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Abstract:



Air pollution, which accompanies industrial progression and urbanization, has become an urgent issue to address in contemporary society. As a result, our understanding and continued study of the spatial-temporal characteristics of a major pollutant, defined as 2.5-micron or less particulate matter (PM2.5), as well as the development of related approaches to improve the environment, has become vital. This paper studies the characteristics of yearly, quarterly, monthly, daily, and hourly PM2.5 concentrations, and discusses the influencing factors based on the hourly data of nationally controlled and provincially controlled monitoring stations, from 2012 to 2016, in Weifang City. The main conclusion of this study is that the annual PM2.5 concentrations reached a peak in 2013. With efficient aid from the government, this value has decreased annually and has high spatial characteristics in the northwest and low spatial characteristics in the southeast. Second, the seasonal and monthly PM2.5 concentrations form a U-shaped trend, meaning that the concentration is high in the summer and low in the winter. These trends are highly relevant to the factors of plantation, humidity, temperature, and precipitation. Third, within a week, higher PM2.5 concentrations appear on Mondays and Saturdays, whereas the lowest concentration occurs on Wednesdays. It can be inferred that PM2.5 concentrations tend to be highly dependent on human activities and living habits. Lastly, there are hourly discrepancies within the peaks and troughs depending on the month, and the overall daytime PM2.5 concentrations and reductive rates are higher in the daytime than in the nighttime.
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1. Introduction


In recent years, with the rapid industrial and economic development in China, new environmental problems such as fog and haze have appeared. For instance, a wide range and long-lasting haze swept across central and eastern China in January 2013, causing an increase in public attention to urban air quality [1]. The primary pollutant that causes haze weather conditions is atmospheric particulate matter, especially fine particulate matter PM2.5. PM2.5 is airborne particulate matter, which has a diameter less than or equal to 2.5 microns. It is composed of various toxic and harmful substances and can enter the lungs directly through respiration, resulting in respiratory system, cardiovascular and cerebrovascular diseases [2,3]. In 2013, the International Agency for Research on Cancer (IARC) treated PM2.5 as a carcinogen. Liu et al. concluded that million case of premature mortalities were attributed to PM2.5 exposure [4]. Moreover, PM2.5 can also notably reduce the atmospheric visibility [5], which is inconvenient for traveling. Studying the characteristics of PM2.5 is therefore important for improving the quality of life, physical health and the living environment of inhabitants.



The objectives of this paper are: (1) To analyze for the first time the spatial-temporal variations of PM2.5 concentrations, from 2012 to 2016 in Weifang City, in Shandong Province, based on hourly data from nationally controlled and provincially controlled ground monitoring stations; (2) to explore the seasonal, monthly, daily and hourly characteristics of PM2.5 concentrations in Weifang City; and (3) to assess the possible factors that influence PM2.5 concentrations. At present, most studies on PM2.5 focus on the analysis of chemical mechanisms [6], influencing factors [7,8,9], and spatial-temporal characteristics based on data from ground monitoring stations and remote sensing [10,11]. However, the analysis of spatial-temporal characteristics based on ground monitoring stations conducted by earlier studies focused on large-scale regions, such as mainland China [12], the Beijing-Tianjin-Hebei region [13], and the Yangtze River Delta region [14], but little research has been conducted in small-scale areas, such as Weifang City. Another distinctive feature of this research is the long period of observation data from 2012 to 2016 since PM2.5 concentration indicators were added to China’s new National Ambient Air Quality Standards in 2012. Furthermore, 38 nationally controlled and provincially controlled ground monitoring stations are captured in Weifang City, overcoming the defect of low accuracy based on a modicum of nationally controlled stations. As a result, this study is helpful for enhancing the recognition of the spatial distributions and dynamic changes of PM2.5 in Weifang City and for providing data verification and technological support for the remote sensing inversion of atmospheric grey haze. This study may also be useful for assisting the government in making effective environmental management decisions and policies.



The paper is organized as follows. Section 2 presents a review of the relevant literature on PM2.5. Section 3 introduces the study area, data sources and data preprocessing. Section 4 presents and analyzes the spatial-temporal characterization of the PM2.5 concentrations. Section 5 concludes the paper.




2. Literature Review


At present, an array of literature [15,16,17] focuses on analyzing the spatial-temporal characteristics of PM2.5. For example, based on data from 338 Chinese cities, Ye et al. found that although regional discrepancies exist, concentrations in locations where storms frequently occur are especially high [18]. In accordance with the data of the Beijing-Tianjin-Hebei region in 2014, Liu et al. concluded that the spatial patterns of PM2.5 concentrations in this area appeared to be high in the southeast and low in the northwest, and pollutants primarily arise from automobile emissions and coal burning [19]. Feng et al. researched the PM2.5 concentration data with a 6-hour-renewal interval in the Yangtze River Delta region and concluded that, instead of vehicle emissions, the burning of biomass mainly gives rise to high PM2.5 concentrations [20].



Studies focusing on small-scale cities have been published, but with significantly fewer in number. Liu et al. used the daily data of seventeen nationally controlled monitoring stations from 2014–2015 in Chongqing Province and concluded that the PM2.5 concentrations in winter were the highest, followed by autumn and spring, and with summer having the lowest concentrations [21]. Kang et al. utilized the data from 4 cities in Heilongjiang Province during 2014 and showed that PM2.5, the main source of pollution, was negatively correlated with humidity, wind speed, and precipitation, while it was positively correlated with air pressure and temperature [22]. Chen et al. employed data from nine nationally controlled monitoring stations in Nanjing Province during 2013, and they proposed that the population density is positively correlated with the air pollution level and that areas near water have a negative correlation with the air pollution level [23]. This proved the importance of preserving water areas for gaining a better air quality.



The shortcomings of the existing PM2.5 studies based on ground monitoring station data are as follows. Firstly, the studies focused on large-scale regions, such as mainland China or metropolitan areas, with little research on small-scale areas, such as prefectures. With an increase in regional differentiation [17], analysis on small district cities can be more valuable. Secondly, the existing studies used mostly rough and historical data [24], causing the research results to lack accuracy and practicality. More specifically, most studies focused on nationally controlled stations (less than 20 in number when distributing to one city) and were based on daily data instead of hourly data. Thirdly, unlike the air pollution index (API), SO2, and PM10 [25,26,27], PM2.5 pollutant concentrations have been recorded since 2012. Studies based on a time span longer than 5 years are few, and most of them used data retrieved from remote-sensed imagery [28]. In summary, the past studies were dependent on time scales that were too short or too old and usually used daily data, resulting in a low temporal resolution.




3. Materials and Methods


3.1. Study Area


Shandong Province is located in eastern China, crossing 15 prefecture-level cities, with a total area of 158,000 km2. The study area used in this research is Weifang City, which is a prefecture-level city located in the middle of Shandong Peninsula (Figure 1), with an area of 15,859 km2. Weifang City lies in a warm temperate zone and is classified as having a semi-humid continental monsoon climate. The topography appears to be high in the south, and low in the north. The south is mainly covered with hills and low mountains, while the northeast is mainly characterized by plains and lakes. The various topographical features and the typical climate in Weifang City make this research more representative. In recent years, the continual industrial and economic growth and development have created business opportunities in Weifang City. Nevertheless, this growth results in damage to the Weifang City environment. The “Ranking of PM2.5 Concentration of 336 Chinese Cities in 2015”, published by the international environmental organization, Greenpeace, reported that the air quality index in Weifang City ranked in the top 50 cities with the worst air quality. Therefore, research on the spatial and temporal characteristics of PM2.5 concentrations in Weifang City has become even more necessary.


Figure 1. Study area and spatial distribution of monitoring stations. Panel A: Location of Shandong Province and Weifang City. Panel B: Spatial distribution of 38 monitoring stations in Weifang City.
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3.2. Data Source and Processing


Hourly PM2.5 concentration observations of 38 air pollution stations in Weifang City were acquired from the Data Center of the Ministry of Environmental Protection of the People’s Republic of China (http://datacenter.mep.gov.cn/index), during the period from March 2012 to December 2016. Thermo Fisher 1405F monitoring devices were used to measure the PM2.5 concentrations, and this instrument operates on the principle of measuring PM2.5 concentrations by a filter dynamic measurement system (FDMS) with the tapered element oscillating microbalance (TEOM), and the beta-attenuation method [3,29]. The frequency of these observations is once every 5 min. The hourly renewed concentrations are then calculated by the arithmetic means of the data from every 5 min for each hour [2]. In this paper, the PM2.5 concentration data are based on the hourly concentrations.



The C++ language is also applied in this study to perform statistical analysis based on hourly renewing data from 38 ground monitoring stations in Weifang City, from 2012 to 2016. Subsequently, the hourly, daily, monthly, seasonal, and annual PM2.5 concentrations are retrieved. In addition, analysis of the spatial characterization is conducted through the use of spatial analysis methods with the support of ArcGIS software.





4. Results and Discussion


4.1. Annual Spatial-Temporal Characterization


Figure 2 describes the temporal characteristics of the annual average concentration of PM2.5 from 2012 to 2016 in Weifang City. As shown in this figure, the annual average PM2.5 concentrations over these five years exceeded the Chinese Ambient Air Quality Standards (CAAQS) Grade II standard (35 µg/m3). The PM2.5 concentration reached its peak in 2013 (108 μg/m3), and it gradually decreased annually, falling to a low in 2016 (60 μg/m3). In light of previous studies in China, researchers have indicated that environmentally friendly policies and haze-controlling measures, such as the Air Pollution Prevention and Control Action Plan, have been effective for reducing the PM2.5 concentrations [1]. Chen et al. also emphasized the importance of protecting areas near water and plantations for saving the environment [23].


Figure 2. Annual average concentration of PM2.5 from 2012 to 2016. (The bars indicate average value ±S.D. The analysis is performed based on 38 observations).
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Similar environmental protective activities were carried out by the Weifang City government in 2013, which verified positive impacts these actions can have in protecting air quality. The government convened the Ecology Bureau and the Transportation Bureau to implement several “battles” including the “Coal to Gas Battle”, “Rickshaws Elimination Battle” (eliminating cars with large emissions, large concentrations, and low stability), and “Battle of the Odor Pollution Remediation” (installing exhaust gas monitoring devices and demarcating the burning-prohibited zone). After these actions, the reduction rate between 2013 and 2014 reached a maximum, decreasing the PM2.5 concentration by approximately 23%. It suggests that the implementation of protective strategies by government may partially reduce the extent of air pollution effectively.



Figure 3 illustrates the spatial distribution of the annual average concentrations of PM2.5 from 2012 to 2016 in Weifang City. County/district concentrations are calculated by the average of points monitored concentrations within the area. In accordance with the graph, the PM2.5 pollutants are mainly concentrated in the downtown areas since the PM2.5 concentrations in the Weicheng District, Kuiwen District and Fangzi District all exceeded 91.6 μg/m3. This finding may be because the central areas were especially populous in 2012, and the intensive population and traffic are more prone to lead to serious PM2.5 pollution. Previous studies in different cities have also found accordant results. For example, Yao reported that compared with suburban areas, urban areas in Beijing suffered from higher PM2.5 concentrations, which validates the influence of human activities on PM2.5 concentrations [3].


Figure 3. Spatial distribution of PM2.5 concentrations in Weifang City, from 2012 to 2016.
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Note that from 2013 to 2016, the PM2.5 concentrations presented a west-high, east-low trend. Among the western areas, such as Qingzhou City and Linqu County, the PM2.5 concentrations remain higher than 80 μg/m3, while in southeastern cities, the PM2.5 concentrations are approximately 70 μg/m3. This result has been largely related to the topographical features of Weifang City. The southern cities are mostly low mountains and hills with a high vegetation coverage that can efficiently absorb pollutants in the air and hinder aerosols from entering the atmosphere [30], thus decreasing the PM2.5 concentrations. The eastern cities are adjacent to Qingdao City, which is located by the sea and hence has good air quality. In contrast, the western Weifang area includes Shouguang, Qingzhou and Linqu Counties, which border Zibo City, a traditional industrial city with more severe air pollution. Large-scale spreading of substantive air pollutants and toxic particles from Zibo City to these relatively flat areas has an intense effect on their air quality indices. Furthermore, the populations in western areas such as Shouguang, Linqu County and Qingzhou rank in Weifang City’s top five most populated areas. The dense population increases the emissions of particulate matter, contributing to an increase in PM2.5 concentrations. This conclusion corresponds with that of Chen [23], who proposed that the population density is positively correlated with PM2.5 concentrations.




4.2. Seasonal and Monthly Spatial-Temporal Characterization


Monthly changes in PM2.5 concentrations in Weifang City, from 2012 to 2016, are illustrated in Figure 4. As shown in this figure, the mean PM2.5 concentrations form a U-shaped trend in general during these 5 years, which is consistent with previous findings [20]. More specifically, the monthly average PM2.5 concentration shows a decreasing trend starting in January after it reaches a maximum at 134 μg/m3, maintains a stable trend of approximately 70 μg/m3 from May to September, reaches a low at 57 μg/m3 in August, and begins to significantly increase in October.


Figure 4. Seasonal and monthly average concentrations of PM2.5, from 2012 to 2016. (The bars indicate average value ±S.D. The analysis is performed based on 38 observations).
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Figure 4 also presents the seasonal average PM2.5 concentrations. As illustrated in this figure, the mean concentrations of PM2.5 are highest in winter (December, January, February) with a value of 116 μg/m3. Then they sequentially decrease in spring (March, April, May), autumn (September, October, November), and summer (June, July, August), with values roughly corresponding to 74 μg/m3, 69 μg/m3, and 65 μg/m3, respectively. This result indicates that air pollution is less serious in summer than in winter, which agrees with the results from previous studies [9,31]. One caveat that should be noted is that the mean PM2.5 concentrations in winter far exceeded the CAAQS Grade II standard (75 µg/m3), and the concentrations in the other three seasons all exceeded the CAAQS Grade I standard (35 µg/m3).



According to the literature and other materials, the abovementioned evidence can be explained by the following reasons. In terms of summer, overheated surfaces disrupt the stability of the atmosphere because high temperatures can lead to strong convections, resulting in strong ascending motions of low density air, which is favorable for pollutant diffusion. In addition, the low PM2.5 concentrations in summer also benefit from flourishing vegetation, which decreases the amount of aerosols entering the atmosphere, and effectively absorbs polluting particles. Gentle breezes coming from the southeast blow towards the western flat land, scattering the pollutants. Furthermore, frequent rainfall and higher moisture in summer are propitious for pollutant dilution and wet sedimentation, thus reducing the PM2.5 concentrations.



Possible reasons for the high PM2.5 concentrations in winter are associated with low temperatures, low humidity, temperature inversion, less precipitation and wind direction. Specifically, in contrast to summer, low temperatures in winter result in feeble convection currents, which are unfavorable for pollutant diffusion. Secondly, the relatively strong winds from the northwest blow towards the southern hills and low mountains in winter. These higher-altitude terrains in the south prevent pollutants from successfully scattering. Thirdly, the low moisture in cold seasons results in a dry atmosphere. Once it rains, pollutants immediately absorb water and become larger in size [32], resulting in an increase in PM2.5 concentrations. Fourthly, the winter aerosphere is relatively stable, resulting in frequent short-period occurrences of intense temperature inversions, which are not conducive to pollutant diffusion. Finally, PM2.5 emissions are greatly increased by winter heating. A large portion of this analysis is aligned with the results of Kang [22], who discovered that PM2.5 concentrations are negatively correlated with humidity and precipitation but positively correlated with air temperature. However, this conclusion encounters a discrepancy when considering wind speed, which this study deduced as having a subtle positive relationship, whereas Kang et al. believed that it is negatively related to PM2.5 concentrations. The exact quantitative relationship in Weifang City will be further studied in our future work.



In addition, it is worth stating that the PM2.5 in March has a high concentration of 85 μg/m3, which can be explained by two reasons. On the one hand, weather phenomena called “dao chun han” often appear in March, which means prolonged cold springs. This meteorological element of low temperature leads to the high PM2.5 concentration in March. On the other hand, a massive quantity of PM2.5 that accumulates throughout winter has not yet fully dissipated and plays a role in increasing the concentration index.




4.3. Daily Spatial-Temporal Characterization


The daily variations in the PM2.5 concentrations in Weifang City, from 2012 to 2016, are demonstrated in Figure 5. Our investigation shows that the concentration on Mondays is the highest, with an index of 79 μg/m3; the next highest concentration is on Saturdays, with a concentration of 78 μg/m3. The indices on Wednesdays and Sundays are among the lowest at 73 μg/m3 and 74 μg/m3, respectively. The causes of this result are presented as follows.


Figure 5. Daily average concentration of PM2.5, from 2012 to 2016. (The bars indicate average value ±S.D. The analysis is performed based on 38 observations).
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Monday is the beginning of the week and the first day of the workdays; thus, a remarkably dense PM2.5 may be associated with a large amount of inhabitants returning to work and the morning rush. Note that the overall pollution level during workdays is especially increased by Monday’s concentrations, and the index on workdays (76.18 μg/m3), is slightly higher than that on weekends and holidays (75.98 μg/m3). This result was contradicted by Yao [3], who discovered that, instead, the holiday concentrations are higher. This difference is due to some extent to the regional differentiation since the study area used by Yao is Beijing. The air quality after Monday tends to be mitigated and reaches its low on Wednesday.



Moreover, on Saturday, the start of the weekend, people are prone to travel or socialize, resulting in excessive human and transportation activities, thus increasing the PM2.5 concentrations. On Sunday, the end of the week, people prepare and rest for the beginning of the new week. As a result, human activities and PM2.5 concentrations are evidently reduced. By analyzing the weekend and workday PM2.5 concentrations, it is appropriate to infer that the PM2.5 concentrations and the extent of pollution are closely related to the schedules and living habits of the people.




4.4. Hourly Spatial-Temporal Characterization


Figure 6 shows the hourly average concentration of PM2.5 in Weifang City, from 2012 to 2016. The graph reveals that, as a whole, the concentration reaches its peak at approximately 09:00, surpassing an index of 100 μg/m3, and reaches its low at approximately 15:00 or 16:00, with a concentration of 70 μg/m3.


Figure 6. Hourly average concentration of PM2.5, from 2012 to 2016. (The bars indicate average value ±S.D. The analysis is performed based on 38 observations).
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To analyze the spatial variations of the hourly PM2.5 concentrations more thoroughly and from multifaceted perspectives, the hourly concentrations from different months are gathered and sorted. The statistical results are displayed in Figure 7. The graph implies a delayed trend for the increase in the PM2.5 concentrations. In detail, from April to September, the peak points, which are less than 80 μg/m3, appear at approximately 08:00; in October, November, February, and March, the highest indices, which are between 110 μg/m3 and 120 μg/m3, occur at approximately 09:00; the peak concentrations of December and January, which are between 150 μg/m3 and 160 μg/m3, are reached at approximately 09:30. These results are mainly attributed to the distinctive living habits of people in different months and seasons. In summer, the days are longer, and the nights are shorter, so people are apt to wake early to go to work, causing heavy traffic during the morning rush hours. Therefore, the time when the concentration indices begin to increase to their peak takes place relatively early. In contrast, in winter, nights are longer, and days are shorter. People’s lifestyles are different from their lifestyles in summer. The time to leave home for work is delayed, by approximately one hour or more, which results in a later time for the concentration to reach its maximum.


Figure 7. Hourly average concentration of PM2.5 in different months from 2012 to 2016.
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In most cases, the pollution level reaches its minimum at approximately 15:00 or 16:00. During this period, a time generally for continued working, human outdoor activities markedly decrease, and fewer pollutants are emitted into the atmosphere, providing sufficient time for the PM2.5 to scatter. This process ultimately leads to a reduction in PM2.5 concentrations. Until 18:00 and 19:00, the concentration increases again, possibly caused by human transportation activities during the evening rush hours. These increasing trends are especially obvious in winter and autumn. Note that the evening rush hours in July and August do not significantly give rise to high PM2.5 concentrations, primarily because of the comfortable weather in summer that encourages green transportation such as biking or walking.



Furthermore, from 22:00 to 06:00 on the following day, because of the tendency for pollutants to accumulate and the two-fold higher formation of aerosols during nighttime than that in daytime [33], the PM2.5 concentrations remain approximately the same. According to the research results of Liu [21], the PM2.5 concentration trends display double peaks and troughs in winter. This claim is in contrast to the results found in Weifang City, suggesting that the accumulating effects and the effect of the two-fold higher formation of aerosols may be especially weak in Chongqing. Thus, Chongqing’s air quality throughout the evening and during the night is better than that in Weifang City. The abovementioned evidence also reinforces to some degree the importance of studying each region, as conclusions about one location may not apply to another location.





5. Conclusions


Fully understanding the characteristics of PM2.5 has become pivotal in mitigating its polluting effects. Previous studies focused on large-scale urban and metropolitan areas instead of specific regions, and used historical and rough data that have markedly decreased accuracy and practicality. Considering the abovementioned comments, this paper explores the yearly, seasonal, monthly, daily, and hourly spatial-temporal characteristics of PM2.5 concentrations by using nationally controlled and provincially controlled ground monitoring observations from 2012 to 2016 in a small-scale city, Weifang City. The conclusions are as follows:



(1) Throughout the five years of the study period, the PM2.5 concentrations in Weifang City exceeded the CAAQS Grade II standard (35 µg/m3) on an annual average. After reaching a maximum in 2013 (approximately 108 μg/m3), haze-controlling measures were taken by the Chinese government, and environmental protective actions named “Three Six Eight” were implemented by the Weifang City government. These measures were beneficial, and the air quality improved. The spatial characteristics of PM2.5 concentrations are high in the west and low in the east, revealing that the PM2.5 concentrations are mainly influenced by geographical location, topography, altitude, vegetation, population, etc.



(2) The seasonal and monthly general trend of the PM2.5 concentration is U-shaped, being high in summer and low in winter, with the four seasons all exceeding the CAAQS Grade I daily standard (35 µg/m3). More specifically, the PM2.5 concentrations reached a peak in January with an index of approximately 134 μg/m3 and a low in August with a concentration of approximately 57 μg/m3. Overall, the changes in the PM2.5 concentrations were closely dependent on wind direction, vegetation cover, temperature, and relative humidity.



(3) Within a given week, our investigation reveals that the weekday concentrations are slightly higher than those on weekends. In particular, the PM2.5 concentrations on Mondays and Saturdays are among the highest, with concentrations of 79 μg/m3 and 78 μg/m3, respectively. This result suggests that changes in daily concentrations may be associated with the activities and living habits of people.



(4) Overall, the PM2.5 concentrations peak at 09:00, and reach their minimum at 15:00 to 16:00. A deviation from this trend was observed by month. To further illustrate this point, from April to September, the highest PM2.5 concentrations occurred at approximately 08:00; during October, November, February, and March, the highest PM2.5 concentrations occurred at approximately 09:00; in December and January, the index, however, reaches its maximum at 09:30. Moreover, the PM2.5 concentrations during the day are overall slightly higher than those at night due to pollutant accumulation and the two-fold higher formation of aerosols during nighttime than during daytime.



This assessment is important because it provides a comprehensive understanding of the spatial-temporal characteristics of the PM2.5 concentrations in Weifang City since 2012. This study also provides statistical verification and theoretical support for subsequent studies. However, this study has limitations. For instance, as the atmosphere and environment have a more complex structure than expected, the ground monitoring data and models adopted by this paper may not accurately represent the actual conditions in the whole city, and deviations may exist within the related analyses. In future studies, more complex data can be added to develop quantified assessments of the influencing factors, such as meteorological conditions, land use, and human activities, which can further improve our understanding of the influencing factors on PM2.5 and help build prediction models through statistical regression analysis. The research findings in this paper remain preliminary, and one direction for future research is to expand the scope of the assessment to a broader level.
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