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Abstract:



Mapping water quality change is helpful in the study of the water environment of a region. Using visual methods, interpretation of water condition and pollution issues can be intuitive and easy to understand. In this paper, we present a map to represent the spatial and temporal variation of water quality change in the Yangtze River during the period from 2006 to 2015. The calendar view was developed to explore the water quality condition and water pollutants for sections of the Yangtze River. A “W” construction was proposed to arrange the weekly water quality data in a continuous logic, and qualitative colors were designed to identify the change in major pollutants throughout the period. This map provides a promising visual analytical approach to investigate the water quality status and reveal the spatial and temporal patterns of water quality change in the Yangtze River.
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1. Introduction


The change in the water quality of the Yangtze River has attracted extensive attention, as the Yangtze River is the largest river in China and feeds more than 400 million local people living in the basin. During the process of urbanization and industrialization in the Yangtze River basin, human activities, e.g., hydrological alterations, toxic chemical emission, and land use change, have dramatically affected the water’s physicochemical properties [1,2,3,4]. Though efforts have been made to improve the treatment of the water and environment, many studies indicate that the water quality tends to deteriorate and raise various environmental problems, such as eutrophication [5,6], endemic diseases [7], and drinking water issues [8,9]. Identifying the water quality status and investigating the spatial and temporal changes are important to promote environmental governance and increase public awareness of water environmental protection.



The studies on water quality change are generally based on numerical models and statistical techniques. Various chemical indices, such as ammonia nitrogen (NH3-N), permanganate index (CODMn), phosphorus (P), nitrogen (N), heavy metals, dissolved oxygen (DO), and total organic carbon (TOC), were measured to evaluate the water quality in each period [10,11,12]. These indices were then used to explore the spatial and temporal patterns of water quality by adopting multivariate statistical methods, such as the Mann–Kendall test to estimate the trend homogeneity of water quality among monitoring sites [13,14,15], factor analysis and principal component analysis (FA/PCA) to transform the water quality indices into a new group of varifactors and to evaluate the incidence of each group in the overall water quality change [16,17], discriminant analysis (DA) to implement the classification with prior knowledge [17], and hierarchical cluster analysis to evaluate the similarities between sites and divide the sites into groups (clusters) based on similarities within the group and dissimilarities between groups [14,17]. Note that all of these analyses require complex mathematical algorithms and parameters. It is still difficult to identify the status of water quality and its evolution trend, particularly for the public who do not have sufficient domain knowledge [18,19].



Mapping the water quality change can make the interpretation of water environment issues intuitive and readable. One example is the Srivastava’s heat maps [20], which represented the river pollution potentiality based on the spatial interpolation of pre- and post-monsoonal water quality indices. In a number of water environmental information systems, dynamic maps were developed with animation and interaction techniques to visualize water quality over a time span or at any point in time [19,21,22,23,24]. However, as most mapping methods present the time-varying data of water quality on either a few canvases or a series of animation frames, the characteristics of water quality change could not be aware of all at once. A map reader has to switch back and forth between different views and then make connections between them.



Our study aimed to develop a visual method with a map to explore the status and the spatial and temporal variation of water quality in the Yangtze River. In this paper, a calendar-based visualization is advanced to address the time characteristic of water quality data [25]. Special attention is paid to constructing the calendar hybrid of water quality and major pollutants for sections of the Yangtze River and to implementing qualitative and quantitative analysis on the spatial and temporal changes of water quality using the calendar view.




2. Materials and Methods


2.1. Materials


The Yangtze River starts in the Tanggula Mountains, Qinghai-Tibet Plateau, in the southwest of China and flows generally through the middle part and then east of the mainland into the East China Sea. As shown in Figure 1, the hydrographic network of the Yangtze River consists of more than 40 tributaries, including the Yalong River, the Min River, the Jialing River, the Wu River, the Han River, the Xiang River, and the Gan River. The total catchment area is approximately 1.8 million km2 and covers 17 provinces, involving Sichuan, Yunnan, Hubei, Hunan, Jiangxi, Anhui, and Jiangsu, and two municipalities, Chongqing and Shanghai. With the sustainable economic growth in China, there are three national urban agglomerations developing along the Yangtze River, i.e., Yangtze River Delta Urban Agglomerations, including the cities of Shanghai, Nanjing, and Yangzhou; the Triangle of Central China, including the cities of Wuhan, Changsha, NanChang, and Jiujiang; and the Chengyu city group, including the cities of Chengdu, Chongqing, Luzhou, and Yibin.


Figure 1. Location and the main topographic features of the Yangtze River.
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The National Environmental Monitoring Centre of China has published data on the weekly water quality of the Yangtze River for decades. Several physicochemical indices, including temperature, pH, DO, electrical conductivity, turbidity, CODMn, TOC, NH3-N, and two reservoir indices, total phosphorus (TP) and total nitrogen (TN), are measured and uploaded from 42 monitoring sites located in the Yangtze River basin. Among them, pH, DO, CODMn and NH3-N are provided as the four primary water pollutant indices by the National Surface Water Quality Automatic Monitoring System.



To facilitate understanding of the water quality issue by the public, the general water quality level (WQL) is graded based on the Chinese Environmental Quality Standards for Surface Water (GB 3838–2002). The WQL is defined as follows:


[image: there is no content]



(1)




where WQL_i is the water quality level of index [image: there is no content]. The grading thresholds for the water quality indices are listed in Table 1.



Table 1. The grading thresholds for several water quality indices.







	
WQL

	
Category

	
pH

	
DO (≥ mg/L)

	
CODMn (≤ mg/L)

	
NH3-N (≤ mg/L)

	
TP (≤ mg/L)

	
TN (≤ mg/L)






	
I

	
Excellent

	
6~9

	
7.5

	
2

	
0.15

	
0.02

	
0.2




	
II

	
Lightly polluted

	
6

	
4

	
0.5

	
0.1

	
0.5




	
III

	
Moderately polluted

	
5

	
6

	
1.0

	
0.2

	
1.0




	
IV

	
Seriously polluted

	
3

	
10

	
1.5

	
0.3

	
1.5




	
V

	
Terrible polluted

	
2

	
15

	
2.0

	
0.4

	
2.0




	
Poor V

	
Cannot be used

	
- 1

	
<2

	
>15

	
>2.0

	
>0.4

	
>2.0








Notes: 1 In our study, the Poor V was defined based on the Chinese Environmental Quality Standards for Surface Water, which only provides the grading thresholds corresponding to WQL I–V. As the pH thresholds are not classified in the standers, we didn’t define a specific pH value for the Poor V.









2.2. Calendar Construction


As time is the inherent characteristic of the water quality data, data collection can be arranged into a calendar structure [26,27]. The rectangle in the calendar view can be used for a certain level of temporal precision, e.g., daily, weekly, or monthly. Next, the arrangement of rectangles reasonably represents the duration of our time series data.



For the purpose of exploring the temporal variations in the water quality data, we propose a cyclic structure of time to construct the calendar view. As shown in Figure 2, the weeks of one year are assembled in two reverse columns. Thus, the weekly collection of water quality from 2006 to 2015 can be accommodated in a “W” construction. In such a calendar view, the temporal schemas of month, season, and year are also easy to retrieve.


Figure 2. Cyclic structure of the calendar view at weekly precision.
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2.3. Rendering Rule


Qualitative colors are designed to encode the water quality based on Color Brewer [28]. As illustrated in Table 2, blue is used when the general WQLs are at Grade I, implying that the water is an excellent drinking source and aquatic habitat. For the other WQLs, sequential colors are adopted corresponding to various pollutants.



Table 2. Qualitative colors for ranking the primary water quality indices.







	

	
I

	
II

	
III

	
IV

	
V

	
Poor V

	
No Data






	
pH

	
-




	
DO

	

	
 [image: Water 09 00708 i001]

	
 [image: Water 09 00708 i002]

	
 [image: Water 09 00708 i003]

	
 [image: Water 09 00708 i004]

	
 [image: Water 09 00708 i005]

	




	
CODMn

	
 [image: Water 09 00708 i006]
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 [image: Water 09 00708 i010]
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NH3-N
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In our study, an excessive ratio is introduced to identify the major pollutant. According to the Assessment of Surface Water Environmental Quality (Trial) in China, the excessive ratio can be expressed as


[image: there is no content]



(2)




where [image: there is no content] is the excessive ratio of the water quality index [image: there is no content], [image: there is no content] is the grading thresholds of [image: there is no content] refers to the current water quality level, and [image: there is no content] is the concentration of [image: there is no content] measured at the relevant section. The major pollutant is defined using the water quality index that has the largest [image: there is no content].





3. Results and Discussion


Using the proposed calendar structure and rendering rule, we produced a Map of Water Quality Change in the Yangtze River over the Period 2006–2015 (see Figure S1 in Supplementary Materials). The main map contains the hydrographic network of the Yangtze River and the monitoring sites accompanying the calendar panels of water quality. To describe the water environment quality in more detail, a series of lake areas among the Yangtze River, i.e., Poyang Lake, Dongting Lake, Tai Lake, Chao Lake, Liangzi Lake, and Dian Lake, are presented. All of the calendar views represent the water quality for the entire period from 2006 to 2015. A portion of calendars are defective because of the lack of data.



The proposed map was produced using two software packages. The calendar views of the water quality for sections of the Yangtze River were created and rendered by a web-based application developed with JavaScript and the D3.js library [29,30]. Next, the map symbolization and cartographic enhancement were performed in CorelDRAW X6 [31].



3.1. Spatial Change of the Water Quality


The water quality map provides a quick insight into the spatial variation of water environment in the Yangtze River. Figure 3 illustrates the spatial change of water quality in the Yangtze River basin. In light of the calendar views, the water quality of the Yangtze River can be categorized roughly into three groups. The first group includes a few sections in the upper reaches of the Yangtze River and that of tributaries, i.e., Dragon Cave, Qingfeng Canyon, Hujialing, and Taocha, which are in a relatively good condition. Most of the WQL rectangles in the corresponding calendar are rendered in blue, indicating that the water quality usually ranks at Grade I. However, the water quality in certain sections, for example, Taocha in Nanyang, still remains vulnerable. Sometimes, the concentrations of CODMn and NH3-N exceed the limits, and the DO declines. The second group includes the sections in the middle and lower reaches of the river. The colors of the WQL rectangles vary among yellow, green, and magenta, indicating that the water quality usually levels at Grades II and III. In contrast, sections in South Dian, Luojiaying, the Xiyuan tunnel, Guanyin Hill in Kunming, Wangjiangjing, Xielu Port in Jiaxing, and Jishui Port in Qingpu are regarded as the third group. For these sections, the calendar views are deep-colored. The water quality has been seriously polluted and usually levels at Grade IV and even poor V.


Figure 3. The spatial change of water quality in the Yangtze River basin. (The water quality data of the Yangtze River during 2006–2015 are represented using the proposed calendar method. According to the rendering rule defined in Table 2, the colors in calendar view indicate the major water pollutants and the corresponding water quality levels qualitatively.
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A hierarchical cluster analysis was carried on the WQL frequency using the between-groups method based on the Euclidean distance. As shown in Figure 4, the clustering results are demonstrated in a dendrogram on the left, and the total days corresponding to each WQL are presented as colored graphs on the right. The findings from the water quality map are consistent with the results of the cluster analysis. All the sections belonging to Groups 2 and 3, in particular the heavily polluted sections, are distributed in the important urban agglomerations along the Yangtze River. This corroborates the hypothesis that the urbanization has dramatically affected the water quality of the Yangtze River. In general, domestic sewage, agriculture sewage, and industrial wastewater are considered three primary sources of water pollution in these areas [32,33,34].


Figure 4. The result of hierarchical cluster analysis on spatial pattern of water quality in the Yangtze River. (a) Dendrogram for the WQL frequency of water quality monitoring sections in the Yangtze River. (b) Cluster viewer for the water quality level of monitoring section belongs to Group 1. (c) Cluster viewer for the water quality level of monitoring section belongs to Group 2. (d) Cluster viewer for the water quality level of monitoring section belongs to Group 3.
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As observed from the water quality map, the major pollutants in different sections of the Yangtze River basin are diverse. In the drainage network area, NH3-N is the common major pollutant, although high concentrations of DO and CODMn occur from time to time. Scientists have found that the NH3-N in the Yangtze River mainly comes from the decomposition products of organic matter in the sewage, farmland drainage, and industrial wastewater [5]. In the lake area, the pollution by CODMn is much more serious. Accordingly, the lake area can be divided into four groups. The first group refers to Dian Lake and Liangzi Lake, including South Dian Lake, Luojia Yin, the Xiyuan tunnel, Guanyin Hill, and Qixing, where the common pollutant is almost always CODMn. Dian Lake has heavier CODMn pollution than does Liangzi Lake, as the CODMn concentration generally levels at Grade V and poor V, implying that the amount of organic compounds in the water has far exceeded the recommended limit. The second group refers to Poyang Lake, Chao Lake, and Tai Lake, including Hama Stone, Hubin, Yuxi Mouth, Shazhu, Yilan Hill Mouth, Xi Hill, and Xintang Port, where CODMn and NH3-N are indicated as the common major pollutants. The third group mainly refers to Dongting Lake, including South Mouth, Yueyang Lou, and Lujiao. In these areas, CODMn is rarely the major pollutant, but NH3-N pollutions emerge most of the time. Then, several areas in Poyang Lake and Tai Lake, including Duchang, Kan Hill, Jishui Port, Wangjiangjing, and Xielu Port, can be viewed as the fourth group, where pollution by CODMn and NH3-N appears alternately, making the water environments of these areas quite different from those of the other groups.




3.2. Temporal Change of the Water Quality


The water quality map also demonstrates an intuitive overview of the temporal variation in the water environment of the Yangtze River. Figure 5 shows the temporal change of water quality in a several sections of the Yangtze River. Note that there is obvious water degradation in Danjiang Mouth, which is one of the essential water sources for the famous South-to-North Water Diversion Project in China. During the period from 2006 to 2011, the water quality generally leveled at Grade I, but in the consequent years from 2012 to 2015, the water leveled at Grade II most of the time, with light pollution of CODMn and NH3-N. Comparatively, there is a clear and encouraging sign of water restoration in the Nanjingguan area, where the water quality consistently leveled at Grade II from 2006 to 2011, suffering CODMn and NH3-N pollutions, and then improved gradually and has frequently leveled at Grade I since 2012.


Figure 5. The temporal change of water quality in several sections of the Yangtze River. (a) Danjiang Mouth; (b) Nanjingguan; (c) the First Minjiang Bridge; (d) Linshan; (e) Xin Port; (f) Jishui Port; (g) Hexi Water Plant; (h) Hama Stone.
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According to the water quality map, the change of major pollutants had remarkable seasonal and annual patterns in many sections of the Yangtze River. A significant seasonal pattern can be found when DO and NH3-N are present as the major pollutants. The DO pollution always concentrates in the summer and autumn, while the NH3-N pollution tends to be serious in the spring and winter. Some of the examples include the First Minjiang Bridge, Xin Port, Duchang, and Chucha. However, such a seasonal pattern may not be common to the CODMn pollution. In several sections, i.e., Dragon Cave and Qixing, the high CODMn concentrations are more likely to rise in the autumn. However, in most other sections, the high CODMn concentrations remain present throughout the year.



Generally, three types of annual patterns can be observed from the temporal distribution of major pollutants in different sections. One is characterized in the First Minjiang Bridge and Linshan, where the major pollutant transition shows a reduction tendency with DO. During the period of 2006–2015, the major pollutant in these sections generally alternated between DO and NH3-N at first, until NH3-N became the common major pollutant. Another annual pattern is characterized in Xin Port and Jishui Port, illustrating an increasing tendency with DO in contrast. NH3-N was the major pollutant in 2006, having much heavier concentration in the beginning and end of the year. By the year 2015, DO and NH3-N became the two major pollutants, while NH3-N always appeared in the beginning and end of the year and DO in the middle. In addition, a distinct conversion from NH3-N to CODMn pollution was observed in the sections of the Hexi Water Plant, the Wanhe Mouth, the Second Tuojiang Bridge, Yueyang Lou, and Hama Stone; the major pollutant was NH3-N in around 2006, then the major pollutant became CODMn by around 2015. A statistical analysis was carried out as well to inspect the annual change of major pollutants for relevant sections. As shown in Figure 6, the results illustrate the same temporal patterns as those on the map.


Figure 6. The annual pattern of major pollutant change in a few sections of the Yangtze River. (a) the First Minjiang Bridge; (b) Linshan; (c) Xin Port; (d) Jishui Port; (e) Hexi Water Plant; (f) Hama Stone.
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Furthermore, it is remarkable that the water pollution in the Dian Lake and Tai Lake areas has been serious for years and presently faces a severe situation. In spite of ongoing efforts for water restoration, the WQLs remain below Grade III. There is a strong need to adopt more effective water protection measures and strengthen the control of wastewater discharge in these areas.





4. Conclusions


In this study, the Map of Water Quality Change in the Yangtze River over the Period 2006–2015 provided an intuitive interface to understand the water quality condition of the Yangtze River from 2006 to 2015. Using the calendar view, the spatial variation of water quality and water pollutants in the Yangtze River was explicitly presented. Qualitative colors were designed to identify water quality levels and major water pollutants. A “W” construction was also introduced to make the arrangement of the weekly data logical and continuous. It was helpful to investigate both the seasonal and annual temporal pattern of the river’s water quality change. Several conclusions can be drawn as follows:

	(1)

	
The calendar-based map provides a promising visual analytic approach to identify the water quality issues of the Yangtze River. Using the calendar, it is possible to reveal the spatial and temporal patterns in the massive monitoring data without using complex analysis models.




	(2)

	
According to the map, the upper reaches of the Yangtze River and tributaries have relatively good water quality, while the other sections, especially where urban agglomerations are developing, e.g., South Dian and Guanyinshan in Kunming, Xielu Port in Jiaxing, and Jishui Port in Qingpu, are seriously polluted.




	(3)

	
The major pollutants in the Yangtze River have multi-scale temporal patterns. At the seasonal scale, DO is the major pollutant in the summer and autumn, and NH3-N tends to be serious in the spring and winter. At the annual scale, at least three patterns can be observed, i.e., from alternating between DO and NH3-N to mainly in NH3-N, from mainly NH3-N to alternating between DO and NH3-N, and switching from NH3-N to CODMn.









So far, we have produced the water quality map through two stages, i.e., collecting the data from the environmental monitoring center and arranging the data in map form. Our future work will focus on the interactive generation of the water quality map online. A real-time mapping system may be developed based on standard web protocols to access the latest water quality data upon demand [35]. It will provide a number of calendar templates to represent either qualitative information, i.e., the WQLs and major pollutants, or the quantitative information, i.e., the concentration of each water quality index and the relative change rate, or both, so that the public can customize the map and better understand the status and change tendency of the water quality of the Yangtze River. In addition, as the current calendar-based method is proposed to visualize the water quality change and make the interpretation of water condition intuitive, the proposed method can also be applied to the water resources community so as to evaluate how effective it is in communicating water quality with the public. Social surveys could be conducted to compare our method with other communicating methods, such as statistical charts [14,17], heat maps [20], dynamic maps [22,24], and information graphs [36], from the aesthetics, efficiency, and accuracy aspects.
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