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Abstract

:

The acceleration of urbanization and industrialization has been gradually aggravating water security issues, such as water shortages, water pollution, and flooding or drought disasters and so on. Water security issues have become a great challenge to urban sustainable development. In this context, we proposed a dual-level material and psychological assessment method to assess urban water security. Psychological security coefficients were introduced in this method to combine material security and residents’ security feelings. A typical water-stressed coastal city in China (Dalian) was chosen as a case study. The water security status of Dalian from 2010 to 2012 was analysed dynamically. The results indicated that the Dalian water security statuses from 2010 to 2012 were basically secure, but solutions to improve water security status and solve water resource problems are still required. This dual-level material and psychological assessment for urban water security has improved conventional material assessment through the introduction of psychological security coefficients, which can benefit decision-making for urban water planning, management and protection.
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1. Introduction


Water is a critical resource because water shortages and poor quality water threaten human lives [1]. The acceleration of urbanization and industrialization have gradually been aggravating water resource problems. An estimated 80% of the world’s population faces a high-level water security or water-related biodiversity risk [2]. Globally, water security is negatively affected by factors that include climatic and hydrological conditions, population growth, increased per-capita water use, pollution and the over-abstraction of groundwater. Severe water shortages, river pollution and frequent water-related hazards (e.g., floods and droughts) are resulting in, or will soon result in, negative effects at all levels of human society. In metropolitan centres, advanced management of water security problems is needed to meet human and environmental needs by providing sufficient water quantity and quality at the right time and place [3].



1.1. Review of Urban Water Security


Ensuring urban water security under a changing environment will be the greatest challenge for water resource managers in the near future [4], especially in water-stressed coastal cities that suffer greatly from seawater intrusion issues, which aggravate water shortages and pollution.



These days, water security issues have attracted a great deal of attention. Multiple definitions of this concept exist. At the Second World Forum in 2000, the Global Water Partnership introduced an integrative definition of water security that considered the access and affordability of water as well as human needs and ecological health [5]. Since then, a growing number of scholars and policymakers have adopted the term, and discussed water security problems with their own considerations [6,7]. Water security implies the need for baseline requirements for water resource management in a watershed on a continuous basis and demands access to adequate quantities of acceptable quality of water for both humans and the environment.



Urban water security plays an important role in the sustainable development of urban social-economies [8]. Most human beings live in cities [9], and the interaction between people and the environment in urban settings is highly complex [10]. Different individuals react differently to threats or risks, and when urban water security is evaluated, the psychological feelings and preferences of people should be taken into consideration.



Water security is a complicated concept, and it covers many aspects such as resources, the environment and society. Water security is the combination of water resource security, water environment security and water ecology security. When the boundary of water security is limited in a people-oriented city region, we should take full account of citizens’ psychological security feelings. For city dwellers, urban water security means that people have consistent and sufficient water supplies to satisfy their normal drinking patterns and livelihoods, with standard water quality coupled with the lowest possible rates of urban flooding, and that farmlands, industries and the environment can share sufficient water resources with high efficiency to reach sustainable development goals [11,12]. Water security is a relative status and also a subjective feeling about an objective concept. Urban water security should not only ensure objective urban water safety but also eliminate human insecurity and anxiety, which means that people living in a city should feel that both their urban water quality and quantity are safe and without water-related risk [13]. However, most evaluations of water security have ignored people’s feelings and preferences about water security, which are the main social factors connected with managing water ecosystems [14,15,16].



Nowadays, psychometric procedures are widely used to elicit quantitative judgments of perceived risk, acceptable risk, and perceived benefit, which were put forward by Fischhoff et al. in 1978 [17]. The basic concept was using a questionnaire survey to learn people’s risk perceptions and preferences, and then quantifying it using mathematical statistics method. The questionnaire survey method has been widely used to obtain and quantify people’ subjective perceptions and feelings [18,19].



In this study, we proposed a dual-level material and psychological assessment method for supporting the assessment of urban water security, based on the combination of material security indicators and the psychological security coefficient that can be used for reflecting residents’ perceptions on security in the terms of material and psychological aspects.




1.2. Study Area


Dalian is a typical water-stressed coastal city in China, located in the south of the Liaodong Peninsula (Figure 1), covering an area of 12,573.85 km2 and with a population in 2010 of 6.69 million [20]. The map of Dalian was drawn by the authors using ArcGIS software based on an administrative division map of China from the Computer Network Information Centre on the Chinese Academy Sciences website [21].
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Figure 1. Location of study area Dalian, China. 
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As the Northeast Asian International Shipping Centre, the biggest coastal port city in the north-eastern part of China, the economy of Dalian is rapidly developing, and its urbanization process is continuously accelerating. With the developing economy, though, many water-related problems have appeared in Dalian. It is dealing with a serious water shortage. Its gross quantity of water resources is 3.3 billion m3, and the quantity of per capita water resources in 2010 was only 566 m3, only roughly 1/16 of the world average (2100 m3) [22]. According to the integrated planning of sustainable water resources utilization in Dalian city by Dalian Water Affairs Bureau in 2012, with the current water usage efficiency and water engineering facilities, it is estimated that Dalian’s water shortage in 2030 would be 1.8 × 109 m³, and the rate of water scarcity would be 79.5%. In addition, limited exploitation potential and severe sea water intrusion problems aggravate the water shortage and pollution [23]. These issues will cause insecurity in Dalian and hinder its ecological construction, so it is urgently necessary to employ an integrated assessment method and establish a set of indicators to evaluate urban water security, to help policy makers improve water management.





2. Materials and Methods


This study proposed a new evaluation method, which integrates physical water security concerns and the people’s feelings about the situation, in order to make a crucial and reasonable assessment of urban water security to provide decision-makers with choices between suitable scenarios for urban water planning.



2.1. Definition of Urban Water Security


Here, urban water security is defined as a persistent condition in a limited urban region under which water ecosystems can ensure the adequate access, safety, and affordability of water to meet minimum livelihood standards and human feelings of psychological security. On one hand, urban water security is an objective concept; on the other hand, urban water security is a personal feeling of city dwellers [16].



Accordingly, the connotations of urban water security can be divided into two aspects: (1) physical water resource security, which we call material security; (2) people’s feelings about current water status, namely psychological security. Many scholars claim that the water security problem is a fairly broad question, and it involves natural indices, social-economic indices, eco-environment indices and so on. Here, we employed the concept of material water security to denote the natural property of water security, reflecting water resource security in the city to ensure stability of water systems and to safeguard people’s basic living and industrial demands and requirements, which can be considered a part of the general water security concept. We mainly focused on three aspects: water quantity, water quality and risk. Here, risk refers to water-related disasters, such as flooding, droughts and so on. In the city, flooding has been a critical and serious water resource problem affecting the sustainable development of the economy and livelihoods. Material water security is part of conventional water security. Psychological security denotes people’s feelings and preferences about physical water resource security, and reflects their degree of satisfaction about the current status of water security. Psychological security is based on individual will and preferences and varies with changes in the external environment. When at different economic conditions and living styles, citizens’ psychological security feelings and preferences about physical security status are different [24]. Material security can be obtained through a physical water security assessment system and indicator data collection from certain statistical yearbooks and relevant bulletins. To quantify citizens’ psychological security, we proposed the concept of a psychological security coefficient and employed a questionnaire survey method to obtain data and quantify it.




2.2. Index System Establishment


We selected three index layers and 12 indicators to reflect the basic urban water security status in a water-stressed coastal city. Generally speaking, the following indicators can be divided into two categories: indicators that denote a better condition when their values are larger, namely, “positive indicators,” and indicators that denote a better condition when their values are smaller, namely, “negative indicators.” A specific assessment index system and indicator category is shown in Table 1.
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Table 1. Urban water security assessment index system.







Table 1. Urban water security assessment index system.







	
Target layer (A)

	
Criteria layer (B)

	
Index layer (C)

	
Indicator category






	
Urban water security assessment

	
Water quantity (B1)

	
Water resources per capita (C1, m3)

	
Positive




	
Water resources utilization rate (C2, %)

	
Negative




	
Other water supply proportion (C3, %)

	
Positive




	
Rate of rejuvenated water reuse (C4, %)

	
Positive




	
Water penetration rate (C5, %)

	
Positive




	
Water quality (B2)

	
Water quality standard-reaching rate of drinking water sources (C6, %)

	
Positive




	
Ratio of the river length with water quality in Class III to the total assessed river length (C7, km/km)

	
Positive




	
Rate of class I~IV groundwater quality reaching standard (C8, %)

	
Positive




	
Ratio of seawater intrusion area to the administrative area (C9, hm2/hm2)

	
Negative




	
Waste water treatment rate (C10, %)

	
Positive




	
The risk (B3)

	
Ratio of the population influenced by flooding to the total population (C11, %)

	
Negative




	
Ratio of the water reserved in dams at the end of the year to the total water utilization (C12, m3/m3)

	
Positive








Note: in the last line, “positive” means that when the indicator value is larger, the urban water security condition is better; and “negative” means that when the indicator value is smaller, the urban water security condition is better.







The three index layers include the target layer (A), criteria layer (B) and index layer (C). Here, the target layer is our final goal: the urban water security assessment (UWS). According to the definition, we should ensure a sufficient quantity, standard quality and persistent status (without water-related risk) to be water secure. The criteria layer is divided into three aspects: water quantity (B1), water quality (B2) and the risk (B3). Detailed indicators are explained in the following section.



2.2.1. Water Quantity Index


The index system is the physical condition of security that allows water resources to meet basic regulations and standards according to the surrounding environment. We will show the index according to the three aspects of the criteria layer.



First, for water quantity, the sufficient degree was measured from five basic indicators: water resources per capita (C1, m³), water resources utilization rate (C2, %), other water supply proportions (C3, %), rate of rejuvenated water reuse (C4, %) and water penetration rate (C5, %). Water resources per capita (C1) show the amount of total water resources in the study area and reflect the population carrying capacity of water resources. The utilization rate of water resources (C2) is the ratio of annual water consumption of the city to total water resources, which reflects the present utilization situation of water resources. It is a good reflection of the degree of water resource utilization and exploitation. Except for local water resources, the utilization rate of other water sources is also an important indicator of the water supply potential. How to develop and use other water sources has been a hot topic in supplementing local water sources, especially in Dalian, a city suffering a severe water shortage.



In recent years, reclaimed water and seawater have been two main other sources used to supply water in Dalian [25,26]. Therefore the indicators of other water supply proportion (C3) and rate of rejuvenated water reuse (C4) are used in this study. For the study area, C3 means the ratio of reclaimed water usage and seawater desalination supply to total water supply. The rate of rejuvenated water reuse (C4) reflects the current rejuvenated water usage condition, which is beneficial for the remission of urban water shortages. The last indicator is the water penetration rate (C5), which is the ratio of the non-agricultural population with tap water use to the total population, reflecting the access to and affordability of tap water for the non-agricultural population in the town.




2.2.2. Water Quality Index


For residents, the basic water quality indicator is the water quality standard-reaching rate of drinking water sources (C6, %). In addition to concerns about water quantity, we are also concerned about water quality in regard to the city’s water sources: surface water (river) and groundwater. According to the Environmental quality standards for surface water (GB3838-2002), river water class III can be used for drinking and class IV is only suitable for industrial use and other purposes that do not involve the liquid coming into contact with skin [27]. Therefore, the river water quality can be shown by the ratio of river length with class I~III water quality to the total river length (C7, km/km). According to the Quality standard for ground water (GB/T 14848-93), there are many items to check the quality of groundwater [28]. Class I−III groundwater can be used for drinking, and class IV groundwater is suitable for industrial use and irrigation, but can also be used for drinking after treatment. By looking up relevant statistics, we find that minerals are the main excessive chemicals in Dalian groundwater, caused by over-exploitation and seawater intrusion [29,30]. We selected a standard rate of class I−IV groundwater quality (C8, %) to check the groundwater quality. Currently, in coastal cities, sea water intrusion is an important water issue, exacerbating water shortages and causing groundwater pollution. We use the C9 (hm2/hm2) ratio of the seawater intrusion area to the total administrative area to show the current seawater intrusion degree. The C10 (%) wastewater treatment rate reflects the water quality treatment capability of a city.




2.2.3. The Risk Index


Indicators regarding risk (the water-related risk) involve critical and pointed urban water problems, such as city flooding. With the development of the economy and the acceleration of urbanization, the structure of urban land use is changing and the area of impervious roads is expanding. In the context of climate change, rainfall becomes more irregular, and more rainwater flows through impervious roads and is wasted without being harvested and utilized. Urban flooding is becoming an urgent and critical problem affecting people’s normal lifestyles and it exacerbates urban water shortage and water pollution. Thus, we use the indicator rate of the population affected by flooding (C11, %) to reflect the urban water-related risk degree. The ratio of the water reserved in dams at the end of year to the total water utilization (C12, m3/m3) was used as an indicator of the ability to control or mitigate these disasters.





2.3. Urban Water Security Assessment


2.3.1. Psychological Security Coefficient


The psychological security coefficient (F) is meant to better mirror the conflict between citizens’ feelings of safety and references to actual urban water resource availability and accessibility. It is a measure reflecting the ratio of the actual water resource environment and the citizens’ safety concerns. For the city population, the whole psychological security of a given study area is affected by their surrounding environment, including changes in city importance, the economy, politics and culture. Thus for a given city with a certain population and with the same background, psychological security does not change substantially. Here, we set the hypothesis that the psychological security coefficient does not change substantially in a short time if the economy, politics and culture did not experience huge changes. Because we conducted the assessment of Dalian from 2010–2012, which is the nearest time for which data is available in the context of the Twelfth Five-Year Plan, we can define the coefficient F as a constant during the study year, and the actual water supply and security status is the average of these years. Figures indicating the water quantity, water quality and the risk are different.



In the following section, F is the generalization of the coefficients Fqt, Fql and Fr. Thus, in our research, according to the criteria layer, we separately reflect the citizens’ feeling of safety coefficient for water quantity, water quality and water-related risk with the indicators of Fqt, Fql and Fr. For the calculation of Fqt, we use the ratio of domestic water consumption to the water quota for domestic use that is acceptable for a citizen’s normal life; Fql is the ratio of the drinking water quality standard to the drinking water quality standard that residents can accept in daily life; Fr is the ratio of the amount of flooding time that residents can endure to the actual flooding occurrence in the study area. In this case, the flooding time indicator is a negative indicator. Thus, coefficient F (including Fqt, Fql and Fr.) is always more than 0, but it has different meanings when it is greater than, less than or equal to the constant 1:



When F = 1, it means that the actual urban water security status of this element can meet the psychological safety demand, which is at the equilibrium state;



When F > 1, it means that the actual urban water security status of this element is good enough to meet and even greater than the psychological safety demand standard, and the assessment score of this element will be greater than before the assessment;



When 0 < F < 1, it means that the actual urban water security status of this element is not good enough to meet the psychological safety demand standard and the assessment score of this element will be less than before the assessment. It also tells us that we should do more to solve and improve the situation to achieve harmony with people's safety demands.



We obtained the real residents’ water safety feeling standard and specific data for F using an urban water security assessment questionnaire survey. The questionnaire was designed to obtain the standard line of water resource supply that people can accept while feeling safe and satisfied, namely, the sufficient water consumption volume, clear and standard water quality and acceptable risk degree (disaster frequency). Given that our questionnaire was designed for residents, we selected three specific elements, which were based on the following principles: intuitive, common, quantifiable, easy to answer, comparable and calculable. Water quantity is indicated by the daily domestic water consumption availability. Water quality is shown by drinking water to an abnormal degree, and flooding frequency is the reflection of the degree of water-related risk. Based on the three aspects, we selected three scenarios, and each scenario was divided into several levels to let participants select the appropriate level they can accept and feel safe.



These three scenarios are “the lowest number of times it is acceptable to bathe every week,” “annual drinking water problem occurrence times” and “urban flooding frequency during the flood season,” which can be transformed into water quantity, water quality and the risk condition. These three indices were quantified and divided into four or five levels according to their happening times. Components were asked to mark the proper level of problem occurrences according to their lifestyle and mental security demands. Specific questionnaire table were as follows (Table 2).
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Table 2. People’s psychological security standard questionnaire design.







Table 2. People’s psychological security standard questionnaire design.







	
Alternative level (k)

	
Lowest number of times acceptable to bathe every week

	
Whether you can accept or not

	
Annual drinking water problem occurrence times

	
Whether you can accept or not

	
Urban flooding frequency during the flood season

	
Whether you can accept or not






	
1

	
[0, 2]

	

	
(10, +∞)

	

	
(10, +∞)

	




	
2

	
(2, 4]

	

	
(5, 10]

	

	
(5, 10]

	




	
3

	
(4, 6]

	

	
(4, 5]

	

	
(4, 5]

	




	
4

	
(6, +∞)

	

	
(0, 3]

	

	
(0, 3]

	




	
5

	

	

	
0

	

	
0

	









Here, we designed the questionnaire to get the data for bathing times with one week as a period, so that the respondents could understand and answer questions easier. In the calculation of Fqt, we can transform the bathing time every week to daily domestic water consumption per capita; bathing time is used as the numerator and the domestic water quota is used as the denominator. The calculation equations of Fqt are as follows:


    F  q t   =    ∑   n k  ⋅  r k  ⋅ c     λ ⋅ 7 ⋅ Q     



(1)




Where, nk is the average alternative bathing times for the kth level of Table 2, rk is the rate of people who chose the kth level to be their psychological security standard, c is the average water consumption for each bathing per capita, unit L, λ is the ratio of average water consumption for every bathing to total domestic consumption per capita per day, and Q is the water quota for domestic consumption per capita per day. k = 1, 2, 3, 4, and accordingly nk = 1, 3, 5, 7.



For the calculation of Fql and Fr, both the data of the numerator and denominator were obtained from the questionnaire, and for the availability and uniformity, we gave different levels different scores from 0−1, while the score per level for the numerator and denominator were consistent. The basic principle is to multiply scores for each given level and its ratio of population who choose this level to total questionnaire respondents.




2.3.2. Urban Water Security Assessment Model


Urban water security (UWS) indices were calculated using the weighted average method, with the following equations:


    W  q t   =  F  q t     ∑  j = 1  5    V j     R j    



(2)






    W  q l   =  F  q l     ∑  j = 6   10     V j   R j        



(3)






    W r  =  F r    ∑  j = 11   12     V j   R j      



(4)






   U W S = α  W  q t   + β  W  q l   + γ  W r      



(5)







Where Wqt, Wql and Wr are, respectively, water quantity , water quality and the risk index of urban water security; Vj is the normalized element value of the jth water security indicators; Rj is the weight of the jth water security indicator; Fqt, Fql, and Fr are respectively the psychological security coefficients for water quantity, water quality and the risk; α, β, γ are respectively the weights of water quantity, water quality and the risk; UWS is the urban water security index with the combination of material and psychological security assessment; and j = 1, 2…, 12.



From this equation, we can see that the introduction of the psychological security coefficient F is appropriate to adjust and revise general water security without the consideration of citizens’ psychological feelings. The value of this variable indicates the gap between the current water status and peoples’ mental security feelings, and it would appropriately adjust the assessment score and make the result better or worse.




2.3.3. Data Collection and Normalization


Here, we took a typical water-stressed coastal city in China (Dalian) as a case study. By looking up the statistics and literature, we obtained the water security assessment indicator data of Dalian from 2010–2012 (Table 2). Data sources included the Dalian Water Resources Bulletin, Dalian statistical yearbook, Disaster Bulletin and some authoritative reports on the Internet.



Having obtained all of the data, we normalized the data to eliminate the effects of different properties and dimensions. The score of the material security indices could be normalized using the efficacy coefficient method.



For a positive indicator, the normalization equation is:


    V  i j   = (  X  i j   −  X  j min   ) / (  X  j max   −  X  j min   )   



(6)







For a negative indicator, the normalization equation is:


    V  i j   = 1 - (  X  i j   −  X  j min  *  ) / (  X  j max  *  −  X  j min  *  )   



(7)







Where vij is the efficacy coefficient of year i and indicator j; xij is the actual value of year i and indicator j; xjmax and xjmin are the upper and lower bounds. In a practical evaluation, a value 10% lower than the maximum value of a quantitative indicator is considered to be its upper bound and a value 10% higher than the minimum value of a quantitative indicator is considered to be its lower bound [4].



We conducted a questionnaire survey about Dalian urban water security. In order to analyse the result according to the distribution character and population traits, we made a survey plan before we carried out the questionnaire survey. The plan made clear the survey population and survey areas. The survey population should include at least 30% female or 30% male; 20% older people and 20% children; 20% high income and 20% low income. We also designed questions in the questionnaire related to the weights among water quantity, water quality and the risk index: “Of the following items, which do you think has a greater effect on the assessment of water security?” According to the questionnaire results, we obtained their weight rates.



The survey was taken in four crowded districts (Zhongshan District, Xigang District, Shahekou District and Ganjingzi District) of Dalian to assess its water security status from the perspective of the residents. In each district we sent out about 80 questionnaires by face-to-face communication. The survey area covered different functional zones of the city, which can represent people with living conditions, lifestyles and education levels, including: (1) living zones, where urban river quality problems were severe and many citizens lived there for a long time; (2) greening zones, for example the park, crowded with people and convenient for communicating with city dwellers; (3) teaching zones, for example schools and Dalian Library, where respondents were always highly educated and could give more objective answers and deeper thinking; and (4) high and new technology zones, with many company staff. Finally we sent out 315 questionnaires and obtained 275 valid questionnaires (valid return rate is 87.3%).



The questionnaire content was divided into three parts: basic information, water security status survey and the security demand determination. The first part was designed to determine basic information about the residents answering the questionnaire. The second part was to determine the current security status of water in Dalian and to let residents choose water resource indicators that they found more critical. The third part of the questionnaire was set to assess the psychological security perception of the criteria layer of the assessment index: water quantity, water quality and the risk, designed for the calculation of psychological security coefficients.



According to our survey, about 95.1% of total respondents had lived in Dalian for more than half a year, which matched the condition of resident population, and they were familiar with Dalian’s water security status. A total of 96.4% of them had high school degrees or beyond, ensuring the outcomes were effective enough. As to their occupations, 35% respondents were students, 30% were company staff, 10% teachers, 10% worked in administrative institutions, 10% were workers and 5% had retired.




2.3.4. Indicator Weight Calculation


Generally, methods to determine indicator weights can be divided into two or three methods: subjective or objective determination, or a combination thereof. The analytic hierarchy process (AHP) is a widely-used method for multi criteria decision support based on the hierarchical decomposition of objectives, evaluation of preferences through pair wise comparisons, and subsequent aggregation into global evaluations [31,32]. Based on mathematics and psychology, it has been widely applied to decision making in various areas. Some scholars employed questionnaire surveys to determine the importance of assessment elements in the study area to make assessment indicators and results more targeted and accurate [16,33].



The indicator weights of the criteria and index layers were calculated using the AHP method and integrating the willingness of residents, which was obtained via their questionnaire voting results. We have designed questions in the questionnaire related to the weights among water quantity, water quality and the risk index: “Of the following items, which do you think have a greater effect on the assessment of water security?” Options are quantity, water quality and the risk. According to the questionnaire results, we got their weight rates. According to the questionnaire results, we found that approximately 20% of the respondents chose water quantity, 60% chose water quality and 20% chose the risk. This provides the weights for water quantity, water quality and the risk, 0.20, 0.60 and 0.20, respectively.



Finally, we asked 8 scholars in the water resource field to measure the importance rate between every two indicators in the same criteria layer, got the average and formalized them as integers. According to the 1 to 9 scale method, we made comparisons of all of the indicators in each criteria layer and then used AHP method to determine the weights. An indicator importance matrix was constructed based on MATLAB software to calculate the weight and check the consistency, and CR values less than 0.1 indicated that the results all passed the consistency test. All of the data from Dalian for 2010–2012, including the normalized data and their weights, are shown in Table 3.
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Table 3. Urban water security assessment data and weights for Dalian, China from 2010–2012.







Table 3. Urban water security assessment data and weights for Dalian, China from 2010–2012.







	
Indicator

	
Weights

	
Original data of different years

	
Normalized data of different years




	
2010

	
2011

	
2012

	
2010

	
2011

	
2012






	
Water quantity (B1) 0.20 *

	
Water resources per capita (C1, m³)

	
0.3542

	
511.6

	
569.8

	
493.0

	
0.37

	
0.69

	
0.27




	
Water resources utilization rate (C2, %)

	
0.3542

	
39.35

	
42.38

	
55.15

	
0.84

	
0.72

	
0.22




	
Other water supply proportion (C3, %)

	
0.1632

	
7.0

	
9.2

	
9.2

	
0.18

	
0.76

	
0.76




	
Rate of rejuvenated water reuse (C4, %)

	
0.0484

	
40

	
38

	
42

	
0.48

	
0.32

	
0.65




	
Water penetration rate (C5, %)

	
0.0800

	
100

	
100

	
100

	
1

	
1

	
1




	
Water quality (B2) 0.60 *

	
Water quality standard-reaching rate of drinking water sources (C6, %)

	
0.3800

	
100

	
100

	
100

	
1

	
1

	
1




	
Ratio of the river length with water quality in Class III to the total assessed river length(C7, km/km)

	
0.0948

	
60.3

	
68.7

	
85.7

	
0.15

	
0.36

	
0.79




	
Rate of class I~IV groundwater quality reaching standard (C8, %)

	
0.2024

	
93.3

	
87.5

	
87.5

	
0.61

	
0.37

	
0.37




	
Ratio of seawater intrusion area to the administrative area (C9, hm2/hm2)

	
0.1267

	
5.1

	
5.2

	
5.3

	
0.59

	
0.51

	
0.43




	
Waste water treatment rate (C10, %)

	
0.1962

	
90.4

	
95.05

	
95.1

	
0.39

	
0.59

	
0.59




	
The risk (B3) 0.20 *

	
Ratio of the population influenced by flooding and flooding to the total population (C11, %)

	
0.8333

	
10.5

	
1.4

	
6.3

	
0.10

	
0.99

	
0.51




	
Ratio of the water reserved in dams at the end of the year to the total water utilization (C12, m3/m3)

	
0.1667

	
97.4

	
87.0

	
91.4

	
0.66

	
0.30

	
0.45








Date source: * p < 0.1, values of indicator C1–C12 are from Dalian statistical yearbook 2010–2012 [20,34,35], and Dalian Water Resources Bulletin 2010–2012 [25,26,36].








2.3.5. Comprehensive Assessment


After data standardization in this study, UWS ranged from 0 to 1 and water security assessment indicators were classified into five levels (Table 4): (1) Secure; (2) Marginally Secure; (3) Basically Secure; (4) Marginally Insecure; and (5) Insecure.
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Table 4. Urban water security (UWS) assessment classification standard.







Table 4. Urban water security (UWS) assessment classification standard.







	
UWS Level

	
UWS

	
Features






	
Level 1: Secure

	
0.8 ≤ UWS < 1.0

	
Urban water system status is at good condition, it can continuously provide people sufficient water quantity and standard water quality, and people feel no worry about their water environment and are free of water-related risk.




	
Level 2: Marginally secure

	
0.6 ≤ UWS < 0.8

	
Urban water system status is secure, water shortage and pollution problems are not apparent.




	
Level 3: Basically secure

	
0.4 ≤ UWS < 0.6

	
Urban water system status is disturbed, sometimes water problems happen, but it is rather bearable by people.




	
Level 4: Marginally insecure

	
0.2 ≤ UWS < 0.4

	
Urban water system is not at good condition, water shortage and pollution problems happen, and people feel not safe about their water environment.




	
Level 5: Insecure

	
0 ≤ UWS < 0.2

	
Urban water system is seriously destroyed, water shortage and pollution is rather serious, people frequently feel water-related risk and the water environmental cannot support their normal life, and urban water environment urgently needs to be improved.









The maximum value of UWS is 1, which indicates that the urban water system is in the best condition; it can continuously provide people sufficient water quantity and standard water quality (including surface water, groundwater and other water sources), and people feel no anxiety about their water environment and are free of water-related risk. The minimum value of UWS is 0, which indicates that the urban water system is almost destroyed, water shortages and pollution are very serious, people frequently feel water-related risk, and the water environment cannot support their normal life.






3. Results and Discussion


3.1. Results


3.1.1. Results of the Psychological Coefficient F


After completion of the survey, data were collected and calculated and averaged for relevant assessment indicators. According to the questionnaire results, the average acceptable time of bathing and frequency of drinking water problems were one week. In the calculation of Fqt, bathing time is used as the numerator and the domestic water quota is used as the denominator (per capita per day 120 L), according to the Liaoning Industry Water Quota (DB21/T1237-2008). The ratio of average water consumption for every bathing to total domestic consumption per capita per day was set 30% [37].



For the calculation of Fql, both the data of the numerator and denominator were obtained from the questionnaire. Different from the above, Fr was the ratio of the urban flooding frequency that residents can endure to the actual occurrences in Dalian; the denominator was obtained from the Dalian Water Resources Bulletin from 2010–2012.



From the calculations, we obtained the results of Dalian residents’ psychological security coefficients Fqt, Fql and Fr. The results of the psychological security coefficients are shown in Table 5.



Here, the results of the Fq, Fqu and Fr of Dalian are all less than 1, which means that in recent years there has still been a gap between the current water security status of Dalian and residents’ mental security standards and that they are not always consistent with each other. In this research, the differences are more apparent in terms of water quantity and water-related risk.
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Table 5. Results of residents’ psychological security coefficient Fq, Fqu and Fr of Dalian, China.
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Indices

	
Fqt

	
Fql

	
Fr






	
Data

	
0.49

	
0.95

	
0.42








Note: Fqt, Fql and Fr are psychological security coefficients for water quantity, water quality and the risk.








3.1.2. Results of Dalian Urban Water Security


From the above assessment model and Equations (2)–(5), the final urban water security assessment result of Dalian from 2010–2012, including the water quantity, water quality and the risk results, are shown in Table 6. We can see that the assessment results of Dalian urban water security were 0.45, 0.52 and 0.48, respectively. According to Table 3, the statuses of 2010, 2011 and 2012 are all at the basically secure level (0.4 ≤ UWS < 0.6), meaning that its urban water system is disturbed, and sometimes water problems occur, but they are bearable for people.
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Table 6. Urban water security assessment results of Dalian, China from 2010–2012.
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Indices

	
Wqt

	
Wql

	
Wr

	
UWS






	
Year

	
2010

	
0.28

	
0.64

	
0.08

	
0.45




	
2011

	
035

	
0.64

	
0.37

	
0.52




	
2012

	
0.20

	
0.66

	
0.21

	
0.48








Note: UWS is the urban water security assessment index; Wqt, Wql and Wr are respectively the index of urban water security for water quantity, water quality and the risk.







There is a small water security status fluctuation during these years, with a rise from 2010–2011, and a decline from 2011–2012 (Figure 2). Figure 3 shows the separate element assessment results of Dalian. During these three years, the assessment results of water quality did not substantially change and the variation of water quantity and risk are nearly consistent with the assessment results of overall urban water security, with a rise from 2010–2011 and a decline from 2011–2012, especially the risk, which is the same as the overall assessment tendency but has a very low score. In comparison, we find that the water resources per capita for 2011 (569.8 m³) were apparently more than those of 2010 (511.6 m³) and 2012 (493 m³). In terms of the risk, in August 2012, the Biliu River reservoir, one of the biggest reservoirs in Dalian, suffered a huge flood that affected nearly 20,000 people.



Generally speaking, the Dalian urban water security statuses in recent years are stable at an overall status level of “basically secure”; water resource problems are not apparent but sometimes occur, and the results are consistent with other assessments of Dalian water security [38]. In thinking about the sustainable development of the city and that people’s mental demands will increase with the development of the economy, we should also further study Dalian water resources and find solutions to improve its water status.
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Figure 2. Dalian urban water security assessment (UWS) results from 2010–2012. 
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Figure 3. Separate element assessment result of Dalian, China from 2010–2012. Wqt, Wql and Wr separately represent the water quantity, water quality and the risk of urban water security. 






Figure 3. Separate element assessment result of Dalian, China from 2010–2012. Wqt, Wql and Wr separately represent the water quantity, water quality and the risk of urban water security.



[image: Sustainability 07 03900 g003]







3.2. Discussion


In this research, we combined material security and residents’ psychological security for an urban water security assessment. Because the psychological security coefficient is the coefficient to reflect psychological perceptions and preferences, it involves subjectivity and uncertainty. We obtained the subjective feelings in the questionnaire and then quantified them to introduce the coefficient into conventional and objective assessment. The variable psychological feelings caused uncertainty. Because our calculation used the average in each level of each element, it may also have some uncertainty and fluctuation, but it can generally represent residents’ feelings and show the gap between objective security status and people’s subjective demand for more comfortable lifestyles and internal satisfaction. In addition, residents’ psychological security feelings change with the development of a city’s economy and changes in their culture and ideology. When a city develops rapidly and residents become more prosperous, their lifestyles will change and their living requirements will be higher, causing a deep imbalance between water demand and supply.



From the questionnaire survey, we found that residents care deeply about the security of their surroundings and the resources that they rely on to live. They demand water resources or other resources and would like to see no security problems. The frequency of water-related problems that they can bear is low. Occurrences of water-related issues will cause insecurity for residents. There is a great need to place more attention on resident security feelings when studying urban water security.



From the water security assessment, we can see that other basic indicator results are fair, but the natural water resources are rather scarce. Dalian is short on water resources, which is typical for a coastal district. Based on a current water conservancy project, we are urgently looking for more potential unconventional water resources. Currently, scholars and engineers now pay more attention to alternative water sources. There are several possible alternative water sources: long distance water transfer, wastewater recycling, sea water desalinization and rainwater harvesting. Sea water desalinization may be a good method to increase water resources for coastal cities by transforming sea water to fresh water resources, if the technology improves and becomes less costly. Among the other options, rainwater harvesting has its own advantages because it is convenient and easy to carry out [39,40]. The potential benefits that accrue from rainwater harvesting are a decrease in demand for potable water from centralized water sources, reduction in runoff into urban storm water systems and a reduced risk of overflow from storm events. Having been harvested and treated, rainwater can be reused for irrigation, toilet flushing, cleaning roads and some ecological purposes [4,41,42,43].



In fact, rainwater harvesting has been studied in many countries as a way of promoting potable water savings [44,45]. Considering the environmental conditions of Dalian, its rainfall distribution is uneven, both annually and seasonally. Affected by its monsoon climate, rainfall in winter is rare, but is intense in summer. In a normal year, the rainfall of the most abundant four months can account for approximately 63%−77% of the total rainfall. Rain usually occurs in the form of storm water. Therefore, constructing some facilities for rainwater collection in Dalian is meaningful and operable. Additionally, the sloping ground surface of Dalian makes it more possible and convenient to harvest rainwater. There is great potential in studying Dalian rainwater utilization and conducting harvesting projects to combat its water resource shortage.





4. Conclusions


In this research, a dual-level material and psychological assessment method was proposed for supporting the assessment of urban water security. This method was based on the combination of material security indicators and psychological security coefficients that can be used for reflecting residents’ perceptions on security in terms of material and psychological aspects. Thus, this method improved upon conventional methods by recognizing the mental component through the introduction of psychological coefficients. The method was then demonstrated in a water-stressed coastal city. The results indicated that Dalian’s water security statuses from 2010–2012 were at the “basically secure” level and that there is a great need to find solutions to improve its water security status. The psychological security coefficients for Dalian were less than 1, which demonstrates that the current water status is not consistent with residents’ psychological security feelings. To improve the water system and urban sustainable development, we should consider water security problems more comprehensively with regard to the residents’ psychological feelings. Water security refers not only to sufficient water quantity and standard water quality but also to the persistent function of water ecosystems. The basic rule is that all human activities should be restrained without exceeding the ecosystem capacity.
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