

  water-11-01977




water-11-01977







Water 2019, 11(10), 1977; doi:10.3390/w11101977




Article



Feasibility Assessment of a Water Supply Reliability Index for Water Resources Project Planning and Evaluation



Boris Po-Tsang Chen 1,*[image: Orcid] and Chang-Shian Chen 2





1



Construction and Disaster Prevention Research Center, Feng Chia University, No. 100 Wenhwa Rd., Seatwen, Taichung 40724, Taiwan






2



Department of Water Resources Engineering, Feng Chia University, No. 100 Wenhwa Rd., Seatwen, Taichung 40724, Taiwan









*



Correspondence: btchen@mail.fcu.edu.tw; Tel.: +886-4-24517250 (ext. 3170); Fax: +886-4-24525960







Received: 27 August 2019 / Accepted: 19 September 2019 / Published: 23 September 2019



Abstract

:

In order to estimate water supply potential, the effects of shortages on water users, and the uncertainty of local headspring conditions during the planning stage of reservoir construction, the Shortage Index (SI) is often employed. However, the criterion used in the SI is difficult to adjust to satisfy local conditions and objectives. The SI also employs an ambiguous definition of value. Thus, this study adopted a water supply reliability index (WSRI) as an alternative to the SI for providing the criterion for water resources project planning. The value of the WSRI is easily understood, because it is defined according to the real water supply situation and it has a strong linear relationship with values of SI. For any given water supply system, the estimated results derived from this study could serve as an additional remark on different SI values to explain the relevant water supply considerations. In addition, for a new planning site, the estimated results of this study could provide another way for engineers to evaluate the maximum water supply capability. Consequently, an interesting avenue of investigation in future research would be the incorporation of the WSRI with the risk of deficit frequency in establishing an efficient and transparent bottom-up approach for water resources management, involving all the relevant stakeholders.
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1. Introduction


Global warming and climate change concerns have been growing over the last decade [1,2,3]. Dai et al. [4] have noted that the available runoff is reducing in most parts of the world. Extreme climate conditions in conjunction with a growing population and economic development are straining water resources around the world [5,6], and there is a general awareness that water crises are management crises. As a result, finding methods to exploit and allocate water resources more effectively has become a serious and urgent issue [7]. The effective allocation of available water is necessary for water resource development and utilization. For the reasons mentioned above, the basic natural circumstances (such as hydrological and physiographical conditions) and the operational potential of existing hydrological facilities (such as joint operation, extension and further exploitation) must be integrated for efficient water resource management.



In Taiwan, the total water demand is met by 48.27% from streamflow diversion, 20.57% from reservoir releases, and 31.16% from groundwater [8]. The government in Taiwan has to face two problems regarding water resource management. The first is climate change, which is partly considered as reducing the amount of rainfall during the dry season and increasing it during the wet season. Consequently, the streamflow diversion available is decreasing during the dry season, while torrential rainfall results in soil erosion and soil creep in reservoir catchment areas, accelerating sedimentation and reducing the operational life of reservoirs. For an example, in 2009, Typhoon Morakot reduced the capacity of the Tsengweng and Nanhua reservoirs by around 100 × 106. and 52 × 106 m3, respectively [9]. The second major problem is land subsidence due to the over pumping of groundwater [10]. Therefore, the related government departments decided to gradually revoke the water rights given in relation to groundwater, and to make up for water deficit with surface water supply systems [11]. These two problems highlight the importance of reservoir regulation in Taiwan. For this reason, although there are many methods, both engineered and non-engineered, could improve the exploitation and utilization of water resources. The engineered methods are, for example, weir building, reservoir creation, transbasin diversion, ground water dam building, and artificial lake creation, and the non-engineered ones, are like sea water conversion, water reuse, waste water reuse, reservoir silting removing and prevention, regional water allocation, agricultural water transfer, and soil and water conservation.



However, all water resource policies tend to cause disagreement among stakeholders. With regard to the public who use the water supply, it is difficult for water management officials to explain any water shortages or the potentially more severe crises that the water supply may face in the future. In general, the important details of water shortage events that engineers need to consider include the duration, quantity, and frequency. More specifically, any account of a water shortage has to consider the duration and quantity of the shortage using a short-term index, as well as the frequency in a long-term index. The short-term index is not sufficient to explain the potential risk to the long-term water supply, and the long-term index needs significant, professional knowledge to develop and be understood. These facts can lead to misunderstandings and disputes between the official department and the public with regard to water supply policy. For example, if the official department uses the shortage index (SI) to explain the design of the water supply system, in conjunction with other short-term indexes, then during water shortages the public may ask why the SI value was not set higher before the shortage, as is possible in other water supply systems. There was a real example of this in Taiwan in 2003. Even though the engineers knew that a lower SI was better, it was difficult to make the public understand this, and this led to numerous complaints. Moreover, many countries now accept that establishing efficient and transparent bottom-up approaches to water management and involving all stakeholders in the issue of water resource development are important but challenging aims for the future [12]. For this reason, a good water supply/shortage index which could act as the communication bridge between officials and the public is required.



Therefore, the major purpose of this study is two-fold: the first is investigating the yield of water supply reservoirs under the uncertainty of available reservoir inflow in different hydrological conditions, and the second is to explore the relationship between the values of the water supply reliability index (WSRI) thus developed and the currently used shortage index. Based on the outcome of this, this work then offers several suggestions for better water supply planning. The article concludes with implications for theory, research, and practice. While research on these questions is still at an early stage, the findings will have broad implications in a number of areas, and could specifically serve as the basis for a further study of water supply system planning.




2. Methodology


2.1. Common Measurements for Water Supply Evaluation and Planning


A suitable indicator or standard is required for water supply planning. Water shortages are judged on three factors during the reservoir water resource process: duration, magnitude (shown in Figure 1), and frequency [13]. The first two factors are usually integrated as the consideration of shortage intensity (i.e., the ratio of the shortage magnitude to the shortage duration), and the shortage frequency is considered as a combination of the intensity and its incidence to describe the long-term performance of a particular water supply system. Several common indexes used to evaluate deficiencies during the water supply process are described below, and they are compared in Table 1.



1. Water-use index, WI [14,15]



The water-use index defines the level of water shortage in a real water supply–demand situation, and can be expressed as:


  W I =    W S     W D     



(1)




where, WS is the water supply, and WD is the water demand. WI is a quantitative index that is used to evaluate the level of a water shortage. This index, which is used by the Taiwan Water Corporation, has five levels, which are shown in Table 2.



2. Shortage index, SI [16]



The shortage index can be defined as follows:


  S I =   100  N      ∑  t = 1  N    (    A  S t    A  D t     )     2   



(2)




where, N is the number of evaluation years, ASt is the annual shortage amount in year t, and ADt is the annual water demand amount in year t. This index has been used in the United States to evaluate water shortages in connection with reservoir construction [19]. The definition of SI is based on the consideration that the socioeconomic impact of a water shortage is proportional to the square of the shortage ratio. Therefore, if the annual water shortage rate is doubled every year, the SI value would be quadrupled. Moreover, the SI index also incorporates shortage frequency. For example, if the evaluation period is 100 years and the SI value is 1, the SI value of a 10% annual shortage rate that occurs once every year is equal to that of a 50% annual shortage that occurs four times in 100 years. This can be explained as follows:


    100   100    (  100 ×   0.1  2   )  =   100   100    (  4 ×   0.5  2   )   



(3)







Therefore, the same SI values may result from different combinations of deficit characteristics, and it lacks a general criterion for water resource planning under uncertain hydrological conditions. In addition, since the SI is calculated by the annual deficit rate, the characteristics of seasonal deficit and the continuity of daily deficit cannot appear in the SI values.



3. Deficit Percent Day Index, DPD



The Japan Water Resources Development Public Corp. [17,18] proposed the deficit percent day index to include the deficit magnitude and duration in the water shortage index. The deficit percent day index can be defined as follows:


  D P D =  ∑   (  D D R ( % ) × N D S D  )     



(4)




where, DDR denotes the daily deficit rate, and NDSD denotes total number of days that the water shortage event lasts for. Huang [17] conducted a questionnaire on the severe water shortage after the 1964 Tokyo Summer Olympics in Japan and reported a DPD of approximately 1000–1500 percent-day. The deficit percent day index evaluates the deficit magnitude with the concept of “%-day”, however this only represents the summation of the indicated values for all deficit events, and does not account for the frequency. Therefore, the DDR is unable to predict the water supply capability of a water resource system over the long-term period when used as the standard/criterion of a water supply.



4. Generalized Shortage Index, GSI



Hsu [19] proposed a generalized shortage index (GSI) that incorporates all of the essential aspects of SI and DPD. The Generalized Shortage Index is defined as follows:


  G S I =   100  N    ∑  t = 1  N      (    D P D    t    100 × N D  Y t     )   2     



(5)




where, N is the number of evaluation years, NDYt denotes the total number of days in year t (365 or 366), and DPDt denotes the sum of all DPDs during year t. The GSI is derived from the SI. In this method, SI calculates the annual deficit rate by using the daily deficit rate, as clarified in the following formula:


  G S I =   100  N    ∑  t = 1  N      (      ∑  δ = 1   N D  Y t      (   (    D  S  δ , t     D  D  δ , t      )  × 100 ( % )  )  ×   N D C D   100 × N D  Y t     )   2     



(6)




where, DDδ denotes the daily demand on day δ, and DSδ denotes the daily shortage on day δ. Hsu [19] addressed that the GSI can make up for the weaknesses of SI, which cannot assess the detailed characteristics of a water shortage with the annual water deficit rate. We can also say that the GSI uses the daily shortage rate instead of the annual shortage rate as the basic consideration of socioeconomic impact, which means that GSI is sensitive to the effects of shortage events during the same evaluated period. However, the GSI also lacks a general criterion for water resources planning under uncertain hydrological conditions.



The purpose of this sub-section is to illustrate the performance of the currently used indexes with regard to examining the effects of water shortages. The reasons why GSI/SI served as the indicator of water supply evaluation are described in the following sub-section. Table 1. The comparison of four common water shortage evaluation indexes.




2.2. The Present Problem of Water Supply Evaluation for Water Supply Reservoir/System Planning


Under uncertain hydrological conditions, it is difficult for reservoir regulations to satisfy a given requirement completely during a critical dry period, and even if the reservoir has a huge capacity it could provide a higher and more stable yield. Therefore, a small amount of shortage could be allowed with economic conditions of a reservoir construction through the evaluation of the water supply potential. The Shortage Index (SI), which was invented by the U.S. Army Corps of Engineers, has been adopted in Taiwan since 1985 to evaluate the potential water supply in the reservoir planning stage [17]. However, to date, the SI value lacks a general criterion for its application under uncertain hydrological conditions. In principle, the best operation of a water supply system is to make the object function of the SI close to 0. In practice, the water supply potential of a reservoir is estimated using the shortage index, SI = A, which is utilized as the planning indictor (ordinary A = 1.0, and SI = 1 is a conceptual value which allows a 10% annual shortage rate that occurs once every year.). The flowchart of the status quo in Taiwan is shown in the left hand side of Figure 2. A simulation is then conducted for fine-tuning and to interpolate the maximum water supply amount that meets the condition of SI = A. The maximum water supply amount is used as the planned water supply amount along with the historical reservoir inflow series to evaluate the reliability of the water supply of SI = A [20,21,22]. If the water supply situation (the combinations of shortages’ intensity and frequency) can be accepted by water resource managers, then further water supply system organization is conducted based on the value of SI. Otherwise, the value of SI needs to be adjusted based on the opinions of engineers/managers with regard to the local physiographical and hydrological conditions until the water supply situation reaches engineers/managers’ opinions for an acceptable level. In general, the SI is increased in proportion to the variance of streamflow. The final definition of the SI value is dependent on the managers’ judgment, while they use a given design to regulate the variance of streamflow for a given demand, and then, based on the final designed scheme, draw up the more advanced water supply system organization (such as the rule curve, regional regulation policy, and so on.). Therefore, it is difficult to explain the effect of the water supply situation on water users using the SI value, and without an exact criterion which engineers can utilize to plan a water supply system.



Fauchon [12] found that most water supply systems face several challenges, including demographic growth, deforestation, soil degradation and climate change. For a given water supply system, these challenges that lead to shortages raise new problems for engineers and managers with regard to changing designs to meet demand. To date, however, no clear direction has emerged to suggest how considerations about hydrological and physiographical conditions can be translated into indicators to provide information about the potential risks to a given water supply system. To overcome these shortcomings, a new approach to evaluate the maximum water supply potential and its corresponding reliability under the limitations of hydrological and physiographical conditions in different planning sites is presented in this paper.




2.3. The Basic Consideration of this Study


The purpose of using SI was to minimize the socioeconomic impact from various feasible schemes and to select the appropriate one as the final submission for water demand. The appropriate scheme is a compromise solution between the natural restrictions and the cost effective conditions. Although the final solutions for SI may have similar corresponding water supply reliabilities in different planning sites, according to the definition of SI, it is difficult to explain the criteria for the final planning scheme, and managers cannot provide a good illustration of the water shortage risk under the condition of SI = A to the general public who lives in different water supply areas. To determine whether water supply could meet the demands of the final planning scheme, this study employed the water supply degree of satisfaction during the operation period to represent the water supply reliability and offers an alternative method of planning the water supply amount through the use of the water supply reliability index (WSRI). Therefore, this study offers a reverse way of thinking about planning the water supply amount with the use of the water supply reliability index (WSRI). Different considerations for evaluating and comparing the commonly used indexes and that presented in this study are illustrated in Figure 2. The water supply reliability hinges upon the water supply potential in a planning site, and the water supply potential is restricted by the local physiographic and hydrological conditions. Therefore, if the water supply reliability and the local conditions could be better known before developing a project, then engineers would be able to provide better information to the general public and be able to work with more appropriate plans.



Since reservoirs are the most important facilities in water supply systems, this study investigates the maximum water supply potential of reservoirs in different hydrological and physiographical conditions from the perspective of the planning stage, and explores the relationship between the values of the present use shortage index and its corresponding water supply reliability. In this study, two subjects are discussed. The first is a correlation analysis between the water supply reliability and SI value. The second is an estimation of reservoir reasonable water supply reliability in a planning site. The core of the investigation is to find out the interpretative variables for the local conditions and then identify the relationships among the interpretative parameters, water supply reliability, and the present use shortage index in the selected study cases. In order to clarify the relative contribution of these variables, stepwise multiple regression analysis is undertaken. Finally, the reasonable water supply reliability value for a new planning site is obtained with an estimation function that combines several dimensionless parameters of the reservoir systems’ characteristics. For existing reservoirs, the evaluation method could serve as an explanation for both the exploitation and regulation of water resources. The flowchart of this study is shown in Figure 3, and is described as follows.



1. Frame the operational rule for reservoirs water supply analysis:



In the reservoir water supply analysis, the reservoir net inflow data obtained from the flow discharge record of the catchment area of the reservoir deducts the downstream water rights and the environmental flow. For the environmental flow, since this work is focused on the discussion of reservoir water supply potential, although many studies [23,24,25] have provided extensive discussions on the issue of environmental flow reservation, there are still no official criteria on the environmental flow in Taiwan. Therefore, environmental flow employs the common informal rule that appears in the related reports of water resources project in Taiwan as the criterion used in this study to undertake the water supply analysis. The reservoir water supply analysis then employs the continuity equation I − O = ds/dt, to calculate the water shortage rate under the different assumed water supply amount conditions. Three different reservoir operation types are included in this study: (A) a single reservoir operation without transbasin diversion, (B) a single reservoir operation with transbasin diversion, and (C) a joint operation with a weir. The system frameworks are illustrated in Figure 4a–c, respectively. These reservoir operation simulations are based on the given developed reservoir capacity scale without considering the specific water supply situation, and with the assumption that they were all single purpose reservoirs for public water supply.



The simulation rules, basic assumptions and steps are explained below:



(A) Single reservoir operation without transbasin diversion



The available surplus flow of the reservoir site (i.e., reservoir net inflow,    I δ R   ) is defined as follows:


   I δ R  =  Q δ R  −   Q ^    R f  , δ  R   



(7)




where,    Q δ R    denotes the natural flow discharge of the reservoir catchment area on day δ, and     Q ^    R f  , δ  R    denotes the actual reserved flow of the reservoir downstream on day δ, and the superscript R is the label of reservoir.     Q ^    R f  , δ  R    is obtained using a comparison among    Q δ R   ,    Q   R f  , δ  R   ,    Q   W R  , δ  R   ,    Q  E , δ  R   , and    Q  95 %  R   , and represents the natural flow discharge of the reservoir catchment area on day  δ , the reservoir downstream required reserved flow on day δ, the amount of reservoir downstream water right on day δ, the reservoir downstream environmental flow on day δ, and the corresponding reservoir main streamflow of 95% exceedance probability respectively. Judging from the formulas     Q ^    R f  , δ  R  = min  {   Q δ R  ,  Q   R f  , δ  R   }   ,    Q   R f  , δ  R  = max  {   Q   W R  , δ  R  ,  Q  E , δ  R   }   , and    Q  E , δ  R  = min  {   Q  95 %  R  ,  Q δ R   }    to determine the actual reserved flow of the reservoir downstream on day δ, the reservoir downstream required the reserved flow on day δ, and the reservoir downstream environmental flow on day δ, respectively.



(B) Single reservoir operation with transbasin diversion



There are two inflow sources in the reservoir; one is the reservoir main stream, the other is the transbasin diversion. The reservoir’s available surplus flow could be represented as follows:


   I δ R  =  Q δ R  −   Q ^    R f  , δ  R  +  Q δ  T D    



(8)




where,    Q δ  T D     denotes the transbasin diversion on day  δ .    Q δ  T D     is obtained using the comparison between the actual available main streamflow of weir     Q ^  δ W    and the diversion tunnel effective capacity   T  C  E f f    . The    Q δ  T D     could be represented as


   Q δ  T D   = min  {    Q ^  δ W  , T  C  E f f    }   



(9)






    Q ^  δ W  =  Q δ W  −   Q ^    R f  , δ  W   



(10)




where, the superscript TD and W are the label of transbasin diversion and weir respectively, while   T  C  E f f     denotes the diversion tunnel effective capacity that the transmission loss is considered. When the transmission loss measures 10%, it can be denoted as   T  C  E f f   = T  C  max   × 90 %  . The     Q ^  δ W    was obtained by doing a comparison among    Q δ W   ,    Q   R f  , δ  W   ,    Q   W R  , δ  W   ,    Q  E , δ  W   , and    Q  95 %  W   , which represents the main streamflow of the weir on day  δ , the weir downstream required reserved flow on day δ, the amount of the weir downstream water right on day  δ , the weir downstream environmental flow on day δ, and the corresponding weir main streamflow of 95% exceedance probability, respectively, using the formulas of     Q ^    R f  , δ  W  = min  {   Q δ W  ,  Q   R f  , δ  W   }   ,    Q   R f  , δ  W  = max  {   Q   W R  , δ  W  ,  Q  E , δ  W   }   , and    Q  E , δ  W  = min  {   Q  95 %  W  ,  Q δ W   }    to determine the actual weir downstream reserved flow on day  δ .



After calculating the available surplus flow, the results are used to undertake the water supply analysis using the reservoir net inflow and the conservation storage (given the developed reservoir scale) as the provider and the planning water supply amount of downstream as the requirement. The water supply analysis is conducted using the conditions of the water release policy that were mentioned above and the fixed daily water supply amount to evaluate the extent of the water deficit (for volume and time).



The water balance constraint for the single reservoir water supply analysis is:


   S  δ + 1   =  S δ  +  I δ R  −  Q   W D  , δ   −  E δ   



(11)




where, Sδ and Sδ+1 are the reservoir storage on day δ and day δ + 1,    Q   W D  , δ     is the water supply system release flow for water demand on day δ, and Eδ is evaporation loss on day δ.



(C) Joint operation with a weir



The system diagram is shown in Figure 4c. The daily demand of the joint operation system is supplied by the 2nd weir in advance, along with the reservoir release, to make up the deficit. The available surplus flow of the reservoir could be obtained with Formula (8). The reservoir water supply analysis is then undertaken with the water balance constraint given by Formula (11), where,    I δ R    is defined as    Q δ R  −   Q ^    R f  , δ  R  +  (  min  {   (   Q δ W  −  Q   R f  , δ   W − 1 s t    )  , T  C  E f f    }   )   , and    Q   R f  , δ   W − 1 s t     denotes the 1st weir reserved flow to the downstream. The water supply situation can be obtained as follows:


   Q   W D  , δ   =  Q   W D  , δ  W  +  Q   W D  , δ  R   



(12)




where,    Q   W D  , δ  W    is the weir released flow for water demand on day δ, which was considered with the lateral flow    Q  L , δ    , and the 2nd weir reserved flow to the downstream    Q   R f  , δ   W − 2 n d     and obtained from:


   Q   W D  , δ  W  =  Q δ W  −  Q δ  T D   +  Q  L , δ   −  Q   R f  , δ   W − 2 n d    



(13)




and    Q   W D  , δ  R    denotes the reservoir release flow for water demand on day δ.



Daily shortage situations for both the single and joint reservoir operation can be defined as follows:


  D  S δ  =  {      |   Q   W D  , δ   − D  W  P S    |    ,   if    Q   W D  , δ   < D  W  P S       0   ,   otherwise       



(14)




where, DSδ denotes the daily shortage on day δ, DWPS denotes the daily water supply amount, and the day that the shortage event occurred is denoted as 1 within DSENδ, can be represented as follows:


  D S E  N δ  =  {      1   ,   if    Q   W D  , δ   < D  W  P S         0   ,   otherwise        



(15)




where DSENδ denotes the daily shortage event record on day δ, when the value of DSENδ is 1 the water supply is deficient on day δ, when the value of DSENδ is 0 the water supply meets the water supply amount on day δ. The volumetric reliability WSRQ and time reliability WRST of the water supply during the simulated period can then be defined as follows:


  W S  R Q  =     ∑  t = 1  N     ∑  δ = 1   N D  Y t      (  D  S  δ , t    )          ∑  t = 1  N     ∑  δ = 1   N D  Y t      (  D  W  P S , δ , t    )         



(16)






  W S  R T  =     ∑  t = 1  N     ∑  δ = 1   N D  Y t      (  D  S  δ , t    )          ∑  t = 1  N   N D  Y t       



(17)




where,   D  S  δ , t     is the daily shortage on day δ in year t, and DWPS,δ,t is the daily water supply amount on day δ in year t.



In principle, the reliability of a reservoir is defined as the probability that it will deliver the expected demand throughout its lifetime without incurring any deficiency [26]. To illustrate the differences of shortage event behavior for time and volume, this study divided the reliability into two components: WSRT and WSRQ respectively.



2. Estimate the Corresponding GSI of Each Given WSRQ and WSRT Value:



The maximum water supply amount could be obtained by simulation against different water supply reliability values, and then the corresponding GSI of each given WSRQ and WSRT value can be estimated for each reservoir.



3. Define and Calculate the Interpretative Parameters of the Study Cases’ Local Conditions:



Four dimensionless parameters are created or selected to investigate the maximum water supply potential of reservoirs in different hydrological and physiographical conditions to evaluate the reasonable water supply reliability function:



Parameter 1: Reservoir capacity factor, KF


  K F =  K    A  I R   ¯     



(18)




where, K denotes the effective reservoir capacity, and     A  I R   ¯    denotes the average annual reservoir net inflow. KF−1 means the average annual reservoir operation times [27]. For the same given target of water supply reliability, annual-use-reservoirs need different annual reservoir operation times to reach the target according to the specific hydrological conditions. Further, since the reservoir capacity plays a vital role in shifting water from wet to dry periods, increases in capacity can improve water supply reliability, and hence, the definition of KF and the regulation ability of the reservoir have been shown to be positively correlated [28,29]. For the reasons mentioned above, the parameter KF is employed to explain the influence of effective reservoir capacity on the control of water resources.



Parameter 2: Reservoir net inflow variation   C  V   I R     


  C  V   I R    =     s ^   A  I R        A  I R   ¯     



(19)




where,   C  V   I R      denotes the coefficient of variation of the reservoir net inflow, and     s ^   A  I R      is the standard deviation of the annual reservoir net inflow.



Parameter 3: Reservoir net inflow ratio of dry to wet seasons, DWIR


  D W I R =     ∑  t = 1  N    I  D S , t  R        ∑  t = 1  N    I  W S , t  R       



(20)




where,    I  D S , t  R    is the reservoir total net inflow during the dry season (in Taiwan, the dry season is from November to April) in year t, and    I  W S , t  R    is the reservoir total net inflow during the wet season (in Taiwan, the wet season is from May to October) in year t.



The parameters   C  V   I R      and DWIR are used to explain variations in the reservoir net inflow in contrast with reservoir locations or operational forms (on-stream or off-stream).



Parameter 4: Time ratio of wet to dry days, WDTR


  W D T R =   N  D   I t R  >    I R   ¯      N  D   I t R  <    I R   ¯       



(21)




where,   N  D   I t R  >    I R   ¯      is the total number of days for which the reservoir net inflow is greater than the average reservoir net inflow, and   N  D   I t R  <    I R   ¯      is the total number of days that the reservoir net inflow is smaller than the average reservoir net inflow. The parameter WDTR is used to explain variations in the reservoir net inflow time distribution in contrast with reservoir locations.



In order to make a positive correlation between the parameters and the reservoir regulation ability, the definitions of DWIR and WDTR have different wet and dry considerations.



The water supply analysis adopts the reservoir net inflow as simulation data, and thus the characteristics of the on-stream and off-stream reservoirs are included in four dimensionless parameters, as mentioned above. If the rule of the joint operation can be identified, then the effect of the joint operation should also be included in those four dimensionless parameters.




	1.

	
Execute a correlation analysis between WSRI and GSI:









In order to investigate the correlation between the WRSI and GSI values, this study employs a linear regression model to establish the relation function with the dependent variable, WSRI, and the independent variables GSI, KF,   C  V   I R     , and WDTR.




	2.

	
Investigate the relationship between the corresponding WSRI and GSI values of the official planned water supply amount




	3.

	
Validate the estimation ability of the proposed method.




	4.

	
Set forth several suggestions for better water supply planning (both given and new planning sites).











3. Case Study


3.1. Data Arrangement


3.1.1. Description of the Case Study


Ten reservoirs that were either built or in the planning stage were selected from north, central and south Taiwan. The same record period 39 years was used for all the reservoirs in the case study, and more information on the reservoirs is listed in Table 3, while their locations of the reservoirs are shown in Figure 5. Half the reservoirs were on-stream ones and half off-stream ones. The on-stream reservoirs included the Feitsui Reservoir, Shihmen Reservoir, Bilin Reservoir, Mingde Reservoir, and Mutan Reservoir. The off-stream reservoirs included the Tianhuahu Reservoir, Liyutan Reservoir, Jianming Reservoir, Hushan Reservoir, and Nanhua Reservoir. The Nanhua Reservoir, jointly operating with the Gaopingsi weir, was considered to be a joint operation case.




3.1.2. Selection of Hydrological Data


The reservoir water supply analyses were all taken from the same period of hydrological data, from 1959 to 1997. The reservoir net inflow duration curves for each selected reservoir case are shown in Figure 6. This figure gives the distributions of the reservoirs’ net inflow during the study period, and curves which end at less than 100% mean that the corresponding reservoir net flow is equal to 0 after the last point. The simulation’s rules, basic assumptions and steps were explained in the previous section. The consideration of the environmental flow was based on the gauged streamflow of the reservoir and weir sites during the simulation period from 1959 to 1997. The evaporation loss of each simulation step was obtained by measuring the corresponding reservoir surface area from the former simulation step. The initial reservoir storage was assumed to be half the effective reservoir capacity for both the systems, single and joint operations. Any initial conditions could influence the results of the system operation. Thus, the following evaluation and calculation related to water shortage characteristics excluded the first year results of the reservoir water supply simulation to avoid any possible disturbances.





3.2. Model Establishment and Estimation Results


3.2.1. Data Preparation


In accordance with the calculation steps, the first move is to accomplish the basic data analysis. The evaluation intervals of water supply reliability start from 0.975 and are spaced at 0.25 until 0.75. The water supply characteristics are calculated against the given value settings of time and volumetric water supply reliability with the reservoir net inflow, including the maximum water supply amount and the corresponding GSI of the maximum water supply amount. Numerous output tables were produced for the routing results, and those for the Shihmen reservoir are used as an example in Table 4 and Table 5. Table 4 lists the corresponding maximum water supply amount of each combination between time and volumetric reliability for the Shihmen reservoir during the evaluation period from 1960 to 1997. The corresponding GSI values for Table 4 are listed in Table 5.



Since the evaluation period of Table 4 and Table 5 excluded the first year results of the reservoir water supply simulation, and the results of Table 4 and Table 5 were produced based on 38 years’ data, the effect of initial reservoir storage assumption on the results is insignificant. The results in Table 4 indicate that the corresponding maximum water supply amount of each combination between time and volumetric reliability are approximately located on the straight line from top left of the table to the bottom right. Furthermore, since the SI was usually considered as 1 for the initial consideration in the reservoir planning stage, this study collated the study cases’ corresponding intervals of time and volumetric reliability for the consideration that SI = 1 in order to evaluate their relationship. The results are shown in Table 6, and indicate that the intervals of time reliability WSRT and volumetric reliability WSRQ appear to generally agree. Therefore, this study considers the volumetric reliability WSRQ to be the main analytical index, i.e., the water supply reliability index (WSRI). In addition, the GSI values of each reservoir, which are located on the straight line from the top left of the table to the bottom right, serve as each reservoir’s representative values of water supply reliability index. The GSI values of the selected reservoir cases are collated in Table 7.




3.2.2. Preliminary Correlation Analysis Between WSR and GSI


To examine the relationships between WSR and GSI, the linear regression method was employed to establish the evaluating function for each selected reservoir and study case. Since two of four selected parameters, namely the coefficient of variation of reservoir net inflow and the reservoir net inflow ratio of dry to wet seasons, were used to explain variations in the reservoir net inflow, and the statistical meaning of the coefficient of variation has better explanatory ability, so the linear regression evaluation employs the coefficient of variation of reservoir net inflow in advance. Three of the four selected parameters which are employed in advance to explain the relationships between WSRI and GSI are calculated and listed in Table 8. The structure of the linear regression function is established as follows:


  W S R I = C + υ ⋅ G S I + ω ⋅ C  V   I R    + ξ ⋅ K F + ψ ⋅ W D T R  



(22)




where,  υ ,  ω ,  ξ , and  ψ  are the coefficients of   G S I     C  V   I R     ,   K F  ,and   W D T R   respectively. The regression results of the selected case study are shown in Table 9. Owing to the fact that   C  V   I R     , KF, and WDTR were the fixed values for each selected case study, so the regression results that are shown in Table 9 could be treated as the characteristics of linear correlation between WSR and GSI for each case. Additionally, this study also integrates the variables from central Taiwan and all of Taiwan to establish the WSRI value estimation function, and the results are shown below:


  W S R I = C + υ ⋅ G S I + ω ⋅ C  V   I R    + ξ ⋅ K F + ψ ⋅ W D T R  



(23)







The WSRI value estimation function for Central Taiwan:


  W S R I = 0.950 − 0.035 ⋅ G S I + 0.006 ⋅ C  V   I R    − 0.021 ⋅ K F + 0.020 ⋅ W D T R ,    R 2  = 0.987  








The WSRI value estimation function for all of Taiwan:


  W S R I = 0.960 − 0.032 ⋅ G S I + 0.001 ⋅ C  V   I R    − 0.002 ⋅ K F − 0.004 ⋅ W D T R ,    R 2  = 0.931  



(24)








3.2.3. Investigation of the Relationship Between WSRI and GSI in the Study Cases for Which the Official Planned Water Supply Amount is Known


In order to give this model significant empirical support at both the theoretical and applied levels, this study chose seven reservoirs from the ten selected reservoirs for which the water supply amount has been decided (the official planned water supply amount), and calculated the corresponding values of GSI and WSR, the results are listed with   K F  ,   C  V   I R     , DWIR, and WDTR, in Table 10. It is assumed that the planned water supply amount of the seven selected reservoirs was derived after a round of professional evaluation. The WSRI and GSI estimation functions are as follows:



The WSRI value estimation function:


  W S R I = 0.887 − 0.067 ⋅ G S I + 0.014 ⋅ C  V   I R    + 0.172 ⋅ K F + 0.093 ⋅ W D T R ,    R 2  = 0.906  



(25)




The GSI value estimation function:


  G S I = 11.449 − 12.935 ⋅ W S R I + 0.223 ⋅ C  V   I R    + 2.424 ⋅ K F + 1.287 ⋅ W D T R ,    R 2  = 0.940  



(26)







Though there is a high correlation between WSRI and GSI, the GSI cannot be made into an impersonal value; therefore the reasonable WSRI value estimation function should exclude the GSI in independent variables. For this reason, this study employs the WSRI value estimation function with   K F  ,   C  V   I R     , and   W D T R  , as follows:


  W S R I = 0.901 − 0.005 ⋅ C  V   I R    + 0.071 ⋅ K F + 0.052 ⋅ W D T R ,    R 2  = 0.268  



(27)







However, the result of Function (27) does not support these concerns, as the correlation coefficient only reaches 0.5. Therefore, this study considers Function (27) with one more independent variable, parameter DWIR, as follows:


  W S R I = 0.585 + 0.005 ⋅ C  V   I R    + 0.457 ⋅ K F + 0.237 ⋅ D W I R + 0.334 ⋅ W D T R ,    R 2  = 0.760  



(28)







The coefficient of correlation of the WSRI estimation function using KF,   C  V   I R     , DWIR, and WDTR reaches 0.87. Because of the nature of   C  V   I R      and DWIR, they are very close. In order to retrench the parameters in the estimation function, this study selects KF, DWIR, and WDTR to establish the WSRI value estimation function again. The results are as follows:


  W S R I = 0.639 + 0.421 ⋅ K F + 0.220 ⋅ D W I R + 0.273 ⋅ W D T R ,    R 2  = 0.739  



(29)







The R2 of Formula (29) can still reach 0.739, and the coefficient of correlation is 0.86. In order to survey the representation of Formula (29), the calibrated results are compared with the real values, as shown in Table 11.




3.2.4. Validate the Estimation Ability of the Proposed Method


In order to verify the estimated logic of the reasonable WSRI value estimation function, the estimation function is modeled with five of the seven selected reservoirs, with the remaining two reservoirs used as verification data. The results, which exclude the parameter value outside of the modeling data interval, are presented as follows, and the verification results are shown in Table 12.



For Hushan and Tianhuahu reservoirs:


  W S R I = 0.612 + 0.468 ⋅ K F + 0.256 ⋅ D W I R + 0.292 ⋅ W D T R ,    R 2  = 0.923  



(30)







For Tianhuahu and Liyutan reservoirs:


  W S R I = 0.643 + 0.434 ⋅ K F + 0.229 ⋅ D W I R + 0.254 ⋅ W D T R ,    R 2  = 0.962  



(31)







For Hushan and Liyutan reservoirs:


  W S R I = 0.654 + 0.391 ⋅ K F + 0.222 ⋅ D W I R + 0.242 ⋅ W D T R ,    R 2  = 0.812  



(32)










4. Discussion


4.1. Results


4.1.1. The Main Analytical Index of this Study


The water supply analysis was conducted with daily data, and the purpose of the water supply was to meet the given water supply amount, therefore, the performance for both the time and volumetric reliabilities were very close, and the results are shown in Table 4 and Table 5. Considering the convenience of the actual operation, volumetric reliability was adopted as the main analytical index.




4.1.2. The Characteristic of the Case Studies’ Local Conditions


Two points are worth noting in Table 8. The first is the values of the reservoir characteristic parameters. Since the off-stream reservoirs were subjected to the transbasin diversion capacity, except the Nanhua reservoir, which had a level of instream water that was higher than the others, the coefficients of variation were less than those of the on-stream reservoirs. For the same reason, since the inflow temporal distribution of the off-stream reservoirs was more stable than that of the on-stream reservoirs, the performances on the time ratio of wet to dry days for the off-stream reservoirs were greater than those of the on-stream ones. The time ratio of wet to dry days also indicates that the reservoir inflow temporal distribution in Northern Taiwan is more uniform than in Southern Taiwan. Second, regarding the reservoir capacity factors, the effective capacity of Feitsui reservoir is 24.3 times that of Mingde reservoir, while and the reservoir capacity factor of the former is only 2.43 times that of the latter. Additionally, the reservoir capacity factor of Mingde reservoir is greater than that of Feitsui reservoir. Clearly, the reservoir capacity factor is an indicator of reservoir regulation ability.




4.1.3. The Water Supply Reliability of GSI


The SI/GSI considers the socioeconomic impact of water shortage events in the definitions as an indicator of water supply planning. Though the consideration of SI = 1 is the conceptual ideal condition with a 10% annual shortage rate occurring once every year; this consideration cannot serve as the general criterion in different local conditions of planning site. This is because the consideration of socioeconomic impact does not appear to agree with managers’ judgment when the latter uses the given design to regulate the variance of streamflow for the given demand. From the estimated results that shown in the Table 6 it can be seen that although the corresponding water supply reliability values of GSI = 1 in selected study cases are above 0.9, the final scheme of reservoir planning was not decided with the strict criterion that GSI = 1 (see Table 10). Looking again at Table 10, although the final scheme of water supply planning has different GSI values, the water supply reliability is always above 0.9. These results imply that the managers’ judgments for reservoirs’ capacity design depend on specific opinions, and that these would not be considered as part of the socioeconomic impact that is defined in the definition of GSI/SI.




4.1.4. The Relationship Between the WSRI and GSI


The results in Table 9 indicate that WSRI and GSI were strongly correlated. In that part of the linear regression function, the R2 was between 0.925 and ~0.993. Although the R2 of each reservoir’s linear regression function performed well, the parameters of the regression were without consistent coefficient characteristics, with positive or negative signs, with regard to the four variables and the constant. Therefore, the data on all and only Central Taiwan’s reservoirs were collected in order to run separate regression analyses on them, and the results are shown in Formulae (23) and (24). The results showed that the WSRI was closely connected to the GSI, and that the WSRI was moderately and negatively related to GSI (The definition of SI is dependent on the deficit rate, and the definition of WSRI is dependent on the sufficient rate).




4.1.5. Relationship Evaluation Between the Corresponding WSRI and GSI Values of Official Planned Water Supply Amount


Formula (29), which models seven selected reservoirs with planned water supply amounts, indicates that the WSRI was significantly and positively associated with the reservoir capacity factor, the time ratio of wet to dry days, WDTR, and the reservoir net inflow ratio of dry to wet seasons, DWIR. In addition, the combination of WDTR and DWIR may provide more effective information to explain the variance of streamflow than the coefficient of variation   C  V   I R      for WSRI estimation in Taiwan. In this case the formula indicated a high correlation coefficient of 0.86, and the verification results performed well, as shown in Table 11. The results in Table 12 were also positive.





4.2. Extended Discussions


As water requirements and ecological consciousness increase, so does demand for more precisely controlled and predictive water resources development growth. Form the viewpoint of the public who use the water supply, it is necessary for the government to provide a transparent bottom-up explanation for its water supply policy and the necessity of developing water resources. Clearly, despite the SI served the consideration of socioeconomic impact to consider the effect of water shortages on water users in its definition, water resource managers are does not follow any specific consideration of socioeconomic impact to judge the schemes of reservoirs when they facing different combinations of water shortages’ intensity and frequency, thus the SI value would not be a good explanation for water supply policy and the necessity of developing water resources with regard to public. For this reason, this study provides an approach to translate the SI value into water supply reliability, which is easier to understand. For any given water supply system, the estimated results of this study could serve as an additional remark on different SI values to explain their water supply considerations. For a new planning site, the estimated results of this study could provide another way for engineers and managers to evaluate the maximum water supply ability and its corresponding SI value to serve as the initial consideration of water supply system planning.





5. Conclusions and Suggestions


5.1. Conclusions


This study defined three dimensionless parameters, as follows: the reservoir capacity factor, KF, which represents the regulatory ability of the reservoir; the net inflow ratio of dry to wet seasons, DWIR, which represents the variation in the degree of inflow; and the time ratio of wet to dry days, WDTR, which represents the proportion of the distribution of the large inflow discharge and small inflow discharge. These three dimensionless parameters are used to explain different elements of each reservoir, including the capacity scale, location, on-stream/off-stream operation type, and single or joint operation. In addition, the combination of WDTR and DWIR may provide more effective information to explain the variance of streamflow than the coefficient of variation   C  V   I R      for WSRI estimation in Taiwan.



From the analysis of the results for each reservoir, and the integration of those for all the reservoirs, a high correlation between the WSRI and GSI was found. In both pure water resources operation and complex water resources facilities operation (e.g., joint operation of reservoirs), the uncertainty caused by the spatial and temporal distribution of rainfall in the operation of water resource system shall be presented to decision makers or to the general public in the most comprehensible way. When the reservoir capacity of an existing reservoir is reduced due to reservoir sedimentation, the analysis parameters proposed in this study may be applied to obtaining the WSRI value, which facilitates the explanation of water supply difficulty.



The seven selected reservoirs which official planned water supply amounts has been know had a GSI value interval that varied from 0.4 to 1.94 and the corresponding WSRI value interval varied from 0.968 to 0.902. Although the consideration of SI = 1 was considered as the conceptual ideal initial condition, i.e., that the 10% annual shortage rate occurs once every year, but the final schemes of reservoir planning were result in different GSI values, and their water supply reliabilities were all above 0.9. These results imply that the managers’ judgment for reservoirs’ capacity design were dependent on specific opinions, which did not follow the conceptual ideal consideration of the socioeconomic impact in GSI/SI. In addition, the definition of WSRI is clearer and easier to understand than that of GSI, and thus adopting the former as a substitute for the latter as a planning index is worth further exploration.



Through the calibration and verification procedure, assuming that the official planned water supply amount of the seven selected reservoirs went through a round of professional evaluation, the correlation coefficients of WSRI calculations and estimations were all above 0.8. The results demonstrate that WSRI can be practically implemented and can provide adequate results. For any given water supply system, the estimated results of this study could serve as an additional remark on different SI values to explain their water supply considerations. For a new planning site, the reasonable water supply reliability function could provide another way for engineers and managers to evaluate the maximum water supply ability, and then calculate its corresponding SI value to serve as the initial consideration of water supply system planning.



In Taiwan, from the comparison with the interval of WSRI of seven reservoirs, the standard interval of WI that the of Taiwan Water Corporation uses, and the water supply priorities right of different kinds of demand in Taiwan, it is suggested that the reservoirs that are expected to supply only public water adopt the WSRI as the water supply index with 0.9 (the middle value of the moderate deficit level of the WI) for the lower bound, and 0.975 (the middle value of the normal level of the WI) as the upper bound. Reservoirs that are expected to supply only agricultural water demand have more flexibility than those for public water-use. Therefore, it is suggested that the WSRI restrictions are relaxed by 0.025, and that the values 0.95 and 0.875 be used as the upper and the lower bounds, respectively. Reservoirs that are only expected to meet industrial water demand have less flexibility than those for public water-use. Therefore, it is suggested that the WSRI reduces its restrictions by 0.025, and uses the values 1.0 and the 0.925 as the upper and the lower bounds, respectively. These suggested value relaxations and reductions could be undertaken for further exploration of the assumptions underlying this study.



The “expected levels of supply” form the socioeconomic part of the definition [30]. The standard of water supply reliability would be related to water pricing for each kind of demand in the more advanced water supply system organization (such as the rule curve, regional regulation policy, and so on.), if the standards of water supply and water pricing for each kind of demand could be established, it would be helpful to developing an efficient and transparent bottom-up approach and involving all stakeholders for water resource management and development.



The sets of water requirement and corresponding tolerable water shortage for each purpose of a multipurpose reservoir shall be compiled as one synthetic value set as reservoir’s overall water-shortage tolerance. Such statistics may serve as references for the operation of a multipurpose reservoir.




5.2. Suggestions


Since the WSRI is an expression of the average water supply potential, water users or managers may want to know the frequency and intensity of potential water shortages that caused by hydrologic conditions, water quality conditions, and water supply or water distribution system component failures [31,32,33,34] they may have to face one day, or they may want to take action to avoid a specific potential crisis of water shortage. Hence, an interesting avenue of investigation in future research would be the incorporation of the WSRI with the concepts contained in ALARP (as low as reasonably practicable) [35], as shown in Figure 7. The width of the inverted triangle can be seen as the intensity of a water shortage event, and the height can be seen as the frequency. From top to bottom the inverted triangle represents low to high frequency. The ALARP region between frequency and intensity is illustrated in Figure 8. The ALAPR could be performed with a questionnaire based on each kind of demand through the mechanism of reasonable water price response (high reliability cost high price) [36]. It could serve to provide general principles for management in organizing a suitable water supply system for each kind of water use, and also in their preparation of a backup system for the water supply target.
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Figure 1. Definition sketch of water shortage characteristics of reservoir water supply process. 
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Figure 2. Illustration of different considerations between the status quo and this study. 
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Figure 3. Flowchart of proposed methodology. 
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Figure 4. The operation rule of single reservoir and joint operation. 
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Figure 5. The location of selected cases. 
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Figure 6. The net inflow duration curve of each selected reservoir case. 
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Figure 7. Levels of risk and ALARP [35,37]. 
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Figure 8. The ALARP region between frequency and magnitude. 
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Table 1. The comparison of four common water shortage evaluation indexes.
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Name

	
Remarks






	
Water-use index, WI

[14,15]

     W S     W D     

	
Usage

	
The WI is used to understand the actual water supply situation during a specific (short-term) period to operate water supply regulation or planning.




	
Advantages

	
Calculation is simple and easy to understand.




	
Shortcomings

	
It cannot consider the frequency of water shortages. Therefore, it is not suitable for the economic consideration of long-term water resources planning




	
Shortage index, SI

[16]

    100  N      ∑  t = 1  N    (    A  S t    A  D t     )     2   

	
Usage

	
The SI is applied to evaluate the relative water shortage situation with given schemes of water supply system design during the simulation period (long-term period) for professional engineers or managers.




	
Advantages

	
SI considers the socioeconomic impact of water shortage in its definition.




	
Shortcomings

	
The SI is calculated by the annual deficit rate, and the characteristics of seasonal deficit and the continuity of daily deficit cannot appear in the values of SI, and it has no any general criterion for water resources planning.




	
Deficit Percent Day Index, DPD

[17,18]

   ∑   (  D D R ( % ) × N D S D  )     

	
Usage

	
The DPD is applied to understand the present tolerance of the water users and serves as a consideration of water resources managers in regulating the water supply during a specific period.




	
Advantages

	
The DPD can show the tolerance of the water users for various combinations of daily water shortage density and its duration from the questionnaire.




	
Shortcomings

	
The DPD is purely based on the water users revealing their tolerance for various water deficit situations, it is not suitable to serve as the criterion of long-term water resources planning.




	
Generalized Shortage Index, GSI

[19]

    100  N    ∑  t = 1  N      (    D P D    t    100 × N D  Y t     )   2     

	
Usage

	
The GSI is applied to evaluate the relative water deficit situation with given schemes of water supply system design during the simulation period (both long-term and short-term) for professional engineers or managers.




	
Advantages

	
The GSI is a modified form from the SI, and it is calculated by the daily deficit rate; this consideration makes it react sensitively to water shortages.




	
Shortcomings

	
It has no general criterion for water resources planning.
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Table 2. The classification of water-use Index (The standard of Taiwan Water Corporation).
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	Deficit Level
	Interval of WI





	Normal
	1~0.95



	Moderately Deficient
	0.94~0.85



	Deficient
	0.84~0.80



	Severely Deficient
	0.79~0.70



	Extremely Deficient
	<0.7










[image: Table] 





Table 3. Basic information about the selected study cases.
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Region

	
Reservoir

	
Water System

	
Catchment Area

(km2)

	
Total Reservoir Capacity

(106 m3)

	
Effective Capacity

(106 m3)

	
Annual Reservoir Inflow

(106 m3)

	
Transbasin Diversion




	
Catchment Area (km2)

	
Capacity of Diversion Tunnel (CMS)






	
Northern Taiwan

	
Feitsui

	
Danshuei River

	
303.0

	
406.0

	
340.1

	
949.75

	
-

	
-




	
Shihmen

	
Danshuei River

	
763.4

	
309.1

	
233.8

	
1420.89

	
-

	
-




	
Bilin

	
Youluo River

	
73.4

	
37.8

	
36.9

	
150.00

	
-

	
-




	
Central Taiwan

	
Mingde

	
Houlong River

	
60.0

	
14.4

	
14.0

	
92.66

	
-

	
-




	
Tianhuahu

	
Houlong River

	
6.9

	
48.8

	
47.9

	
158.03

	
247.3

	
20




	
Liyutan

	
Daan River

	
53.5

	
126.1

	
119.9

	
303.28

	
447

	
35




	
Jianming

	
Wu River

	
18.4

	
79.6

	
79.1

	
292.64

	
957

	
40




	
Hushan

	
Beigang River

	
6.6

	
53.5

	
52.2

	
105.13

	
259

	
20




	
Southern Taiwan

	
Nanhua

	
Zengwun River

	
104.0

	
158.1

	
144.3

	
206.52

	
408

	
30




	
Mutan

	
Sihchong River

	
69.2

	
29.4

	
29.1

	
118.10

	
-

	
-
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Table 4. The maximum water supply amount of each reliability condition for the Shihmen reservoir (Unit: CMS).






Table 4. The maximum water supply amount of each reliability condition for the Shihmen reservoir (Unit: CMS).





	Volume\Time
	≥0.975
	≥0.950
	≥0.925
	≥0.900
	≥0.875
	≥0.850
	≥0.825
	≥0.800
	≥0.775
	≥0.750





	≥0.975
	16.7
	16.7
	16.7
	16.7
	16.7
	16.7
	16.7
	16.7
	16.7
	16.7



	≥0.950
	16.7
	18.2
	18.6
	18.6
	18.6
	18.6
	18.6
	18.6
	18.6
	18.6



	≥0.925
	16.7
	18.2
	19.5
	20.1
	20.1
	20.1
	20.1
	20.1
	20.1
	20.1



	≥0.900
	16.7
	18.2
	19.5
	20.9
	21.5
	21.5
	21.5
	21.5
	21.5
	21.5



	≥0.875
	16.7
	18.2
	19.5
	20.9
	22.1
	22.8
	22.8
	22.8
	22.8
	22.8



	≥0.850
	16.7
	18.2
	19.5
	20.9
	22.1
	23.2
	24.0
	24.0
	24.0
	24.0



	≥0.825
	16.7
	18.2
	19.5
	20.9
	22.1
	23.2
	24.2
	25.2
	25.3
	25.3



	≥0.800
	16.7
	18.2
	19.5
	20.9
	22.1
	23.2
	24.2
	25.2
	26.4
	26.7



	≥0.775
	16.7
	18.2
	19.5
	20.9
	22.1
	23.2
	24.2
	25.2
	26.4
	27.6



	≥0.750
	16.7
	18.2
	19.5
	20.9
	22.1
	23.2
	24.2
	25.2
	26.4
	27.6
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Table 5. The corresponding GSI of maximum water supply amount for the Shihmen reservoir.






Table 5. The corresponding GSI of maximum water supply amount for the Shihmen reservoir.





	Volume\Time
	≥0.975
	≥0.950
	≥0.925
	≥0.900
	≥0.875
	≥0.850
	≥0.825
	≥0.800
	≥0.775
	≥0.750





	≥0.975
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25



	≥0.950
	0.25
	0.70
	0.81
	0.81
	0.81
	0.81
	0.81
	0.81
	0.81
	0.81



	≥0.925
	0.25
	0.70
	1.13
	1.41
	1.41
	1.41
	1.41
	1.41
	1.41
	1.41



	≥0.900
	0.25
	0.70
	1.13
	1.85
	2.20
	2.20
	2.20
	2.20
	2.20
	2.20



	≥0.875
	0.25
	0.70
	1.13
	1.85
	2.51
	2.92
	2.92
	2.92
	2.92
	2.92



	≥0.850
	0.25
	0.70
	1.13
	1.85
	2.51
	3.16
	3.70
	3.70
	3.70
	3.70



	≥0.825
	0.25
	0.70
	1.13
	1.85
	2.51
	3.16
	3.83
	4.57
	4.66
	4.66



	≥0.800
	0.25
	0.70
	1.13
	1.85
	2.51
	3.16
	3.83
	4.57
	5.56
	5.81



	≥0.775
	0.25
	0.70
	1.13
	1.85
	2.51
	3.16
	3.83
	4.57
	5.56
	6.52



	≥0.750
	0.25
	0.70
	1.13
	1.85
	2.51
	3.16
	3.83
	4.57
	5.56
	6.52
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Table 6. Corresponding water supply reliability of GSI = 1.0.






Table 6. Corresponding water supply reliability of GSI = 1.0.





	

	
Reservoir

	
GSI = 1.0




	
Time Reliability

	
Volumetric Reliability




	
Up Bound

	
Low Bound

	
Up Bound

	
Low Bound






	
Northern Taiwan

	
Feitsui

	
0.950

	
0.925

	
0.950

	
0.925




	
Shihmen

	
0.950

	
0.925

	
0.950

	
0.925




	
Bilin

	
0.975

	
0.950

	
0.975

	
0.950




	
Central Taiwan

	
Mingde

	
0.925

	
0.900

	
0.925

	
0.900




	
Tianhuahu

	
0.950

	
0.925

	
0.950

	
0.925




	
Liyutan

	
0.950

	
0.925

	
0.950

	
0.925




	
Jianming

	
0.950

	
0.925

	
0.950

	
0.925




	
Hushan

	
0.950

	
0.925

	
0.950

	
0.925




	
Southern Taiwan

	
Nanhua

	
0.975

	
0.950

	
0.975

	
0.950




	
Mutan

	
0.950

	
0.925

	
0.975

	
0.950




	
Joint Operation

	
0.925

	
0.900

	
0.950

	
0.925
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Table 7. The corresponding GSI of maximum water supply amount for all reservoirs.






Table 7. The corresponding GSI of maximum water supply amount for all reservoirs.





	Reliability
	≥0.975
	≥0.950
	≥0.925
	≥0.900
	≥0.875
	≥0.850
	≥0.825
	≥0.800
	≥0.775
	≥0.750





	Feitsui
	0.28
	0.68
	1.09
	1.45
	1.90
	2.50
	3.08
	3.73
	4.49
	5.17



	Shihmen
	0.25
	0.70
	1.13
	1.85
	2.51
	3.16
	3.83
	4.57
	5.56
	6.52



	Bilin
	0.37
	1.12
	1.43
	2.46
	3.00
	4.28
	4.96
	6.55
	7.32
	9.11



	Mingde
	0.30
	0.66
	0.96
	1.42
	2.06
	2.80
	3.66
	4.54
	5.47
	6.35



	Tianhuahu
	0.31
	0.59
	1.00
	1.54
	2.27
	3.13
	3.59
	4.60
	5.71
	6.87



	Liyutan
	0.33
	0.72
	1.09
	1.72
	2.25
	2.96
	3.67
	4.47
	5.34
	6.31



	Jianming
	0.24
	0.70
	1.05
	1.94
	2.64
	3.34
	4.05
	4.81
	5.71
	6.65



	Hushan
	0.52
	0.83
	1.33
	1.81
	2.37
	3.03
	4.10
	4.85
	6.06
	6.95



	Nanhua
	0.58
	1.03
	1.65
	2.08
	2.51
	3.18
	3.81
	4.65
	5.56
	6.85



	Mutan
	0.48
	0.84
	1.47
	1.94
	2.45
	3.63
	4.30
	5.02
	5.76
	7.33
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Table 8. The interpretative parameters of the case studies’ local conditions.






Table 8. The interpretative parameters of the case studies’ local conditions.





	

	
Reservoir

	
Dimensionless Parameters




	
Coefficient of Variation

	
Reservoir Capacity Factor

	
Time Ratio of Wet and Dry Days






	
Northern Taiwan

	
Feitsui

	
2.2181

	
0.4184

	
0.3651




	
Shihmen

	
3.8716

	
0.2985

	
0.2500




	
Bilin

	
2.9776

	
0.3401

	
0.3332




	
Central Taiwan

	
Mingde

	
4.2930

	
0.1721

	
0.2144




	
Tianhuahu

	
1.5219

	
0.2959

	
0.3862




	
Liyutan

	
1.2705

	
0.2825

	
0.5494




	
Jianming

	
0.9423

	
0.1664

	
0.6706




	
Hushan

	
1.4004

	
0.3623

	
0.4502




	
Southern Taiwan

	
Nanhua

	
3.7202

	
0.4000

	
0.3696




	
Mutan

	
2.9547

	
0.2611

	
0.1841




	
Joint Operation

	
1.1835

	
0.3968

	
0.5129
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Table 9. The estimated WSRI liner regression function of each reservoir.






Table 9. The estimated WSRI liner regression function of each reservoir.





	
NO.

	
Reservoir

	
Coefficient of Regression Function

	
R2




	
   C   

	
   υ   

	
   ω   

	
   ξ   

	
   ψ   






	
1

	
Feitsui

	
1.031

	
−0.041

	
0.010

	
−0.232

	
0.028

	
0.979




	
2

	
Shihmen

	
−3.803

	
−0.034

	
0.319

	
−4.836

	
19.894

	
0.993




	
3

	
Bilin

	
0.868

	
−0.026

	
0.185

	
−0.532

	
−0.809

	
0.953




	
4

	
Mingde

	
0.766

	
−0.035

	
0.139

	
−0.667

	
−1.333

	
0.968




	
5

	
Tianhuahu

	
0.810

	
−0.034

	
0.059

	
−0.186

	
0.304

	
0.970




	
6

	
Liyutan

	
−0.969

	
−0.306

	
−0.112

	
−2.063

	
4.847

	
0.980




	
7

	
Jianming

	
0.879

	
−0.035

	
0.807

	
−5.914

	
0.469

	
0.991




	
8

	
Hushan

	
0.845

	
−0.034

	
0.151

	
−1.034

	
−0.747

	
0.971




	
9

	
Nanhua

	
28.572

	
−6.799

	
57.667

	
−19.275

	
−29.411

	
0.925




	
10

	
Mutan

	
1.635

	
−0.033

	
0.080

	
−2.968

	
0.667

	
0.976




	
11

	
Joint Operation

	
16.470

	
−9.937

	
13.937

	
−11.875

	
−28.781

	
0.957
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Table 10. The basic analytical data sets of seven selected reservoirs for which the planned water supply amount had been decided.






Table 10. The basic analytical data sets of seven selected reservoirs for which the planned water supply amount had been decided.














	
	GSI
	WSRI
	Net Inflow Variation
	Reservoir Capacity Factor
	Time Ratio of Wet to Dry days
	Net Inflow Ratio of Dry to Wet Seasons





	Bilin
	1
	0.968
	2.978
	0.340
	0.333
	0.410



	Hushan
	1.08
	0.936
	1.400
	0.362
	0.450
	0.060



	Tianhuahu
	1.24
	0.913
	1.522
	0.296
	0.386
	0.316



	Liyutan
	0.4
	0.969
	1.270
	0.282
	0.549
	0.197



	Mingde
	1.37
	0.902
	4.293
	0.172
	0.214
	0.566



	Jianming
	0.928
	0.936
	0.942
	0.166
	0.671
	0.228



	Nanhua
	1.94
	0.910
	3.720
	0.400
	0.370
	0.025
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Table 11. The calibration results of reasonable WSRI estimation function for seven selected reservoirs for which the planned water supply amount had been decided.






Table 11. The calibration results of reasonable WSRI estimation function for seven selected reservoirs for which the planned water supply amount had been decided.





	Reservoir
	Real Value
	Calibration Value
	Error Percentage (%)





	Bilin
	0.968
	0.964
	−0.450



	Hushan
	0.936
	0.928
	−0.850



	Tianhuahu
	0.913
	0.939
	2.811



	Liyutan
	0.969
	0.952
	−1.798



	Mingde
	0.902
	0.895
	−0.824



	Jianming
	0.936
	0.942
	0.688



	Nanhua
	0.910
	0.914
	0.473
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Table 12. The verification results of reasonable WSRI estimation function.






Table 12. The verification results of reasonable WSRI estimation function.





	Reservoir
	Real Value
	Calibration Value
	Error Percentage (%)
	Formula No.





	Hushan
	0.936
	0.928
	0.860
	(31)



	Tianhuahu
	0.913
	0.944
	−3.353
	(31)



	Tianhuahu
	0.913
	0.941
	−3.106
	(32)



	Liyutan
	0.969
	0.950
	1.928
	(32)



	Hushan
	0.936
	0.918
	1.918
	(33)



	Liyutan
	0.969
	0.941
	2.837
	(33)
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