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Abstract

:

A key challenge to environmental flow assessment in many rivers is to evaluate how much of the discharge flow should be retained in the river in order to maintain the integrity and valued features of riverine ecosystems. With the increasing impact of climate change and human activities on riverine ecosystems, the natural flow regime paradigm in many rivers has become non-stationary conditions, which is a new challenge to the assessment of environmental flow. This study presents a useful framework to (1) detect change points in runoff time series using two statistical methods (Mann-Kendall test method and heuristic segmentation method), (2) adjust data of the changed period against the original flow series into a stationary condition using a procedure of reconstruction; and (3) incorporate inter- and intra-annual streamflow variability with adjusted streamflow to evaluate environmental flow. The Jialing to Han inter-basin water transfer project was selected as the case study. Results indicate that a change point of 1994 was identified, revealing that the stationarity of annual streamflow series is invalid. The variations of reconstructed streamflow series are roughly consistent with original streamflow series, especially in the maximum/minimum values and rise/fall rates, but the mean value of reconstructed streamflow series is increased. The reconstructed streamflow series would further serve to eliminate the non-stationary of original streamflow, and incorporating the inter- and intra-annual variability would upgrade the ecosystem fitness. Selecting different criteria for the conservation of riverine ecosystems can have significantly different consequences, and we should not focus on the protection of specific objectives that will inevitably affect other aspects. This study provides a useful framework for environmental flow assessment and can be applied to a wide range of instream flow management approaches to protect the riverine ecosystem.
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1. Introduction


The integrity of riverine ecosystems and native biodiversity is the foundation of River Health [1,2]. However, human activities, such as water diversion, dam construction, and urbanization, have a variety of negative impacts on riverine ecosystems, and have changed the natural flow regime paradigm [3,4,5,6]. The change in the naturally variable regime of flow caused by human activities is regarded as one of the primary factors leading to the degradation of riverine ecosystems. Therefore, recent studies on environmental flow (EF) have shown that the natural flow regime paradigm, rather than just a specific low flow, is immediately required to sustain riverine ecosystems [7,8]. Assessment of EF based on the natural flow regime paradigm, therefore, becomes a reasonable procedure in designing measures for river protection and restoration. However, due to the impact of climate change and human activities, the natural flow regime paradigm in many rivers has presented non-stationary conditions, which is a new challenge to the assessment of EF [9,10,11].



Traditional methods of EF assessment are inappropriate for the management of riverine ecosystems when diverse human activities and climate change are taken into account [12,13]. The EF assessments, which are now widespread, promote the notion that traditional methods which are now common for site-specific assessment should be extended to include regional methodologies [14]. The trend of environmental water science is to integrate water resources management with flow-ecological modelling to balance the water demand of human society and freshwater biodiversity, and sustain riverine ecosystems and the ecosystem services they provide [4,15,16,17]. Because of the deterioration of ecosystems in many rivers around the world, river ecological protection has been received great attention. Though EF can be evaluated in a number of different procedures, almost all are dependent on two aspects: (1) sustain freshwater biodiversity and the integrity of riverine ecosystems with limited alterations from the natural flow baseline, and (2) preserve site-specific species and ecosystem service outcomes with designing flow regimes [18,19]. In practice, as the river authority struggles to preserve and restore riverine ecosystems, the former practice is needed to ensure that current ecological conditions of natural and semi-natural rivers do not deteriorate further. The later flow management is more applicable to the modified and regulated rivers where it is not feasible to revert to the natural conditions, and its primary objective is to maintain the important ecological processes and human well-being, i.e., through economic growth, population growth, and recreation. At present, a river basin is characterized by climate change and intensive management. Where hybrid and complex riverine ecosystems predominate, the best approach of EF requires extensive site-specific data and comprehensive modelling.



A key challenge for EF assessment in regulated rivers is to evaluate how much of the discharge flow should be retained in the river in order to maintain the integrity and valued features of riverine ecosystems [19]. Much research in recent years has established numerous formal methodologies for evaluating EF requirements. One of the best-known examples of EF assessment is the Ecological Limits of Hydrologic Alteration framework (ELOHA) [20], which was recommended by an assembly of agency scientists and NGOs. The ELOHA framework provided a scientifically-informed basis. It depends on the existing hydrologic and ecological databases from researchers and environmental water practitioners within a synthesis flow-ecological models for rivers to develop methodically viable and scientifically-testable hydrological characters for ecological responses revealed by flow alteration. These characters are achieved by four principal steps, and serve as the foundation for the societally-driven process of developing regional flow standards. The ELOHA framework and its derivatives are applied in many areas [21,22,23]. However, much research has recognized that the strength of the relationships between flow alteration and ecological responses is likely to be subject to numerous interpretations in many cases, which depend on the researcher’s expertise [24,25]. Scientific knowledge and information are not strong enough to establish an appropriate baseline in many areas; therefore, this acknowledged constraint has limited the availability of this framework.



Temporal variability is an important feature of natural streamflow. Generally speaking, the traditional method of EF assessment is to obtain different flow rates according to the different periods of the year, such as the flood season and dry season, which reflects the intra-annual streamflow variability in the EF. Furthermore, there is also inter-annual variation in the natural streamflow; this is also very important to biological survival and reproduction. Inter-annual streamflow variability is integrated into the ecological flow; it not only provides richer hydrological information for the ecological conservation, but can also alleviate conflicts between the water demand of ecosystems and human beings, especially in dry years [15,26]. However, few studies have considered the inter-annual streamflow variability in EF; therefore, this paper integrated inter- and intra-annual streamflow variability to divide the annual total runoff into different water years, and calculate the different EF for these water years.



The current EF science is based on long-term, historical patterns of flow stationary variability, which are no longer applicable to the current, non-stationary situation which is a consequence of intensified hydrological alteration [12,27]. Stationarity to streamflow is an opposite concept to non-stationarity. The stationarity of streamflow means that the statistical characteristics of historical streamflow have not been changed. Correspondingly, the statistical characteristics of non-stationary streamflow have been altered by climate change or human activates [28,29]. However, a few previous studies have taken into account the climatic and ecological non-stationary variability. In the last decade, it has become clear that the flow regime is changing due to human activities and global climate change on regional scales, where rapid global warming and global transformation of the land surface are causing means and variances of precipitation and streamflow to undergo significant changes [14,19,30,31,32,33]. These non-stationary conditions produce challenges for EF science in that hydrologic baselines are shifting, leading to historical hydrologic time series which are extremely questionable for use as stable conditions for EF practices [34,35,36]. These practices limit the use of historical conditions as a standard for restoration ecological benefits. Therefore, the most important task for EF assessment under non-stationary flow conditions is to adjust the non-stationary flow to return to stationary conditions. Furthermore, it is not possible to fully restore the time series of hydrological variability to the original conditions, and in practice, the key variables (e.g., seasonal, trend and maximum/minimum) [37] which are most closely related to the ecosystem should attempt to revert to the original conditions as much as possible.



At present, most research focuses on the study of ecological response under the context of non-stationarity, which is helpful for understanding the relationship between hydrological alteration and ecological response [5,9,25,38,39]. However, few studies have applied the ecological response to the procedure of EF assessment and the lack of a scientifically-feasible framework for the calculation of EF under the hydrological alteration. Hence, this paper attempts to deal with the non-stationarity of hydrological series from the perspective of Time Series Decomposition and Reconstruction, in order to ensure the consistency of key hydrological variables in the ecosystem.



The goal of this paper is to present a reasonable approach that incorporates inter- and intra-annual streamflow variability with the adjusted streamflow to investigate and synthesize obtainable scientific information into logic-based and socially-acceptable objectives for comprehensive EF management. This study was conducted to (1) detect change points in the annual streamflow series; (2) adjust the monthly flow for the changed period against the original flow series into a stationary condition; and (3) use the adjusted monthly streamflow and incorporate the inter- and intra-annual streamflow variability to evaluate EF. These issues were examined via a detailed case study of the Jialing to Han inter-basin water transfer project in China.




2. Study Area and Data


The Wei River is the foundation of human activities and multiple riverine ecosystems in the Guanzhong Plain of China, which sustains the drinking, industrial, and irrigation water of a total population of 22 million people in 76 major cities. Recent studies have shown that the Wei River runoff shows a decreasing trend, leading to serious water shortages and riverine ecosystem degradation problems because of the influence of climate change and human activities [40,41,42]. Therefore, the Han to Wei inter-basin water transfer (IBWT) project was conceived to solve this problem, which is the most significant water transfer project in Shaanxi province, China. The project is constructed across the boundaries of the Han River basin (donor basin) and the Wei River basin (recipient basin) in China.



The Han to Wei IBWT project is located in the upper reach of the Han River basin, and its main purpose is to alleviate water scarcity in the Wei River basin. The project is planned to divert water for 22 water use sectors, including industrial parks and urban cities, and to divert an annual average of 1000 million m3 (MCM) of water to the Wei River basin in 2025, and 1500 MCM water in 2030. It should be noted that the Han River has been selected as one of the water sources for the south-to-north water transfer project (the world’s largest IBWT project), and the runoff is diverted primarily to satisfy the water resource demand of the south-to-north water transfer project. For this reason, the transferable water amount of the Han to Wei IBWT project is subjected to 2200 MCM in wet year and 7 MCM in dry year by the Changjiang Water Resources Commission (CWRC). Due to constraints, the Han to Wei IBWT project cannot satisfy the water demand of the central plain, and the efficiency of the project also cannot be fully achieved. Therefore, the Shaanxi provincial government recommended a new water transfer project of the Jialing to Han River IBWT Project to make up for the shortfall.



The Jialing to Han River IBWT Project is being planned; it will see construction across the boundaries of the Jialing River basin (donor basin) and the Han River basin (recipient basin), and divert an annual average of 500 MCM of water to the Han River basin in 2030 (Figure 1). In this project, the role of the Han River basin will be conversed from donor basin to recipient basin, and the Han River will have sufficient water resources to meet the water demands of the human and riverine ecosystem. The Jialing to Han River IBWT Project is located in the upper reach of the Jialing River basin, and the point of diversion (POD) of the project is located on the Lueyang County, Shaanxi Province. According to the design information (obtained from the Water Bureau of Shaanxi Province.), the project will divert the flow rate of 40 m3/s from the POD, and discharge the EF of 21.6 m3/s (20 percent of annual average runoff), to protect the multiple riverine ecosystem of the down reach in the POD. However, with climate change and human activities, the streamflow of the Jialing River has changed; as such, the riverine ecosystem cannot be sufficiently protected by the planned EF.



In this study, monthly streamflow data were used to restore data homogeneity. Then, the EF was calculated using the adjusted data in the POD. The calculated and planned EF were used as the constraints of a diverted process and for comparison with each other.




3. Methodology


The goal of this section is to introduce an approach of EF assessment for ecosystem protection that is adapted to the changed streamflow regime of the Jialing river streams in nonstationary conditions. Key procedures for EF assessment in Jialing river streams include: (1) the Mann-Kendall (MK) test method and heuristic segmentation method, to identify change point in the streamflow time series; (2) the data of the changed period against the original flow series were adjusted by using the Seasonal-Trend Decomposition based on Loess smoothing (STL); (3) the adjusted flow series was divided into wet, normal, and dry years by using the standardized precipitation index (SPI); (4) the EF with different water years was evaluated using the percent of flow approach; (5) the planned and calculated EF were compared, and detected the most comprehensive policy for the conservation of riverine ecosystem.



3.1. Change Point Analysis Method


At present, there are many traditional statistical test methods for identifying the change point in the time series, like the sliding F test, sliding T test, and rank sum test. These methods are limited to a specific time series, and are highly dependent on the assumption that the time series is stationary and linear [43]. The limitation leads to a further reduction of its flexibility. For nonstationary and nonlinear time series, these conventional methods make it difficult to accurately identify the real change point in the time series. In this paper, we selected the MK test method [44,45] and the heuristic segmentation method to identify the possible change point. The following section is a brief description.



The MK test method is a nonparametric statistical test method which has been widely used throughout the world. H. Bmann and M.G. Kendall (1975) proposed the principle and developed the method, which can detect the trend and change point of time series. The MK test method does not require a preset length for the time series. However, it is difficult to use the method for time series with multiple variables or multiple scale mutations. The specific calculative processes can be referred to [46,47].



The hydrological time series is influenced by climate change and human activities, and it often presents a high degree of nonlinearity and non-stationarity. The traditional statistical test method is used to detect the change point of hydrological time series, which often produces a certain deviation. The heuristic segmentation method proposed by Pedro et al. (2001) [48] is mainly used to identify the change points of mean values for nonlinear and nonstationary time series. Due to the method adopting an iterative algorithm in Split, it significantly reduces the computational cost and has a great practicability. Compared with traditional method, the heuristic segmentation method can be used to segment a nonstationary time series into several stationary subseries, and it can overcome the shortcomings of conventional methods. Therefore, this study also used the heuristic segmentation method to identify the change point of annual streamflow series in the Jialing River.




3.2. The Decomposition Procedure


Decomposition is a statistical method that disects a time series into several components; each represents one of the feature-based subseries. A time series is usually decomposed into Trend, Seasonality, and Reminder, respectively [49]. The three components can be obtained using an additive mode, which is shown as follows:


   Y t  =  T t  +  S t  +  R t     



(1)




where Yt is the time series at time t, Tt is the trend component at time t, St is the seasonal component at time t, and Rt is the reminder component at time t.



In this study, the decomposition of time series into trend, seasonality, and reminder components was performed in the R-software package using the STL. It is a popular algorithm in time series decomposition, which is based on the loess approach to decomposing the data of a certain moment into the trend component, seasonal component, and remainder component. The calculation process of the STL is divided into inner and outer loops, in which the inner loop mainly does the calculation of trend fitting and periodic component and the outer is mainly used to regulate robustness weight [50,51].



The procedure is accomplished in a circulation of detrending and then updating the seasonal component from the resulting subseries. At every iteration, the robustness weights are formed based on the estimated irregular component; the former is then used to down-weight outlying observations in subsequent calculations. The iterated cycle is therefore composed of two recursive procedures, the inner and outer loops. Each pass of the inner loop applies seasonal smoothing that updates the seasonal component, followed by trend smoothing that updates the trend component. An iteration of the outer loop consists of one iteration of the inner loop, with the resulting estimation of the trend; seasonal components are used to calculate irregular components. Any large values are identified as extreme values, and a weight is calculated. This concludes the outer loop. Further iterations of the inner loop use the weights to down-weigh the effect of extreme values which were identified in the previous iteration of the outer loop. Compared with other decomposition procedures, the significant performance of the STL is strong resilience to outliers in the data, resulting in a robust subseries. For a more detailed description of the STL decomposition procedure, the reader is referred to Cleveland et al. (1990) [49].




3.3. Standardized Precipitation Index (SPI)


The Standardized precipitation index (SPI) [52,53] is a method for analyzing the characteristics of drought (frequency, duration, spatial distribution pattern, and intensity) by using the long series of precipitation data. The SPI is employed to characterize the probability of precipitation in a certain period of time, and it is appropriate for drought monitoring and evaluation relative to the local climatic conditions on a monthly time scale [54,55]. The Gamma distribution is used in SPI to identify the change of precipitation, and the cumulative probability distribution is transformed into the standard normal distribution. Normalized precipitation cumulative probability distribution is used to classify the drought grade. Due to its simplicity and low data requirements, it has been widely used [56,57,58].



In this study, considering the inter-annual variability of streamflow, the annual streamflow monitoring data of the Jialing River is dissected into three typical series (wet, normal and dry) by using the SPI [15]. The calculation formula is as follows:


  SPI =  Φ  − 1    [   F R   ( r )   ]     



(2)




where r is the annual runoff, FR is the cumulative probability distribution of the annual streamflow, and Φ−1 is the inverse standard normal distribution.



According to the definition of the SPI, the values of SPI greater than 0.5 are classified into the wet years, the values of SPI less than −0.5 are classified into the dry years, and the values of SPI ranging between −0.5 and 0.5 are classified into the normal years. The detail of the calculation process and the criteria are described in Svoboda et al. (2002) [59].




3.4. Percent of Flow Approach


Many traditional methods of environmental flow assessment can only be applied to specific regions because of need for massive amounts of site-specific data, expensive modeling, or both. Furthermore, they often do not preserve the full range of variability in the riverine ecosystem. The percent-of-flow (POF) strategy is a holistic flow management strategy, and is designed to preserve multiple riverine ecosystems and protect intra-annual flow variability [60,61]. The site-specific POF procedure usually requires unimpaired or historic flow information, and its lack of universality protects the natural flow regime. Although there is limited guidance for what small, or minimum flow should be allocated by the POF procedure to protect riverine ecosystems, according to the law of tolerance, there are natural minimum and maximum thresholds of flow which handle the survival and development of riverine biology [62]. While allocating the EF below the minimum threshold, riverine ecosystems will cause an irreversible deterioration [63,64]. Therefore, in practice, a minimum EF process is needed to protect the river ecology. Based on a review of previous studies, this paper identified the EF using the monthly 90th percentile exceedance values of flow with different water years in the POD.




3.5. Range of Variability Approach (RVA)


The indicators of hydrological alteration (IHA) statistical method is recommended by Richter et al. (1997) [65,66]; it is used to characterize within-year variation in stream flows. Richter analyzed the rationality and adaptability of the IHA, and proposed a further method—the range of variability approach (RVA)—which is used to calculate the degree of alteration for each hydrologic parameter in IHA. The RVA method serves to compare the two periods of a hydrologic time series, and the RVA values are organized into five statistical groups to estimate the hydrological parameters between the pre-impact stream flow (natural flow) and the post-impact stream flow. The five groups simply denote a noticeable and significant alteration in stream flow characteristics, including magnitude, timing, frequency, duration, and rate of change of flow.



This statistical method defines the target ranges (between 25th percentile value and 75th percentile value) to partition the full range of pre-impact data into different categories: low category, middle category, and high category. The degree of stream flow alteration, Di, is calculated as:


   D i  =  |     N 0  −  N e     N e     |  × 100 %    



(3)




where No and Ne are the expected and observed numbers of years whose RVA values fall into the target ranges during the post-impact flows, respectively.



Synthetic hydrological alteration, D0, is evaluated by the following:


   D 0  =    [   1  32     ∑  i = 1   32     D i 2     ]    1 / 2   × 100 %    



(4)








3.6. Indicators of the Intra-Annual Variability of Streamflow


In this study, six statistical coefficients (nonuniformity coefficient (Cn), complete accommodation coefficient (Cc), concentration degree (Cd), concentration period (Cp), relative variation range (Cr), and absolute variation range (Ca)) were used to comprehensively estimate the characteristics of intra-annual streamflow variations.



The nonuniformity coefficient (Cn) and complete accommodation coefficient (Cc) are used to estimate the variation of intra-annual streamflow; they are formulated as follows:


    C n =      1  12     ∑  t = 1   12     (  Q  ( t )  −  Q ¯   )         Q ¯        C c =     ∑  t = 1   12    j  ( t )   [  Q  ( t )  −  Q ¯   ]        ∑  t = 1   12    Q  ( t )      , j  ( t )  =  {      0 , Q  ( t )  <  Q ¯        1 , Q  ( t )  ≥  Q ¯           



(5)




where Q(t) is the monthly flow and    Q ¯    is the average of monthly flow.



The concentration degree (Cd) typically indicates the degree of concentration of the intra-annual distribution of flow, and the concentration period (Cp) reflects the concentration of flow in one year. They are formulated as follows:


  C d =    Q  x y       ∑  t = 1   12    Q  ( t )         



(6)




where   Q  ( x )  =   ∑  t = 1   12    Q  ( t )  cos θ  ( t )     ,    Q y  =   ∑  t = 1   12    Q  ( t )  sin θ  ( t )     ,    Q  x y   =    Q x 2  +  Q y 2     .


  C p =   tan   − 1    (     Q y     Q x     )     



(7)




where Qx and Qy are the two resultant vectors of Q(t) that are decomposed in the x direction and y directions, respectively; Qxy is the module of the vector, and θ(t)=2πt/12 is the angle of the vector for month t.



The relative variation range (Cr) and the absolute variation range (Ca) were used to estimate the range of monthly flow distribution, where Cr is the ratio of maximum annual flow to minimum annual flow, and Ca is the absolute deviation between those two values. They are formulated as follows:


    C r =    Q  max      Q  min         C a =  Q  max   −  Q  min      



(8)




where Qmax and Qmin are the maximum and minimum monthly flows, respectively.





4. Results of Environmental Flow Assessment


4.1. Identifying Runoff Change Point in the POD


For the POD of Jialing River, annual streamflow data with 1954–2010 (Figure 2) at the Lueyang hydrological monitoring station were used to identify the change points using the Mann-Kendall test method and the heuristic segmentation method, respectively (Figure 3). As shown in Figure 2, there was an obvious decrease in streamflow, and the flow magnitude was smaller in general at the POD after 1990, which was significantly affected by climate change. Because the upstream of the POD is a remote mountainous area, no water conservancy project has been constructed, and the area almost unaffected by human activities. Figure 3a shows the statistical variation of the UF and UB of the Mann-Kendall test method which determines the change point in annual streamflow at the POD. The change point was in the time period from 1990 to 1994.



Figure 3b presents the statistical variation of the heuristic segmentation method which calculates the variance between the averages of the right- and left-side subseries of annual streamflow data. In this study, the threshold P0 was carefully chosen as 0.95, and l0 was selected as 25. As shown in Figure 3b, the identification results of change points in the annual streamflow data is 1994, because the probability of the largest T is greater than the threshold (P0). Based on the results of the previous two methods, the variations of the annual streamflow data at the POD are obvious, and the change point in the series is 1994. Therefore, according to the time of change point, the streamflow data from 1954 to 2010 can be divided into two periods: the pre-impact (natural) series (1954–1993), and the post-impact (changed) series (1994–2010), respectively. We used the homogeneity of the pre-impact series to restore the non-stationary post-impact series, and then integrated the pre-impact series and the adjusted series to calculate the EF in the POD in the following sections.




4.2. Reconstructing Streamflow Series


The STL decomposition method was adopted to decompose the component of monthly streamflow series in the pre-impact (natural) series (1954–1993), and the post-impact (changed) series (1994–2010), respectively. The decomposition of monthly streamflow series into seasonal, trend, and remainder components was implemented in R-software (http://www.r-project.org) by using the function—stl, and the results of the application of the STL decomposition procedure are presented in Figure 4. As can be seen from Figure 4a, monthly streamflow measured at the POD is greatly altered. Referring to Figure 4b,c, these impacts are also observable in the seasonal and trend components decomposed from the monthly streamflow series, and these statistical values of the post-impact series are smaller than the pre-impact series. The remainder component of the monthly streamflow series is depicted in Figure 4d, which is usually identified as the noise component of a time series, and is affected by most different factors. In the monthly streamflow series, the remainder component is significantly controlled by the condition of the land surface and the local climatic conditions.



In this study, series homogeneity between the pre-impact series and the post-impact series at the considered change point was achieved by processing data from the post-impact series in an additive procedure: (1) directly copy the seasonal and trend components of the pre-impact series onto the post-impact series, and (2) recombine (i.e., by addition) the streamflow components to adjust total streamflow conditions prior to pre-impact conditions. Figure 5a shows the result of the reconstructed monthly streamflow series in 1994–2010. It can be seen from Figure 5a that the variations of reconstructed streamflow series are roughly consistent with the original streamflow series, especially the maximum/minimum value and rise/fall rate, because the remainder component of the original streamflow series was preserved by the procedure of reconstruction.



For a better comparison, the original annual streamflow series (1954–2010) and the reconstructed total annual streamflow series are plotted in Figure 5b. The reconstructed total streamflow series does not show an obvious trend in all time periods. In addition, the identification of the change point in the reconstructed series based on previous test methods, and the no change point, was observed. Therefore, the reconstructed procedure has acceptable performance in processing data homogeneity, and can be applied in this paper to eliminate the inconsistencies of streamflow series.




4.3. Assessing the Environmental Flow


In this study, we proposed an approach which was adopted to calculate the EF in the POD. It takes into account the inter- and intra-annual streamflow variability. The inter-annual streamflow variability was considered as a long-term variation of streamflow, and the streamflow was classified into wet, normal, and dry years with a statistical method to identify the practical management units. In different management units, the environmental flow for the POD is based on a percentage of the streamflow baseline, calculated as the monthly 90th percentile exceedance flow. There are two basic steps to this proposed approach:



Step 1: classify annual streamflow into wet, normal, and dry years using the SPI. The reconstructed annual streamflow (1954–2010) at the POD can be best fitted with a Gamma distribution; its alpha and beta parameters (set to 7.19 and 5.40, respectively) were determined by the method of maximum likelihood. Therefore, the threshold annual streamflow used to classify the wet and dry years are 4372 and 2973 MCM, respectively, and the results of the classification are shown in Figure 6. It can be seen from this figure that the resulting numbers of the dry, normal, and wet years are 16, 21, and 20, respectively.



Step 2: Calculate the EF in each group. The different water years have been identified in step 1, and the approach for applying each group in the environmental flow assessment is as follows: (1) the monthly streamflow data in each year of each group (e.g., wet years) can be plotted on common axes (Figure 7); (2) the array of streamflow values in each month is selected and the data is ranked to choose the value exceeded by 90% of the values for calculating the monthly 90th percentile exceedance value. The monthly 90th percentile exceedance values are identified as the EF in each group and the calculated EF shown in Table 1 and Figure 8. Here, the calculated and planned EF of all years also is shown in Figure 8.



It can be seen from Figure 8 that the conflict of water resources between river protection and human demand is more serious in the dry season. Decision makers are more concerned about the utilization of water resources in the dry season, and the allocation of water resources depends more on the preferences of decision makers; it is difficult to ensure the effectiveness and equity between river protection and human demand in decision-making. As shown in Figure 8, the calculated EF is approximately consistent with the planned EF in the dry season, which can easily be accepted by decision makers. However, the calculated EF improved significantly in the wet season, and it is the key factor for the protection of multiple riverine ecosystems.



In order to further access the benefits of calculated EF, the two steps were also used to calculate the EF of the original (without reconstruction) streamflow (1954–2010) at the POD. The first step is to classify original annual streamflow into wet, normal, and dry years, and the second is to calculate the EF of different water years. The results of the EF of the original streamflow at the POD are shown in Figure 9 (the dotted lines are the EF of the original streamflow, and the solid lines are the EF of the reconstructed streamflow). It is apparent from this figure that the EF of the reconstructed streamflow is greater than the EF of the original streamflow in normal and dry years; however, the EF of the reconstructed and original streamflow have shown a similar tendency in the wet years. The reason of the different results is that the procedure of reconstruction pays more attention to the mean and minimum streamflow value than the maximum streamflow value; therefore, this differential response in the EF is that there is more or less consistency in the wet years, but that it improved in the normal and dry years.



The annual EFs of the original and reconstructed streamflow are shown in Figure 10. This figure is quite revealing in several ways. First, the annual EF of the original and reconstructed streamflow are larger than the annual planned EF, both of which would make for more adequate protection of riverine ecosystems. Second, both of the annual EFs are almost consistent before the change point; however, there was a significant difference after the change point, and the EF of the original streamflow can efficiently generate realistic EF prescriptions under non-stationary conditions. Finally, the annual EF of the original streamflow shows a clear decreasing trend; however, it is not obvious in the annual EF of the reconstructed streamflow. It is indicated that the EF of the reconstructed streamflow is more sustainable for protection of the ecosystem because it will not lower the standards of ecological protection under the context of non-stationarity, and it provides a reasonable assessment for protection based upon historical information of riverine ecosystems.





5. Evaluation of Inter- and Intra-Annual Streamflow Characteristics


5.1. Evaluation of Inter-Annual Streamflow Characteristics


For the POD of the Jialing to Han River IBWT Project, the calculated and planned EFs were used as the constraints of the diverted process. Therefore, the streamflow is primarily assigned to satisfy the requirements of the EF and the residual runoff is assigned to divert in the POD. In this study, in order to comprehensively assess inter-annual streamflow characteristics with RVA, the original daily streamflow (1954–2010) is used as a pre-diversion series and the daily streamflow with diversion is used as a post-diversion series.



The different results of RVA are summarized in Table 2 (represented by Di). In the first group of magnitude of monthly river flow, the values of Di under the condition of calculated EF are all in the range of medium and low hydrological alteration. However, the values of Di under the condition of planned EF are almost half the number that are within the range of high hydrological alteration. The river hydrological regime has been significantly changed by the diversion. The high hydrological alteration is all in the dry season (e.g., January, February, March, and June) and the hydrological influence of diversion is more obvious in the low streamflow.



In the second group of magnitude of annual extreme water conditions, the 1-, 3- and 7-day minimum values of Di under the condition of calculated and planned EF are all in the range of high hydrological alteration, and the river hydrological regime was significantly changed. However, in comparison with the 30- and 90-day minimum values of Di under the condition of calculated EF, these values of Di under the condition of planned EF are also in the range of high hydrological alteration, which implies an increasing trend of the duration of low streamflow.



The third and fourth group of indicators further validated the results shown in the second group; that is, the duration of the minimum flow was significantly changed. Although, the number of minimum flow characteristics under the condition of calculated EF increased, the duration of the minimum flow was not affected.



In Group 5, the values of Di under the condition of calculated and planned EF are all in the range of medium to high hydrological alteration, but the values of Di under the condition of planned EF are more obviously changed by the diversion. Finally, the comprehensive alterations of the indicators are 45% and 64%, respectively, which shows that the calculated EF is more beneficial to protect the riverine ecosystem of the water transfer area.



Figure 11 shows the flow duration curves (FDCs) between pre- and post-diversion series with different EFs. It can be seen from Figure 11 that the FDC of post-diversion streamflow with the calculated EF is approximately consistent with the FDC of pre-diversion streamflow. However, the FDC of post-diversion streamflow with planned EF, compared with the FDC of pre-diversion streamflow, was obviously changed by the diversion in the POD. And the eco-deficit of post-diversion streamflow in the planned EF is more serious, which has a more negative impact on riverine ecosystems.




5.2. Evaluation of Intra-Annual Streamflow Characteristics


Six indicators of intra-annual variation were calculated, and the average values are listed in Table 3. The box-plot of this indicator is displayed in Figure 12, which shows the difference of the intra-annual streamflow variability for the pre- and post-diversion series with different EFs. Through a comparison of the three calculated values under different coefficients, almost all the indicators of post-diversion are larger than those of the pre-diversion, i.e., all the indicators show obvious intra-annual variation in streamflow. The non-uniformity coefficient with a different EF increased by 7% and 16%, respectively, which indicates that monthly streamflow fluctuates more, and tends to be more uneven throughout the year after diversion. The distribution of Cn values with planned EF are more dispersed, the extreme values tend to increase, and the streamflow characteristics were completely changed by the diversion. The Cc and Cd values with different EFs are relatively stable, showing only a small increase. However, the values in the planned EF also showed a more dispersed distribution, and the extreme value increased. The Cp values show a significant increase under the condition of the calculated EF, which shows that the monthly streamflow after diversion is more uniform throughout the year. The Cr values with different EFs increased significantly. However, the increase in the calculated EF is greater, because the calculated EF is smaller than the planned EF in the dry season. Therefore, the water quantity of diversion with the calculated EF is greater in the dry season. The Ca values have little variance in three kinds of streamflow conditions, and the distribution is approximately consistent, which indicates that the relative variance between the extreme flow is relatively small, because the quantity of water diversion is only a small proportion of streamflow.



The correlations between the indices of intra-annual variations of streamflow in post-diversion with different EFs are analyzed; the results are illustrated in Figure 13. It can be observed from Figure 13 that almost all of these indices have a strong correlation, and there is also a great variance between the correlations of indicators, which indicates that the impacts of diversion on different indicators are not the same. In all correlation indices, the correlation of Cr is weakest, and the correlation of Ca is strongest, reaching a 99% confidence level. The result illustrates that the selected different criteria for the conservation of riverine ecosystems can have significantly different consequences, if we only focus on the protection of certain objectives that will inevitably affect other aspects. Note that most of the current studies of the assessment of EF are targeted at specific species and targets, which is not enough for the healthy and sustainable development of riverine ecosystems. Therefore, in future studies, it is necessary to synthesize all the protection objectives and to establish a comprehensively unified metric.





6. Conclusions


A comprehensive framework for assessing the EF was proposed in this study, which incorporates the inter- and intra-annual streamflow variability, and reconstructs the non-stationary streamflow to a stationary conditions. The Jialing to Han River IBWT Project was used to demonstrate the rationality and availability of the framework. Three subjects are pursued as follows:



First, the Mann-Kendall test method and the heuristic segmentation method were adopted to identify the change points. Based on the results of the two reasonable methods, the trend of decreasing of the annual streamflow data at the POD is obvious, and the change point of 1994 was observed. Second, the data homogeneity was achieved by processing data from the post-impact series in an additive procedure. The results reveal that the original streamflow series effectively eliminated the non-stationary components, and the reconstructed streamflow series ensure the consistency of the historical streamflow. Third, the inter- and intra-annual streamflow variability are incorporated by using SPI to identify the wet, normal, and dry years, and the percent of flow approach is applied to calculate the EF of the reconstructed streamflow series for the different water years. The calculated EF was applied to the Jialing to Han River IBWT Project. The results indicate that incorporating the inter- and intra-annual variability would further upgrade the ecosystem fitness and stability, and the water diversion with the calculated EF is more effective protection of riverine ecosystem in POD.



Traditional approaches to EF management are either too simple, which do not fully utilize the existing streamflow information, or they are too complex to require extensive site-specific data and expensive modelling, but many regions do not have such knowledge. Our technique can be applied to a wide range of instream flow management, and there is more comprehensive protection of riverine ecosystem, in particular, it is more applicable to instream flow management under the influence of climate change and human activities. An important question for future studies is to incorporate a component for real-time predictions of the water year types for the proposed method to be used as an effective management tool.
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Figure 1. Location of the inter basin water transfer project. 






Figure 1. Location of the inter basin water transfer project.



[image: Water 10 01737 g001]







[image: Water 10 01737 g002 550] 





Figure 2. The annual streamflow series in the POD. 
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Figure 3. The results of change points with Mann-Kendall test method (a) and the heuristic segmentation method (b) in annual streamflow series in the POD. 
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Figure 4. (a) Monthly streamflow series in the period 1954–2010, (b–d) seasonal, trend, and remainder series in the pre-impact series (1954–1993) and the post-impact series (1994–2010), respectively. 
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Figure 5. Reconstruction of monthly streamflow series (a) and annual streamflow series (b) in 1994–2010. 
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Figure 6. Determination of annual streamflow threshold for different water years. 
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Figure 7. Annual hydrographs of mean monthly flow for different water years. 
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Figure 8. The results of the calculated monthly EF for different water years of the reconstructed series. 
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Figure 9. The results of the calculated monthly EF for different water years of the reconstructed and original series. 
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Figure 10. The annual EF of the reconstructed and original series. 






Figure 10. The annual EF of the reconstructed and original series.



[image: Water 10 01737 g010]







[image: Water 10 01737 g011 550] 





Figure 11. The flow duration curves (FDC) between pre- and post-diversion streamflow series with different EFs. 
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Figure 12. The difference of the intra-annual streamflow variability for the pre- and post-diversion series with different EFs. 
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Figure 13. Correlation coefficients of intra-annual variability between pre-diversion and post-diversion with different EF. 
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Table 1. The results of the calculated monthly EF of different water years.
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Water Years

	
Monthly EF (m3/s)




	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sept

	
Oct

	
Nov

	
Dec






	
Wet

	
22.6

	
22.2

	
26.0

	
47.4

	
44.6

	
44.2

	
127.9

	
138.9

	
161.2

	
151.1

	
76.8

	
48.6




	
Normal

	
16.3

	
16.3

	
23.8

	
42.4

	
44.0

	
25.6

	
59.3

	
86.5

	
71.7

	
73.6

	
55.6

	
35.9




	
Dry

	
18.1

	
17.6

	
19.4

	
47.3

	
58.0

	
25.6

	
40.7

	
32.9

	
46.0

	
33.0

	
30.9

	
19.9
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Table 2. The 32 IHA parameters for the pre- and post-diversion series with the different EF.
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Indicator

	
Calculated EF

	
Planned EF




	
Medians (m3/s)

	
Di (%)

	
Medians (m3/s)

	
Di (%)




	
Pre

	
Post

	
Pre

	
Post






	
Group 1: Magnitude of monthly river flow




	
January

	
27.4

	
18.1

	
12.1

	
27.4

	
21.6

	
101.7




	
February

	
28

	
17.6

	
12.1

	
28

	
21.6

	
101.7




	
March

	
34.6

	
23.8

	
29

	
34.6

	
21.6

	
74.1




	
April

	
61.3

	
46.7

	
19

	
61.3

	
24

	
63.8




	
May

	
64.1

	
44.6

	
3.4

	
64.1

	
24.1

	
32.8




	
June

	
58.3

	
28.5

	
37.9

	
58.3

	
21.6

	
69




	
July

	
104

	
76.4

	
8.6

	
104

	
64

	
1.7




	
August

	
91.4

	
86.5

	
6.9

	
91.4

	
66.5

	
6.9




	
September

	
140.5

	
126.3

	
13.8

	
140.5

	
102.5

	
3.4




	
October

	
109

	
81.5

	
3.2

	
109

	
74.5

	
21.4




	
November

	
62.5

	
55.5

	
19

	
62.5

	
22.1

	
58.6




	
December

	
33.4

	
32

	
6.9

	
33.4

	
21.6

	
63.8




	
Group 2: Magnitude of annual extreme water conditions




	
1-day minimum

	
17.9

	
16.3

	
96.6

	
17.9

	
18.1

	
101.7




	
3-day minimum

	
18.0

	
16.3

	
96.6

	
18.0

	
18.7

	
106.9




	
7-day minimum

	
19.6

	
16.3

	
101.7

	
19.6

	
19.9

	
106.9




	
30-day minimum

	
25.0

	
17.1

	
12.1

	
25.0

	
21.4

	
91.4




	
90-day minimum

	
30.1

	
18.5

	
3.4

	
30.1

	
21.6

	
86.2




	
1-day maximum

	
1270.0

	
1300.0

	
24.1

	
1270.0

	
1230.0

	
34.5




	
3-day maximum

	
880.7

	
864.3

	
13.8

	
880.7

	
842.8

	
8.6




	
7-day maximum

	
668.3

	
643.4

	
24.1

	
668.3

	
634.6

	
19.0




	
30-day maximum

	
329.5

	
298.4

	
27.6

	
329.5

	
291.6

	
37.9




	
90-day maximum

	
208.9

	
196.7

	
3.4

	
208.9

	
173.1

	
6.9




	
Base flow index

	
0.2

	
0.2

	
69.0

	
0.2

	
0.2

	
58.6




	
Group 3: Timing of annual extreme water conditions




	
Date of minimum

	
62.0

	
30.0

	
60.7

	
62.0

	
185.0

	
55.8




	
Date of maximum

	
207.0

	
205.0

	
7.6

	
207.0

	
207.0

	
11.1




	
Group 4: Frequency and duration of high and low pulses




	
Low pulse count

	
5.0

	
4.0

	
72.0

	
5.0

	
7.0

	
67.1




	
Low pulse duration

	
5.5

	
8.0

	
1.7

	
5.5

	
7.5

	
1.7




	
High pulse count

	
8.0

	
7.0

	
29.4

	
8.0

	
8.0

	
32.4




	
High pulse duration

	
4.5

	
4.0

	
6.8

	
4.5

	
4.0

	
6.8




	
Group 5: Rate and frequency of water-condition changes




	
Rise rate

	
4.4

	
8.7

	
74.1

	
4.4

	
12.5

	
74.1




	
Fall rate

	
3.9

	
6.6

	
53.5

	
3.9

	
9.7

	
89.7




	
Reversals

	
92.0

	
65.0

	
90.2

	
92.0

	
62.5

	
90.2




	

	
D0 = 45%

	
D0 = 64%
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Table 3. Average indicators of intra-annual streamflow variability of pre- and post-diversion with different EF.






Table 3. Average indicators of intra-annual streamflow variability of pre- and post-diversion with different EF.





	
Different Conditions

	
Average Indicators of Intra-Annual Variations of Streamflow




	
Cn

	
Cc

	
Cd

	
Cp

	
Cr

	
Ca






	
Original streamflow

	
0.87

	
0.33

	
0.44

	
0.56

	
14.99

	
330.98




	
Post-division (calculated EF)

	
0.93

	
0.35

	
0.47

	
0.67

	
17.73

	
300.85




	
Post-division (planned EF)

	
1.01

	
0.38

	
0.48

	
0.54

	
16.67

	
297.74
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