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Abstract:



To provide a reference for risk management of water sources, this study screens the key risk supervision areas around river-type water sources (hereinafter referred to as the water sources) threatened by multiple fixed risk sources (the risk sources), and establishes a comprehensive methodological system. Specifically, it comprises: (1) method of partitioning risk source concentrated sub-regions for screening water source perimeter key risk supervision areas; (2) approach of determining sub-regional risk indexes (SrRI, which characterizes the scale of sub-regional risks) considering factors like risk distribution intensity within sub-regions, risk indexes of risk sources (RIRS, characterizing the risk scale of risk sources) and the number of risk sources; and (3) method of calculating sub-region’s risk threats to the water sources (SrTWS) which considers the positional relationship between water sources and sub-regions as well as SrRI, and the criteria for determining key supervision sub-regions. Favorable effects are achieved by applying this methodological system in determining water source perimeter sub-regions distributed along the Yangtze’s Nanjing section. Results revealed that for water sources, the key sub-regions needing supervision were SD16, SD06, SD21, SD26, SD15, SD03, SD02, SD32, SD10, SD11, SD14, SD05, SD27, etc., in the order of criticality. The sub-region with the greatest risk threats on the water sources was SD16, which was located in the middle reaches of Yangtze River. In general, sub-regions along the upper Yangtze reaches had greater threats to water sources than the lower reach sub-regions other than SD26 and SD21. Upstream water sources were less subject to the threats of sub-regions than the downstream sources other than NJ09B and NJ03.
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1. Introduction


With the progression of urbanization and industrialization, 78% of China’s drinking water sources, as a highly sensitive water environment risk receptor, have been distributed with high water pollution risk enterprises in upstream [1]. Meanwhile, due to the frequent occurrence of environmental pollution accidents attributed to the level of enterprise management and other factors, a sharp increase in the probability of water source contamination emerges. Many cases have caused varying degrees of harms to the downstream water sources including Petro China Jilin’s benzene leakage accident occurred in the Songhua River in November 2005, Sinopec’s phosphoric acid leakage incident at the Changshan oil terminal wharf of Yangtze’s Jiangyin section in September 2008, and LCR petrochemical corporation’s phenol leakage accident at the wharf of Yangtze’s Zhenjiang–Yangzhou section in February 2012. Nevertheless, current China’s water resource regulatory authorities generally face problems such as lack of management techniques and poor operability [2]. Meanwhile, in the industrially-developed eastern areas, such as the areas along the Yangtze River in Jiangsu Province, water and risk sources are distributed alternately along the river. Moreover, there are numerous risk sources, which present a dense regional distribution. The above water source management problems and risk source distribution will lead to issues such as the difficulty in determining key risk supervision areas by water resource regulatory authorities; improper risk supervision for water sources; and inefficient risk management for water sources [3,4]. Therefore, it is necessary to assess the risk sources around the water sources, and screen key risk sources need supervision as well as key risk regulation areas. This will provide a reference for relevant environmental regulatory authorities to improve the management efficiency of drinking water sources.



Screening of water source perimeter key risk supervision areas requires assessment of risk scale at the regions where the risk sources lie. Currently, regional risk assessment includes the ecological risk assessment for river basins; regional risk assessment for non-point source distribution [5,6,7,8,9,10,11]; and regional risk assessment for point source distribution. The pollution of non-point sources to water is realized by forming surface runoff and farmland irrigation water through precipitation. Point sources mainly include the industrial sources like industrial enterprises and sewage treatment plants as well as the ports sources distributed along the navigable waterways. Moreover, the industrial sources mainly produce pollution to water by secretly discharging the unprocessed industrial wastewater, while the water pollution accidents like chemical and oil leakage in ports are mainly caused by production accidents. In industrially developed areas, due to low agricultural land use, there is little discharge of farmland irrigation water, and the high urban piped sewage rate also effectively lowers the pollution of early urban rainfall to water. Hence, the point source is the main factor causing environmental risks of water sources in industrially developed areas, and the regional risk assessment in these areas should be carried out targeting at the point source. At present, risk assessment of point source distribution areas is conducted mainly by assessing areas where single point source are located, or by evaluating risk scale of the same industry type industrial zones. For instance, Sadiq and Husain [12] developed a fuzzy-based methodology to assess the environmental risk of drilling waste. Jiang et al. [13] established an environmental risk evaluation index system based on fuzzy membership degree to assess the environmental risk of a given chemical enterprise in Shanghai, China. Liu et al. [14] evaluated the environmental risk of chromium plating enterprise based on the EU (European Union) technical guidance document and EUSES model. Meng et al. [15] applied the information-diffusion theory to carry out a regional environmental risk assessment for the Nanjing Chemical Industry Park, China. Shao et al. [16] developed a simple physical model using existing dispersal patterns and migration models to identify the environmental risks of Chemical Industry Parks in Tianjin Binhai New Area, China. Zhang et al. [17] measured the environmental risk of PBDEs around Industry Park in Huizhou, China. Nadal et al. [18] described the environmental risk of a chemical/petrochemical area in Tarragona, Spain based on GIS technology. Albanese et al. [19] applied GIS technology to conduct a risk assessment of heavy metal pollution in The Zambian Copper belt Province. However, these evaluation approaches either do not consider the distribution of multiple risk sources within a region, or set the multiple risk sources within a region as the same industry type. However, in reality, enterprises around the surface water sources in industrially developed areas, especially those around river-type water sources, are varied in industry type and large in quantity. Moreover, the density of risk distribution within a region will also impact the probability of risk accident occurrence. Therefore, assessment of regional risk sources should specifically consider the risk scale of risk sources within a region; the number of risk sources; and the density of risk distribution in the region. In addition, as the risk sources are non-uniformly distributed in the periphery of water sources, determination of the threats of risk source concentrated local regions (hereinafter referred to as the sub-region) to the water sources will be difficult if the perimeter zone is assessed as a whole. This will lead to difficulty of determining the key supervision sub-regions for water source risk control, thereby reducing the regulatory authorities’ efficiency of water source risk supervision.



Based on the above analysis, this paper constructs a methodological system for determination of key risk supervision sub-regions around water sources. The system takes into account the effects of multiple risk sources. Its main contents include: (1) method of partitioning risk source concentrated sub-regions; (2) method of identifying SrRI; and (3) method of calculating SrTWS, and the criteria for determining key supervision sub-regions. Meanwhile, the method is applied to eight water sources along the Yangtze River in Nanjing.




2. Study Area


Nanjing (31°14’N–32°36’N, 118°22’E–119°14’E) lies in the Yangtze River Delta, one of China’s three major economic core areas, which is an important central city in the lower reach of the Yangtze River. Nanjing section of the Yangtze River is about 95 km long. As a lower tidal reach of the Yangtze, it is impacted by medium-intensity tides. Every day, there are two tidal peaks and two tidal troughs. Flood tides last about three hours, whereas ebb tides last about nine hours. Reverse flow exists during flood tides. There are a total of 10 county-level or above centralized drinking water sources under the jurisdiction of Nanjing, of which eight (two standby water sources) are distributed along the banks of Yangtze River, namely Jiajiang Water Source (NJ01), Yanziji Water Source (NJ02), Bagua Island Water Source (NJ03), Pukou Water Source (NJ04), Jiangning Zihui Island Water Source (NJ07), Longtan Water Source (NJ08), Bagua Island Standby Water Source (NJ09B) and Qiaolin Standby Water Source (NJ10B). Total designed withdrawal of these water sources is 1.1925 billion t/year, which supply 93.77% of the municipal water in Nanjing.



According to the Pollution Source Census Data 2013–2015 from the Environmental Protection Department of Jiangsu Province, the port wharf data for Yangtze’s Jiangsu section from the Jiangsu Maritime Safety Administration, as well as field survey: there are a total of 170 risk sources distributed along the banks of Yangtze’s Nanjing section, of which 35 are industrial enterprises’ sewage outlets; 120 are wharfs; and 15 are wastewater treatment plants’ outlets. Thirteen of 35 industrial enterprises (total wastewater discharge of 3,153,000 t/day) were high-risk industrial enterprises (total wastewater discharge of 220,100 t/day, with six enterprises having a wastewater discharge of over 2000 t/d), which were primarily petrochemical, chemical and pharmaceutical enterprises with certain automatic water quality monitoring abilities. Thirty-one of 120 wharfs (total berthing capacity of 3,395,000 t) were petrochemical and chemical wharfs (total berthing capacity of 619,000 t, with seven wharfs having a berthing capacity of above 40,000 t). Among them, only 18 wharfs were equipped with anti-pollution facilities. All 15 wastewater treatment plants had a wastewater discharge of greater than 2000 t/day (total discharge of 1,338,000 t/day), with complete automatic water quality monitoring abilities. Moreover, as the water treated was domestic sewage, the discharged pollutants were mainly COD, NH3-N, TN and TP.



Specific locations of the water sources and risk sources are shown in Figure 1.


Figure 1. Distribution locations of water sources and risk sources in the study area.
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3. Methodology


Risk source concentrated sub-regions were partitioned according to the distribution of risk sources around the water sources. Then, SrRI were calculated. SrTWS were calculated based on the SrRI and the positional relationship between the risk sources within sub-regions and the water sources. Key risk supervision sub-regions around water sources were screened. The specific procedure is shown in Figure 2.


Figure 2. Flow chart for determination of key risk supervision sub-regions around water sources.
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In addition, according to the relevant provisions of the Law of the People’s Republic of China on Prevention and Control of Water Pollution [20], risk sources uncorrelated with water supply and water source protection, such as sewage outlets, direct discharge enterprises and loading and unloading wharfs, are prohibited within primary and secondary water source protection areas. Therefore, if the above-mentioned risk sources appear in the primary and secondary protection areas of water sources, the risk source distribution zones within the areas will be partitioned as separate sub-regions. Moreover, all of these sub-regions are the key risk supervision sub-regions irrespective of their risk indexes.



3.1. Minimum Spanning Tree (MST)-Based Method for Partitioning Risk Source Concentrated Sub-Regions


When the risk sources are regarded as the nodes and the lengths of lines linking them are regarded as the weighs, all of the lines linking risk sources constitute a weight map. If we want to connect all the nodes in the weight map with the least number of links, the links selected will have to form a tree [21]. By comparing a certain distance threshold to the distance between two adjacent risk sources on the spanning tree (i.e., weight of the two risk sources), we can determine whether these two risk sources are within the same sub-region. Among all spanning trees, the one with the minimum weighted sum is the minimum spanning tree [21]. Therefore, it is most accurate to determine whether the adjacent risk sources are within the same sub-region based on the distance between adjacent risk sources on the minimum spanning tree.



If a risk source and its adjacent risk sources are within the same sub-region, the distance between it and its adjacent risk sources should be within a certain threshold; and the minimum distances between risk sources within this sub-region and risk sources within other sub-regions should all be greater than this threshold. A typical example is the risk source f4 as shown in Figure 3a. Its distances from the risk sources f5 and f6 are 1.14 km and 1.62 km, respectively (Table 1), while its distance from the risk source f2 is 2.74 km (Table 1). Assuming a threshold of 2 km, then the risk sources f4–f6 should be in the same sub-region, whereas the risk source f2 is in another sub-region. In addition, there is also the case where the distances between a certain risk source and its adjacent risk sources do not differ much, but some of the distances are slightly greater than the threshold. Various risk sources involved in such case can also be partitioned into one sub-region. A typical example is the risk source f2 as shown in Figure 3a. Its distances from the risk sources f1 and f3 are 1.89 km and 2.16 km, respectively (Table 1). If only compared to the threshold of 2 km, the risk source f3 should not be partitioned into the same sub-region with sources f1–f2. However, since 1.89 km and 2.16 km are not much different, and 2.16 km is only slightly larger than 2 km, we can also consider that the risk sources f1–f3 are in the sub-region in this case. Therefore, based on the above analysis, we can determine the sub-region partitioning conditions on the basis of constructing the minimum spanning tree of risk sources by comprehensively considering two aspects: distances between risk source and its adjacent risk sources; and deviation between the distances.


Figure 3. Construction process of risk source minimum spanning tree.
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Table 1. Construction results of risk source minimum spanning tree.







	
Steps

	
Node Path

	
Risk Sources Linked by Paths

	
Nodal Distance/km

	
Set of Risk Sources Linked by Minimum Spanning Tree




	
Upper End

	
Lower End






	
Step 1

	
L1

	
f1

	
f2

	
1.89

	
1, 2




	
Step 2

	
L2

	
f2

	
f3

	
2.16

	
1, 2, 3




	
Step 3

	
L3

	
f2

	
f4

	
2.74

	
1, 2, 3, 4




	
Step 4

	
L4

	
f4

	
f5

	
1.14

	
1, 2, 3, 4, 5




	
Step 5

	
L5

	
f4

	
f6

	
1.62

	
1, 2, 3, 4, 5, 6










At present, there are already some classic minimum spanning tree algorithms, such as the Kruskal method [22] and the Prim method [23]. In this paper, the Prim algorithm [23] is employed to construct the minimum spanning tree of risk sources. The specific steps are described below. The route between adjacent risk sources on the risk source minimum spanning tree was defined as the node path, whose length was the node distance. With the node distance on the entire risk source minimum spanning tree as the object, if partitioning conditions were satisfied, the corresponding node path would be interrupted. Accordingly, the original single risk source minimum spanning tree would be divided into several minimum spanning trees. Risk sources connected in series by each resulting minimum spanning tree was partitioned into one sub-region.



3.1.1. Construction of Risk Source Minimum Spanning Tree


Prim algorithm [23] was used to construct the risk source minimum spanning tree by assuming there were n number of risk sources in the survey area around water source, and the risk source set was F = {f1, f2, … , fn}. The specific steps were as follows:

	(1)

	
Risk source minimum spanning tree connected the risk sources within the entire survey area in series gradually. The risk source set that had been serially connected by the minimum spanning tree was set as V; the risk source set yet to be serially connected by the minimum spanning tree was set as U; and the node path set on the minimum spanning tree was set as L. Initially, V = { }, U = F, L = { }.




	(2)

	
fi was added to V starting from any risk source fi.




	(3)

	
Risk source fj nearest to all risk sources in V was found from U, and the node path of fj serially connected by minimum spanning tree was added to L.




	(4)

	
fj was added to V, U = F − V.




	(5)

	
Steps (3) and (4) were repeated until U = { }.









Specific calculation formula for risk source spacing was as follows:
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(1)




where fix and fiy are the x and y coordinates of risk source fi; and fjx and fjy are the x and y coordinates of risk source fj, respectively.




3.1.2. Judgment Criteria for Sub-Region Partition


From the perspective of the entire survey area, whether two risk sources could be partitioned into the same sub-region depended on the contrast of distance between them to the entire survey area size. If the distance between the two was very small relative to the entire survey area, the two risk sources could be partitioned together. Otherwise, the two risk sources should be subordinate to different sub-regions. Thus, when determining the partitioning distance threshold dmin for judging whether two risk sources were within the same sub-region, the size of the entire survey area should be taken into account.



Risk sources posing threat to water sources were generally distributed along the shoreline. Overall, the spatial size of survey area could be represented by the unilateral shoreline length S of the river in the survey area where the water source was located. Ratio of dmin to S was set as 0.1, then:
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(2)







According to the provision of the Ministry of Environmental Protection’s Guidelines for Protection of Centralized Drinking Water Source Environment [24], the risk source survey area around water sources covers a 20 km range of upstream of secondary water source protection area. In this paper, S was set as 20 km, so dmin was 2 km.



In addition, if the ratio di/dj of node distances di and dj corresponding to two connected node paths Li and Lj was within a certain range, the ratio range could be set between [0.83, 1.2]. When di/dj∈ [0.83, 1.2], and one of the node distances was less than or equal to dmin, the three risk sources connected in series by Li and Lj were partitioned into one sub-region.



Taking into comprehensive consideration the distance between nodes and the deviation between distances of their interconnected nodes, the judgment criteria for sub-region partition were set as follows:
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(3)




where di is the node distance of node path Li; Lj is the node path with the largest node distance from Li, and dj is its node distance.




3.1.3. Sub-Region Partitioning Procedure


	(1)

	
Prim algorithm [23] was used to construct the risk source minimum spanning tree by assuming there were n number of risk sources in the survey area around water sources. Node path set of the minimum spanning tree was defined as L = {L1, L2, …, Ln−1}, while the node distance set corresponding to node paths was defined as D = {d1, d2, …, dn−}.




	(2)

	
Node distance di was determined one by one from large to small for whether it satisfied the Equation (3). If satisfied, the node path Li would be interrupted. Accordingly, the minimum spanning tree where Li was located was decomposed into two minimum spanning trees.




	(3)

	
Risk sources connected in series by the resulting minimum spanning trees were partitioned into one sub-region.








3.1.4. Example of Sub-Region Partitioning


Taking the risk sources f1–f6 in Figure 3a as an example, the risk source minimum spanning tree was constructed from the risk source f1. The construction process and results are shown in Figure 3 and Table 1, whereas the minimum spanning tree of risk source constructed is shown in Figure 4.


Figure 4. Sub-region partitioning results.
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By comparing the various path distances in Table 1 to the distance threshold 2 km, it was observed that the paths L2 and L3 were both greater than the distance threshold. However, the nodal distance ratio of paths L2 to L1 (node path with the largest nodal distance from L2) was 1.14, while the nodal distance of L1 was 1.89, which was less than the distance threshold. Thus, L2 did not satisfy Equation (3), and only path L3 satisfied the interrupt condition. Through interrupting path L3, two sub-regions could be obtained, of which risk sources f1–f3 were partitioned into a sub-region A, and risk sources f4–f6 were partitioned into another sub-region B. The specific partitioning results are shown in Figure 4.





3.2. Method for Determining Sub-Regional Risk Indexes


Determination of SrRI should be based on the RIRS of individual risk sources within the sub-regions. Without considering other influencing factors, the greater the mean value about risk indexes of risk sources (Mean-RIRS) in sub-regions, the greater the value of SrRI theoretically. In addition, considering that risk sources with larger RIRS had far greater risk impact on the sub-regions than those with smaller RIRS, the maximal value about risk indexes of risk sources (Max-RIRS) in sub-regions should also be taken into account in determining SrRI. However, consideration of the effects of RIRS for various risk sources in the sub-regions only was unable to accurately reflect SrRI. If RIRS for individual risk sources in the sub-regions were the same, the larger the number of risk sources in the sub-regions, the greater the sum of RIRS, the higher the risk threats to the surrounding waters, and the greater the SrRI theoretically. Therefore, besides RIRS for various risk sources in the sub-regions, the influences of risk source number on SrRI, and the intensive industrial distribution and close distance between risk sources in the economically developed areas need to be considered. Hence, in case of fire, explosion or other accidents at a risk source, sequential fire or explosion at multiple risk sources may be triggered (such as the Tianjin Port explosion that occurred in August 2015). Compared to the fire or explosion accidents at a single risk source, sequential fire or explosion at multiple risk sources will greatly increase the probability of water pollution accidents. Consequently, when determining SrRI, the concentration degree of risk source distribution in sub-regions should also be considered.



Based on the above analysis, determination of sub-regional risk indexes needs to take into account factors such as Mean-RIRS, Max-RIRS, number of risk sources and degree of risk concentration within a sub-region. The specific calculation formula was as follows:
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(4)




where Kt is the risk index of the t-th sub-region; and m is the number of risk sources in the t-th sub-region. [image: there is no content] and kti are the average risk index of risk sources and the risk index of i-th risk source in the t-th sub-region, respectively. They reflected the risk scale of individual risk sources within a sub-region. kmax is the maximum value that the risk index of individual risk sources could assume. Gt is the risk distribution density index (RDDI) of the t-th sub-region, which reflected the relative degree of risk concentration in the t-th sub-region. Dt is the risk source quantity index (RSQI) of the t-th sub-region, which reflected the risk increment in the t-th sub-region caused by increased number of risk sources.



3.2.1. Method for Determining RIRS


RIRS should be determined by comprehensively considering influential factors such as industry type, production scale, technological level, wastewater complexity and risk supervision and emergency response capability [25]. However, most of the above factors can only be qualitatively described for their scale of risk threats to the surrounding areas except for the production scale (industrial source can be represented by wastewater discharge capacity, and wharf source can be represented by berthing capacity). Hence, it can hardly be quantitatively determined. In contrast, the semi-quantitative comprehensive index method is based on the calculation of a comprehensive evaluation index that summarizes the indexes of multiple risk elements using weight values [15]. This semi-quantitative method has been widely used to assess the risk of chemical and petrochemical areas [18] and mining areas [26]. Therefore, in this paper, RIRS can be assessed employing the comprehensive index method. The specific assessment steps were as follows: (1) Each assessment index of individual risk sources was graded according to relevant risk grading criteria and scored. The risk levels were classified into four categories: very low, low, medium and high, which corresponded to fours scores: 1, 2, 3 and 4, respectively; (2) RIRS were determined by weighted summation based on the weight and score values of indexes. Since the sum of index weights was 1, and the maximum score for each index was 4, the maximum value reachable by RIRS was 4, i.e., kmax = 4. The risk grading criteria and specific weights of indexes are shown in Table 2 [25]. Risk levels of risk sources were determined according to the RIRS based on Table 2 [25]. Table 2 could also be used as the sub-regional risk grading criteria.



Table 2. Risk source and sub-regional risk grading criteria.







	
Risk Level

	
High

	
Medium

	
Low

	
Very Low






	
Risk index

	
≥3

	
[2, 3)

	
[1.5, 2)

	
[1, 1.5)











3.2.2. Method for Determining Sub-Regional RDDI


RDDI of multiple risk sources within sub-region was determined based on the relative degree of risk concentration between adjacent risk sources on the risk source minimum spanning tree.



Relative degree of risk concentration between adjacent risk sources connected by the i-th node path Lti on the risk source minimum spanning tree in the t-th sub-region could be determined by comparing the node distance dti corresponding to Lti with the risk distance threshold dmax. The specific formula was as follows:
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(5)




where wti is the index reflecting the relative degree of risk concentration between adjacent risk sources connected by the node path Lti, and wti∈ (0,1]. When wti was equal to 1, it indicated that the two risk sources were completely concentrated; otherwise, it indicated relative concentration. The closer the value of wti to 0 was, the lower the degree of concentration between two risk sources would be.



Risk distance threshold dmax was determined based on the length of unilateral river shoreline S reflecting the spatial size of survey area. The specific formula was as follows:
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(6)







Ministry of Environmental Protection’s Guidelines for Protection of Centralized Drinking Water Source Environment [27] provides that the risk source survey area around water sources covers a 20 km range of upstream of secondary water source protection area. S was considered as 20 km, so dmax was considered as 1 km.



The RDDI of the t-th sub-region was calculated as follows:
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(7)




where Gt is the RDDI of the t-th sub-region, and Gt∈(0, 1]. The closer the value of Gt to 0, the more dispersed the risks in the t-th sub-region, and vice versa. [image: there is no content] and [image: there is no content] denote the risk indexes of risk sources at the upper and lower ends of node path Lti, respectively. Meanings of m and wti are the same as above.




3.2.3. Method for Determining Sub-Regional RSQI


If the impact of risk source risk indexes was not considered, the more the number of risk sources within sub-region, the greater the water environmental risk in the sub-region. RSQI was determined by assuming that the increment of risk source quantity in the t-th sub-region was linearly related to the increment of sub-regional risk. Specific formula was shown below:
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(8)




where Dt and m have the same meanings as above.





3.3. Method for Determining Water Source Perimeter Key Risk Supervision Sub-Regions


Determination basis of key risk supervision sub-regions around water sources was the sub-region’s scale of risk threats to the water sources. In contrast, the aforementioned sub-regional risk index characterized the sub-region’s scale of risk threats to its surrounding water environment sensitive receptors. The larger the SrRI, the severer the substandard condition of water for sensitive waters after pollution accidents, and the greater the risk threats to these sensitive waters. In this case, the receptor should be close to the sub-region. If the distance between the two increased, the sub-region’s risk threats to the sensitive receptor should be reduced. Similarly, whether the sub-region and sensitive receptor were on the same shoreline; and whether the sub-region was located upstream of sensitive receptor would also impact the sub-region’s scale of threats to the receptor.



Based on the above analysis, SrTWS was determined in this paper via the SrRI and the positional relationship between sub-region and water source. The positional relationship between sub-region and water source includes: distance between the sub-region and the water source in the direction of water body’s forward flow, i.e., the x directional distance; whether the sub-region and the water source were on the same shoreline, if not, distance between the two in the vertical direction of water body’s forward flow, i.e., the y directional distance; and in the case of reciprocating flow of water body, the upstream–downstream positional relationship between the sub-region and the water source.



Sub-regional risk supervision level was determined according to SrTWS, thereby identifying the key risk supervision sub-regions around water sources. Risk supervision grading criteria were established based on the risk grading criteria for risk sources [25]. The details are shown in Table 3.



Table 3. Sub-regional risk supervision grading criteria.







	
Sub-Regional Risk Supervision Level

	
Key Supervision

	
Secondary Key Supervision

	
Non-Key Supervision






	
SrTWS

	
≥3

	
[1.5, 3)

	
<1.5










Specific calculation formula for SrTWS was as follows:
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(9)




where WGt is the t-th sub-region’s SrTWS; and Xt and Yt, are the adjustment coefficients determined by considering the magnitudes of distances between the t-th sub-region and the water source in the x and y directions, respectively. When the sub-region and the water source were located on the same shoreline, Yt was 1. Pt was the adjustment coefficient considering the upstream–downstream positional relationship between the t-th sub-region and the water source. Gt had the same meaning as above.



According to the provision of the Ministry of Environmental Protection’s Guidelines for Protection of Centralized Drinking Water Source Environment [24], the risk source survey area around water sources covers a 20 km range of upstream of secondary water source protection area. In this paper, SrTWS was considered equal to the sub-regional risk index when the x directional distance between sub-region and secondary water source protection area was within 10 km irrespective of other factors. When the x directional distance between sub-region and secondary water source protection area was greater than 10 km, SrTWS decreased linearly with the increasing distance. Xt was determined according to this principle, and its calculation formulas were:
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(10)
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(11)




where Stx is the integrated distance (km) from multiple risk sources within the t-th sub-region to water intake in the x direction. If the t-th sub-region was located upstream of the water source, Stx > 0; otherwise, Stx < 0. LW was the distance (km) from source water intake to the upstream and downstream secondary protection area boundary. When the sub-region was located downstream of the water source, the value of LW was the distance from water intake to downstream secondary protection area boundary. m was the number of risk sources within the t-th sub-region. stix, kti were the x directional distance (km) from i-th risk source within t-th sub-region to water intake and the risk index of i-th risk source, respectively. When the risk source was located upstream of the water source, the value of stix was positive; otherwise, the value was negative. Xt had the same meaning as above.



As the lateral flow of the river was small, the sub-regions located on the other shore of water sources had less threat on the water sources. Similarly, reflected in the setting of water source protection areas, the width of protection areas should be significantly less than their length. By referring to the method of determining Xt coefficient, Yt in the case where sub-region and water source were not on the same shoreline was determined with protection area width as the standard. The specific calculation formulas were as follows:
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(12)
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(13)




where Sty and WIp were the y directional integrated distance (km) from the t-th sub-region to the shoreline of water source location and the width (km) of secondary water source protection area at the source water intake; respectively. stiy was the y directional distance (km) from i-th risk source within t-th sub-region to water intake. Yt and kti had the same meanings as above.



For reciprocating flow, the sub-regions located downstream of water sources only posed risk threats on the water sources through reverse flow, whose risk threats were smaller compared to the sub-regions upstream of water sources. The influence of the upstream–downstream positional relationship between sub-regions and water sources on the SrTWS could be reflected by the forward and reverse flow durations of water sources. The specific formula was as follows:
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(14)




where TF and TO are the forward and reverse flow durations of water source, respectively; and Pt has the same meaning as above.





4. Results and Discussion


4.1. Sub-Region Partitioning Results


Risk source minimum spanning tree was constructed using Prim algorithm [23] with the risk sources distributed along the Yangtze’s Nanjing section as the nodes. Meanwhile, risk source-distributed sub-regions were partitioned. Figure 5 presents the risk source minimum spanning tree and the sub-region partition results. As shown in the figure, risk sources distributed along the Yangtze’s Nanjing section can be partitioned into 32 sub-regions from SD01 to SD32. The major risk source-concentrated sub-regions were SD06, SD16, SD19, SD21 and SD26, which contained 14, 14, 21, 22 and 24 risk sources, respectively. In terms of distribution location, except for the sub-region SD06 which was located in the Jiangning Binjiang Industrial Park upstream of Nanjing’s main urban district, the other four major sub-regions were located in the Xiaguan Port District, Luhe Chemical Park’s riverside portion, Xinshengwei Foreign Trade Harbor District and Longtan Port District downstream of Nanjing’s main urban district. Among them, sub-regions SD16 and SD26 were closely neighboring the downstream water source NJ02 and NJ08 protection areas. The remaining sub-regions were smaller than the above-mentioned five major sub-regions, with each containing 1–6 risk sources. Among them, sub-regions SD03, SD05, SD27 and SD32 were distributed within the protection areas of water sources NJ07, NJ10B, NJ08 and NJ09B, respectively.


Figure 5. Sub-region partition results.
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4.2. Calculation Results of SrRI


A total of 170 risk sources were surveyed. The level and score of assessment indexes for each risk source were determined by referring to Appendix A Table A2. RIRS of various risk sources were determined by weighted summation based on the risk scores and weights of indexes (see Appendix A Table A2). Meanwhile, risk levels of risk sources were determined according to Table 2. Risk assessment results revealed that 29 of 170 risk sources were high risk sources, which were mainly wastewater treatment plants’ outlets (15) and wharf risk sources (11). The 11 high-risk wharf loading and unloading articles were oils, bulk toxic liquids, etc. None of these wharfs were equipped with automatic water quality detector or pollution control facility, whose sensitivity and emergency response to sudden pollution accidents were poor. Among them, wharfs njm47, njm83, njm85, njm89 and njm90 all had a berthing capacity above 40,000 t. Therefore, RIRS of these five wharfs were the highest, which were all 3.389 (risk scores for six indexes: wharf type, wharf berthing capacity, technological level of production equipment, management system, emergency prevention system and section monitoring system were 4, 4, 3, 2, 3, and 4, respectively). Jingling Sinopec’s first chemical plant (code 271) scored the second highest (3.359) for RIRS due to high industry risk and high complexity of wastewater discharged (for the seven indexes of the industry type, complexity of sewage quality, wastewater discharge, technological level of production equipment, management system, emergency prevention system and section monitoring system, the risk scores were 4, 3, 4, 3, 2, 3, and 4, respectively). As its annual wastewater discharge was nearly 830,000 t, its RIRS was higher than the other two high risk enterprises (both of which were petroleum processing enterprises with RIRS of both 3.197. For the seven indexes of the industry type, sewage quality complexity, wastewater discharge, production equipment level, management system, emergency prevention system and section monitoring system, the risk scores were 4, 3, 1, 4, 4, 3, 4, respectively). All 15 wastewater treatment plants distributed along the Yangtze’s Nanjing section were high risk sources. Although annual wastewater discharge of each plant was at least 1,800,000 t, their discharge complexity was lower than the above-mentioned three high risk enterprises since they primarily deal with domestic wastewater. Moreover, they all had certain water quality monitoring capability. Thus, overall, the RIRS of wastewater treatment plants were slightly lower than the high-risk enterprises. Specific locations of high risk sources are shown in Figure 5. The specific RIRS results for high risk sources are listed in Table 4.



Table 4. RIRS calculation results for high risk sources.







	
Sub-Region

	
Risk Source

	
Sub-Region

	
Risk Source




	
Code

	
Location

	
RIRS

	
Code

	
Location

	
RIRS






	
SD02

	
W026

	
118.541°E, 31.798°N

	
3.065

	
SD25

	
W035

	
118.942°E, 32.199°N

	
3.065




	
SD06

	
W030

	
118.580°E, 31.900°N

	
3.065

	
SD26

	
njm83

	
118.928°E, 32.170°N

	
3.389




	
W016

	
118.597°E, 31.921°N

	
3.224

	
njm84

	
118.933°E, 32.165°N

	
3.099




	
W015

	
118.614°E, 31.938°N

	
3.065

	
njm85

	
118.934°E, 32.165°N

	
3.389




	
SD11

	
W012

	
118.649°E, 32.000°N

	
3.065

	
njm89

	
118.928°E, 32.173°N

	
3.389




	
SD12

	
W002

	
118.684°E, 32.028°N

	
3.065

	
njm90

	
118.961°E, 32.170°N

	
3.389




	
SD15

	
W011

	
118.725°E, 32.109°N

	
3.065

	
njm101

	
118.973°E, 32.169°N

	
3.099




	
SD16

	
W003

	
118.746°E, 32.113°N

	
3.065

	
njm127

	
118.987°E, 32.170°N

	
3.099




	
W033

	
118.761°E, 32.120°N

	
3.065

	
SD30

	
377

	
119.093°E, 32.237°N

	
3.197




	
SD18

	
W010

	
118.758°E, 32.198°N

	
3.065

	
378

	
119.097°E, 32.236°N

	
3.197




	
SD19

	
W048

	
118.825°E, 32.238°N

	
3.224

	
SD32

	
njm123

	
118.796°E, 32.151°N

	
3.099




	
W044

	
118.865°E, 32.220°N

	
3.065

	
njm124

	
118.797°E, 32.151°N

	
3.099




	
SD21

	
njm47

	
118.883°E, 32.179°N

	
3.389

	
njm125

	
118.798°E, 32.152°N

	
3.099




	
271

	
118.834°E, 32.156°N

	
3.359

	

	

	

	




	
W013

	
118.845°E, 32.162°N

	
3.065

	

	

	

	




	
W014

	
118.846°E, 32.162°N

	
3.065

	

	

	

	










SrRI were calculated based on the RIRS and locations of various risk sources; meanwhile, sub-regional risk levels (SrRL) were assessed. As shown in Table 5, among the 32 sub-regions, those with high, medium and low risk levels were 21, 10 and 1, respectively. The only low-risk sub-region was SD13, within which there was only one low-risk source, a public dock.



Table 5. Sub-regional risk index calculation results.







	
Sub-Region

	
RDDI

	
RIRS

	
RSQI

	
SrRI

	
SrRL




	
Maximum

	
Mean






	
SD01

	
0

	
2.745

	
2.745

	
0.1

	
2.745

	
Medium




	
SD02

	
1

	
3.065

	
2.850

	
0.4

	
3.939

	
High




	
SD03

	
0.954

	
2.863

	
2.441

	
0.6

	
3.862

	
High




	
SD04

	
0.581

	
2.702

	
2.060

	
0.3

	
2.944

	
Medium




	
SD05

	
0.865

	
1.817

	
1.801

	
0.5

	
2.171

	
Medium




	
SD06

	
0.976

	
3.224

	
2.663

	
1.4

	
6.158

	
High




	
SD07

	
0

	
2.745

	
2.745

	
0.1

	
2.745

	
Medium




	
SD08

	
0

	
2.429

	
2.429

	
0.1

	
2.429

	
Medium




	
SD09

	
0

	
2.633

	
2.633

	
0.1

	
2.633

	
Medium




	
SD10

	
1

	
2.683

	
2.612

	
0.2

	
3.033

	
High




	
SD11

	
0

	
3.065

	
3.065

	
0.1

	
3.065

	
High




	
SD12

	
0

	
3.065

	
3.065

	
0.1

	
3.065

	
High




	
SD13

	
0

	
1.739

	
1.739

	
0.1

	
1.739

	
Low




	
SD14

	
1

	
2.981

	
2.690

	
0.4

	
3.783

	
High




	
SD15

	
0.923

	
3.065

	
2.760

	
0.6

	
4.236

	
High




	
SD16

	
0.942

	
3.065

	
2.579

	
1.4

	
5.670

	
High




	
SD17

	
1

	
2.397

	
2.397

	
0.2

	
2.684

	
Medium




	
SD18

	
1

	
3.065

	
2.733

	
0.4

	
3.903

	
High




	
SD19

	
0.942

	
3.224

	
2.511

	
2.1

	
7.227

	
High




	
SD20

	
1

	
2.831

	
2.428

	
0.7

	
4.034

	
High




	
SD21

	
1

	
3.389

	
2.679

	
2.2

	
8.382

	
High




	
SD22

	
0

	
2.305

	
2.305

	
0.1

	
2.305

	
Medium




	
SD23

	
0

	
2.831

	
2.831

	
0.1

	
2.831

	
Medium




	
SD24

	
0

	
2.591

	
2.591

	
0.1

	
2.591

	
Medium




	
SD25

	
0

	
3.065

	
3.065

	
0.1

	
3.065

	
High




	
SD26

	
0.985

	
3.389

	
2.815

	
2.4

	
9.025

	
High




	
SD27

	
1

	
2.713

	
2.611

	
0.2

	
3.067

	
High




	
SD28

	
1

	
2.949

	
2.755

	
0.5

	
3.965

	
High




	
SD29

	
1

	
2.831

	
2.713

	
0.2

	
3.215

	
High




	
SD30

	
1

	
3.197

	
2.965

	
0.6

	
4.619

	
High




	
SD31

	
1

	
2.633

	
2.578

	
0.3

	
3.142

	
High




	
SD32

	
1

	
3.099

	
3.099

	
0.3

	
3.819

	
High










Statistical analysis chart (Figure 6) of SrRI in the high risk sub-regions was plotted. As can be seen, compared to other high risk sub-regions, the sub-regions SD06, SD16, SD19, SD21 and SD26 exhibited significantly larger SrRI owing to their advantages in quantity and RIRS (risk sources with the highest and the second highest RIRS were located in sub-regions SD26 and SD21, respectively). Although the sub-regions SD11, SD12 and SD25 each had only one risk source compared to other high risk sub-regions, they were also listed as high risk sub-regions as the risk sources were large-scale wastewater treatment plants. Nevertheless, their SrRI were slightly smaller than other high risk sub-regions. Although all the risk sources in the sub-regions SD10, SD20, SD27, SD29 and SD31 were medium risks (Max-RIRS of less than 3), SrRI of these sub-regions were greater than 3 due to a certain number of concentrated risk sources within each sub-region, which made them high risk sub-regions.


Figure 6. Statistical analysis chart of risk indexes for high risk sub-regions.
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Statistical analysis chart (Figure 7) of SrRI in the medium risk sub-regions was drawn. Most of the medium risk sub-regions contained only 1 medium risk source. In the medium risk sub-regions SD04, SD05 and SD17, there were slightly more risk sources (3, 5 and 2, respectively). Although the risk sources in the sub-region SD17 were concentrated, the RIRS was small and there were only two risk sources, so the SrRI was also not too large. Since the risk sources were relatively dispersed in the two sub-regions SD04 and SD05, the SrRIof these two sub-regions were not large. Compared to other medium risk sub-regions, sub-region SD05 exhibited the smallest SrRI despite multiple risk sources because the risk sources within it were small-scale shipyards and public docks.


Figure 7. Statistical analysis chart of risk indexes for medium risk sub-regions.
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4.3. Determination of Key Risk Supervision Sub-Regions


The x and y directional distances from sub-regions to source water intakes were determined based on the risk indexes and locations of risk sources. Appendix A Table A3 lists the specific results. In Appendix A Table A3, the x directional distance from sub-region to water intake would be positive if the sub-region was located upstream of the water source; 0 if the sub-region was located within the water source protection area; and negative if located downstream of the water source. The y directional distance from sub-region to water intake would be 0 if the sub-region and the water source were on the same shoreline; and positive if were on the opposite shorelines. Some sub-regions such as SD14 were located in the Yangtze tributaries, so their x directional distances to water intakes were regarded as the sum of distance from sub-region to tributary estuary and distance from the estuary to water intake. Meanwhile, the y directional distance to water intake was considered as the y directional distance from tributary estuary to water intake. In addition, part of the sub-regions did not pose threats to some water sources as a result of island barrier. In such case, the distance from sub-region to water intake was not considered, such as the distances from the sub-regions SD11-SD14 to the water source NJ01 in Appendix A Table A3. According to the Jiangsu Provincial Program for Partitioning County Level or Above Centralized Drinking Water Source Protection Areas [27], the distances from the source water intake to the secondary protection area upstream and downstream boundaries were 2 km and 1 km, respectively, for eight water sources along the Yangtze’s Nanjing section expect for the Jiajiang water source (NJ01), whose corresponding distances were 3.2 km and 3.0 km, respectively. Width of all waters in the secondary protection areas was 0.5 km.



Table A3. Integrated distances from sub-regions to source water intakes. Unit: km.







	
Sub-Region

	
NJ07

	
NJ10B

	
NJ01

	
NJ02

	
NJ03

	
NJ04

	
NJ08

	
NJ09B




	
x

	
y

	
x

	
y

	
x

	
y

	
x

	
y

	
x

	
y

	
x

	
y

	
x

	
y

	
x

	
y






	
SD01

	
6.39

	
0

	
13.08

	
1.33

	
29.83

	
0

	
50.08

	
0

	
57.25

	
0.88

	
37.63

	
1.33

	
71.01

	
0

	
51.34

	
1.33




	
SD02

	
3.32

	
0

	
10.82

	
1.46

	
26.97

	
0

	
47.17

	
0

	
54.24

	
1.01

	
35.1

	
1.46

	
68.19

	
0

	
48.83

	
1.46




	
SD03

	
Within the protection area

	
7.95

	
1.04

	
23.02

	
0

	
44.45

	
0

	
51.33

	
0.59

	
32.19

	
1.04

	
65.01

	
0

	
46.06

	
1.04




	
SD04

	
−5.05

	
0

	
0

	
3.33

	
18.5

	
0

	
38.59

	
0

	
45.73

	
2.88

	
25.62

	
3.33

	
59.54

	
0

	
40.68

	
3.33




	
SD05

	
−7.26

	
2.85

	
Within the protection area

	
16.75

	
2.85

	
36.77

	
2.85

	
43.87

	
2.85

	
23.9

	
0

	
57.65

	
2.85

	
37.94

	
1.8




	
SD06

	
−12.52

	
0

	
−5.56

	
1.47

	
10.96

	
0

	
30.72

	
0

	
38.79

	
1.02

	
16.65

	
1.47

	
50.61

	
0

	
30.68

	
1.47




	
SD07

	
−11.89

	
2.13

	
−4.67

	
0

	
11.66

	
2.13

	
31.75

	
2.13

	
37.05

	
2.13

	
18.52

	
0

	
52.57

	
2.13

	
32.52

	
1.08




	
SD08

	
−14.31

	
1.2

	
−7.16

	
0

	
9.3

	
1.2

	
29.44

	
1.2

	
36.45

	
1.2

	
16.03

	
0

	
50.22

	
1.2

	
30.05

	
0.15




	
SD09

	
−17.33

	
1.46

	
−10.29

	
0

	
6.25

	
1.46

	
26.25

	
1.46

	
33.45

	
1.46

	
12.97

	
0

	
47.18

	
1.46

	
26.99

	
0.41




	
SD10

	
−19.7

	
0

	
−12.1

	
1.87

	
4.25

	
0

	
24.39

	
0

	
31.55

	
1.42

	
11.14

	
1.87

	
45.38

	
0

	
25.17

	
1.87




	
SD11

	
−22.22

	
1.74

	
−14.57

	
0

	
-

	
21.15

	
1.74

	
28.45

	
1.74

	
8.67

	
0

	
42.41

	
1.74

	
22.64

	
0.59




	
SD12

	
−26.17

	
0

	
−18.67

	
1.52

	
-

	
17.49

	
0

	
24.54

	
1.07

	
4.65

	
1.52

	
38.44

	
0

	
18.53

	
1.52




	
SD13

	
−28.46

	
0

	
−20.68

	
1.63

	
-

	
15.15

	
0

	
22.23

	
1.18

	
2.62

	
1.63

	
36.05

	
0

	
16.39

	
1.63




	
SD14

	
−29.86

	
5.62

	
−26.83

	
0

	
-

	
14.53

	
5.62

	
20.92

	
5.62

	
6.95

	
0

	
35.5

	
5.62

	
20.25

	
1.04




	
SD15

	
−35.38

	
1.1

	
−27.56

	
0

	
−5.94

	
1.1

	
8.6

	
1.1

	
15.48

	
1.1

	
−3.76

	
0

	
29.39

	
1.1

	
9.13

	
0.05




	
SD16

	
−38.78

	
0

	
−31.17

	
1.43

	
−8.22

	
0

	
5.27

	
0

	
13.2

	
0.98

	
−7.47

	
1.43

	
25.95

	
0

	
5.82

	
1.43




	
SD17

	
−46.35

	
0.93

	
−38.58

	
0

	
−16.64

	
0.93

	
-

	
4.72

	
0.93

	
−14.65

	
0

	
30.67

	
0.93

	
-




	
SD18

	
−49.15

	
0.69

	
−40.88

	
0

	
−19.43

	
0.69

	
-

	
0

	
0.69

	
−17.1

	
0

	
27.85

	
0.69

	
-




	
SD19

	
−55.66

	
1.05

	
−48.37

	
0

	
−25.91

	
1.05

	
-

	
−4.51

	
1.05

	
−24.27

	
0

	
21.3

	
1.05

	
-




	
SD20

	
−47.43

	
1.03

	
−40.81

	
0

	
−17.78

	
1.03

	
−3.7

	
1.09

	
-

	
−17.3

	
0

	
17.41

	
1.03

	
−3.93

	
0




	
SD21

	
−48.57

	
0

	
−42.27

	
0.96

	
−18.95

	
0

	
−4.76

	
0

	
-

	
−17.91

	
0.96

	
16.16

	
0

	
−4.98

	
0.96




	
SD22

	
−50.47

	
0.96

	
−44.18

	
0

	
−21.04

	
0.96

	
−6.94

	
0.98

	
-

	
−20.38

	
0

	
13.93

	
0.96

	
−7.08

	
0




	
SD23

	
−52.73

	
1.08

	
−47

	
0

	
−23.21

	
1.08

	
−9.24

	
1.04

	
−14.06

	
1.08

	
−23.22

	
0

	
11.76

	
1.08

	
−9.81

	
0.03




	
SD24

	
−54.93

	
1.21

	
−49.27

	
0

	
−25.36

	
1.21

	
−11.19

	
1.3

	
−16.12

	
1.21

	
−25.44

	
0

	
9.7

	
1.21

	
−12.13

	
0.16




	
SD25

	
−59.35

	
3.3

	
−55.11

	
0

	
−28.72

	
3.3

	
−14.82

	
0

	
−20.46

	
3.3

	
−31.29

	
0

	
5.32

	
3.3

	
−17.93

	
2.25




	
SD26

	
−59.73

	
0

	
−53.99

	
2.5

	
−29.56

	
0

	
−15.73

	
3.54

	
−19.76

	
2.05

	
−30.02

	
2.5

	
5.96

	
0

	
−15.91

	
2.5




	
SD27

	
−62.67

	
0

	
−57.1

	
1.75

	
−33.22

	
0

	
−19.19

	
0

	
−23.94

	
1.3

	
−33.27

	
1.75

	
Within the protection area

	
−19.85

	
1.75




	
SD28

	
−66.5

	
0

	
−60.17

	
1.18

	
−36.89

	
0

	
−22.71

	
0

	
−27.69

	
0.73

	
−36.4

	
1.18

	
−2.12

	
0

	
−23.62

	
1.18




	
SD29

	
−70.98

	
0

	
−63.98

	
1.92

	
−41.49

	
0

	
−27.46

	
0

	
−32.34

	
1.47

	
−39.98

	
1.92

	
−6.77

	
0

	
−26.98

	
1.92




	
SD30

	
−74.52

	
0

	
−68.19

	
1.1

	
−45.29

	
0

	
−31.18

	
0

	
−36.31

	
0.65

	
−44.83

	
1.1

	
−10.41

	
0

	
−31.11

	
1.1




	
SD31

	
−77.78

	
1.28

	
−72.1

	
0

	
−48.3

	
1.28

	
−34.12

	
0.91

	
−39.35

	
1.28

	
−48.3

	
0

	
−13.55

	
1.28

	
−34.75

	
0.23




	
SD32

	
−43.89

	
0.95

	
−37.34

	
0

	
−14.63

	
0.95

	
0

	
0.96

	
-

	
0

	
-13.6

	
0

	
20.72

	
0.95

	
Within the protection area










SrTWS were calculated based on the SrRI and the distances from water intakes to secondary protection area boundaries in Table 5 and Appendix A Table A3, respectively. During calculation, the forward and reverse flow durations of water sources were considered according to the durations of ebb and flood in the Yangtze’s Nanjing section, respectively. The calculation results are shown in Appendix A Table A4. Appendix A Table A4 also lists the total risk threats from single sub-region to all water sources (hereinafter referred to as the SD-TSrTWS), the total risk threats from all sub-regions to single water source (hereinafter referred to as the WS-TSrTWS), and SrRI. Since SD03 was located within the protection area of water source NJ07, it was a key supervision sub-region for NJ07 regardless of its SrRI. In Appendix A Table A4, the scale of SrTWS on NJ07 from SD03 was 4. Others, such as the scale of SrTWS on NJ10B from SD05 were also taken as 4. In addition, for water sources not affected by some sub-regions due to the barrier of islands in the river, their SrTWS was taken as 0.



Table A4. Calculation results of SrTWS.







	
Sub-Region

	
SrRI

	
SrTWS

	
SD-TSrTWS




	
NJ07

	
NJ10B

	
NJ01

	
NJ02

	
NJ03

	
NJ04

	
NJ08

	
NJ09B






	
SD01

	
2.745

	
2.745

	
0.931

	
1.031

	
0.571

	
0.282

	
0.290

	
0.398

	
0.209

	
6.457




	
SD02

	
3.939

	
3.939

	
1.349

	
1.657

	
0.872

	
0.373

	
0.407

	
0.595

	
0.288

	
9.480




	
SD03

	
3.862

	
4.000

	
1.857

	
1.949

	
0.910

	
0.664

	
0.615

	
0.613

	
0.421

	
11.029




	
SD04

	
2.944

	
0.981

	
0.442

	
1.925

	
0.805

	
0.117

	
0.187

	
0.512

	
0.114

	
5.083




	
SD05

	
2.171

	
0.127

	
4.000

	
0.281

	
0.110

	
0.091

	
0.991

	
0.068

	
0.168

	
5.836




	
SD06

	
6.158

	
1.782

	
0.698

	
6.158

	
2.144

	
0.821

	
1.430

	
1.267

	
0.730

	
15.030




	
SD07

	
2.745

	
0.197

	
0.915

	
0.644

	
0.217

	
0.184

	
1.662

	
0.127

	
0.416

	
4.362




	
SD08

	
2.429

	
0.253

	
0.810

	
1.012

	
0.369

	
0.294

	
1.731

	
0.210

	
0.866

	
5.545




	
SD09

	
2.633

	
0.184

	
0.878

	
0.902

	
0.372

	
0.287

	
2.400

	
0.200

	
1.054

	
6.275




	
SD10

	
3.033

	
0.541

	
0.244

	
3.033

	
1.355

	
0.361

	
0.811

	
0.699

	
0.350

	
7.394




	
SD11

	
3.065

	
0.138

	
0.753

	
0

	
0.460

	
0.333

	
3.065

	
0.218

	
1.258

	
6.225




	
SD12

	
3.065

	
0.406

	
0.190

	
0

	
1.979

	
0.635

	
1.008

	
0.841

	
0.610

	
5.669




	
SD13

	
1.739

	
0.211

	
0.090

	
0

	
1.322

	
0.364

	
0.533

	
0.511

	
0.371

	
3.403




	
SD14

	
3.783

	
0.039

	
0.488

	
0

	
0.269

	
0.178

	
3.783

	
0.100

	
0.997

	
5.853




	
SD15

	
4.236

	
0.187

	
0.532

	
0.642

	
1.925

	
1.428

	
1.412

	
0.703

	
4.236

	
11.065




	
SD16

	
5.670

	
0.500

	
0.219

	
1.890

	
5.670

	
2.583

	
0.661

	
2.367

	
1.983

	
15.873




	
SD17

	
2.684

	
0.106

	
0.238

	
0.353

	
0

	
1.443

	
0.655

	
0.503

	
0

	
3.299




	
SD18

	
3.903

	
0.196

	
0.326

	
0.574

	
0

	
2.828

	
0.808

	
1.094

	
0

	
5.825




	
SD19

	
7.227

	
0.210

	
0.508

	
0.501

	
0

	
1.147

	
1.035

	
1.783

	
0

	
5.184




	
SD20

	
4.034

	
0.141

	
0.338

	
0.442

	
0.617

	
0

	
0.825

	
1.271

	
1.345

	
4.977




	
SD21

	
8.382

	
0.587

	
0.353

	
1.751

	
2.794

	
0

	
0.860

	
5.919

	
1.455

	
13.720




	
SD22

	
2.305

	
0.081

	
0.178

	
0.222

	
0.392

	
0

	
0.396

	
1.006

	
0.768

	
3.044




	
SD23

	
2.831

	
0.084

	
0.205

	
0.216

	
0.454

	
0.334

	
0.425

	
1.311

	
0.944

	
3.973




	
SD24

	
2.591

	
0.066

	
0.179

	
0.160

	
0.326

	
0.236

	
0.353

	
1.071

	
0.776

	
3.167




	
SD25

	
3.065

	
0.027

	
0.189

	
0.060

	
0.739

	
0.080

	
0.337

	
0.464

	
0.134

	
2.030




	
SD26

	
9.025

	
0.512

	
0.114

	
1.133

	
0.288

	
0.391

	
0.207

	
9.025

	
0.404

	
12.074




	
SD27

	
3.067

	
0.166

	
0.052

	
0.338

	
0.562

	
0.171

	
0.091

	
4.000

	
0.155

	
5.535




	
SD28

	
3.965

	
0.202

	
0.095

	
0.390

	
0.609

	
0.339

	
0.158

	
1.321

	
0.248

	
3.361




	
SD29

	
3.215

	
0.153

	
0.044

	
0.278

	
0.405

	
0.116

	
0.072

	
1.072

	
0.107

	
2.248




	
SD30

	
4.619

	
0.209

	
0.104

	
0.364

	
0.510

	
0.335

	
0.160

	
1.540

	
0.232

	
3.455




	
SD31

	
3.142

	
0.053

	
0.147

	
0.090

	
0.174

	
0.107

	
0.221

	
0.326

	
0.310

	
1.429




	
SD32

	
3.819

	
0.156

	
0.350

	
0.576

	
1.989

	
0

	
1.010

	
1.074

	
4.000

	
9.156




	
WS-TSrTWS

	
-

	
19.179

	
17.815

	
28.571

	
29.207

	
16.523

	
28.601

	
42.210

	
24.949

	
-










Based on Appendix A Table A4, the key and secondary key supervision sub-regions corresponding to each water source were determined according to the sub-region supervision grading criteria established in Table 3. The results are shown in Table 6.



Table 6. Key and secondary key supervision sub-regions corresponding to various water sources.







	
Water Source

	
Key Supervision Sub-Regions

	
Secondary Key Supervision Sub-Regions






	
NJ07

	
SD03, SD02

	
SD01, SD06




	
NJ10B

	
SD05

	
SD03




	
NJ01

	
SD06, SD10

	
SD03, SD04, SD16, SD21, SD02




	
NJ02

	
SD16

	
SD21, SD06, SD32, SD12, SD15




	
NJ03

	
SD16

	
SD18




	
NJ04

	
SD14, SD11

	
SD07, SD08, SD09




	
NJ08

	
SD26, SD21, SD27

	
SD16, SD19, SD30




	
NJ09B

	
SD15, SD32

	
SD16










Variations of SD-TSrTWS and SrRI for various sub-regions (Figure 8) were plotted in the upstream to downstream order of sub-regions. In the Figure 8, the upstream sub-regions were located to the left of the downstream sub-regions. As shown in Appendix A Table A4 and Figure 8, SD16’s SD-TSrTWS was the maximum, 15.873. Although the SrRI of sub-regions SD26, SD21, SD19 and SD06 were all larger than the sub-region SD16, SD26, SD21 and SD19 were located downstream of the majority of water sources. Besides, SD21 and SD19 were located on the north and south watercourse of the Yangtze’s Bagua Island, respectively, and did not produce risk threat to the water sources that were not on the same watercourse. As for sub-region SD06, although it was located upstream of most water sources, it was distant from most water sources compared to the sub-region SD16. Thus, among five sub-regions with SrRI greater than 5, SD16’s SrTWS to the Nanjing riverside water sources was the greatest. Despite an up to 7.227 SrRI of sub-region SD19, it was only upstream of a water source NJ08 and did not produce risk threat tothe water sources NJ02 and NJ09B that were not on the same watercourse. Moreover, the water sources NJ04 and NJ10B on the same side of shoreline with it were located 20 km upwards of its upstream, so SD19 was only a secondary key supervision sub-region for water source NJ08; and was a non-key supervision sub-region for all other water sources. On the whole, the upstream sub-regions had greater risk threats to the Yangtze riverside water sources in Nanjing. One typical example was the sub-region SD06. Although its SrRI was lower than the downstream sub-regions SD26, SD21 and SD19, its SD-TSrTWS was 15.030 owing to its location upstream of most water sources, which was higher than the above-mentioned three sub-regions. Meanwhile, other upstream sub-regions such as SD01–SD05 and SD07–SD14 had less risk threats to water sources than the downstream sub-regions SD16, SD21 and SD26 because of small respective risk indexes. However, in general, their risk threats were greater than the downstream sub-regions other than the above-mentioned three sub-regions.


Figure 8. Variations of SD-TSrTWS and SrRI for various upstream and downstream sub-regions.
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Variations of WS-TSrTWS for various water sources (Figure 9) were plotted in the upstream to downstream order. In the figure, upstream water sources were located to the left of the downstream water sources. As shown in Table A4 and Figure 9, downstream water sources were under greater risk threats from sub-regions than the upstream water sources. For example, WS-TSrTWS was the largest for the most downstream water source NJ08, 42.210. The water source NJ02 exhibited the second largest WS-TSrTWS value, 29.207. However, as it was located on the south watercourse of the Yangtze’s Bagua Island, the sub-regions on the north watercourse posed no risk to it. Thus, its WS-TSrTWS was only slightly larger than two upstream water sources NJ01 and NJ04. As for NJ09B and NJ03 located separately on the north and south Bagua Island watercourses, they were also less affected by the risk sources in sub-regions than the two upstream water sources NJ01 and NJ04 since they were not on the same shoreline with most sub-regions apart from the above-mentioned reasons.


Figure 9. Variations of WS-TSrTWS for various upstream and downstream water sources.
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5. Suggestions and Limitations


5.1. Suggestions


According to the judgment results of risk supervision level of risk source and sub-region, it is suggested that water source supervision departments should take the following measures to improve the anti-risk capability of risk source and sub-region as well as prevent the occurrence of water pollution accidents.

	(1)

	
Compared with sewage treatment plants, the water source supervision departments should strengthen the risk supervision for high-risk port sources listed in Table 4, and urge them to equip with pollution prevention devices and automatic water quality monitor so as to improve their sensitivity to liquid chemical and oil leakage accidents. Meanwhile, considering that the follow-up processing difficulty and pollution degree to water of chemical and oil leakage accidents are higher than those of other types of pollution accidents, the water source supervision departments should also enhance inspection frequency to high-risk ports, and urge responsible units for the corresponding ports to strengthen the daily safety management of the ports so as to eliminate the hidden risks of safety accident and prevent the pollution accidents caused by safety accidents.




	(2)

	
Similarly, for the three high-risk enterprises (petrochemical and petroleum processing enterprises) listed in Table 4, the water source supervision departments also should urge them to install automatic water quality monitors at the wastewater discharge ports. Like the wastewater processing plants listed in Table 4, the water quality monitor data need to simultaneously transfer to online monitoring platform of supervision departments so that they can conduct real-time monitor over the water quality of wastewater discharge ports in industrial sources and avoid the occurrence of secretly discharging pollutants.




	(3)

	
Water source supervision departments should strengthen daily inspection for key supervision sub-regions and secondary key supervision sub-regions surrounding the various water sources, especially the high-risk sources in sub-regions. Meanwhile, considering the concentrated distribution of risk sources in sub-regions, accidents like explosions and fire may cause continuous safety accidents and increase the occurrence rate of water pollution accidents. Therefore, water source supervision departments should also strengthen inspection for the safe production of risk sources in key and secondary key supervision sub-regions.










5.2. Limitations


Based on the high degree of industrial development and urbanization of areas along Nanjing of Yangzi River, the methodology proposed in this paper only considers the threats of point sources to the water sources. For water sources in some industrially underdeveloped areas (such as Northern Jiangsu) whose threats are primarily from non-point sources, this methodology is not appropriate. Hence, further studies are needed to determine the key risk sources and key risk supervision sub-regions around water sources by comprehensively considering the threats of point and non-point sources.



In addition, after a pollution accident at the risk sources, its threat to the water sources will be affected by the flow of water sources. Larger flow will reduce the quality substandard multiple of water sources resulting from pollution accidents. Accordingly, the threats imposed to water sources will also diminish. In this paper, water source flow has little influence on identifying the key risk sources and key risk supervision sub-regions since the flow rates of the eight water sources are basically the same. Nonetheless, if the water sources in a sub-region are not in the same river, flow difference between water sources will be large. From the overall regional perspective, the influence of water source flow should be considered in the identification of key risk sources and key risk supervision sub-regions. Therefore, it is necessary to consider the influence of water source flow in the follow-up study.





6. Conclusions


In this paper, a feasible methodological system for determining the key risk supervision areas is put forward for river-type water sources surrounded by multiple risks sources. The system comprises: (1) method of partitioning risk source concentrated sub-regions around water sources proposed based on Prim’s minimum spanning tree algorithm [23] that considers the distribution of risk sources around water sources; (2) approach of determining sub-regional RDDI proposed based on the distance between adjacent risk sources on the minimum spanning tree of sub-regional risk sources and their respective RIRS; method of determining RSQI proposed by considering the number of risk sources in sub-regions; and the approach of determining SrRI reflecting the risk scale of sub-regions proposed based on the RDDI and RSQI combined with the RIRS within sub-regions; and (3) method of calculating SrTWS based on the positional relationship between sub-regions and water sources as well as SrRI, and the criteria for determining key supervision sub-regions. By applying this methodological system for determining water source perimeter key risk supervision areas along the Yangtze’s Nanjing section, it is observed that the system can effectively identify the key and secondary key risk supervision sub-regions for each water source, and the high risk level risk sources within the entire region. Thus, it provides a basis for water source regulatory authorities to improve the efficiency of drinking water source supervision.
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Appendix A







Table A2. Risk assessment index system for risk sources [25].







	
Type of Risk Source

	
Assessment Index

	
Risk Grading Criteria for Indexes

	
Index Weight




	
High

	
Medium

	
Low

	
Very Low






	
Industrial enterprises and sewage treatment plants

	
Industry type

	
Petrochemical, coking and nuclear fuel processing, chemical, pharmaceutical enterprises and sewage treatment plants

	
Textiles, paper, metal smelting and rolling processing, metal surface treatment and heat treatment processing, leather manufacturing, rubber and plastic products, chemical fiber enterprises

	
Equipment manufacturing, communication and transportation, storage and postal, construction, mining enterprises

	
Others

	
0.207




	
Complexity of sewage quality

	
Complex

	
Medium

	
Simple

	
No discharge

	
0.159




	
Wastewater discharge (m3∙day−1)

	
>2000

	
(1000, 2000]

	
(200, 1000]

	
≤200

	
0.182




	
Technology level of production equipment

	
Domestically backward

	
Domestically average

	
Domestically advanced

	
Internationally advanced

	
0.128




	
Management system

	
Incomplete

	
Comprehensive but unreasonable

	
Comprehensive and reasonable

	
Comprehensive, reasonable and well implemented

	
0.128




	
Emergency prevention system

	
No emergency plan or environmental risk assessment

	
Either emergency plan or environmental risk assessment

	
Both emergency plan and environmental risk assessment, but no regular exercise

	
Both emergency plan and environmental risk assessment, with regular exercise

	
0.098




	
Section monitoring system

	
No automatic water pollution detector

	
Installed with automatic water pollution detector, but without detection ability

	
Installed with automatic water pollution detector, and capable of conducting some tests

	
Installed with automatic water pollution detector, and capable of conducting comprehensive tests

	
0.098




	
Wharf

	
Type of wharf

	
Petrochemical, chemical wharfs

	
Bulk and general cargo, power plant, coal ash wharfs

	
Containers, outfitting, materials wharfs

	
Others

	
0.236




	
Berthing capacity (t)

	
>40,000

	
(20,000, 40,000]

	
(5000, 40,000]

	
≤4000

	
0.204




	
Technology level of production equipment

	
Domestically backward

	
Domestically average

	
Domestically advanced

	
Internationally advanced

	
0.161




	
Management system

	
Incomplete

	
Comprehensive but unreasonable

	
Comprehensive and reasonable

	
Comprehensive, reasonable and well implemented

	
0.161




	
Emergency prevention system

	
No emergency plan or environmental risk assessment

	
Either emergency plan or environmental risk assessment

	
Both emergency plan and environmental risk assessment, but no regular exercise

	
Both emergency plan and environmental risk assessment, with regular exercise

	
0.128




	
Section monitoring system

	
No automatic water pollution detector

	
Installed with automatic water pollution detector, but without detection ability

	
Installed with automatic water pollution detector, and capable of conducting some tests

	
Installed with automatic water pollution detector, and capable of conducting comprehensive tests

	
0.11
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