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Abstract

:

It has been difficult to revise and adjust the water distribution of the Yellow River in 1987 (1987 water distribution scheme). By gathering data and studies from previous literature, this paper summarized some water distribution ideas, principles and rules in transboundary rivers. We proposed the “synthesis–dynamic–harmonious” water distribution method (SDH), and applied it to the actual conditions of the Yellow River basin. Through the SDH method, we calculated a new scheme for water distribution in the Yellow River and analyzed the results. The key findings of this study are summarized below. Firstly, the water distribution of transboundary rivers required the establishment of advanced water distribution ideas. Secondly, the proposed water distribution method took into account a variety of factors: with the change in distributable water volume, the same ratio changes and meets the minimum water demand and water efficiency constraints. Thirdly, the 1987, the water distribution scheme needed some adjustment. Fourthly, under the new Yellow River basin water distribution scheme (“19ZQT” water distribution scheme), Shandong, Inner Mongolia, and Henan account for 50% of the total water distribution. Sichuan accounts for only 0.3% of the total. Compared with the 1987 water distribution scheme, Hebei and Tianjin reduced the amount of water allocated by 51.2%, while Shaanxi increased it by 24.89%. In this paper, considering the changes in the total distributable water volume, the new Yellow River water distribution scheme (“19ZQT” water distribution scheme) assumed water distribution of 37 billion m3 and 30 billion m3, upon which calculations were performed. This study should provide a scientific and reasonable scheme for water distribution of transboundary rivers, and rational utilization of water resources. It should lay a solid foundation for the high-quality development of the Yellow River basin.






Keywords:


transboundary river; water distribution; Yellow River basin; harmony theory












1. Introduction


Due to excess water demand, water resources have become a cause in conflicts between different regions and countries, leading to various cross-border river water conflicts [1,2,3]. On 18 September 2019, the Government of the People’s Republic of China mentioned the importance of considering the ecological protection and high-quality development of the Yellow River basin as a part of national strategy of China, and proposed the implementation of total water consumption and double-intensity control. However, the large population of the Yellow River basin equates a large demand for water resources, and the per capita water resources are relatively small. As a result, water resources are scarce. At the same time, the contradiction between the supply and demand of water resources has increased, and the water-saving potential has decreased [4,5]. To guarantee the water demand of all areas along the line and solve the contradiction in water resources, it is essential to further optimize the distribution of water resources. Doing so could help prevent rivers from drying up and the occurrence of flood disasters, while ensuring the high-quality development of the Yellow River basin.



Transboundary rivers have invariably been an issue of international concern. In the 21st century, scholars from various countries have successively explored and studied transboundary rivers in various fields. For instance, Kallioras et al. [6] explored and studied the legislative framework governing transboundary river basins in the European geographic regions. Sneddon and Fox [7] studied the concept of water politics based on the conflicts in the transboundary waters of the Mekong River. These earlier studies primarily focused on macroscopic research. In terms of policy research, Zhong et al. [8] analyzed the cost–benefit situation faced by stakeholders as subjects of the mutual game in the process of institutional change of water division policy, to better improve the system of the watershed water distribution. Shams et al. [9] proposed a framework for cooperation through geographical, hydro-logical, historical, institutional, and political aspects, emphasizing benefit sharing as a principle that transcends water needs and rights. Sheng et al. [10] studied the impact of inter-basin water transfer (IBWT) policies on water use technical efficiency (WUTE). It can be seen that policy research is an important means to further improve the efficiency of water resources utilization and scientific distribution. Some of the recent studies investigated the management of water resources of transboundary rivers. For example, Mylopoulos and Kolokytha [11] suggested that the lack of comprehensive methods, legal agreements, and administrative flaws render transboundary cooperation and management difficult. From an in-depth analysis of Africa’s cross-border river basin management system, Chikozho [12] believes that the capabilities of prominent players are the key to integrated water resource management activities in transboundary rivers. In other research facets, Rai et al. [13] adopted the fuzzy synthetic evaluation technology to perform a risk assessment on international transboundary rivers. Cerkasova et al. [14] established a modeling framework for flow, sediment, and nutrient loads in large transboundary river basins. In summary, the research on transboundary rivers involving all facets has received much attention of the international research community, since water distribution is also the key to transboundary rivers. Hence, this has always been a popular research topic.



With the improvement of science and technology and the continuous deepening of research, the water distribution of transboundary rivers has become more complex. The factors that need to be considered gradually increase, which makes the water distribution work more challenging. However, through the continuous concentrated research of scholars from all walks of life, there are more research results on the distribution of water resources in transboundary rivers. By adopting the Shapley value, Gateley point, and Nash-Hansani solution, three cooperative game theory methods, Li et al. [15] investigated the optimal distribution method of water resources in transboundary rivers. Through combining relevant laws with technical methods for allocating water resources in transboundary rivers, Avarideh et al. [16] quantified the provisions of the convention on fair and reasonable water sharing. By combining evolutionary games and dynamic system models, Yuan et al. [17] analyzed the shared water problem and predicted the equilibrium results of different strategic scenarios. By integrating economic, social, and ecological benefits into a mathematical model for the rational allocation of water resources, Li et al. [18] attempted to realize the rational allocation of water resources under the ecological priority model. Dadmand et al. [19] applied the sustainability index to the optimization model. Despite numerous published works about water distribution in transboundary rivers, there were few summaries on the theoretical aspects (e.g., water distribution criteria and water distribution principles). Most previous studies concentrated on the technical methods of water distribution, while no unified standard for water distribution ideas was presented.



In 1987, China put forward the Yellow River water distribution scheme for the first time, which effectively guaranteed the safety of people’s lives and properties. At the same time, many scholars have also started to research water distribution in the Yellow River. In terms of water volume research, Yang et al. [20] determined the environmental flow requirements for comprehensive water distribution by determining the natural and artificial water consumption of the Yellow River basin. Based on a coupled system between man and nature, Li et al. [18] comprehensively analyzed the water production in the Yellow River basin. In terms of influencing-factor analysis, Wei et al. [21] suggested that local people’s environmental attitude and socio-economic status usually affected the level of flow distribution. In terms of optimizing water distribution, Di et al. [22] proposed a multi-objective optimal water distribution model based on fluid mechanics, energy theory, and dynamic differential games, in order to coordinate and optimize the ecological environment, economic, and social values. Jia et al. [23] studied a strategic water distribution scheme, which can allocate more water indicators to the upper and middle reaches of the Yellow River.



There are still several problems in the distribution of water resources in transboundary rivers. First, the current theoretical research foundation of water distribution in transboundary rivers is weak, and there is a lack of detailed rules for the quantification of water distribution schemes, and universal water distribution techniques and methods. Second, the 1987 water distribution scheme can no longer meet the current water-use pattern. Therefore, it is necessary to formulate a new Yellow River water distribution scheme that is more adaptable.



To address the problems mentioned above, the main research contents of this paper include (a) research on the theoretical basis of water distribution in transboundary rivers; (b) research on quantitative methods of water distribution in transboundary rivers; (c) further research on the Yellow River water distribution scheme. There are several innovations in this paper. First, we combine the concept of harmony, and put forward a theoretical system of water distribution in transboundary rivers. Second, based on the theoretical research on water distribution of transboundary rivers, a “synthesis–dynamic–harmonious water distribution method” (SDH) is proposed. Third, we present the calculations of the new Yellow River water distribution scheme (called the “19ZQT” water distribution scheme) for scenarios of 37 billion m3 and 30 billion m3 of water allocation. The rationality of the scheme is analyzed and demonstrated. This manuscript attempts summarize the theories and technical methods of water distribution in transboundary rivers, assist the formation of systematic water distribution ideas and standards, and provide a basis for water distribution in transboundary rivers across regions and even countries.




2. Materials and Methods


2.1. Theoretical System of Water Distribution in Transboundary Rivers


Transboundary-river water distribution problems are widespread among Chinese rivers and international rivers. The crux of the problem is that the limited water resources cannot satisfy the high demands of various regions. At present, there are two theories about the distribution of water resources in transboundary rivers, i.e., absolute territorial sovereignty and absolute territorial integrity [24]. However, these theories only consider the interests of their own countries and can lead to a multitude of contradictions. Consequently, this is not a feasible water distribution. Whilst some domestic scholars have analyzed river water distribution situations and water distribution adaptability [25,26], they have not studied new water distribution schemes. Despite the abundance of studies on the water distribution ideas of transboundary rivers in China and abroad, a universal theoretical system for the water distribution in transboundary rivers has not yet been established.



This paper summarizes a set of general theories based on water distribution ideas, principles, rules and methods. At the same time, these theories are applied to the water distribution problem of transboundary rivers in the Yellow River basin. In this way, it is possible to obtain a more scientific and reasonable water distribution scheme, and achieve the high-quality development of the Yellow River basin.



2.1.1. Framework of the Water Distribution System for Transboundary Rivers


A description of the main content (excluding the specific details) of the cross-border river water distribution theory is presented in Figure 1. Due to different analysis angles, there may be a specific crossover and causality.



(1) Research object.



The research objects are the regions and countries (i.e., water distribution units) that use water within a particular basin. For the water distribution of the Yellow River, Hebei and Tianjin are not within the basin, but they have water distribution indicators. Therefore, according to the actual situation, the research object can be expanded to the nine provinces of the Yellow River basin, and Tianjin and Hebei.



(2) Objectives.



This article considers a variety of influencing factors and incorporates new water diversion ideas and principles. According to the water distribution criteria, the scientific water distribution theory and methods are used to calculate an optimized water distribution scheme for transboundary rivers. In this way, the supply of water resources can be matched with the socio-economic development.



(3) Involvement in the field.



The research field of water distribution in transboundary rivers involves the human–water system (i.e., economic field, social field, water resource field). Correspondingly, there is a need to consider economic factors, social factors, and water resources. In addition, population, GDP, water resources, and water efficiency are also the main factors to achieve systematic regulation of water balance.



(4) Policies and laws.



A sound policy and legal system for water distribution in transboundary rivers is a powerful guarantee for regulating water distribution. Regarding water distribution in international rivers, the widely implemented international water laws include the Helsinki Regulations, enacted in 1966, and the Law of the Non-navigational Use of International Waterways in 1997. There is also a corresponding legal basis in the country. For instance, the Water Law, the Interim Measures for Water Distribution issued in 2007, and the Regulations on Water Dispatching of the Yellow River and other documents, provide some guidance to achieve fair water distribution.



(5) Water distribution ideas.



With the continuous accumulation of water control experience, more new water-control ideas have emerged in the new era. These ideas include bearable water distribution, harmonious water distribution, fair water distribution, efficient water distribution, shared water use, and system analysis. They form an essential part of the theory of water distribution in transboundary rivers.



(6) Water distribution principles.



The water distribution of transboundary rivers is a kind of human intervention in water resources, and must follow the laws of nature and social development. Therefore, in combination with socio-economic development and ecosystem health, we discuss the general principles and internal correlations of water diversion from the perspectives of water distribution phenomena, water distribution ideas, and water distribution purposes.



(7) Water distribution rules.



The water distribution rules are a series of water distribution instructions, formulated under the guidance of water distribution ideas. They guide the implementation of the water distribution method and have an important practical significance. They must be theoretically sound and applicable in practice. Therefore, water distribution of transboundary rivers needs to refer to existing experiences and reach a consensus after repeated consultations with involved countries or regions.



(8) Theoretical method.



Theoretical methods refer to the existing theoretical methods applied to water diversion in transboundary rivers, including guiding theoretical methods and basic theoretical methods. The guiding theories cover the theory of harmony, harmony between humans and water, and the theory of sustainable utilization of water resources. The basic theoretical methods include harmonious balance theory, optimized technical methods, simulation forecasting methods, and harmonious control methods.




2.1.2. Water Distribution Ideas


(1) Bearable water distribution.



The first prerequisite for water distribution in transboundary rivers is to determine the carrying capacity of the water resources system. Therefore, “carrying capacity” is the central guiding ideology of water distribution [27]. In a sense, the development and utilization of water resources within the carrying range is the most basic requirement for water distribution in transboundary rivers. At the same time, it is necessary to coordinate the balance between the use of water resources and the virtuous cycle of the ecosystem.



(2) Harmonious water distribution.



The complex relationship and prominent contradictions between people and water need to be resolved by realizing the concept of harmony. The harmony theory must be reflected in the reasonable distribution of river water volume [28]. It is necessary to allocate water resources rationally, with fixed water production and appropriate development of water resources as the core. In addition, the matching of development and demand should be realized, and the joint promotion and coordinated development of the economy, society, and ecological environment should be realized [29].



(3) Fair water distribution.



The water distribution in transboundary rivers is a highly complex matter and must adhere to the principle of fair and just distribution [30,31]. The fair water distribution mentioned here is not equal to water distribution, but is based on various factors. In adherence with the idea of fair water distribution, the purpose is to ensure that all coastal areas develop and utilize water resources of transboundary rivers fairly and reasonably. This idea suggests the need to avoid overexploitation of water resources, and also promotes the efficient use of water resources.



(4) Efficient water distribution.



The high-efficiency water diversion should achieve high efficiency and operability in the actual work of water distribution, and promote the efficient use of water resources [32,33]. Firstly, the method should be scientific and reasonable, and it should be universal. In addition, it is necessary to configure the corresponding water distribution system software to assist the implementation and promotion of water distribution work. Secondly, by taking water resources as rigid constraints, there is a need to fully strengthen water conservation, and analyze the water demand of various regions. Finally, it is necessary to improve the matching between water distribution and water use. The distribution index should not deviate significantly from the actual water use, to maintain a continuous and stable water supply.



(5) Shared water.



“Publicly available” is one of the essential characteristics of water resources. All regions along the coast of a transboundary river enjoy the right to develop and utilize the river’s water resources. Transboundary rivers do not belong to a specific region or country. Therefore, the use of water resources in transboundary rivers must adhere to the idea of sharing water resources and maximizing all parties’ interests under the condition of limited water resources [34].



(6) System analysis.



Resource management is a complex system of engineering. To achieve the reasonable distribution of water resources, the economy and practicability should be systematically and comprehensively considered in terms of the available water in the whole river basin, the runoff of main and tributary streams, water intake projects and uses, development scale, and long-term scheme.




2.1.3. Water Distribution Principles


The basic principles of water distribution in transboundary rivers (Figure 2) are analyzed as follows:



(1) The river water resources system is the object of water distribution, and its water resources are limited. However, water distribution is essential to satisfy the water demands of different regions, industries or sectors.



(2) The problem of water distribution in transboundary rivers is complicated, and it is necessary to adhere to the scientific water distribution idea and follow specific water distribution rules. In particular, it is necessary to learn from the successful experience of water distribution in China and abroad, and perform comprehensive water distribution according to the actual conditions.



(3) Since the water resource system is greatly affected by climate change and human activities, it should account for environmental changes and adaptations.



(4) By implementing the water distribution scheme, rational use of water for livelihood, production, and ecology can achieve sustainable economic and social development, a healthy cycle of ecosystems, and ultimately realize the goal of harmony between humans and water.




2.1.4. Water Distribution Rules


Through careful consideration of various factors and experience, the primary water distribution rules are summarized as follows:



(1) Water distribution according to the original water distribution scheme.



The current water distribution scheme is ongoing. After expert argumentation and comprehensive coordination, the scheme is based on the early stage in-depth and detailed work. It has withstood the test of history for a long time and continues to play a huge role. Therefore, the implementation of the current water distribution scheme can meet the demand to a certain extent.



(2) Changes at the same rate as the amount of distributable water changes.



There are certain inter-annual variations in river runoff, and some rivers might exhibit reduced runoffs due to climate change and human activities. To ensure the rational use of water resources and meet the needs of ecological base flow, changes in the amount of water that can be allocated should be considered. The water distribution scheme of transboundary rivers can be calculated based on the average water year. Then, the adjustment coefficient can be determined relative to the average water year according to the change of the incoming water runoff. Next, the same proportion can be calculated.



(3) Minimum water demand and water efficiency constraints considered.



To protect the healthy circulation of the river ecosystem, the minimum water demand of the river should be considered to meet the water demand of the ecological environment. In addition, people’s basic survival needs must be considered, and the amount of water allocated should be higher than the reasonable minimum water requirement. At the same time, we should also enhance water use efficiency, eliminate waste, and strictly control within the red water line.



(4) Water according to the current situation, and considering the future use of water and water distribution.



The current water distribution of transboundary rivers is mainly based on the actual water demand, and the most recent year is used as the base year. In addition, the specific water distribution amount is determined according to the long-term scheme and the future development situation. In this way, we could avoid deviations in water consumption caused by various factors, and alleviate the issues of water shortage and waste of water resources.



(5) Water distribution according to the actual water-using population ratio.



The population is one of the leading indicators of the socio-economic scale and one of the key indicators that affect or determine the scale of water use. Therefore, water distribution according to the actual proportion of water users is also an important facet. The rule is to allocate water considering the proportion of the population of each area to support the environmental protection goals of the river in the coastal areas.



(6) Water distribution in proportion to regional development.



This is also an important indicator that affects the region’s total production and water consumption. Therefore, it is necessary to consider the needs of regional production and development, and allocate water according to the proportion of GDP of each region, without sacrificing the river ecological protection.



(7) Water distribution according to regional watershed area or water production.



To reflect the contribution of different regions to the water production of the river basin, it is reasonable and fair to use the watershed area or the ratio of water production to divide the water. The rule is that the coastal areas should receive the water distributed by the river basin area or the proportion of water produced in each area, whilst maintaining the ecological environment protection of the river.



(8) Maximum water distribution according to the overall harmony degree.



The water distribution of transboundary rivers should follow the idea of harmonious water distribution. This idea aims to develop and utilize river water resources, comprehensively coordinate upstream and downstream water requirements, left and right banks, and primary and tributary streams [35], to avoid intensifying conflicts related to water contention. With this idea, water is allocated reasonably according to water use, geographic location and per capita water consumption.





2.2. Water Distribution Calculation Methods for Transboundary Rivers


The current domestic and international water distribution methods for transboundary rivers mainly include: (a) the average distribution of water according to the number of countries or regions in the basin; (b) the distribution of water according to the area of the basin or the proportion of the production flow; (c) the distribution of water according to the proportion of the population in the basin; and (d) negotiation of the water distribution method, among others [36]. For instance, when studying the water distribution scheme of Nanpan River in prefectures and provinces, comparison and analysis were carried out from these aspects. Finally, a scheme to divide water according to the proportion of water volume was determined [37]. Regarding the water division of the Yili River between China and Kazakhstan, Zheng [38] also compared these methods and confirmed the feasibility of water allocation according to population and water demand. Internationally, in the 20th century, Israel and Jordan adopted a fixed amount of water to divide water, which resulted in severe water shortage problems during a drought period. Subsequently, the international water law also clarified that the principle of water distribution should be considered comprehensively, such as social needs and population. Regarding the water distribution of the Indus River between India and Pakistan in 1960, it was primarily based on historical and planned water use after demonstration [39]. A number of current records demonstrated that [40,41] the water distribution of transboundary rivers is mainly based on water demand and the multi-year average water resources of the river basin. In terms of the application of the method, it mainly includes a multi-objective optimization model, Gini-coefficient-based optimization model, multi-objective and Gini coefficient synthesis model, etc. For example, Hu et al. [42] established a multi-objective model involving water distribution equity and economic efficiency risk control. Dai et al. [43] analyzed the ways in which the hydrological model, water balance model, Gini coefficient, and chance-constrained programming (CCP) was applied to the general multi-objective optimization model, and the Gini-coefficient-based stochastic optimization (GBSO) model was constructed. Xu et al. [44] established a multi-objective water resource allocation model for sustainable development and integrated intergenerational rights and interests by using the Gini coefficient and modified Bentham–Rawls criterion. Ramírez et al. [45] established the WANAB model for basin water resource management optimization, and combined hydrological parameters and equations to determine the optimal water distribution network.



To sum up, to differ from traditional water distribution modes and methods, based on the ideas, principles, and rules of water distribution proposed in this paper and the reference to advanced experience [46], a concise and highly operable water division idea is used to summarize and propose a water division calculation method for transboundary rivers. The detailed process is presented below:



2.2.1. Rule-Based Calculation to Obtain the Water Distribution Scheme for Each Element


Scheme (A): Water distribution according to the original water distribution scheme does not require recalculation.



Scheme (B): Use water in accordance with the current situation and consider the use of water and water distribution in the future.


   Q  k p   = ω  Q   k 1    +   1 − ω    Q   k 2     



(1)







In Equation (1), Qkp is the water distribution under the pth water distribution scheme in the k area; k is the area code, k = 1, 2, …, n; p = 2 (representing rule b); ω is the adjustment coefficient of the current water consumption; Qk1 is the current water consumption; Qk2 is future water consumption, obtained by considering the scale of future development. This paper uses ω = 0.5 when calculating the Yellow River water distribution scheme, i.e., the current and future water consumptions will each account for half of the proportion. Note that the value of ω is adjustable to reflect its relative importance.



Scheme (C): water distribution according to the actual proportion of water users.


   Q  k p   =    P k     P t    .  Q  t d  1   



(2)







In Equation (2), Pk is the actual water-using population in the kth area; Pt is the total actual water-using population in the basin; Q1td is the distributable water volume; and p = 3 (representing rule b). Other symbols are similar to above.



Scheme (D): water distribution according to the proportion of regional GDP.


   Q  k p   =    G k     G t    .  Q  t d  1   



(3)







In Equation (3), Gk is the GDP of the k th area; Gt is the total GDP in the basin; and p = 4 (representing rule d). Other symbols are the same as before.



Scheme (E): water distribution in proportion to the area of the basin.


   Q  k p   =    S k     S t    .  Q  t d  1   



(4)







In Equation (4), Sk is the basin area of the k th area; St is the total basin area; and p = 5 (representing rule e). Other symbols are mentioned earlier.



Scheme (F): maximum water distribution according to the overall harmony.


  H D = a i − b j  



(5)







In Equation (5),   a =   ∑  k = 1  n    G k     /    ∑  k = 1  n    A k     , b = 1 − a, HD is the degree of harmony corresponding to a certain factor, where the factors can be the actual water consumption, per capita water consumption, etc; a and b are the degrees of unity and divergence, respectively; Ak is the harmony behavior of the kth area, i.e., the actual water consumption; Gk is the harmonious behavior in the kth area that meets the harmony rules, i.e., it does not exceed the water consumption under the allocated water volume. In Equation (5), i and j are the harmony coefficient and the disharmony coefficient, respectively, which are calculated using the function curve given by Zuo (2016) [36].




2.2.2. Consideration of Dynamic Changes for Dynamic Correction


Changes with changes in the amount of water that can be distributed.


   Q k 1  =  Q k 0  .    Q  t d  1     Q  t d  0     



(6)







In Equation (6), Q1k is the new water distribution scheme with the amount of water that can be distributed; Q0k is the original water distribution scheme; and Q0td is the original water distribution volume.




2.2.3. Consideration of the Water Constraints of Each Area for Correction


Considering the minimum water demand and water efficiency constraints.


   Q  min   ≤  Q k  ≤  Q  max    



(7)







In Equation (7), Qmin is the minimum water demand to meet the regional ecology, life, and production; Qmax is the maximum water demand under the control of the water efficiency quota; and Qk is the allocated water volume of the kth area.




2.2.4. Calculation and Determination of the Water Distribution Scheme


① The expert consultation method is used to determine the comprehensive weight uj of each water distribution scheme. To comprehensively synthesize the opinions of different scholars, we conducted a survey (through the water science QQ group, the water science WeChat group, and the Yellow River Forum expert WeChat group) to obtain a sum of 180 completed questionnaires. Through a statistical analysis, we finally summarized six weights of the water separation rules (i.e., 0.170, 0.255, 0.130, 0.090, 0.080, and 0.275). For different rivers, similar methods can be used to obtain specific weights.



② Calculate the water distribution, Qk, for the kth area.


   Q k  =   ∑  p = 1  6    u p    .  Q  k p    



(8)







In Equation (8), p is the rule number, p = 1, 2, 3, 4, 5, 6.



③ Judge whether the distributable water volume has changed. If it changes, we calculate the new Qk according to the same rate of change.



④ Then, determine whether Qk meets the minimum water demand and water efficiency constraints.



The calculation process of the water distribution scheme is illustrated in Figure 3. This method can be summarized as a dynamic and coordinated water distribution method for transboundary rivers based on water distribution ideas, water distribution principles, and water distribution rules. It accounts for natural and human elements, and coordinates the relationship between man and water. This kind of water distribution method for transboundary rivers is called the “synthesis–dynamic–harmonious water distribution method”, also referred to as “SDH”.






3. Case Study


3.1. Overview of the Study Area


The Yellow River is the mother river of China, with a total length of 5464 km. It is also the second largest river in China. It originates from the northern foot of the Bayan Har Mountain on the Qinghai Plateau. It flows through Qinghai, Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan, and Shandong, from west to east (Figure 4). The latitude of the Yellow River ranges from 34° N to 40° N, and its longitude ranges from 95° E to 120° E. The upstream is the river source to Hekou Town in Inner Mongolia, and the middle reaches from Hekou Town to Zhengzhou Taohuayu.



Due to the particularity of its geographical location, the Yellow River basin presents the characteristics of “less water and more sand, but different sources of water and sand”. With the development of regional economy, the industrial and agricultural water demands continue to rise. Coupled with the uneven spatio-temporal distribution of water resources, water shortages have become a limiting factor for the economic development of the Yellow River basin.



Due to the high population density and narrow river channels in the lower reaches of the Yellow River, the Henan and Shandong provinces have relatively small areas in the basin. In the Shandong Province, particularly, the basin area is 13,600 km2, accounting for only 1.7% of the total basin area. The Yellow River water distribution research scope defined here is based on the natural boundary of the basin. As demonstrated in Figure 5, the research scope includes 70 water distribution units. By processing this set of data, the water distribution results of the nine provinces are calculated according to the water distribution method of transboundary rivers.




3.2. Data Source and Description


The Yellow River flows through nine provinces. In addition, the water supply needs to account for Hebei and Tianjin. Based on the distribution method of the water volume of transboundary rivers, the provinces shall be systematically and reasonably distributed water. According to calculation needs, the original data of the Yellow River basin and regions collected from the Yellow River Water Resources Bulletin, and the statistical yearbooks of localities and cities are, presented in Table 1. Among them, the predicted water consumption in each region of the Yellow River basin in 2030 is mainly based on “implementing the most stringent water resource management”. The total water consumption control target in the “institutional assessment method” is obtained with each region’s comprehensive water resource planning and bulletin data.



After an in-depth demonstration, the Yellow River’s water supply capacity determined by the 1987 water distribution scheme is 37 billion m3. This study first allocates 37 billion m3 of water available to the Yellow River reasonably among the provinces. If the available water is adjusted, the corresponding water distribution of each province can also be obtained according to the dynamic correction formula. In our calculation, 2017 is the current water-use year. When calculating the degree of harmony, the water consumption in the past 10 years is used as the original data, and the water consumption of each region in the 1987 water distribution scheme is adjusted according to the degree of harmony to achieve the maximum value.



To sum up, based on the concept, principles, and rules of water distribution mentioned in Section 2.1, the original data in Table 1 are used to calculate the results of water distribution in the Yellow River basin through the four calculation methods proposed in Section 2.2. In the calculation process, the general water allocation rules and the Yellow River basin population, regional development status, as well as the current situation of water resource utilization, are combined to calculate the actual water allocation results, to improve the Yellow River basin water allocation in a scientific and practical manner.





4. Results and Discussion


4.1. New Water Distribution Scheme for the Yellow River


To facilitate the comparison with the Yellow River 1987 distribution scheme, the new Yellow River distribution scheme obtained in this section is called the “19ZQT” distribution scheme. This scheme is based on the Yellow River water distribution and systematic water distribution factors from a macro perspective, hence it can be viewed as a reference.



4.1.1. Calculation of Water Distribution Corresponding to Each Scheme


After in-depth analysis by experts, the water available for the Yellow River, calculated according to the 1987 water distribution scheme, is 37 billion m3. In this section, a reasonable water distribution among the provinces is performed. If the available water is adjusted, the water distribution of each province can also be calculated by referring to the dynamic adjustment formula. In this calculation, six water distribution schemes are obtained according to Equations (1)–(5) and the original water distribution scheme. Among them, scheme (B) refers to the future water requirement, which is obtained according to the total water consumption control target in the “implementation of the most stringent water resource management system assessment method”, and combined with the comprehensive regional water resource planning and water resource bulletin data. Scheme (F) uses water consumption of the last 10 years as the original data when calculating the degree of harmony. It adjusts the amount of water allocated in the water distribution scheme according to the degree of harmony, to achieve the maximum overall degree of harmony.



First, according to schemes (A) and (B) (Table 2), the water distribution for Hebei and Tianjin is calculated. As shown in Table 2, according to the weight, the final water distribution for Hebei and Tianjin is 976 million m3. Secondly, the remaining water supply of 36.024 billion m3 will be distributed to nine provincial administrative regions in the basin, according to six schemes, as shown in Figure 6a. Finally, according to the weight of each scheme obtained (Figure 6b), the final water quantity and water proportion of each province are calculated (Figure 7), and compared with the 1987 water quantity scheme (Figure 8).




4.1.2. Dynamic Adjustment of Water Distribution


The water distribution scheme is dynamic and changes year-on-year with the change in the amount of water distributed, and can be adapted according to Equation (6). Here, only 30 billion m3 of distributable water of the Yellow River is taken as an example for illustration purposes (refer to Figure 9). Supposing that the distributable water volume is not 30 billion m3, the calculation can be done similarly.





4.2. Analysis of Changes in the Yellow River Water Distribution Scheme


4.2.1. Changes of Water Volume in Various Provinces


Figure 7 indicate that the three regions with the largest water distribution (in descending order) are the Shandong, Inner Mongolia, and Henan provinces. The water distribution in the three regions exceeds 50% of the total water distribution. The water distribution of the Sichuan Province is the smallest, with a proportion of merely 0.3%. Sichuan, Hebei, Tianjin, and Qinghai provinces account for a sum of less than 10% of the total allocated water. The remaining regions are not much different. As can be seen in Figure 8, relative to the 1987 water distribution scheme, the change in water distribution of Hebei and Tianjin is huge under the new scheme (a drop of 51.2%), followed by that of Shaanxi Province (an increase of 24.89%). A minor change appears in the Henan Province, where the water distribution was reduced by 900 million m3.



The source of the Yellow River is located in the Qinghai Province, and Sichuan and Gansu provinces is located in the upper reaches of the Yellow River basin. The area is large and there is plenty of room for further development. The amount of water distribution has increased based on the original scheme. The Ningxia Province is located in the upper reaches of the Yellow River and has a small area. Since its actual water-using population and regional GDP are relatively small, the amount of water allocated to the Ningxia Province has been appropriately reduced. The Inner Mongolia Province is located in the upper reaches of the Yellow River, with much water demand driven by agricultural production and industrial development. Therefore, the water consumption is large, and the water distribution is slightly increased on the basis of the original water volume. Despite the abundance of rivers and water resources, the Shanxi Province is located in a mountainous area, which restricts access to freshwater. Since the actual water consumption over the years has not reached the distributed water volume, the distributed water volume has been reduced on the basis of the original water volume. In recent years, the actual water consumption in the Shaanxi Province is relatively large, and the regional GDP is relatively high, so the distributed water volume has been increased. Henan and Shandong provinces are densely populated, and both provinces have large water demands. Their actual water consumptions have long exceeded their water distribution indicators. The strong economic development in the Shandong Province is consistent with its increased amount of water distribution. However, considering the overall situation in the Henan Province, the water distribution remains unchanged. Contrastingly, Hebei and Tianjin generally use less water from the Yellow River, and their actual water consumption has been far less than the water distribution index for a long time. The water distribution has been dramatically reduced.




4.2.2. Dynamic Adjustment of the Distributable Water Volume


According to the water distribution of each province in the water distribution scheme, the relative size of the allocated water in each province can be observed. However, the water distribution scheme should be adaptive to changes caused by exceptional circumstances (e.g., wet years, dry years or the construction of water transfer projects). To prevent the unexpected challenges of flooding/drought, the distribution of water needs to be adjusted dynamically according to the actual situation. For instance, the distributable water volume of the Yellow River can be changed from 37 billion m3 to 30 billion m3. Similarly, a new water distribution scheme can be developed using the given method.




4.2.3. Comparative Analysis of Water Distribution


This section will compare the results of the new water distribution scheme (the “19ZQT” water distribution scheme) with the actual water consumption (2017) and projected future water consumption (2030) (Table 1). As can be seen in Figure 10, the proportion of water distribution in Qinghai, Gansu, Shanxi, Tianjin, and Hebei is higher than that in 2007 and 2030. In Ningxia, Inner Mongolia, and Shandong, the proportion of water sharing is lower than that in 2007 and 2030, showing a water gap. Inner Mongolia, Tianjin, and Hebei are areas of great overall change. Inner Mongolia’s water-sharing ratio was 2.03% lower than the actual water consumption in 2017, and will be 2.88% lower than the predicted water consumption in 2030. The proportion of water distribution by Tianjin and Hebei increased by 2.09% from 2017, and will increase by 1.68% by 2030. The results show that the new scheme can objectively adjust the distribution of water resources in each region and reduce and improve the utilization efficiency of limited water resources by analyzing and setting rules in each region of the Yellow River basin. However, there will be water shortages in some areas, and new solutions will need to be adjusted and refined to meet water demand, while ensuring water utilization.



To sum up, compared with previous relevant studies [16,19], the SDH method model proposed in this paper pays more attention to the combination of theory and method, clarifies specific water distribution concepts and rules, improves the theoretical basis of water distribution in transboundary rivers, and improves the standardization of water distribution. Based on the 1987 water distribution scheme, the “19ZQT” water distribution scheme allocates water according to the geographical and socio-economic development characteristics of each region, combined with the actual water use situation. This method improves the science and rationality of water distribution results, makes the water distribution scheme more in line with the development level of each region, and makes efficient and reasonable use of water resources. At the same time, it also takes into account the changes caused by special circumstances, and improves the timeliness and flexibility of the water distribution scheme.






5. Conclusions


This paper systematically investigated the water distribution theory of transboundary rivers and summarized some ideas, standards, and principles of water distribution. Based on the “SDH” water distribution method for transboundary rivers, a new water distribution scheme has been constructed for the Yellow River.




	(1)

	
According to the related concepts and characteristics of transboundary rivers, we summarized the theoretical system (i.e., ideas of water distribution, principles of water distribution, rules of water distribution) of transboundary river water distribution. Furthermore, we applied the theory of harmony to the water division of transboundary rivers, and laid the foundation for proposing the calculation method for harmonious water distribution.




	(2)

	
On the basis of the theoretical system of water distribution in transboundary rivers, we constructed a “synthesis–dynamic–harmonious water distribution method” (SDH). We applied the SDH method to estimate the Yellow River water distribution and establish a new water distribution scheme, the “19ZQT” water distribution scheme.




	(3)

	
The new water distribution scheme is calculated by the “SDH” transboundary water distribution method. The results show that in the “19ZQT” water distribution scheme, there are six rules corresponding to the water distribution scheme that can reflect the main influencing factors of water distribution. However, the amount of water available under different water distribution schemes may vary in the same area.




	(4)

	
Under the “19ZQT” water distribution scheme, Shandong, Inner Mongolia, and Henan have the largest water distribution, and the three regions account for 50% of the total water distribution. Sichuan has the smallest water distribution, accounting for only 0.3% of the total. Compared with the 1987 water distribution scheme, the water distribution in Hebei and Tianjin has changed greatly, decreasing by 51.2%, whilst in Shaanxi, it has increased by 24.89%.









Based on the theoretical system of transboundary river flow distribution, this paper studies the water distribution in the Yellow River basin by the means of the SDH method model. Combining theory and method, this paper proposes a “19ZQT” water distribution scheme. However, the research content still has the following deficiencies: first, the discussion of methodology is not mature enough. The current research focuses more on the construction of a theoretical system and the combination of methods, and the in-depth study of specific water distribution methods is an important research direction in the future. Second, the study of traffic needs to be further developed. At present, the research on water distribution only considers the aspect of water quantity, while the research on flow highlights the temporal and spatial characteristics of water, which is an inevitable research trend and also a potential focus of future research.
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Figure 1. The framework of the theoretical system of water distribution in transboundary rivers. 
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Figure 2. A schematic diagram of water distribution principles of transboundary rivers. 
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Figure 3. Calculation process of water distribution in transboundary rivers. 
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Figure 4. Geographical map of the Yellow River basin. 
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Figure 5. An overview map of 70 prefecture-level administrative regions in the Yellow River basin. 
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Figure 6. (a) Water distributions of the six water distribution schemes. (b) The weights of the six water distribution schemes. 
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Figure 7. Results of the Yellow River water distribution scheme with 37 billion m3 of water. 
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Figure 8. Comparison between the new water distribution scheme and the 1987 water distribution scheme. 
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Figure 9. A water distribution scheme for the Yellow River, with a water supply capacity of 30 billion m3. 
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Figure 10. Comparison between the proportion of water allocated under the new scheme, and the proportion of water used in 2017, and projected to be used in 2030, in the Yellow River basin. 
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Table 1. Calculation of raw data for the new water distribution scheme for the Yellow River.
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	Key Indicators
	Unit
	QH
	SC
	GS
	NX
	IM
	SX
	SN
	HA
	SD
	HB

TJ





	2008 water

consumption
	100 million m3
	13.82
	0.24
	34.46
	41.76
	75.24
	33.18
	46.95
	54.22
	76.37
	7.30



	2009 water

consumption
	100 million m3
	12.54
	0.25
	33.91
	40.76
	81.03
	32.19
	45.21
	57.77
	80.25
	8.66



	2010 water

consumption
	100 million m3
	12.07
	0.25
	34.30
	38.49
	80.96
	35.25
	43.93
	58.18
	81.28
	10.15



	2011 water

consumption
	100 million m3
	12.15
	0.24
	37.21
	40.27
	83.14
	39.03
	45.37
	65.30
	84.96
	13.60



	2012 water

consumption
	100 million m3
	10.09
	0.26
	36.55
	41.31
	76.51
	39.42
	49.53
	70.75
	87.90
	6.80



	2013 water

consumption
	100 million m3
	10.56
	0.36
	34.70
	42.67
	85.45
	40.60
	51.30
	70.45
	87.19
	3.47



	2014 water

consumption
	100 million m3
	10.50
	0.33
	33.97
	42.55
	83.67
	40.89
	51.14
	63.26
	98.37
	6.38



	2015 water

consumption
	100 million m3
	10.78
	0.34
	33.26
	42.50
	79.34
	43.47
	51.63
	60.93
	104.61
	5.19



	2016 water

consumption
	100 million m3
	11.24
	0.24
	33.43
	39.85
	76.23
	44.65
	51.10
	60.46
	91.99
	3.71



	2017 water

consumption
	100 million m3
	11.17
	0.21
	33.78
	40.95
	74.97
	44.79
	52.68
	65.32
	90.92
	2.30



	Forecast water

consumption in 2030
	100 million m3
	19.96
	0.52
	41.80
	87.59
	120.23
	67.63
	83.01
	81.74
	130.19
	6.10



	Total population
	104 persons
	598.58
	94.01
	2318.52
	681.78
	1265.76
	3702.39
	3203.77
	4397.27
	5408.92
	——



	GDP
	100 million yuan
	2656.53
	295.16
	5987.29
	3490.61
	11,204.35
	14,911.15
	19,383.97
	26,668.66
	36,479.96
	——



	Basin area
	104 km2
	15.22
	1.70
	14.32
	5.14
	5.10
	9.71
	13.33
	3.62
	1.36
	——







Notes: The labels “QH”, “SC”, “GS”, “NX”, “IM”, “SN”, “SX”, “HA”, “SD”, “HB”, and “TJ” refer to the provinces and regions of Qinghai, Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan, Shandong, Hebei, and Tianjin, respectively.
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Table 2. Calculation results of water distribution and weights of the two water distribution schemes. (100 million m3).
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	Distribution

Scheme
	QH
	SC
	GS
	NX
	IM
	SX
	SN
	HA
	SD
	HB

TJ
	Weights





	Scheme A
	14.10
	0.40
	30.40
	40.00
	58.60
	43.10
	38.00
	55.40
	70.00
	20
	0.40



	Scheme B
	10.92
	0.26
	26.49
	45.04
	68.40
	39.39
	47.55
	51.53
	77.48
	2.94
	0.60
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