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A new method integrating techniques of copula and interval estimation to estimate multi-source water supply was proposed. Using the copula theory, joint probability distributions of multiple water sources were constructed for the estimation of water supply. In addition, the interval estimation was used to obtain the interval of water supply under uncertainty for the formulation of water-diversion strategies and the efficient allocation of water resources. This method can give an in-depth investigation on correlations and synchronous–asynchronous characteristics of runoff variations for multiple water sources, thus solving the uncertainty problem of water supply. To demonstrate its applicability, the method was applied to a case study in the Xiong’an New Area, a future metropolis in North China. The results showed that log-normal distributions for the marginal distributions of source 2 (i.e., the Water Diversion Project from the Yellow River to Baiyangdian Lake) and source 3 (i.e., the South-to-North Water Diversion Project) were feasible. The combined channel source, composed of source 2 and source 3, provided [5.20, 12.10] × 108 m3, and reservoir source provided [0.76, 3.60] × 108 m³ of water resources to the Xiong’an New Area per year. Furthermore, without the implementation of multi-source combined water supply pattern in the Xiong’an New Area, there would be a large water supply deficit. This research can provide effective practical suggestions and guidance on water-resource planning and management.
Keywords: joint probabilities, multi-source combined water supply, uncertainty, copula, interval estimation
1 INTRODUCTION
Due to the boom of population and the acceleration of urbanization progress worldwide, the contradiction between water supply and demand has become increasingly prominent (Song et al., 2020), especially in arid and semi-arid areas. Accordingly, many inter-basin water diversion projects have been constructed as the main means to alleviate water shortage (Yu et al., 2017; Zhang et al., 2019; Song et al., 2020), and examples include but are not limited to the South-to-North Water Diversion Project (Zhang et al., 2021). The required amount of water relocated through the water diversion projects can be calculated with two constraints, i.e., the amount of water demand of receiving regions and economic benefits from water relocation. Therefore, the estimation of water supply is of great significance for optimal allocations of regional water resources and improvements of water-use efficiency (Huang et al., 2021).
According to different estimation principles, water-supply estimation models fall into two categories: process-simulation models based on runoff generation and data-driven phenomenological models (Fleming et al., 2021). Using the two types of models, point estimation can be obtained; that is, the estimated water supply amount is a fixed value for a certain time and space. However, most hydrological runoff series are usually non-stationary with seasonal fluctuations (Ghasempour et al., 2021) leading to corresponding fluctuations in the water supply within a certain range when river runoff is used as a water source. In addition, urban areas are always in a dynamic state of development, so the point estimation of water supply is neither operable nor practical for water management in the real world. By contrast, interval estimation can not only effectively cover the range of water supply (Mykhailovych and Fryz 2020; Shimakawa and Murakami 2003), but also bring convenience to decision-makers of water resource management. With regard to the uncertainty of water supply and practical water planning and management, the interval estimation is desired.
In recent years, water supply systems have rapidly developed from a single water source to multiple water sources due to their obvious advantage of ensuring the reliability of urban water supply (Puleo et al., 2014; Zhang et al., 2019; An et al., 2021). This multi-source water supply faces new challenges in water resource management (Gao et al., 2018; Yu et al., 2017). On the one hand, available water supply along with spatial and temporal distributions of multiple water resources are different (Zhang et al., 2018; Song et al., 2020), resulting in the increased complexity of water supply management. On the other hand, the indefinite competition and complementarity of multiple water sources, as well as special water supply rules may cause conflicts in water supply calculations (Song et al., 2020). Therefore, it is necessary to conduct the multivariate joint probability analysis of multiple water sources, which is of great significance for reducing the water shortage risk through maintaining the water supply safety.
Copula is a powerful tool for constructing multivariate joint probability distributions and exploring dependency structures between random variables (Hao and Singh, 2016; Wang et al., 2017). As copula can analyze the interactions and interconnections between multiple variables quantitatively, it has been widely used to construct joint probability distributions of multiple variables. One of the main characteristics of copula is that the construction of joint probability distributions and marginal distributions is separated (Hao and Singh, 2016). To date, besides numerous investigations of multivariate flood frequency (Han et al., 2018; Naz et al., 2020), the frequency of rainfall (Zhang and Singh, 2007b; Kuhn et al., 2007), and multivariate drought events (Ayantobo et al., 2019; Li et al., 2020), some studies have reported successful applications of copula in the field of water resource allocation, e.g., the confirmation of compensative operating feasibility of the South-to-North Water Diversion Project (Huang and Niu, 2015). It has been proved that copula can offer technical and decision-making support for the smooth implementation of multi-source water supply.
Taking the Xiong’an New Area, a future metropolis in North China, as an example, this study attempted to propose a water supply estimation method based on joint probability distributions of multiple water sources. The specific objectives were: 1) to generate appropriate marginal distributions of single water source and further construct joint probability distributions of multiple water sources with copula; 2) to determine the interval estimation of water supply according to joint probability distributions of multiple water sources; and 3) to calculate the interval of water supply and guarantee the rate of water use, laying a necessary basis for water resource allocation. The proposed method considering joint probability distributions of multiple water sources for water supply estimation proved to be a reliable and reasonable method, which can provide scientific support for ensuring water supply safety through the optimal allocation of water resources.
2 MATERIALS AND METHODS
2.1 Study area
The Xiong’an New Area (115°37′E–116°20′E, 38°41′N–39°10′N) sits at the heart of the triangular area formed by the cities of Beijing, Tianjin, and Baoding. It is an important area of China’s strategic planning of the Coordinated Development of the Beijing–Tianjin–Hebei Region (Figure 1). It covers Xiong County, Rongcheng County, Anxin County, and other surrounding areas with an initial development zone covering 100 km2. Currently, its economic development level and urbanization rate are far lower than the average level of the Hebei Province and China, still having much room for improvement. Consequently, the rapid development of the Xiong’an New Area has great demand for water resources.
[image: Figure 1]FIGURE 1 | The location of the Xiong’an New Area, North China.
Located in the mid-latitude zone, the Xiong’an New Area has a semi-arid temperate monsoon continental climate with four distinct seasons. The annual average precipitation and evaporation are 551.5 mm and 1,369 mm, respectively (Li et al., 2021; Yang et al., 2021). Eighty percent of the precipitation occurs from June to September during the flood season (Liu et al., 2020b). The average annual temperature is 11.7°C and the lowest average monthly temperature is −4.9°C (Yang et al., 2021). The study area used to be rich in wetland resources, including the Baiyangdian Lake and several rivers (Yang et al., 2021). However, in the past five decades, due to the dual effects of climate change and human activity interference, the input water from upstream rivers and reservoirs to the Baiyangdian Lake has gradually decreased with only a few rivers running all year round at present. Water shortage has become a major problem in the region (Zhao et al., 2021).
In general, the water resource conditions in the Xiong’an New Area are poor at this stage. The development of this area is limited due to the grim water resource situation and the contradiction between water supply and demand. In view of the current situation of water resources in the Xiong’an New Area, a large number of water diversion projects, mainly including the Water Diversion Project from Xidayang Reservoir and Wangkuai Reservoir, the Water Diversion Project from the Yellow River to Baiyangdian Lake and the South-to-North Water Diversion Project, have been implemented with joint water supply patterns to alleviate regional water shortage (Zhang et al., 2019; Song et al., 2020; An et al., 2021).
2.2 Data collection
The runoff data of the Water Diversion Project from Xidayang Reservoir and Wangkuai Reservoir (1956–2000), the Water Diversion Project from the Yellow River to Baiyangdian Lake (1919–2013) and the South-to-North Water Diversion Project (1980–2005) were obtained from the Hydrological Yearbook of the People’s Republic of China. The economic and social data of the Xiong’an New Area were obtained from the Baoding City Economic Statistics Yearbook, Hebei Province Economic Statistical Yearbook, Hebei Province National Economic and Social Development Statistical Bulletin, Anxin County Chronicles, and relevant data released by the local statistical bureau.
2.3 Methods
2.3.1 Framework for water-supply estimation based on joint probability distributions of multiple water sources
A new method considering the joint probability distributions of multiple water sources was proposed for water supply estimation. The amount of water supply was calculated under different scenarios by setting various frequency combinations of multiple water sources, so as to provide a quantitative basis for the optimal deployment of regional water resources. The technical roadmap of the study is shown in Figure 2. The main steps are as follows: 1) calculate the correlation coefficients of the runoff series for paired water sources; 2) generate and identify the optimal marginal distribution type of single water sources; 3) construct joint probability distributions of water sources with strong correlation by copula and plot the annual runoff frequency curves of water sources with weak correlation by using the Pearson-III distribution curve; 4) determine the amount of water supply of multiple water sources; and 5) calculate the guarantee rate of water use in sixteen schemes.
[image: Figure 2]FIGURE 2 | Framework for estimating the water supply for multiple water sources.
2.3.2 Measurement of runoff correlations between paired water sources
The Pearson, Spearman, and Kendall correlation coefficients have been widely used to measure the correlation of variables (Wang et al., 2017). Among them, the Pearson correlation coefficient is often used to measure the correlation between two variables that are linearly related (Hao and Singh, 2016; Wang et al., 2017). In cases where the normal assumption is not true or non-linear correlation exists between variables, the Pearson correlation coefficient is not applicable while the Spearman correlation coefficient and Kendall correlation coefficient can be used instead (Hao and Singh, 2016). More details can be found in the published literature by Wang et al. (2017). We used the Pearson, Spearman, and Kendall correlation coefficients to measure the correlation of random variables.
2.3.3 Construction of marginal distributions and evaluation of fitting degree
The kernel density estimation (KDE) was used for obtaining the probability density function to define univariate marginals. Five distributions including normal distribution, log-normal distribution, Gamma distribution, Weibull distribution, and exponential distribution were selected as candidates to fit the marginal distributions of multiple water sources, with their parameters being estimated by the maximum likelihood method (MLE). According to the Akaike information criterion (AIC), Bayesian information criterion (BIC), and Kolmogorov–Smirnov test (K–S test), appropriate marginal distributions and parameters were determined (Tu et al., 2016). In addition, the fitting of theoretical frequency and empirical frequency was compared. The empirical frequency was calculated by using Gringorten formula (Gringorten, 1963; Zhang and Singh, 2007a).
2.3.4 Construction of joint probability distributions of multiple water sources
Copula can be used to construct multivariate joint probability distributions by linking univariate marginal distributions which can characterize dependence structures among variables (Yu and Zhang, 2021). The main advantage of copula is that it can connect any form of marginal distribution. Moreover, the construction of joint probability distributions is independent of the marginal distributions (Hao and Singh, 2016; Wang et al., 2017). Copula has great flexibility to characterize the dependency between variables (Yu and Zhang, 2021), and thus has become a powerful tool for constructing multivariate joint probability distributions and exploring the correlation among random variables (Wang et al., 2017). Based on Sklar’s theorem (Nelsen, 2006), [image: image] is the joint distribution with marginal distributions of [image: image]. For any [image: image], the distribution function is shown in Eq. 1. If [image: image] are all continuous, then [image: image] serving as a connection operator is unique.
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where [image: image] is the parameter of copula; [image: image] is a copula function; and [image: image] is the marginal distribution for the i-th random variable [image: image].
There are many types of copulas with different dependency characteristics (Yu and Zhang, 2021). A variety of copulas can be used for the construction of multivariate joint probability distributions, e.g., Archimedean copulas and Elliptical copulas. Archimedean copulas contain only one parameter and are easy to generate (Salvadori and Michele, 2010; Serinaldi and Grimaldi, 2007), thus having a high utilization frequency in hydrology (Song and Singh, 2010). In this study, Clayton copula, Frank copula, Gaussian copula, Gumbel copula, and BB5 copula were selected as the candidate copulas to construct joint probability distributions of multiple water sources. Frank copula and Gaussian copula exhibited symmetric dependence behavior. Both Clayton copula and Gumbel copula permitted asymmetric dependence (Hao and Singh, 2016); however, in contrast to Gumbel copula, which exhibits strong right tail dependence, Clayton copula exhibits strong left tail dependence. Joe’s BB5 copula belongs to extreme-value copulas (Genest and Favre, 2007; Joe, 1997; Sadegh et al., 2017) which can be used to model the dependence structure of rare events or extreme values (Hao and Singh, 2016). The maximum likelihood estimation (MLE) method was used to obtain the parameters of these five candidate copulas. The goodness-of-fit test was performed by using the square Euclidean distance to test the fitting degree to select an optimal copula.
The three-dimensional and contour figures of joint cumulative distributions of multiple water sources were used to calculate the amount of water supply in the multi-source combined water supply system. Each curve in the contour figures represented a joint probability value. The projection of the points on this curve on x-axis and y-axis represented the water supply from each of the two water sources. The joint water supply at a certain joint probability was equal to the sum of projections of this point on the x-axis and y-axis. Since there were an infinite number of points on this curve, the amount of water supply fluctuated within a certain range.
2.3.5 Guarantee rate of water use for multiple water sources
With the implementation of water diversion projects including the Water Diversion Project from Xidayang Reservoir and Wangkuai Reservoir, the Water Diversion Project from the Yellow River to Biayangdian Lake, and the South-to-North Water Diversion Project, a multi-source combined water supply pattern was formed in the Xiong’an New Area. The guarantee rate of water use under various encounter situations can be calculated based on the different occurrence frequency combinations for the aforementioned three projects which reflect the synchronous–asynchronous characteristics of runoff for these water sources. Based on the runoff correlation results shown in Table 1, water sources can be divided into two groups, which were, a combined channel source with strong correlation and a reservoir source with weak correlation. Among them, the combined channel source here contained the Water Diversion Project from the Yellow River to Baiyangdian Lake and the South-to-North Water Diversion Project; the reservoir source was the Water Diversion Project from Xidayang Reservoir and Wangkuai Reservoir. Since the combined channel source and reservoir source were independent of each other, the concept of mutually independent events from the probability theory was used (Michael Steele, 2015; Zhang et al., 2018; Zhang et al., 2019). Assuming that the combined channel source was event A and the reservoir source was event B, the probability that the combined channel source and reservoir source would occur simultaneously at different encounter probabilities was:
[image: image]
where [image: image] is the joint probability i of combined channel source A; [image: image] is the runoff frequency j of reservoir source B; and [image: image] is the encounter probability of the combined channel source A with the joint probability i and reservoir source B with the runoff frequency j.
TABLE 1 | The results of runoff correlation measurements for multiple water sources by various correlation coefficients.
[image: Table 1]The water shortages are usually derived from the contradiction between water supply and water demand. The guarantee rate of water use, defined as the degree to which water demand is met, was mainly based on the comparison between the actual water supply and water demand of the water resource system (Zhang et al., 2019). The guarantee rate of water use ranges from 0 to 1; in the case that the actual water supply was greater than water demand, the guarantee rate of water use was 1.
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where [image: image] is the guarantee rate of water use; [image: image] is the amount of water supply (108 m3); and [image: image] is the amount of water demand (108 m3).
3 RESULTS
3.1 Measurement of runoff correlations between multiple water sources
The Xiong’an New Area has three external water sources, namely, the Water Diversion Project from Xidayang Reservoir and Wangkuai Reservoir (source 1), the Water Diversion Project from the Yellow River to Baiyangdian Lake (source 2), and the South-to-North Water Diversion Project (source 3). The results of runoff correlation measurements for the three water sources by various correlation coefficients are shown in Table 1. It can be seen that, three correlation coefficients between source 2 and source 3 were high (specifically, the Pearson correlation coefficient was 0.82, the Spearman correlation coefficient was 0.73, and the Kendall correlation coefficient was 0.60), indicating a strong correlation between source 2 and source 3. Therefore, copula can be used to construct joint probability distributions of source 2 and source 3. The values of the aforementioned three correlation coefficients of source 1 and source 2 were small, indicating a weak correlation between them. Correlation coefficients of source 1 and source 3 were also small. Therefore, copulas were not suitable for constructing joint probability distributions of source 1 and source 2/source 3 due to their weak correlations. The Pearson type III (P-III) distribution was used to fit the distribution of source 1 for hydrological frequency analysis.
3.2 Water supply estimation based on joint probability distributions of multiple water sources
3.2.1 Marginal distribution analysis of water sources
The Cullen and Frey map is a good summary of the properties of marginal distributions. Two Cullen and Frey maps were plotted to preliminarily identify the marginal distribution types of source 2 and source 3 (Figure 3). As Figure 3 shows, compared to other types of marginal distributions, log-normal distribution was more suitable for marginal distributions of both source 2 and source 3. The results of the fitting degree evaluation for source 2 and source 3 with candidate marginal distributions are summarized in Table 2. The smaller the values of AIC and BIC, the better the fitting effects of candidate marginal distributions (Zang et al., 2022). For source 2, log-normal distribution presented the lowest AIC and BIC (243.28 and 245.30, respectively) among the five candidate marginal distributions and passed the K–S test. For source 3, log-normal distribution also presented the lowest AIC and BIC (267.87 and 269.96, respectively) among the five candidate marginal distributions and passed the K–S test. In addition, the results of fitting degree between theoretical frequency and empirical frequency show that the log-normal distribution presented low values of SSE and RMSE, indicating a good performance in fitting the marginal distributions of source 2 and source 3 (Supplementary Table S1). Therefore, log-normal distribution was employed to describe the marginal distributions of source 2 and source 3. Parameter estimation results of the marginal distribution for runoff volume of source 2 and source 3 can be found in Supplementary Table S2. Figure 4 shows the fitting distribution results of source 2 with log-normal distribution. Figure 5 shows the fitting distribution results of source 3 with log-normal distribution. The results further confirmed that it was satisfactory to fit marginal distributions with log-normal distribution for source 2 and source 3.
[image: Figure 3]FIGURE 3 | Cullen and Frey maps of (A) source 2 and (B) source 3.
TABLE 2 | AIC and BIC results of five candidate marginal distributions.
[image: Table 2][image: Figure 4]FIGURE 4 | Fitting distribution results of source 2 with log-normal distribution.
[image: Figure 5]FIGURE 5 | Fitting distribution results of source 3 with log-normal distribution.
3.2.2 Joint probability distribution analysis of water sources
Among the five candidate copulas (i.e., Clayton copula, Frank copula, Gaussian copula, Gumbel copula, and BB5 copula), Clayton copula exhibited the smallest square Euclidean distance, suggesting the highest fitting effect. Therefore, Clayton copula was selected to construct joint probability distributions of source 2 and source 3. Figure 6 shows the three-dimensional contour figures of joint probability density distributions of the runoff volume for source 2 and source 3. According to Figure 6, joint probability distributions and dependency characteristics of the runoff volume for various combinations of water sources at specific probability levels were estimated. On the whole, joint probability density distributions of the runoff volume fitted by Clayton copula were bell-shaped with no symmetry on both sides. The overall upper-left trend indicated that variations of joint probability densities of the runoff volume were greatly affected by source 3. Therefore, it was inferred that the high joint probability of the runoff volume would not easily occur in the low-value interval of source 3 (less than 400 million m3). As shown in Figure 6B, runoff volume contours were dense in the low-value interval (less than 400 million m3) and sparse in the high-value interval, indicating that the variation of joint probability was much significant in the low-value interval.
[image: Figure 6]FIGURE 6 | (A) Three-dimensional and (B) contour figures of joint probability density distributions of source 2 and source 3.
Figure 7 shows the three-dimensional joint cumulative distributions and their contour figures of runoff volume for source 2 and source 3. As can be seen, the joint cumulative probability increased with the increase of runoff volume of a single water source. When the joint cumulative probability was larger than 0.6, the contour spacing became sparse and the isosurface spacing became larger. In other words, variations of joint cumulative probabilities became less significant in high-value intervals (greater than 0.6) when compared to low-value interval. Through an in-depth analysis of joint cumulative distributions in Figure 7, the encounter situations when the joint probability was equal to or less than a certain probability were obtained. Then, the interval estimations of water supply under different encounter situations were obtained. Figure 7 also shows that when joint cumulative probabilities were 12.5%, 37.5%, 62.5%, and 87.5%, the corresponding interval estimations of water supply were [5.20, 8.90] × 108 m3, [6.80, 9.70] × 108 m3, [8.30,10.40] × 108 m3, [11.40, 12.10] × 108 m3, respectively. Therefore, source 2 and source 3 provided [5.20, 12.10] × 108 m3 of water resources to the Xiong’an New Area per year.
[image: Figure 7]FIGURE 7 | (A) Three-dimensional and (B) contour figures of joint cumulative distributions of source 2 and source 3.
3.3 Water supply estimation based on the runoff frequency analysis of reservoirs
The Pearson-III distribution was used to fit the marginal distribution of the runoff volume of the Xidayang Reservoir and the Wangkuai Reservoir. The Pearson-III distribution is asymmetrically unimodal with a finite boundary on one side but infinite on the other. It is one of the most popular distributions for hydrological frequency analysis (Liu et al., 2015; Wang et al., 2017). The parameters of Pearson-III distribution were determined by using the curve-fitting method and the results of the statistical parameters are shown in Table 3. The runoff frequency curves were drawn by using MATLAB software and the fitting lines were optimized by the non-linear least-square method (Figures 8, 9). According to Figure 8, when the frequencies were 12.5%, 37.5%, 62.5%, and 87.5%, the runoff volume of the Wangkuai Reservoir were 11.80 × 108 m³, 5.60 × 108 m³, 3.90 × 108 m³, and 2.40 × 108 m³, respectively. According to Figure 9, when the frequencies were 12.5%, 37.5%, 62.5%, and 87.5%, the runoff volume of the Xidayang Reservoir were 8.70 × 108 m³, 4.70 × 108 m³, 2.60 × 108 m³, and 2.10 × 108 m³, respectively. Considering water storage requirements as well as basic ecological base flow requirements of the Wangkuai Reservoir and the Xidayang Reservoir, 3.60 × 108 m³, 2.25 × 108 m³, 1.22 × 108 m³, and 0.76 × 108 m³ of water resources were provided to the Xiong’an New Area when the frequencies were 12.5%, 37.5%, 62.5%, and 87.5%, respectively.
TABLE 3 | The statistical parameters of the runoff frequency curves for the Xidayang Reservoir and the Wangkuai Reservoir (Unit: 108 m3).
[image: Table 3][image: Figure 8]FIGURE 8 | Annual runoff frequency curve of Wangkuai Reservoir.
[image: Figure 9]FIGURE 9 | Annual runoff frequency curve of Xidayang Reservoir.
3.4 Calculation of the guarantee rate of water use
Figure 10 shows the variations of the guarantee rate of water use in the Xiong’an New Area when combined channel source or reservoir source was used as the only water source. As seen from Figure 10A, when a reservoir source was the only water source, the guarantee rate of water use for the four schemes (i.e., frequencies = 12.5%, 37.5%, 62.5%, and 87.5%, respectively) was generally low (less than 0.1), indicating a large water supply deficit in the region. As can be seen in Figure 10B, when a combined channel source was the only water source, the guarantee rate of water use increased with the increase of joint probabilities ranging from 0.07 to 1 for the four schemes (i.e., joint probabilities = 12.5%, 37.5%, 62.5%, and 87.5%, respectively). It was worth noting that the guarantee rate of water use reached 1 when the joint probability increased to 87.5%. Therefore, the combined channel source was an indispensable water source for the Xiong’an New Area. By comparing Figures 10A, B, it can be found that only the multi-source combined water supply system (namely, both combined channel source and reservoir source) can ensure a high guarantee rate of water use for improving water supply safety.
[image: Figure 10]FIGURE 10 | The amount of water supply and guarantee rate of water use for four schemes when (A) the reservoir source; and (B) the combined channel source was the only water source.
To analyze variations of the guarantee rate of water use under different encounter situations, sixteen schemes were set up (Table 4), and the results are shown in Figure 11. It can be seen that the Xiong’an New Area had a low guarantee rate of water use (less than 0.6) in most cases, showing that there existed a certain risk of water shortages. With the increase of water supply (from 1.10 × 108 m3 to 10.82 × 108 m3), the guarantee rate of water use gradually increased (from 0.11 to 1), which was consistent with the trend shown in Figure 10. In addition, under the same frequency, the guarantee rate of water use increased significantly with the increase of the joint probability. Without the combined channel source, there would be a large gap between water supply and demand. These illustrated that the combined channel source had a great impact on the mitigation of the water shortage risk. Therefore, the implementation of multi-source combined water supply pattern was a necessary way to improve regional water security.
TABLE 4 | Water supply scheme settings under different encounter situations.
[image: Table 4][image: Figure 11]FIGURE 11 | Sixteen schemes when both the combined channel source and reservoir source were used.
4 DISCUSSION
4.1 Analysis of correlations and variation pace differences of runoff in multi-source system using copula
The estimation of water supply of the multi-source combined water supply system is essentially a stochastic sequential decision-making process with uncertainty (Song et al., 2020). Water sources located in different hydrological zones usually have complex correlations and synchronous–asynchronous characteristics of runoff variations in the multi-source system. However, the commonly used methods have limitations in characterizing the correlation and dependence structure between water sources. The proposed copula-based method conducted a joint probability analysis of three water sources and comprehensively assessed the overall characteristics of water diversion events, overcoming the shortcomings of conventional methods. Hou et al. (2022) predicted that the water supply from upstream reservoirs in 2025 were 0.29 × 108–3.71 × 108 m³, which were basically consistent with our results of interval estimations of water supply. However, their results about the total available water supply were based on the simple linear composition for multiple water sources, without considering their correlations and synchronous–asynchronous characteristics of runoff variations in actual situations. The proposed method made up this deficit by using copulas to take account of various encounter probabilities in a multi-source water supply system, improving the reliability of the estimation results. The results demonstrated the feasibility of the copula-based method considering joint probability distributions of water sources for estimating the water supply in a multi-source combined water supply system. Successful applications of this method have also been reported in the research on the Yellow River Basin, Yangtze River Basin, Yalong River Basin, and Indus River Basin (Huang and Niu, 2015; Gao et al., 2018; Lei et al., 2018; Nazir et al., 2020; Wu et al., 2020; An et al., 2021), demonstrating that the copula-based method is both reliable and generalizable in different regions or basins.
4.2 Treatment of interrelationship between hydrological variables considering their distribution characteristics using copula
In a previous analysis of multivariate hydrological events, some models were built based on the assumption of linear correlation between variables, but this was not in accordance with the fact of complex dependencies usually existing among variables (Hao and Singh, 2016). Another frequently used assumption was that random variables conformed to the same marginal distribution. However, the marginal distributions of different random variables in hydrological events tend to be inconsistent. As a result, these assumptions reduce the accuracy and reliability of the models. As an important connection tool, copula has the following two prominent advantages. First, it can completely describe the correlation structure between random variables with arbitrary marginal distributions by analyzing their joint probability distributions (Cai et al., 2021; Hao and Singh, 2016; Wang et al., 2017). Second, unlike other multivariate parametric distribution models, copula-based methods allow us to separate the univariate margins from the dependence structure for the construction of joint probability distributions with the characteristics of flexibility and diversity (Czado and Nagler, 2022; Hao and Singh, 2016). Based on this advantage, the selection of the copula function becomes more flexible; for example, the tail dependency can be captured and expressed using certain copula functions which is essential in assessing risks such as water scarcity in hydrological process analysis (Ayantobo et al., 2019; Hao and Singh, 2016; Liu X. et al., 2020). Interestingly, we found that different copulas were used for solving the same hydrological-related problem. The reason is that copulas lack a physical basis in hydrology; thus, they cannot determine the theoretical joint distribution models of each random variable in a physical sense (Hou et al., 2021). Therefore, the selection of a suitable copula instead of a complex one is particularly critical (Zhang et al., 2021).
4.3 Applicability of interval estimations using copula in water supply management
From Figure 7, the water supply from source 2 and source 3 to the Xiong’an New Area per year was obtained in the form of intervals using copulas. According to Zhang (2017), the corresponding amount of water supply by these two sources were 2 × 108 m3 and 4 × 108 m3; that is, a total of approximately 6 × 108 m3, which was consistent with our interval estimations of water supply. According to Lv et al. (2021), the water consumption should be controlled at 9.8 × 108 m3 per year in the context of focusing on the socioeconomic development and eco-environmental protection, and was generally consistent with our interval estimation results of water supply. In addition, the interval estimation of water supply of source 2 and source 3 was almost the same as the amount of water supply of the actual planning and management (Zhang, 2017). These results confirmed the reliability of our relationship analysis between water supply and water consumption when compared with deterministic results.
Actually, as the results from copula-based methods are displayed correspondingly in the form of intervals under some certain probabilities, it overcomes the defect of point estimation results that cannot take advantage of error estimations when conventional deterministic models are applied (Mykhailovych and Fryz, 2020; Shimakawa and Murakami, 2003). Obviously, interval estimations are more reasonable than point estimations and thus more appropriate for real-world decision-making. For example, as the water supply is determined by the water demand of the receiving area for water diversion projects (Zhang et al., 2021), the water supply amount fluctuates over time without keeping a deterministic value. Considering that the joint probability reflects the occurrence of stochastic events, the multi-source water supply under uncertainty can be modeled by bivariate joint probability distribution functions using copula-based methods (Gao et al., 2018). For bivariate joint probability distributions of variables A and B, there are infinite combinations satisfying the solution conditions under a given occurrence probability characterizing their coexistence status (Dodangeh et al., 2020). For example, the joint probabilities of water supply were set based on the local situations, acquiring various combinations of water supply scenarios. These combinations can be selected for formulating alternative schemes of water resource planning and management with a comprehensive consideration of actual situations, e.g., water supply objectives, social and economic benefits, and so on. In summary, owing to its flexibility and adaptability, copula-based methods can be used to solve joint probability distribution problems of water sources for estimating the water supply in multi-source combined water supply system, expanding its application scopes in the field of water resource research.
5 CONCLUSIONS
Taking the Xiong’an New Area in northern China as a typical area, we proposed a new method for the estimation of water supply that considered the joint probability distributions of multiple water sources under uncertainty. Considering runoff correlations between water sources and synchronous–asynchronous characteristics of the water supply capacity related to runoff variations for water sources in different hydrological regions, the copula was used to construct joint probability distributions for describing the dependence structure of a multi-source water supply system and estimating water supply under different encounter situations. It was an innovative application of copulas into the field of water supply estimation. Interval estimation was used in this research to represent the estimation results, which can effectively predict the fluctuation ranges of water supply amount for the convenience of the practical operation of optimal regional water resource allocation. Considering different encounter probabilities of runoff variations, the Water Diversion Project from the Yellow River to Baiyangdian Lake and the South-to-North Water Diversion Project can provide [5.20, 12.10] × 108 m3 of water resources, and the Water Diversion Project from Xidayang Reservoir and Wangkuai Reservoir can provide [0.76, 3.60] × 108 m³ of water resources to the Xiong’an New Area per year with the multi-source water supply pattern. The water demand of the Xiong’an New Area can be met through the joint operation of these three water sources.
Due to the limitation of the data availability, this research did not take water quality into consideration. Water quality and water quantity are equally important properties for the water supply. If there was not enough water that met the water quality requirements of regional production and domestic water, a risk of available water shortage would occur (Song et al., 2020). Therefore, the influence of water quality constraints should be highlighted in the estimation of water supply. In addition, besides surface water that accounted for a large proportion of regional water supply, groundwater and reclaimed water should also be considered in subsequent studies.
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