 1   −   T   X n              



(1)




where     T   x     represents the water temperature at a fixed elevation; Zvn and Zvn+1 represent the elevation of two adjacent points of a fixed elevation on the vertical-temperature chain; Tvn and Tvn+1 represent the adjacent-point water-temperature values; and     Z   x     represents a fixed elevation.




2.3. Selective-Water-Withdrawal Test


To obtain higher precision and frequency monitoring data and analyze the effect of using the GZ stoplog gate, a stratified-water-withdrawal test was carried out in the GZ from 12 April to 30 June 2019. Diversion channels #1 and #2 underwent different water-withdrawal methods, using the stoplog-gate stratified-water-withdrawal method and the original bottom-intake water-withdrawal method, respectively. The vertical-temperature monitoring chain was placed at the drift-stopping row in the reservoir area, and online monitoring points were placed at the discharge outlet of the hydropower station (Figure 1b). The frequency of monitoring the vertical-temperature chain in front of the dam was 1 h, the frequency of monitoring the drainage points of the hydropower station was 0.5 h, and the temperature accuracy was 0.1 °C for both to accurately capture the change process of the vertical-water-temperature structure and the DWT in front of the dam. In addition, information on reservoir scheduling, turbine operation, and the number of stoplog-gate layers in operation are collected simultaneously from the reservoir-management office.




2.4. Statistical Analysis and Stratification Index


2.4.1. Stratification Index


In this study, the (i) vertical-water-temperature gradient [28], (ii) buoyancy frequency [29,30], and (iii) water-stability index [31] were selected as evaluation indicators to quantify the thermal stratification of water bodies and to assess the intensity of stratification stability in reservoirs [32]. The stratification stability index (SI) was selected to quantify the stratification stability of the water column. When the entire water column is homogeneous, the SI value is 0, and when the water column is strongly stratified, the value is larger.



The vertical-water-temperature gradient (VTG, °C/m):


  V T G =   ∂ T   z     ∂ z    



(2)







The buoyancy frequency (N, 1/s):


  N =  −   g     ρ   0       ∂   ρ   z     ∂ z     



(3)







The stratification stability index (SI, kg/m2):


  S I =   ∑  Z =   Z   0     Z =   Z   1      ( Z −   Z  ¯    )   ρ   z      



(4)




where T(z) is the water temperature at depth z. Where N represents the local stability of the water column, and the trend magnitude of the vertical direction of motion of the flowing water body after being disturbed. In the analysis of this study, the main concern is the effect of gravity and buoyancy;     ∂   ρ   z     ∂ z     is the vertical density gradient; g is the gravitational acceleration;     ρ   0     is the average density of the entire water column; and     ρ   z     is the density at depth z, which is assumed to be solely temperature dependent [32]. Where Z is the depth of the water column from the surface, Z0, Z1, and Z are the depths of the surface water, the lower end of the water column, and the centroid of the water column, respectively.




2.4.2. Statistical Analysis


Microsoft Excel version 2016 and Python numpy, pandas, and matplotlib libraries were used for data processing, analysis, and plotting. The correlation analysis was performed using the Spearman correlation coefficient (r):


  r = 1 −   6  ∑    D   2       n     n   2   − 1      



(5)




where D is the difference between the order of the two sets of data, and n is the number of data. When 0.7 < r < 1, there is a strong correlation; 0.4 < r < 0.7, is a moderate correlation; 0.0 < r < 0.4, is weak correlation; and r = 0, no correlation. The significance levels are reported as significant if p < 0.05.






3. Results and Discussion


3.1. Data Analysis


3.1.1. Processes of Thermal Stratification


Thermal stratification in reservoirs is a crucial physical process that results in an uneven distribution of water temperature in the vertical profile, thereby influencing the mixing, convection, and distribution of dissolved oxygen in the vertical water column [22]. The changes in the temporal average vertical water temperature, vertical-temperature gradient, and buoyancy frequency in the reservoir area during the test period (Figure 2) showed that the vertical-water-temperature distribution in the reservoir area had a stable stratified structure in general, changing significantly from a surface-water thermocline structure in the early stage to a double-thermocline structure, where the surface and middle thermoclines existed simultaneously.



The variation in reservoir water temperature depends mainly on the balance between the heat balance of each element [19,33]. During the test period, the water body was subject to the effect of temperature and solar radiation heat storage and accumulation; the water temperature gradually increased, and the change weakened with increasing depth. The surface water temperature reached 22.9 °C, 23.9 °C, and 26.8 °C from April to June, respectively, and the bottom water temperature changed less, remaining at approximately 15.6 °C (Figure 2a). The thickness of the high-temperature water layer increased from 2 m at the beginning of the test to 20 m at the end of the test. The greatest vertical-temperature difference occurred mainly in the 20 m of surface water by the end of the test, with the temperature difference at the 10 m surface layer accounting for approximately 57% of the entire vertical-temperature difference, and the temperature difference at the 20 m surface layer accounting for approximately 88% of the entire vertical-temperature difference (Figure 2b). The surface buoyancy frequency within the 20 m layer expanded from 0.02 s−1 to 0.05 s−1, and the location of the peak buoyancy frequency was basically the same as the location of the thermocline (Figure 2c), which was inhibited by buoyancy. The water at the bottom of the reservoir could not exchange and mix with the upper water during the warming period, and the vertical-temperature difference gradually expanded to 7.4 °C, 8.4 °C, and 11.0 °C from April to June, respectively. The daily variation process of the SI value during the test period (Figure 2d) was calculated, and the average values were 176.2 kg/m2, 253.3 kg/m2, and 394.6 kg/m2 in April to June, reflecting that the stability of the reservoir’s vertical water column was further enhanced, and the higher stability also implied stronger stratification.




3.1.2. Process of the DWT


The operating water level of the reservoir during the test period varies between 698.31 m and 710.35 m, and the depth of water withdrawal changes accordingly. Considering the existence of obvious intermittent turbine stoppage in the hydropower station, the invalid data are removed based on the turbine operation during the time period, and the DWT process is extracted from drainage channels 1# (Figure 3b) and 2# (Figure 3a) during the day when there is drainage for power generation, thus forming a comparison dataset. Drainage channel 1# is in operation before the stoplog gate changes from 3 to 5 layers, and due to the stoplog gate acting as a retaining wall, the reservoir in the warming period continuously obtain the surface layer of warm water. The DWT fluctuates between 16.0 and 21.4 °C from April to June, and the average monthly temperature values are 17.4 °C, 18.6 °C, and 20.5 °C. In drainage channel #2, at the original bottom-inlet-water intake, the water-intake depth is deeper, and reservoir stratification as influenced by the discharged lower water temperature is more obvious. The DWT in April–June are 16.5 °C, 18.0 °C, and 20.0 °C, which is cooler compared to the stoplog-gate stratified water withdrawal where the DWTs have different degrees of decline. For the possible impact of discharging low-temperature water on fish in the downstream river, 18 °C was selected as the water-temperature threshold to protect the normal growth and reproduction of fish [34]. The comparative analysis found that the DWT of drainage channel #1 reached 18 °C on 1 May, 10 days earlier than the arrival time of drainage channel #2 on 10 May. The selective withdrawal of water from the stoplog gate of the GZ slightly improved the discharge of lower-temperature water, and the maximum average daily improvement during the test period reached 1.4 °C (Figure 3c).





3.2. Correlation Analysis


Related studies have shown [7,35,36] that the DWT is coupled by the hydrodynamic and temperature fields in front of the inlet, and there are many possible types of vertical mixing in a certain range in front of the dam during selective withdrawal, such as a downward shift of the oblique thermocline and internal fluctuations due to hydrodynamic pumping [37] (Figure 4a). Meanwhile, some scholars found [8,10] that the vertical-temperature distribution structure is the main factor affecting vertical mixing, and the density difference caused by temperature stratification leads to the emergence of buoyancy hindrance between the fetching layers. When the discharge flow is small, it is difficult for the hydraulic action to break the buoyancy limitation [38], which hinders vertical mixing, making the discharged-water body mainly form a thin horizontal layer in a small area near the outlet. With the increase in the discharge flow, the effect of hydraulic pumping gradually outweighs the persistent buoyancy effect, and the withdrawal layer gradually expands, and is even able to completely counteract the buoyancy effect and produce strong mixing before the dam, where the water body may be extracted from more than one withdrawal layer (Figure 4b).



Given that the selective DWT is the result of mixing the water temperature in each intake layer, there is a linear or nonlinear relationship with the inundation depth (Hs), water stability index (SI), intake flow (Q), and vertical-water-temperature structure (Figure 5).



The calculated results indicate that there is no significant correlation between DWT and Hs (p > 0.05). There is a weak correlation between DWT and Q (r = 0.2889, p < 0.05), suggesting that changes in withdrawal flow have a minor effect on DWT. A strong correlation between DWT and SI (r = 0.96, p < 0.05) suggests a strong relationship with the development of the vertical-water-temperature structure (Figure 5a). Further calculations of the water temperature at the elevations where the thermocline is concentrated (T680, T685, T690, T695) in relation to DWT (Figure 5b) showed correlation coefficients of 0.9751, 0.9742, 0.9637, and 0.7854, respectively. The temperatures at these elevations within the thermocline show a significant positive correlation with DWT (r > 0.7, p < 0.05), indicating that the DWT increases as the thermal structure of the reservoir develops.



In the actual operation of the reservoir, changes in boundary conditions such as vertical-stratification strength and withdrawal flow will cause frequent fluctuations in the DWT. Most of the current analysis methods for the application effect of the stoplog gate only focus on the changes in the DWT, ignoring the close connection between the DWT and various factors on the dam, and cannot explore the connections between the monitoring data, which makes it difficult to reflect the water-withdrawal elevation or withdrawal range of each layer of the stoplog gate and has a limited effect on the optimization of scheduling.




3.3. Evaluation of Selective Withdrawal Effects


In most cases, considering engineering and ecological constraints such as the difficulty of opening and closing the stoplog gate and the downstream-water-temperature demand, it is difficult for us to observe and evaluate the effectiveness of using the stoplog gate by conducting similar comparative tests of stratified water withdrawal. Here, we introduce the EEM, based on the advantages that the area far from the dam is not easily disturbed by the complex hydraulic relationship in front of the intake, has a stable vertical-water-temperature structure, and the range of the flow layer fluctuates little [38]. Based on real-time monitoring data of the DWT, we aim to identify the elevation of temperature points (Figure 4a) that correspond to the DWT in the remote dam area as the equivalent withdrawal elevation (EWE) to comprehensively characterize the response relationship between the DWT and the vertical-water-temperature structure. This can assist managers in quickly determining the location of the mainstream layer of the reservoir discharge and evaluating and analyzing the effect of stratified water withdrawal at the stoplog gate in the form of withdrawal elevation or withdrawal-layer range. The location of the EWE of the DWT at a certain moment can be determined using interpolation after searching for the temperature interval from the surface to the bottom of the vertical-temperature chain at the corresponding moment. The application process of the EEM is shown in Figure 6.


  Z =   Z   v n   +   T −   T   v n       T   v n + 1   −   T   v n         Z   v n + 1   −   Z   v n      



(6)




where Z represents the EWE; Zvn and Zvn+1 represent the elevation of two adjacent points on the vertical-temperature chain; Tvn and Tvn+1 represent the adjacent-point water-temperature values; and T represents the DWT.



Using the water-temperature data discharged from drainage channels #1 and #2, the vertical-temperature data away from the dam area, and the reservoir scheduling and other related information from 12 April to 30 June 2019, in GZ, the equivalent elevation corresponding to the daily DWT is calculated. Combined with Figure 2a, the two-dimensional distribution cloud map of “elevation–time–water temperature” is further constructed (Figure 7). The results in the figure show that during the test period, the distribution range of water-temperature-elevation points far from the inlet area corresponding to the DWT of the drainage channel, #2 without the use of stoplog-door selective water intake, is 685.5 m–699.8 m, and the average water-intake height is 690.4 m, which is located 20.4 m above the original inlet floor elevation of 670 m. The average elevation of the water-temperature-elevation point corresponding to the DWT of drainage channel #1 using the stoplog gate is 692.2 m, which is 22.2 m above the elevation of 670 m, which is 1.8 m higher than the elevation when there is no stoplog-gate selective water extraction. The effect is especially obvious when the 5-layer stoplog gate is in operation. At this time, the water temperature in the reservoir area shows a strong single-thermocline structure (Figure 2b), and the average vertical-temperature difference is 7.30 °C. The equivalent elevation corresponding to the DWT is located in the range of 692.6 m–700.7 m. The average temperature gradient is 0.38 °C/m, and the average water-intake elevation is 696.6 m, which is 3.4 m higher than the elevation of 693.2 m when there is no stoplog-gate selective water intake.



The EWE is affected by the weakening of vertical convection, and it is difficult to break through the buoyancy limit to reach the higher-water-temperature layer. During the 5-layer stoplog-gate operation time, the water level drops from 710.3 m to 703.3 m; the reservoir water-temperature-stratification intensity changes from weak to strong; the average vertical-temperature difference is 7.30 °C; and the temperature-leap layer gradually moves downward. The diversion channel 1# discharge-water temperature EWE is mainly distributed in the 17 °C–19 °C temperature layer, with an average temperature gradient of 0.54 °C/m and an average buoyancy frequency of 0.03 s−1. As the water level decreases and the thermocline layer descends, the EWE also gradually decreases, resulting in a wide range of changes during the time period. The diversion channel 2# EWE distribution is similar to that of 1#. The water-temperature stratification was further strengthened when the 4-layer and 3-layer stoplog gates were used (Figure 2b), and the lower edge of the thermocline gradually stabilized near an elevation of 685 m. The enhanced stratification strength gradually suppressed the fluctuation range of the EWE. The average temperature gradient of its distribution points was 0.53 °C/m and 0.42 °C/m, and the average buoyancy frequency was 0.03 s−1 (Figure 2c). In addition, four units generated electricity at the same time in the late stage of the test (Figure 3c), and the hydraulic pumping effect brought on by the increased water-withdrawal flow helped to overcome the inhibitory effect of buoyancy. The water-withdrawal elevation of the stoplog gate broke through the lower layer of the double-temperature leap layer (Figure 2b), and the temperature gradient was reduced instead, but the influence of the increased hydraulic effect was limited, and the inhibitory effect caused by the vertical-water-temperature stratification still dominated (Figure 7).



In general, the proposed EEM effectively avoids the complex combination of flow and temperature fields in front of the inlet by finding the DWT that corresponds to the temperature mass of the flow layer in the far dam area and establishing the response relationship between the DWT and the vertical-water-temperature structure of the dam. The EWE during the test period was generally distributed along the edge of the thermocline, with stable elevation fluctuation and a buoyancy frequency of approximately 0.03 s−1 at the distribution points. The vertical stratification has a strong limiting effect on the development of the fetch layer to the surface layer. In practical applications, the EWE form (Table 2) combined with information on the vertical-water-temperature structure and temperature-gradient distribution can effectively reflect the effect of stoplog-gate operation. However, it is worth noting that EEM is mainly applicable to the water-temperature-stratification period of the reservoir, and seeking temperature-mass points in the vertical isothermal situation is not feasible. In the early stage of the test, the #2 water-intake EWE is mainly distributed in the temperature layer of 16 °C–17 °C, which has a large span and a small vertical-temperature gradient, making it easy to produce errors when searching for isothermal mass points, resulting in large fluctuations. The search for temperature masses from the water surface downward causes the average withdrawal elevation of the bottom water intake at this stage to be high (Table 2). Such a situation mainly occurs during the development of the thermocline. Improving the monitoring resolution, accuracy, and frequency can solve this problem effectively.




3.4. Optimization of the Stoplog-Gate Scheduling


The operation scheme of using a stoplog gate for selective water intake needs to comprehensively consider the constraints of the project. On this basis, priority is given to meeting the water-temperature requirements of downstream-river organisms. At the same time, combined with the principle of avoiding frequent lifting and lowering of the stoplog gate, the optimization scheme of stoplog-gate scheduling for the test period of GZ is proposed according to Section 3.3. During the operation period of the 4-layer and 3-layer laminated beam gates, the operating water level of GZ fluctuates within the ranges of 710.0 m–702.8 m and 699.3 m–710.1 m, respectively. The water level meets the water-level requirements when using 5-layer stoplog gates (submerged depth is 685 m + 15 m) and 4-layer stoplog gates (submerged depth is 682 m + 15 m). We assume that the use time of the 5-layer stoplog gates is extended to 17 May, and the use time of the 4-layer stoplog gates is extended to 30 June. According to the average water-intake elevation of the 5-layer stoplog gate and the 4-layer stoplog gate obtained in Section 3.3, the water-temperature process at the average water-intake elevation during the extended period is compared with the observed DWT process without the stoplog gate. It can be deduced that the use of the 5-layer stoplog gate from 11 May to 17 May can increase the DWT by 1.7 °C, and the use of the 4-layer stoplog gate from 18 May to 30 June can increase the DWT by 0.9 °C (Figure 7). The estimation results show that the optimized stoplog-gate-scheduling scheme is more effective for low-temperature water improvement under the premise of satisfying the inundation depth constraint (Figure 8). However, the average withdrawal elevation of the stoplog gate in the case of high water level and weak stratification in the early stage to predict the DWT process during the next stage of water-level changes and enhanced stratification strength tends to overestimate the effectiveness of the stoplog gate, and it is difficult to achieve the 1.7 °C improvement in actual application. While the operation of the stoplog gate will change the vertical-water-temperature structure to a certain extent, so that the upper layer of water is mixed, the surface-water-temperature downward trend, and oblique temperature-layer-position downward also have a certain impact on the water-extraction elevation. A more appropriate optimization should be based on the evaluation of the effect of stoplog-gate operation in the same period in different years (EEM).



Our proposed EEM has been successfully applied in stratified reservoirs such as GZ in China, demonstrating its suitability for such reservoirs. Although differences in climate and water availability between years may cause some fluctuations in EWE, the method is generally stable and responsive to the vertical-water-temperature structure and is distributed within a certain range of water withdrawal. With growing concern over the ecological issues arising from thermal pollution in reservoirs, data on the vertical-water-temperature structure and discharge-water temperature in front of the reservoir are being accumulated. By continuing high-frequency water-temperature monitoring and using the EEM method, the average withdrawal elevation or withdrawal layer for each layer of the stoplog gate can be calculated within a certain range of water-level changes based on the monitoring data of the water-level-change range, vertical-water-temperature structure, and DWT during the same period in different years. This provides a reference for optimizing the scheduling plan of the stoplog gate.





4. Conclusions


The use of stoplog gates for selective water intake is an effective means to solve the problem of downstream thermal pollution caused by reservoir-water-temperature stratification. However, how to comprehensively and effectively evaluate the stratified-water-intake effect of stoplog gates and further optimize the operation of stoplog gates has always been a complicated problem for reservoir managers. Based on the stratified-water-intake test carried out in GZ, the DWT of two drainage channels (with or without a stoplog gate) is compared and analyzed. EEM is proposed to evaluate and analyze the operational effectiveness of the stoplog gate. The research results provide a new idea for the operational evaluation of stratified-water-intake facilities and provide a reference method for managers to optimize the scheduling scheme of stoplog gates. The main conclusions are as follows:




	(1)

	
The water-temperature distribution in the reservoir area of GZ showed a stable stratification structure during the test period, and the stratification intensity gradually strengthened. The SI varied between 109.36 kg/m2 and 446.85 kg/m2. The DWT of the drainage channel with 3–5 layers of stoplog gates was 1.4 °C higher than that of the drainage channel with the original bottom water inlet, with an average increase of 0.6 °C. This shows that the stoplog gate plays an important role in mitigating the adverse effects of water temperature in GZ.




	(2)

	
We proposed EEM to evaluate and analyze the stratified-water-intake effect of the stoplog gate and analyzed and demonstrated it based on the observation data in the stratified-water-intake test of the GZ. The stratified-water-intake effect is reflected by the water-intake elevation or the water-intake-layer range. For example, the water-intake layer range of the 4-layer stoplog gate is 689.8 m–691.7 m, and the average water-intake elevation is 690.8 m. The results show that this method is simple to use, can reflect the operation of the stoplog door, and has good practicability.




	(3)

	
EEM is used to analyze the monitoring data to statistically interpret the average water-intake elevation or water-intake layer within a certain range of water-level changes when different layers of stoplog gates are operated, which has value as a reference for optimizing stoplog-gate scheduling.









Future Perspectives


EEM requires a continuous layout of monitoring equipment to provide real-time water-temperature data and requires high-accuracy monitoring instruments, which have certain limitations. While strengthening the development and application of monitoring instruments, follow-up work can consider combining the current popular artificial-intelligence model to realize the dynamic visualization of elevation points, analyze the operational effectiveness of stoplog gates in real time, and simultaneously predict the future situation to further guide the operation of stoplog gates.
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Figure 1. (a) Location of GZ, southwestern China. (b) Locations of observation points in satellite imagery. (c) Overview of the stoplog gate and the deployment of water-temperature observation points. 
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Figure 2. (a) The vertical-water-temperature processes observed at the drift row during the test period. (b) The vertical-temperature gradient, (c) the buoyancy frequency, and (d) the water stratification stability index (SI) calculated from the vertical-water-temperature-change process. 
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Figure 3. (a) Time-averaged discharge-water temperature from drainage channel #2 using the original bottom inlet; (b) time-averaged discharge-water temperature from drainage channel #1 using the stoplog gate; (c) the effect of the stoplog gate on the improvement of withdrawal-water temperature. 






Figure 3. (a) Time-averaged discharge-water temperature from drainage channel #2 using the original bottom inlet; (b) time-averaged discharge-water temperature from drainage channel #1 using the stoplog gate; (c) the effect of the stoplog gate on the improvement of withdrawal-water temperature.



[image: Water 15 04145 g003]







[image: Water 15 04145 g004] 





Figure 4. (a) Possible vertical mixing in front of the dam and the EWE. (b) Changes in withdrawal flow patterns: with the increase in discharge flow, the water-intake layer gradually expands, and the mixing in front of the water intake gradually becomes stronger. 
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Figure 5. Correlation analysis of the DWT with (a) Hs, Q, SI, and (b) Tx (x represents the elevation of GZ). 
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Figure 6. The EEM operation procedure. 
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Figure 7. The EWE corresponding to the DWT form the drainage channel with or without stoplog-gate use during the test period. 
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Figure 8. Improvements from increasing the number of layers in the stoplog gate. 
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Table 1. Operation of the stoplog gate in GZ during the test period.
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	Stoplog Gate Layer
	Usage Time
	Top Elevation of the Stoplog Gate
	Minimum Operating Water Level
	Range of Daily Average Reservoir Levels over the Service Life





	5 layers
	12 April–10 May 2019
	685.00 m
	700.00 m
	703.3–710.3 m



	4 layers
	11 May–17 May 2019
	682.00 m
	697.00 m
	700.9–702.8 m



	3 layers
	18 May–30 June 2019
	679.00 m
	694.00 m
	698.3–709.2 m










 





Table 2. Average abstraction elevation during the test period for different layers of the stoplog gate.






Table 2. Average abstraction elevation during the test period for different layers of the stoplog gate.





	
Stoplog Gate Layer

	
Water Level

	
Average Abstraction Elevation with the Stoplog Gate

	
Average Temperature Gradient and Buoyancy Frequency

	
Average DWT (with the Stoplog Gate)

	
Average Abstraction Elevation without the Stoplog Gate

	
Average Temperature Gradient and Buoyancy Frequency

	
Average DWT (without the Stoplog Gate)






	
5 layers

	
711 m–709 m

	
700.4 m

	
0.33 °C/m 0.02 s−1

	
16.9 °C

	
697.1 m

	
0.12 °C/m 0.01 s−1

	
16.4 °C




	
709 m–707 m

	
697.8 m

	
0.57 °C/m 0.03 s−1

	
17.8 °C

	
693.9 m

	
0.17 °C/m 0.01 s−1

	
16.6 °C




	
707 m–705 m

	
695.4 m

	
0.54 °C/m 0.03 s−1

	
18.0 °C

	
692.1 m

	
0.23 °C/m 0.02 s−1

	
16.9 °C




	
705 m–703 m

	
693.1 m

	
0.54 °C/m 0.03 s−1

	
18.2 °C

	
691.7 m

	
0.47 °C/m 0.03 s−1

	
17.6 °C




	
4 layers

	
703 m–701 m

	
690.8 m

	
0.53 °C/m 0.03 s−1

	
18.4 °C

	
690.1 m

	
0.49 °C/m 0.03 s−1

	
18.0 °C




	
3 layers

	
701 m–699 m

	
689.2 m

	
0.53 °C/m 0.03 s−1

	
19.2 °C

	
688.5 m

	
0.52 °C/m 0.03 s−1

	
18.8 °C




	
711 m–709 m

	
691.3 m

	
0.32 °C/m 0.03 s−1

	
20.4 °C

	
689.7 m

	
0.37 °C/m 0.03 s−1

	
19.9 °C




	
709 m–707 m

	
691.4 m

	
0.21 °C/m 0.02 s−1

	
20.9 °C

	
689.2 m

	
0.24 °C/m 0.02 s−1

	
20.5 °C




	
707 m–705 m

	
690.7 m

	
0.18 °C/m 0.02 s−1

	
21.4 °C

	
688.6 m

	
0.23 °C/m 0.02 s−1

	
21.0 °C
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