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Abstract:



Air pollution has impacted people’s lives in urban China, and the analysis of the distribution and driving factors behind air quality has become a current research focus. In this study, the temporal heterogeneity of air quality (AQ) and the dominant air pollutants across the four seasons were analyzed based on the Kruskal-Wallis rank-sum test method. Then, the spatial heterogeneity of AQ and the dominant air pollutants across four sites were analyzed based on the Wilcoxon signed-rank test method. Finally, the copula model was introduced to analyze the effect of relative factors on dominant air pollutants. The results show that AQ and dominant air pollutants present significant spatiotemporal heterogeneity in the study area. AQ is worst in winter and best in summer. PM10, O3, and PM2.5 are the dominant air pollutants in spring, summer, and winter, respectively. The average concentration of dominant air pollutants presents significant and diverse daily peaks and troughs across the four sites. The main driving factors are pollutants such as SO2, NO2, and CO, so pollutant emission reduction is the key to improving air quality. Corresponding pollution control measures should account for this heterogeneity in terms of AQ and the dominant air pollutants among different urban zones.
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1. Introduction


Urban air pollution has become an issue of global concern [1,2,3,4], particularly in rapidly developing countries like China [5,6,7,8]. According to a World Bank study, 16 of the top 20 most polluting cities in the world are located in China [9,10,11], concentrated in Northern China and Eastern China [8,12,13,14,15,16]. The analysis of urban air pollution and its influencing factors has become the focus of current research recently [8,15,17,18,19].



The dynamics of urban air pollution constitute a comprehensive process which is impacted by factors including the spatiotemporal distribution of pollution sources [5,12,20,21,22], seasonal climate and weather [1,2,23,24,25], urban functional zoning [26,27,28], and topography [14,29,30,31]. Therefore, understanding the spatiotemporal heterogeneity of air pollution distribution, pollution sources, and driving forces is prerequisite to formulating reasonable governing policies and plans for pollution control [20,29].



At the national scale, the concentration of dominant pollutants is higher in northern Chinese cities than in those of Western and South-eastern China, and the number of days with high pollution is greatest in winter and spring and lowest in summer and autumn [12,16,32,33]. The main reasons for the nationwide spatiotemporal heterogeneity in Northern China are that there is more carbon emission in winter [16,32,33] and windblown dust in spring [16,29,30]. On the regional scale, the more heavily polluted of China’s cities are concentrated in specific regions, such as the Beijing-Tianjin-Hebei Region [5,29], Bohai Rim Urban Agglomeration [14], Sichuan Basin [17,30], Yangtze River Delta [8,31], and the Pearl River Delta [8]. The spatiotemporal distributions of pollution are diverse between these regions because of different geomorphic types, pollution sources, and meteorological conditions [1,2,5,12,14,31,32,33].



On the city scale, the dominant air pollutants in Beijing are PM2.5 (PM standing for particulate matter) between January and March, PM10 and PM2.5 in April and May, and O3 in June and August [5,34]. The AQI (Air Quality Index) and PM2.5 concentrations are highest in the south and lowest in the north of the city, while O3 concentrations show the opposite direction pattern [22,35]. The concentration of NO2 and SO2 is higher in urban areas than suburban areas [23]. The main sources of the dominant air pollutants are vehicle emissions in Beijing’s urban areas [5], industrial emissions in the southern and other urban industrial areas. Conversely, there are fewer pollution sources in the northern ecological conservation areas in Beijing [25,35]. In Hangzhou, the concentrations of PM2.5, PM10, SO2, NO2, and CO are highest in winter because of the stable weather conditions and northerly winds, and lowest in summer because of the clean marine air during the monsoon period. The concentration of O3 is highest during summer and lowest in winter in Hangzhou [36,37]. From the spatial view of air pollutants, the concentrations of PM2.5, PM10, and SO2 are lower in the Xihu tourism region due to its lower vehicular emissions than in other urban regions [36,37]. In Chengdu urban areas, the concentrations of PMs (PM10, PM2.5, and PM1.0) were found to be high for a longer time during the year and generally presented V-shaped distribution with a peak in January and a trough in September, respectively, because of basin topography, low wind, and wet weather [30]. In Guangzhou, the concentrations of PM2.5 and PM10 are highest from mid-fall to winter. Industrial emission is the largest contributor, followed by vehicle emissions in the wet season. Both these emissions and transported pollutants play important roles during the dry season [20,38].



Qingdao is located on the Shangdong peninsula in the North China Plain (NCP), and is a part of the Bohai Rim Urban Agglomeration [14,15,39,40,41]. The NCP region suffers from severe haze mainly caused by coal combustion and biomass burning emissions together with SO2 emitted by coal combustion [40,41]. Pollution in the Bohai Rim Urban Agglomeration area presents significant spatiotemporal heterogeneity, AQI and PM2.5 concentrations are higher in the south and lower in the north of the city, and the O3 concentrations display a pattern with the opposite direction, while PM2.5 distribution was high in winter and autumn, but low in spring and summer [14]. Qingdao belongs to the Bohai Rim Urban Agglomeration and is near the Beijing-Tianjin-Hebei Region and the Zibo and Weifang cities on the Shangdong peninsula, where air pollution is an extreme problem [5,29,39]. Air pollution is more severe in Qingdao than in other coastal NCP cities [15]. In addition, the diverse weather, topography, and pollution sources among the different economic functional zones lead to spatiotemporal heterogeneity of air pollution in urban Qingdao [15,42,43,44]. However, systematic studies on the spatiotemporal heterogeneity of air pollution in this area are rare.



Based on the above, the main goal of this study is to systematically analyze the spatiotemporal heterogeneity of air pollution at the zonal spatial scale and the seasonal and hourly temporal scales by taking Qingdao as a study case. First, the spatiotemporal heterogeneity of air quality (AQ) distribution was analyzed based on the Kruskal-Wallis rank-sum test method and the Wilcoxon signed-rank test method. In addition, the dominant air pollutants were determined according to the days of dominant air pollution across all four seasons. On this basis, the spatiotemporal distribution of dominant air pollutants was analyzed. Then, the impact of the effect factors on the dominant air pollutants was analyzed using the copula model. Finally, the results and conclusions were compared with those from previous studies, and some suggestions were given for governing policies and plans.




2. Study Area, Materials, and Methodology


2.1. Study Area


Qingdao is a typical coastal tourist city, and air pollution greatly impacts both tourism and the people living there [15,42,43,44]. There are seven administrative zones in the city of Qingdao. Four of these zones, Shibei, Laoshan, Sifang, and Licang, represent downtown, a tourist district, a residential district, and an industrial district, respectively. Population and residential areas are more concentrated in the Shibei and Licang zones; the greening rate is larger in the Laoshan and Licang zones, and there are more polluting enterprises, such as two key state monitored gas-exhausting enterprises, in the Licang zone (Figure 1 and Table 1). South (S) and south-east (S-E) are the prevailing wind directions in spring (March, April, and May) and summer (Jun, July, and August), while north-west (N-W) is the prevailing wind in autumn (September, October, and November) and winter (December, January, and February) (Table 1) [15,42].


Figure 1. Wind speed and direction rose charts in winter at the Licang site.
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Table 1. Statistical information of related conditions in the four zones.





	
Zones

	
Population (million)

	
Residential Area (km2)

	
Greening Rate

	
Key Enterprises

	
Prevailing Wind Direction




	
Spring

	
Summer

	
Autumn

	
Winter






	
Shibei

	
0.5846

	
10.0647

	
28.50%

	
1

	
S

	
S

	
N-W

	
N-W




	
Laoshan

	
0.4844

	
-

	
49.13%

	
0

	
S-E/E-S

	
E-S

	
N-W

	
N-E




	
Sifang

	
0.4275

	
8.5226

	
27.89%

	
1

	
S-E

	
S-E

	
N-W/W-N

	
W-N




	
Licang

	
0.5414

	
15.7445

	
41.71%

	
2

	
S-E

	
S-E

	
W-N/N-W

	
N-W/W-N










Considering the different natural conditions and economic functions in these four zones, we selected four environmental monitoring sites across the four zones, all built by the Qingdao Environmental Monitoring Center Station in this paper. The four meteorological monitoring sites (built by Qingdao Meteorological Bureau) located nearest to environmental monitoring sites were also selected. The names and locations of the environmental monitoring sites are Shibei (120.341389 E, 36.069889 N), Laoshan (120.353989 E, 36.085814 N), Sifang (120.366456 E, 36.104064 N), and Licang (120.385392 E, 36.184747 N). The spatial distribution of these environmental monitoring sites is shown in Figure 2.


Figure 2. Maps of study area, monitoring sites, and geomorphic image.
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2.2. Materials


Hourly average concentrations of PM10, O3, PM2.5, SO2, NO2, and CO were measured at the four environmental monitoring sites from 1 October 2015, to 30 September 2016. Daily average values of AQI were calculated using the following model [45].


[image: ]



(1)






[image: ]



(2)







[image: ] denotes the sub AQI of the pth pollutant; [image: ] denotes the concentration of the pth pollutant; [image: ], and [image: ] denote the nearest higher and lower concentrations than [image: ] in Table 1 in the technical specification [45]; [image: ] and [image: ] denote the sub AQIs corresponding to [image: ] and [image: ]; [image: ] denotes the number of pollutants.



Daily AQ scores were sorted into three levels: good, moderate, and polluted, and the daily dominant air pollutants were identified according to the AQ level classification criteria specified in the ambient AQI technical specification [45]. Meteorological data, including hourly averages for temperature, air pressure, wind speed, and humidity at the four meteorological sites in the same period, were obtained from the Qingdao Meteorological Bureau.




2.3. Methodology


2.3.1. Spatiotemporal Heterogeneity Analysis Methods


AQ, dominant air pollutants, and meteorological environment each have distinct seasonal and hourly characteristics, so the temporal heterogeneity of the distribution of AQ and dominant air pollutants was studied on seasonal and hourly time scales. The AQI and concentrations of dominant air pollutants can be represented by continuous random variables with unknown probability distributions, and without paired relationship, so the Kruskal-Wallis rank-sum test method was suitable for testing the differences between the distributions for AQ and the dominant air pollutants on the season and hourly scales [46,47,48]. The advantages of the Kruskal-Wallis rank-sum test method are that it is a nonparametric test method, multiple group samples can be tested together, and the overall levels of samples can be visually compared with box-plots. The testing process is described below [48].



Assume that variable [image: ] denotes a sample of AQI at [image: ] sites.



First, the null hypothesis [image: ] is built as the Equation (3).


[image: ]



(3)







[image: ] denotes the continuous distributions of [image: ]; [image: ] denotes AQI at four sites from the same populations.



Then, the statistic is constructed as Equation (4).


[image: ]



(4)






[image: ]



(5)







[image: ]; [image: ] is the size of the AQI sample at the ith site; [image: ] is the rank of [image: ] AQI value in the sample of AQI at the ith site.



Finally, the null hypothesis is tested:



When [image: ] or [image: ], then [image: ] is rejected.



The null hypothesis H0 means that there is no difference between the distributions of the AQ and the dominant air pollutants in each of the four seasons.



The four environmental monitoring sites each represent different districts, so the spatial heterogeneity of the distributions of AQ and dominant air pollutants among the sites was studied based on the environmental monitoring data. The Wilcoxon signed-rank test method was suitable for testing the differences between their distributions, since AQI and concentrations of dominant air pollutants can be represented by continuous random variables and there are one-to-one correspondence relations between the four monitoring sites [49,50,51]. The advantages of the Wilcoxon signed-rank test method are that it is a nonparametric test method and that it makes full use of the paired difference information in order to reflect the details of the variation between two samples. The testing process is described below [50].



Assume that variable [image: ] denotes the [image: ] AQI values at the same time at two sites. Given a random variable [image: ], [image: ] is the mean of [image: ], and the median of the population of [image: ] is [image: ].



First, the null hypothesis [image: ] is built as Equation (6). The null hypothesis [image: ] means that the AQ and dominant air pollutants are not different between pairs of sites.


[image: ]



(6)







Then, the statistic is constructed as Equation (7).


[image: ]



(7)
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(8)






[image: ]



(9)







The statistic [image: ] approximately obeys the standard normal distribution, if [image: ].



Finally, the null hypothesis is tested:



When [image: ] or P([image: ] then [image: ] is rejected, [image: ] is significance level, [image: ] and [image: ] are [image: ] and [image: ] quantiles of [image: ].




2.3.2. Effect Factors Analysis Methods


The correlation between dominant air pollutants and their effect factors is complex and not linear, so nonlinear models are more appropriate for the effect factors analysis [18,49]. Compared to linear models, the copula model can be applied to analyze nonlinear correlation between variables with the following advantages [52,53,54,55]: (i) The copula model captures abnormal information by visually displaying the tail features of the variable distribution, (ii) the copula model is suitable for variables obeying any type of distribution, and (iii) the copula model is powerful for analyzing the nonlinear correlation between variables. Recently, the copula model was applied with satisfactory results in geoscience, hydrology, finance, and other fields [56,57,58,59,60,61,62]. Therefore, the copula model was introduced to analyze the effect factors on the heterogeneity of dominant air pollutants in this study, and this analysis process is described below.



The diel variation of dominant air pollutants (the difference between the maximum value and the minimum value in one day) was calculated. Consider the diel variation of PM2.5 and the value of precipitation as an example, expressed as [image: ] and [image: ], respectively. The correlation analysis process based on the copula model is as follows. First, the marginal distribution of the random variables [image: ] and [image: ] is determined using both the parametric method and the non-parametric method. The parametric method assumes that the random variable obeys some type of distribution with parameters, such as the [image: ] distribution or normal distribution. In this method, the parameters in the distribution can be estimated by using the sample data, after which the estimated distribution is tested. When it comes to the non-parametric method, either the empirical distribution function of the sample obeys the approximate distribution of the population random variable or the distribution of the population random variable is determined based on kernel density estimation drawn from the sample data. After the [image: ] marginal distribution ([image: ]) and the [image: ] marginal distribution ([image: ]) are determined, a suitable copula model can be selected according to the bivariate histogram. Specifically, the bivariate frequency number histogram is drawn first, and then the frequency histogram is drawn on the basis of the frequency number histogram. The Gumbel Copula model can be selected to describe the correlation structure of the data when the bivariate frequency histogram has asymmetric tails, such as cases with a high upper tail and low lower tail. The [image: ]-Copula model or the bivariate Normal Copula model can be applied when the bivariate frequency histogram has symmetric tails. If the marginal distribution contains unknown parameters, such as when the Gumbel Copula model being applied contains unknown parameters, then the unknown parameters should be estimated. The kernel distribution estimation method can be applied to obtain the marginal distribution of the random variables [image: ] and [image: ], then the copula fit function can be called to estimate the unknown parameters. After the copula parameters are estimated, the copula statistic function is called to obtain the Spearman rank correlation coefficient [58].






3. Results


3.1. Spatiotemporal Heterogeneity of AQ Distribution


3.1.1. Temporal Heterogeneity of AQ Distribution


The AQI differences at each site were analyzed on a seasonal time-scale. The Kruskal-Wallis rank-sum test method is suitable for testing the differences at a significant level of 5% between the seasonal AQI, because there is no paired relationship in the seasonal AQI data at each site and the distribution type and parameters for AQI is unknown. The p-value of the seasonal AQI difference test results was less than 0.05, so the null hypothesis H0 was rejected according to the null hypothesis testing mothed. This indicates that there was significant temporal heterogeneity in terms of the overall level of AQ between the four seasons at each site. The height of the boxes is smaller in summer, and the outlier values are fewer (Figure 3), so it can be inferred that AQI varied less in summer and more in winter. It can be seen that the AQI in summer was less varied and lower on average than in the other three seasons, while the AQI in winter was more varied and higher on average than in the other three seasons. It can be inferred that the AQ was best in summer and worst in winter at each site.


Figure 3. Box-plot of the Kruskal-Wallis rank-sum test for (a) Shibei site; (b) Laoshan site; (c) Sifang; (d) Licang.
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To further analyze the temporal heterogeneity of air pollutant distribution, the number of days for each level of AQ and the dominant air pollutants in each season were calculated. Figure 4 shows that AQ level counts at all four sites generally presented significant temporal heterogeneity. The number of days on which AQ ranked as polluted was largest in winter at each site. There were more than 35 polluted days in winter at each site, and the Licang site reached 48. The number of days on which AQ ranked as polluted was smallest in summer at each site. It was less than 15 in summer at all sites, and it dropped as low as 3 at the Laoshan site.


Figure 4. Chart showing the number of days of each level of air quality (AQ).
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3.1.2. Spatial Heterogeneity of AQ Distribution


AQI is a comprehensive evaluation index representing overall levels of urban AQ, so the spatial heterogeneity of overall levels of AQ can be reflected by comparing the differences in AQI between the four monitoring sites. The mean and standard deviation of AQI, as well as the count of days at each AQ level and of the dominant air pollutants were calculated (Table 2). The means and standard deviations of AQI were about 85 and 48.5, respectively, at the Shibei and Laoshan sites, and about 89.5 and 50.5, respectively, at the Sifang and Licang sites, so it can be seen that the overall levels of AQ were coincident between the Laoshan and Shibei sites, as well as between the Sifang and Licang sites. The largest numbers of days on which AQ ranked as good were 74 and 67 at the Shibei and Laoshan sites, and the smallest was 42 at the Licang site, while the largest number of days on which AQ ranked as polluted was 105 at the Licang site, and the smallest was 87 at the Laoshan site. Furthermore, the concentrations of PM10 and PM2.5 were significantly higher at the Licang site than at the other three sites (Figure 5, Figure 6 and Figure 7). Thus, it can be inferred that air pollution was generally most severe at the Licang site and least severe at the Shibei and Laoshan sites.


Figure 5. Chart showing the number of days of the dominant air pollutants.
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Figure 6. Chart of diel variation of concentration of PM10 by hour in spring.
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Figure 7. Chart of diel variation of concentration of PM2.5 by hour in winter.
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Table 2. Statistical characteristics of AQI (Air Quality Index) and days of dominant air pollutants at the four sites.





	
Statistical Variable

	
Environment Monitoring Sites




	
Shibei

	
Laoshan

	
Sifang

	
Licang






	
Mean of AQI

	
85

	
85

	
89

	
90




	
Standard Deviation of AQI

	
48.13

	
49.49

	
50.16

	
50.63




	
Days of AQ levels

	
Good

	
74

	
67

	
59

	
42




	
Moderate

	
201

	
212

	
208

	
219




	
Polluted

	
91

	
87

	
99

	
105










In order to further analyze the spatial heterogeneity and characteristics of air pollutant distribution at the four sites, the Wilcoxon signed-rank test method was applied to test the differences in AQ at a significant level of 5% between pairs of sites within the space of a year. Only the p value between the Laoshan and Shibei sites was larger than 0.05 (Table 3). According to the null hypothesis testing method, it can be inferred that the AQ was significantly similar at the Laoshan and Shibei sites, and significantly different between the other pairs. So it can be inferred that there is significant spatial heterogeneity between the pairs of sites except the Laoshan–Shibei pair.


Table 3. Results of AQI difference test among the four sites.





	Pairs of Sites
	p Value
	H0





	Laoshan ↔ Licang
	<0.001
	Reject



	Laoshan ↔ Shibei
	0.238
	Accept



	Laoshan ↔ Sifang
	0.001
	Reject



	Licang ↔ Sifang
	<0.001
	Reject



	Licang ↔ Shibei
	<0.001
	Reject



	Shibei ↔ Sifang
	<0.001
	Reject











3.2. Spatiotemporal Heterogeneity of Dominant Air Pollutants Distribution


First, the temporal heterogeneity of the dominant air pollutants, in terms of the number of days on which each pollutant was dominant, was examined. The number of days on which PM10 was the dominant air pollutant was larger than 27, which was the largest among all the pollutants in spring, at all three sites, other than the Sifang site (Figure 5). In summer, the number of days on which O3 was the dominant air pollutant was larger than 25, which was the largest among all the pollutants at all three sites, other than the Licang site. The number of days on which PM2.5 was the dominant air pollutant was larger than 61, which was the largest among all the pollutants in winter at each site. The sum of days on which O3 and PM2.5 as the dominant air pollutant was larger than 51, which was the largest among all the pollutants at each site in autumn (Figure 5). In general, the dominant air pollutants were PM10 in spring, O3 in summer, O3 and PM2.5 in autumn, and PM2.5 in winter.



Next, temporal heterogeneity of the diel variation in dominant air pollutant concentration was examined. In Figure 6, the curves show a single peak in the chart of diel variation of the concentration of PM10 at each of the four sites, so PM10 (the dominant air pollutant in spring) appeared to show significant temporal heterogeneity at the hourly scale for each site. At the hourly scale, it reached its minimums between 20:00 and 3:00 (on the next day) and its maximums between 9:00 and 12:00, and the difference was about 25 μg/m3. It can be inferred that human activities, such as construction and vehicle driving in the day-time, impact PM10 diel variation to a certain degree [19,27].



O3 (the dominant air pollutant in summer) showed significant temporal heterogeneity at the hourly scale across all four sites (Figure 8). The concentration of O3 at the four sites varied consistently during the course of a day, and the curves obviously showed trough-and-peak variation patterns; the concentration of O3 was significantly higher in the daytime than at night, and the difference was about 50 μg/m3. It ascended rapidly from 7:00 and reached its peak at 14:00, then gradually descended and finally reached the trough at 7:00 the next day. The rule of diel variation of concentration of O3 reveals that photochemical reactions are an indispensable condition for O3 formation.


Figure 8. Chart of diel variation of concentration of O3 by hour in summer.
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The dominant air pollutant was PM2.5 at each of the four sites during the winter, and the concentration of PM2.5 reached peaks twice a day. The curves were bimodal, and there was significant temporal heterogeneity in terms of the concentration of PM2.5 across all four sites (Figure 7). The difference in concentration of PM2.5 between the maximum and minimum was about 20 μg/m3, and it ascended rapidly from 5:00 to 7:00 in the morning, reaching its peaks between 11:00 and 12:00 before decreasing quickly and reaching its troughs between 16:00 and 17:00. Then, it increased and reached small peaks between 21:00 to 23:00 before gradually decreasing and reaching small troughs between 5:00 and 7:00 the next day. The time of peaks and troughs is greatly related with urban rush-hours, which indicates that vehicle emission makes some contribution to the formation of PM2.5.



Next, the spatial heterogeneity of dominant air pollutants was analyzed. To determine the dominant air pollutants at each site in each season, the number of days during which each air pollutant was dominant was calculated (Table 4 and Figure 5). The number of days on whichPM10 was the dominant air pollutant at the Licang site was 148, about two times higher than at the other three sites. The number of days on which PM2.5 was the dominant air pollutant was very high at all of the sites, but especially at the Sifang site. The number of days on which O3 was the dominant pollutant was significantly larger at the Laoshan and Sifang sites than at the Shibei and Licang sites (Table 4). In summary, PM10 and PM2.5 were dominant at the Licang site, while PM2.5 and O3 were dominant at the other three sites. Therefore, it can be inferred that industrial dust and construction dust were the main factors causing air pollution in the Licang zone, and it was significantly different in the other three zones.


Table 4. Statistical characteristics of AQI and days of dominant air pollutants at the four sites.





	
Statistical Variable

	
Environment Monitoring Sites




	
Shibei

	
Laoshan

	
Sifang

	
Licang






	
Days of dominant pollutants

	
PM10

	
50

	
56

	
53

	
148




	
PM2.5

	
118

	
116

	
127

	
94




	
O3

	
78

	
90

	
100

	
65










In order to further identify the distribution characteristics of the three dominant air pollutants, the spatial heterogeneity was tested with hourly concentrations of the three dominant air pollutants among the four sites. The Wilcoxon signed-rank test method is suitable for testing these differences, because the concentrations of the three dominant air pollutants have a one-to-one correspondence by time among the sites. Therefore, the Wilcoxon signed-rank test method was applied to test the difference at the significant level of 5%.



For the Wilcoxon signed-rank test of the concentration of PM10 between the pairs of sites in spring, all of the p-values were smaller than 0.05 except in the case of the Shifang-Shibei pair (Table 5). Thus, it can be deduced that there was significant spatial heterogeneity in the concentrations of PM10 between all of the remaining pairs of sites. For the Wilcoxon signed-rank test of the concentration of O3 between the pairs of sites in summer, all of the p-values were less than 0.05 (Table 5). This indicates that there was significant spatial heterogeneity in the concentrations of O3 in summer across all four sites. For the Wilcoxon signed-rank test of the concentration of PM2.5 between the pairs of sites in winter, all of the p-values were smaller than 0.05, except in the case of the Laoshan-Shibei pair (Table 5). Thus, it can be inferred that there was significant spatial heterogeneity in PM2.5 concentration between the remaining pairs of sites.


Table 5. Results of PM10, O3, and PM2.5 difference test among the four sites.





	
Pairs of Sites

	
PM10 in Spring

	
O3 in Summer

	
PM2.5 in Winter




	
p Value

	
H0

	
p Value

	
H0

	
p Value

	
H0






	
Laoshan ↔ Licang

	
<0.001

	
Reject

	
<0.001

	
Reject

	
<0.001

	
Reject




	
Laoshan ↔ Shibei

	
<0.001

	
Reject

	
<0.001

	
Reject

	
0.248

	
Accept




	
Laoshan ↔ Sifang

	
<0.001

	
Reject

	
<0.001

	
Reject

	
<0.001

	
Reject




	
Licang ↔ Sifang

	
<0.001

	
Reject

	
<0.001

	
Reject

	
0.01

	
Reject




	
Licang ↔ Shibei

	
<0.001

	
Reject

	
<0.001

	
Reject

	
<0.001

	
Reject




	
Shibei ↔ Sifang

	
0.410

	
Accept

	
<0.001

	
Reject

	
<0.001

	
Reject










Finally, the spatial heterogeneity of the diel variation in concentrations of the pollutants was analyzed. As Figure 6 shows, the difference in the concentration of PM10 between daytime and night-time was lower at the Shibei site than it was at the other sites, and the concentration of PM10 remained near its midday high for a longer time at the Shibei site than it did at the other sites. At the Laoshan site, the concentration of PM10 stayed low at night for a longer time, the initial ascension time was later, and the peak time was later than at the other sites. The difference in the concentration of PM10 between daytime and night was higher at the Sifang site than at other sites, and the lengths of ascension time and descent time were nearly equal at the Sifang site. At the Licang site, the concentration of PM10 was significantly higher, the initial rise was earlier, and the peak time was earlier than at the other sites.



The concentration of O3 was lowest at the Licang site, and highest at the Sifang site (Figure 8). There was roughly a 10 μg/m3 difference in the concentration of O3 among the four sites. The curves in Figure 8 show that the variation trend in the concentration of O3 in summer was nearly the same at all four sites, so there was no spatial heterogeneity in terms of the fluctuation of the concentration of O3 in summer between the sites. Combining Table 5 and Figure 8, it can be deduced that there was a strong correlation between the concentration of PM10 and the intensity of sunlight and temperature. Sunlight intensity and temperature were both very low at night, and the concentration of O3 was correspondingly very low. The atmospheric photochemical reactions gradually increased with the increase in the intensity of solar radiation. As the secondary pollution product of photochemical reactions, the concentration of O3 increased rapidly. After the concentration of O3 reached its peak, it decreased with the decrease of sunshine intensity and temperature.



The curves in Figure 7 show that the variation trend in the concentration of PM2.5 in winter was nearly the same at all four sites, but the fluctuation of it was not obvious in the morning at the Laoshan site. The concentration of PM2.5 was slightly higher at the Licang and Sifang sites, and slightly lower at the Shibei and Laoshan sites.




3.3. The Effect of the Relevant Factors on the Dominant Air Pollutants


The non-parametric method was applied to fit the marginal distribution, because the air pollution data and meteorological data did not obey the normal distribution or the [image: ] distribution. The appropriate copula function models were selected based on the characteristics of the binary frequency histograms and binary probability density functions, while the binary cumulative distribution functions of the copula model were fitted respectively. For example, the binary frequency histogram and the graph of the binary probability density function between O3 and temperature at the Licang site is shown as Figure 9a,b. According to the histogram, the Clayton Copula model is suitable for the correlation analysis between them.


Figure 9. (a) The binary frequency histogram and (b) the graph of the binary probability density function. (Note: U denotes marginal distribution of temperature; V denotes marginal distribution of O3).



[image: Atmosphere 09 00135 g009]






The Spearman rank correlation coefficient calculated with the copula models are shown in Table 6. The main driving factors of diel variations of the dominant air pollutants at the four sites were generally other pollutants such as SO2, NO2, and CO, while the meteorological factors play diverse roles (Table 6). However, the effects also showed significant diversity between factors. In detail, the diel variation of wind speed had little effect on the diel variation of PM10 at each site, and other factors had certain effects on the diel variation of PM10 at the Shibei and Sifang sites. The diel variation of NO2 had little effect on the diel variation of PM10, and other factors had certain effects on the diel variation of PM10 at the Laoshan site and the Licang site. Humidity had a great effect on the diel variation of O3 at each site. The diel variation of wind speed had a great effect on the diel variation of O3 at Licang site, but little effect at the other three sites. The diel variation of NO2 had little effect on the diel variation of O3 at the Laoshan site, but a great effect at the other three sites; the diel variation of CO had a greater effect on the diel variation of O3 at the Sifang site than at the other three sites. The diel variations of wind speed and humidity had little effect on PM2.5 at all sites, but other factors had greater effects.


Table 6. The correlation between dominant air pollutants and the effect factors at the four sites.





	

	
Shibei

	
Laoshan

	
Sifang

	
Licang




	
PM10

	
O3

	
PM2.5

	
PM10

	
O3

	
PM2.5

	
PM10

	
O3

	
PM2.5

	
PM10

	
O3

	
PM2.5






	
SO2

	
0.538

	
−0.209

	
0.844

	
0.458

	
0.286

	
0.554

	
0.340

	
0.350

	
0.796

	
0.420

	
0.700

	
0.588




	
NO2

	
0.439

	
−0.334

	
0.758

	
0.062

	
−0.039

	
0.719

	
−0.295

	
0.388

	
0.480

	
0.103

	
−0.284

	
0.645




	
CO

	
0.556

	
0.206

	
0.854

	
0.392

	
0.397

	
0.761

	
0.471

	
0.589

	
0.738

	
0.376

	
0.354

	
0.657




	
Temp 1

	
0.232

	
0.641

	
−0.331

	
0.496

	
0.298

	
−0.339

	
0.262

	
0.630

	
−0.247

	
0.388

	
0.496

	
−0.290




	
Press 2

	
−0.345

	
−0.525

	
0.239

	
- 5

	
-

	
-

	
−0.260

	
−0.126

	
0.179

	
−0.221

	
−0.394

	
0.186




	
WindS 3

	
0.07

	
−0.100

	
−0.094

	
0.524

	
0.196

	
0.077

	
0.029

	
0.009

	
0.078

	
0.333

	
0.415

	
−0.050




	
Humid 4

	
−0.282

	
−0.658

	
−0.081

	
-

	
-

	
-

	
−0.230

	
−0.552

	
0.102

	
−0.445

	
−0.307

	
−0.094








1 Temp denotes Temperature; 2 Press denotes Pressure; 3 WindS denotes Wind Speed; 4 Humid denotes Humidity; and 5 - denotes data missing.










4. Discussion


In recent years air pollution has become a serious issue which threatens people’s health generally and the economic development in urban Qingdao [42,43,44] particularly. Comprehensive understanding of the distribution characteristics of pollutants is significant and is indispensable for air pollution control [15]. Therefore, the spatiotemporal heterogeneity of the pollutants distribution and the effect factors in Qingdao urban zones were systematically analyzed by introducing the Kruskal-Wallis rank-sum test, the Wilcoxon signed-rank test, and the copula model in this study.



4.1. Temporal Heterogeneity of AQ and Dominant Air Pollutants


AQI is a very important indicator for assessing AQ in urban areas [63], and we used it to analyze the spatiotemporal heterogeneity of AQ at four sites in the Qingdao urban area. The number of days in each AQ level (Figure 4) and AQI test results (Figure 3) show that AQ was best in summer and worst in winter in the Qingdao urban zones. Similar seasonal heterogeneity in AQ existed in most NCP cities because there are generally more emissions from coal combustion and biomass burning in winter [40,41]. For example, air pollution mainly occurred in winter and spring, and it was generally attributed to local primary emissions (e.g., coal combustion and vehicular, domestic, and industrial emissions) in winter in Qingdao [15,64]. The AQI was largest in winter (January and February) and smallest in autumn (September) in the Beijing-Tianjin-Hebei region [5]. The AQ was worst in spring and best in summer, and it subsequently became more serious in autumn and winter in Beijing [34].



In this study area, PM10, O3, and PM2.5 were identified as the dominant air pollutants in spring, summer, and winter respectively by counting the number of days during which each pollutant was dominant. More wind and less precipitation lead to PM10 diffusing less and staying longer in the air, which results in PM10 becoming the dominant air pollutant in spring. The stronger photochemical effect, lusher vegetation, and higher temperature are the main reasons that O3 was the dominant air pollutant in summer. The burning of carbon for heat in winter raises the concentration of PM2.5, which leads to its being the dominant air pollutant. There were consistent results in previous studies: e.g., the dominant air pollutant was PM10 [64], and PM2.5 was the dominant pollutant contributing to pollution in winter in Qingdao [15,42]. In the Beijing-Tianjin-Hebei Region, the dominant air pollutant was PM2.5 in the periods from January to March, July, and from September to December, while PM10 and PM2.5 were the dominant air pollutants in April and May and O3 was dominant in June and August [5]. PM2.5 pollution was much more severe in winter than in other seasons on the Shangdong peninsula [39]. In the entire NCP, PM10 and PM2.5 were highest in winter and lowest in summer [31], while O3 showed the opposite seasonal trend [65].



On an hourly scale, the diel variation of the dominant air pollutants presented significant temporal heterogeneity at each site. The average concentration of PM10 reached peaks between 9:00 and 12:00 and troughs between 20:00 and 3:00 the next day in spring. This resulted from the positive correlation between PM10 and temperature, and a negative correlation between PM10 and pressure and humidity (Table 6). Temperature gradually increased, and pressure and humidity gradually decreased during the daytime; temperature gradually decreased, and pressure and humidity gradually increased at night. The case was slightly different in urban Beijing, where the concentration of PM10 reached peaks at 11:00 and maintained a high level until 22:00 before reaching troughs at 3:00. This was mainly because of the combined actions of traffic emission, fuel and coal combustion, photochemical activity, and dust particles [31,66].



In this study area, the average concentration of O3 reached daily troughs at 7:00 and peaks at 14:00 in summer. This was because O3 was a photochemical product of precursors such as NO2, CO, and SO2, and the concentration of O3 significantly increased with the increase of light intensity while its dissipation process was relatively slow. The diel variation in concentration of O3 in Beijing and the Zhejiang province is similar to that in Qingdao [31,67]. In the Pearl River Delta, the O3 concentrations exhibited broad maximums in the afternoon and minimums at night and in the early morning at Wan Qing Sha in Guangzhou, while they are much lower during morning hours and in the evening at Tung Chung in Hong Kong. The former were affected by regional transport, and the latter were affected by strong titration of O3 by freshly emitted NO [68].



The average concentration of PM2.5 reached daily peaks between 11:00 and 12:00 and troughs between 16:00 and 17:00, before increasing and reaching small peaks between 21:00 and 23:00 in winter. This was because the movement of fine particles was closely related to human activities [6], and the masses driving in rush hours accelerated the fine particle movement in the morning and the evening, which caused PM2.5 to form two peaks at midday and midnight. According to the correlation between PM2.5 and temperature, PM2 mainly resulted from the precursors such as NO2, CO, and SO2 (Table 6). PM2.5 was the primary pollutant in winter; the concentration peaked at noon [15]. The average concentration of PM2.5 reached troughs at 14:00 and peaks at 20:00 in Beijing, and there was only one peak during a day [31,66].




4.2. Spatial Heterogeneity of AQ and Dominant Air Pollutants


According to the number of AQI ranks (Table 2) and AQI test results (Table 3), AQ presented significant spatial heterogeneity. It was best at the Shibei and Laoshan sites and worst at the Licang site. This was mainly because the Shibei zone is an administrative zone with fewer pollution sources, the Laoshan site is a tourist zone with the highest greening rate, and the Licang zone is an industrial zone with more polluting enterprises (Table 1). There have been similar reports on how AQ is impacted by different pollution sources in urban Qingdao and other cities. Ship emissions were especially harmful to AQ in summer in urban areas near the Qingdao Port region [43], and AQ was severely impacted by traffic emissions near the Yangkou tunnel, Qingdao [44]. AQI was higher south of Beijing because of the heavy industries nearby, and lower in the north because of large areas of forest vegetation [22]. The annual AQI was higher in the western parts and central area than in the tourist area in Shenzhen [69]. Land use and industrial structures affected AQ and pollutant distributions in urban Shenzhen. Higher NO2 was attributed to greater traffic or indoor combustion emissions in the west, higher SO2 was caused by industrial coal combustion in the east, and lower CO resulted from tourism protection in tourist areas [69].



The dominant air pollutants also presented significant spatial heterogeneity at the four sites. PM10 concentration was higher and the number of days of PM10 dominance was larger at the Licang site than at the other three sites throughout the year, especially in spring and summer (Figure 5 and Figure 6). This was because there was some industrial dust and construction dust [19,27], as well as more wind at the Licang site in spring and summer (Figure 1) [42]. The Licang site is located in the northern foothills of Laoshan Mountain, and the dust transport from the north is also another important reason for this difference. The other three sites are closer to beaches (Figure 1), and the eastern or southern coastal winds are strong, which are a predominant reason for lower PM10 concentration there. PM10 was one of the major pollutants affecting air quality in China in every season [31,33]. PM10 pollution was mainly attributed to coal combustion and biomass burning in autumn and winter, photochemical reactions in summer, and crustal matter in spring in Xi’an China [70]. The PM10 concentration was larger in urban areas than in suburban areas in Fuzhou, and the discrepancy was significant between them [71].



The concentration and the number of days of O3 dominance were significantly higher and larger at the Sifang site than the other three sites (Figure 5 and Figure 8), and the correlation between the diel variations of O3 and CO was significantly greater at the Sifang site than at the other three sites (Table 6). This indicated that CO emissions were the important impacting factors for the higher concentration and dominance of O3 at this site [67]. Residential and commercial land use is dominant in the Sifang zone, with high population density and heavy traffic. Emissions of CO, NOx, and VOCs (volatile organic compounds) are significantly higher from civil facilities (e.g., garages, gas stations, paint factories, and urban traffic) which are more common in the Sifang zone than in the other three zones. This is the main reason for higher O3 concentration at the Sifang site. O3 concentration was highest in the northern and northern-central regions in Beijing because of photochemical effect, dry weather conditions, and forest vegetation [22].



PM2.5 concentrations were not significantly different among the four sites (Figure 5 and Figure 7), though they were slightly higher at the Licang and Sifang sites. This was mainly because of high concentrations of PMs, SO2, and NO2 due to emissions from thermal power plants and the steel industry at the Licang site and high concentrations of NOx, PMs, and SO2 due to traffic emissions and coal combustion at the Sifang site. With the prevailing N-W and W-N winds in winter, PM2.5 transportation from high PM2.5 areas in the western portions of the Shangdong peninsula and the Beijing-Tianjin-Hebei Region was an important source in Licang and Sifang zones. [5,14,15,39,40,41]. Further analyzing the spatiotemporal distribution of AQ and air pollutants with the transport factor combining wind direction, land use, and topology is a future research objective.





5. Conclusions


The spatiotemporal heterogeneity of pollution distribution can be systematically analyzed by using a method based on the Kruskal-Wallis rank-sum test and the Wilcoxon signed-rank test. The copula model can be effectively used to catch the abnormal information about AQ, dominant air pollutants, and relevant factors, and analyze the nonlinear correlation between them. The methods explored in this study can be applied to the spatiotemporal heterogeneity analysis of pollutant distribution in other regions.



We found that there was significant spatiotemporal heterogeneity between the distributions of AQ and dominant air pollutants at the four sites in this study. From the temporal view, AQ was best in summer and worst in winter at each site, while PM10, O3, and PM2.5 were the dominant air pollutants in spring, summer, and winter respectively at each site. The concentration of PM10 peaked at noon and reached its trough in the early morning. The concentration of O3 peaked in the early morning and reached its trough at noon. The concentration of PM2.5 presented a double peak at high noon and early night and reached its trough in the evening.



On a spatial scale, air quality was best at the Shibei and Laoshan sites, and worst at the Licang site. The concentration of PM10 was highest at the Licang site; this was mainly because of building dust from rural reconstruction, industrial dust from steel plants, and strong coastal wind. There were more polluting enterprises (Table 1), e.g., thermal power plants and steel plants in the Licang zone, and the industrial emissions contained NO2 and CO which resulted in the concentration of PM2.5 being highest at the Licang site [67]. High CO concentration caused by traffic emission and coal combustion [21] was the important impacting factor for the highest O3 concentration at the Sifang site. The high PM2.5 concentration was also attributed to the high concentrations of CO and SO2 from traffic emission and coal combustion at the Sifang site. In contrast, the environment was well protected at the tourist areas in the Shibei and Laoshan zones. According to the significant spatiotemporal heterogeneity of air pollutant distribution, urban functional zoning has a great impact on the distribution of air pollution in urban Qingdao.



Through the driving force analysis, we found SO2, NO2, and CO played the main roles in the dominant air pollutants, although the meteorological factors activated certain diverse driving forces. So we argue that pollutant emission reduction is a key for resolving urban air pollution issues. We propose the following recommendations based on the above conclusions. The spatiotemporal heterogeneity should be taken into account when landscape and functional zone are designed [27]. Construction dust should be strongly controlled with gauze in the Licang zone, especially in spring and summer in the Licang zone. The polluting enterprises should be updated, relocated, or shut down to reduce industrial emissions. The new thermal heating measures should be taken to replace coal combustion in winter [20,72], especially in the Sifang zone. Vehicle use should be limited according to the single and double number of the license plate number and weekday to reduce the PM2.5 concentration in the entire urban Qingdao as that in urban Beijing [29].
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