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Abstract: China faces unprecedented air pollution today. In this study, a database (SO2, NO2, CO, O3,
PM2.5 (particulate matter with aerodynamic diameter less than 2.5 µm), and PM10 (particulate matter
with aerodynamic diameter less than 10 µm) was developed from recordings in 188 cities across China
in 2014 and 2015 to explore the spatial-temporal characteristics, relationships among atmospheric
contaminations, and variations in these contaminants. Across China, the results indicated that the
average monthly concentrations of air pollutants were higher from November to February than in
other months. Further, the spatial patterns of air pollutants showed that the most polluted areas
were located in Shandong, Henan, and Shanxi provinces, and the Beijing-Tianjin-Hebei region.
In addition, the average daily concentrations of air pollutants were also higher in spring and winter,
and significant relationships between the principal air pollutants (negative for O3 and positive for
the others) were found. Finally, the results of a generalized additive model (GAM) indicated that
the concentrations of PM10 and O3 fluctuate dynamically; there was a consistent increase in CO
and NO2, and PM2.5 and SO2 showed a sharply decreasing trend. To minimize air pollution, open
biomass burning should be prohibited, the energy efficiency of coal should be improved, and the
full use of clean fuels (nuclear, wind, and solar energy) for municipal heating should be encouraged
from November to February. Consequently, an optimized program of urban development should
be highlighted.

Keywords: air pollutants; dynamics; spatial patterns; generalized additive model; policy
recommendations

1. Introduction

Haze is an atmospheric effect that has become a serious global issue [1,2], as it affects species
diversity, global climate, and human health [3], social, and economic [4]. In general, the chemical
aspects of haze have been studied—specifically its physical and chemical properties, including the
elements Cd, Cr, Cu, Fe, and Mn, gaseous pollutants (O3, NOx, SO2, COx), and inorganic aerosols
(SO4

2−, NO3
−, and NH4

+ [5–7]. Source apportioning has shown that haze is attributable primarily to
dust storms, biomass burning [8], coal consumption, and vehicle exhaust [9–11]. Further, secondary
inorganic and organic aerosols should not be neglected [12]. Some studies have focused on the
long-range transport mechanism of haze, which is controlled by meteorological conditions [13,14];
thus, affluent moisture, warm advection in the lower troposphere, and stable atmospheric stratification
favor the concentration of haze [15]. Other studies have investigated the side effects of haze, including
reduced visibility [16], adverse effects on health [17], and so on.

China’s air quality has deteriorated in recent years, and haze affects increasing areas [18].
Moreover, numerous studies have found that the regions of Beijing [19], North China [20], Wuhan [21],
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and Guangzhou [22] have excessively high concentrations of haze. Other studies have examined
the formation and evolution of haze [23,24], and the role of meteorological conditions in haze
transportation (e.g., wind and relative humidity) [25–27]. The urbanization is another driving force in
the development of haze [28]. The varied characteristics of haze in different seasons have also been
reported: for example, haze in summer in East China [29] and Beijing [30], autumn in Shanghai [31],
and winter in Beijing [32,33], Shanghai [34], the China Loess Plateau [35], and the North China
Plain [36], all of which have relatively higher concentrations of haze.

Meanwhile, the high concentration of organic carbon in PM (particulate matter) indicates that the
main source of haze is biomass burning [37], and that the high concentration of NO2 is closely related
to vehicle emissions [34]. Moreover, high concentrations of SO2 and NO2 contribute significantly in the
formation of secondary aerosols [38]. Thus, secondary aerosols (sulfate, nitrate, and organic matter)
are produced when combined with gaseous pollutants (NO2, SO2, O3, and formaldehyde) and main
atmospheric particles [39]. These constitute the main chemical compositions of particulate matter with
aerodynamic diameter less than 2.5 µm (PM2.5) in Hangzhou [40], and the heterogeneous chemical
processes promote and sustain the growth of haze [41,42]. Further, the spatial patterns and temporal
variation of PM2.5 have been simulated [43], and the simulated values of meteorological conditions
(temperature, and wind speed and direction) agree with the values observed. The diurnal cycle of
land-sea breezes among the Pearl River Delta is the primary influence in the transport of particulate
matter with aerodynamic diameter less than 10 µm (PM10) [44].

Many studies have indeed investigated the spatiotemporal patterns of haze across China.
However, the dynamics and relationships of air pollutants during long time series (2 years) have been
insufficiently discussed. Hence, a special study was performed to more fully reveal the spatiotemporal
distribution of the principal air pollutants at present and their future variations in China. Within this
context, the objectives of this study were to: (1) analyze the dynamic and spatiotemporal distribution of
the principal air pollutants for 2014 and 2015, respectively; (2) reveal the dynamics and the relationships
between the principal air pollutants in the most polluted cities, respectively; and (3) identify the
principal variable trends in air pollutants over major Chinese cities based on a generalized additive
model (GAM). Finally, we present strategic policy recommendation for reducing the levels of air
pollutants according to specific haze characteristics in China.

2. Experiments

The main air pollutants (SO2, NO2, CO, O3, PM2.5, and PM10) were monitored by the continuous
air-monitoring stations (CAMS, Figure 1) covering 188 cities of China. The stations were established
based on the standard “Technical regulation for selection of ambient air quality monitoring stations
(HJ 664-2013)”, and the data were collected through the Ministry of Environmental Protection of
the People’s Republic of China (Available online: http://datacenter.mep.gov.cn/). In addition,
atmospheric contamination was compiled daily and monthly for 2014 and 2015.

In this study, we used the Inverse Distance Weighted (IDW) in ArcGIS 10.2 (ESRI, Inc., Redlands,
CA, USA) to acquire the spatial graphs, SigmaPlot 10.0 (Systat Software, Inc., Chicago, IL, USA)
was used to obtain the rose diagram, and Microsoft Office Visio (2007) (Microsoft corporation,
Redmond, WA, USA) for fishbone diagrams. The Performance Analytics module of R software
(R Core Development Team, R Foundation for Statistical Computing, Vienna, Austria) was employed
to obtain the scatterplot matrices and conduct correlation as well as regression analyses. The two-tailed
Pearson’s correlations at p = 0.05 were employed to determine the correlations between different
variables. The GAM (the non-linear relationship between the pollutants and day-of-year trends) was
modeled flexibly by the log link function, and we used the mgcv module in R to predict air pollutants
in China. The package mgcv (the gam fit function, gam function, family function were contained) of R
was used to fit GAMs specified by presenting a symbolic description of the additive predictor as well
as a description of the error distribution.

http://datacenter.mep.gov.cn/
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Figure 1. The study area.  

3. Results 

3.1. Dynamics of the Principal Air Pollutants 

The average monthly concentrations of the principal air pollutants over China in 2014 are 
shown in Figure 2 and Table S1. The highest levels of PM2.5, PM10, CO, SO2, and NO2 were 106.5 
μg/m−3, 154.1 μg/m−3, 1.69 mg/m−3, 62.0 μg/m−3, and 50.4 μg/m−3 in January. The lowest PM2.5 and 
PM10 levels were 39.8 μg/m−3 and 69.9 μg/m−3 in September, and the lowest values of CO, SO2, and 
NO2 were 0.93 mg/m−3, 19.7 μg/m−3, and 25.86 μg/m−3 in July. In contrast, the highest and lowest 
levels of O3 were 131.6 μg/m−3 in July and 61.3 μg/m−3 in December. 

A comparison of the average monthly concentrations of PM2.5, PM10, CO, SO2, and NO2 
indicated that the values were higher in January, February, November, and December, followed by 
March, April, May, and October, with lower concentrations from June to September. However, the 
opposite trend was observed with O3, which had the highest average monthly levels from May to 
August, followed by March, April, September, and October, with lower values in January, February, 
November, and December. Further, the highest PM2.5, PM10, CO, SO2, and NO2 levels were higher 
than the lowest ones, respectively, indicating that the principal air pollutants were highest in 
January. 

Similar trends were observed in 2015 (Figure 2). The highest levels of PM2.5, PM10, CO, and NO2 
were 86.8 μg/m−3, 129.3 μg/m−3, 1.60 mg/m−3, and 48.0 μg/m−3 in December, and the highest levels of 
SO2 and O3 were 53.3 μg/m−3 in January and 130.8 μg/m−3 in August (Table S1). The lowest PM2.5 and 
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August (Table S1). 

The average monthly PM2.5, PM10, CO, SO2, and NO2 concentrations in January and December 
were higher than in other months. Thus, the highest PM2.5, PM10, CO, SO2, and NO2 levels were 2.38, 
1.98, 1.91, 3.39, 1.97, and 2.35 times greater than the lowest ones. However, the average monthly 
concentration of O3 was higher from May to August, followed by March, April, September, and 
October, with lower values found from January to December. 

Figure 1. The study area.

3. Results

3.1. Dynamics of the Principal Air Pollutants

The average monthly concentrations of the principal air pollutants over China in 2014 are shown
in Figure 2 and Table S1. The highest levels of PM2.5, PM10, CO, SO2, and NO2 were 106.5 µg/m−3,
154.1 µg/m−3, 1.69 mg/m−3, 62.0 µg/m−3, and 50.4 µg/m−3 in January. The lowest PM2.5 and PM10

levels were 39.8 µg/m−3 and 69.9 µg/m−3 in September, and the lowest values of CO, SO2, and NO2

were 0.93 mg/m−3, 19.7 µg/m−3, and 25.86 µg/m−3 in July. In contrast, the highest and lowest levels
of O3 were 131.6 µg/m−3 in July and 61.3 µg/m−3 in December.

A comparison of the average monthly concentrations of PM2.5, PM10, CO, SO2, and NO2 indicated
that the values were higher in January, February, November, and December, followed by March, April,
May, and October, with lower concentrations from June to September. However, the opposite trend
was observed with O3, which had the highest average monthly levels from May to August, followed
by March, April, September, and October, with lower values in January, February, November, and
December. Further, the highest PM2.5, PM10, CO, SO2, and NO2 levels were higher than the lowest
ones, respectively, indicating that the principal air pollutants were highest in January.

Similar trends were observed in 2015 (Figure 2). The highest levels of PM2.5, PM10, CO, and NO2

were 86.8 µg/m−3, 129.3 µg/m−3, 1.60 mg/m−3, and 48.0 µg/m−3 in December, and the highest levels
of SO2 and O3 were 53.3 µg/m−3 in January and 130.8 µg/m−3 in August (Table S1). The lowest
PM2.5 and PM10 levels were 36.4 µg/m−3 and 65.4 µg/m−3 in September, and the lowest values of
CO, SO2, and NO2 were 0.83 mg/m−3, 15.7 µg/m−3, and 24.4 µg/m−3 in July. The lowest level of O3

was 55.7 µg/m−3 in August (Table S1).
The average monthly PM2.5, PM10, CO, SO2, and NO2 concentrations in January and December

were higher than in other months. Thus, the highest PM2.5, PM10, CO, SO2, and NO2 levels were
2.38, 1.98, 1.91, 3.39, 1.97, and 2.35 times greater than the lowest ones. However, the average monthly
concentration of O3 was higher from May to August, followed by March, April, September, and
October, with lower values found from January to December.
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Figure 2. The monthly dynamics of the principal air pollutants over China (2014 and 2015); and 
graphs (A–F) represent the monthly concentration of PM2.5 (μg/m−3), PM10 (μg/m−3), CO (mg/m−3), 
SO2 (μg/m−3), NO2 (μg/m−3), and O3 (μg/m−3) in 2014, respectively; graphs (G–L) represent the 
monthly concentration of PM2.5 (μg/m−3), PM10 (μg/m−3), CO (mg/m−3), SO2 (μg/m−3), NO2 (μg/m−3), 
and O3 (μg/m−3) in 2015, respectively. 
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We obtained the average concentrations of the principal air pollutants during the four months 
(January, February, November, and December), except for O3, the average value of which was 
calculated from May to August. Following the processes described above, we measured the spatial 
distribution of the principal air pollutants in 2014 (Figure 3). The highest and lowest levels of PM2.5 
and PM10 were 191.4 μg/m−3 and 296.9 μg/m−3 in Baoding, and 26.4 μg/m−3 and 44.5 μg/m−3 in Sanya 
(Table S2). The provinces of Shanxi, Shandong, Henan, and Shanxi, and the Beijing-Tianjin-Hebei 
region were the most polluted. It should be noted that most areas of China were affected by PM2.5 

and PM10, including central and northern China. With respect to CO, SO2, NO2, and O3, the 
distribution narrowed, and was more centralized in the Beijing-Tianjin-Hebei region, and Shandong 
and Henan provinces. The highest values of CO, SO2, NO2, and O3 were 3.62 mg/m−3 in Baoding, 
151.5 μg/m−3 in Yangquan, 85.2 μg/m−3 in Baoding, and 225.2 μg/m−3 in Wuhan (Table S2), 
respectively. 

The air quality improved in 2015 in comparison to 2014 (Figure 3). The most polluted areas 
were primarily in the provinces of Hebei, Shandong, and Henan, with the highest levels of PM2.5, 
PM10, and CO (170.4 μg/m−3, 254.2 μg/m−3, and 3.57 mg/m−3) in Baoding (Table S2). The highest 
values of SO2, NO2, and O3 were 137.0 μg/m−3 in Shenyang, 77 μg/m−3 in Xingtai, and 184.6 μg/m−3 in 

Figure 2. The monthly dynamics of the principal air pollutants over China (2014 and 2015).
Graphs (A–F) represent the monthly concentration of PM2.5 (µg/m−3), PM10 (µg/m−3), CO (mg/m−3),
SO2 (µg/m−3), NO2 (µg/m−3), and O3 (µg/m−3) in 2014, respectively; Graphs (G–L) represent the
monthly concentration of PM2.5 (µg/m−3), PM10 (µg/m−3), CO (mg/m−3), SO2 (µg/m−3), NO2

(µg/m−3), and O3 (µg/m−3) in 2015, respectively.

3.2. Spatial Analysis of the Principal Air Pollutants

We obtained the average concentrations of the principal air pollutants during the four months
(January, February, November, and December), except for O3, the average value of which was calculated
from May to August. Following the processes described above, we measured the spatial distribution
of the principal air pollutants in 2014 (Figure 3). The highest and lowest levels of PM2.5 and PM10 were
191.4 µg/m−3 and 296.9 µg/m−3 in Baoding, and 26.4 µg/m−3 and 44.5 µg/m−3 in Sanya (Table S2).
The provinces of Shanxi, Shandong, Henan, and Shanxi, and the Beijing-Tianjin-Hebei region were the
most polluted. It should be noted that most areas of China were affected by PM2.5 and PM10, including
central and northern China. With respect to CO, SO2, NO2, and O3, the distribution narrowed, and
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was more centralized in the Beijing-Tianjin-Hebei region, and Shandong and Henan provinces. The
highest values of CO, SO2, NO2, and O3 were 3.62 mg/m−3 in Baoding, 151.5 µg/m−3 in Yangquan,
85.2 µg/m−3 in Baoding, and 225.2 µg/m−3 in Wuhan (Table S2), respectively.

The air quality improved in 2015 in comparison to 2014 (Figure 3). The most polluted areas were
primarily in the provinces of Hebei, Shandong, and Henan, with the highest levels of PM2.5, PM10,
and CO (170.4 µg/m−3, 254.2 µg/m−3, and 3.57 mg/m−3) in Baoding (Table S2). The highest values
of SO2, NO2, and O3 were 137.0 µg/m−3 in Shenyang, 77 µg/m−3 in Xingtai, and 184.6 µg/m−3 in
Dezhou (Table S2), respectively. The lowest values of the principal air pollutants were observed in
Hainan province.
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Figure 3. The spatial pattern of the mean concentrations (during January, February, November, and
December) of the principal air pollutants over China (2014 and 2015). Graphs (A–F) represent the
spatial pattern of PM2.5, PM10, CO, SO2, NO2, and O3 in 2014, respectively; Graphs (G–L) represent
the spatial pattern of PM2.5, PM10, CO, SO2, NO2, and O3 in 2015, respectively.
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The dynamic and spatiotemporal distribution of the principal air pollutants indicated that
the cities Baoding, Xingtai, Handan, Shijiazhuang, Hengshui, Dezhou, Tangshan, Heze, Langfang,
Liaocheng, Zibo, Laiwu, Anyang, Linyi, Yichang, Zhengzhou, and Pingdingshan were the most
polluted regions; hence, the average daily concentrations of the principal air pollutants were analyzed
in 2014 and 2015 (Figure 4). The average daily concentrations of air pollutants (SO2, NO2, CO,
PM2.5, and PM10) were also higher in the spring and winter, except for O3, which had the higher
average daily levels in the summer. Besides, the average daily concentrations of SO2, NO2, CO,
PM2.5, and PM10 decreased at a rate of 16.2 (µg/m−3)/year, 2.8 (µg/m−3)/year, 0.1 (mg/m−3)/year,
11.8 (µg/m−3)/year, and 17.8 (µg/m−3)/year from 2014 to 2015, respectively. On the contrary, the
average daily concentrations of O3 increased from 102.2 (µg/m−3)/year to 105.4 (µg/m−3)/year
between 2014 and 2015.Atmosphere 2017, 8, 137  6 of 15 
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3.3. The Dynamics of the Principal Air Pollutants in Beijing-Tianjin-Hebei during January, February,
November, and December

As for the mosted polluteted region (Beijing-Tianjin-Hebei), Figure 5 exhibits the dynamic of
the principal air pollutants during January, February, November, and December in 2014 and 2015.
In Beijing, the concentrations of PM2.5, CO, and NO2 slightly increased; while the concentrations
of PM10, SO2, and O3 decreased at a rate of 3.5 (µg/m−3)/year, 14.7 (µg/m−3)/year, and
3.0 (µg/m−3)/year, respectively. All the principal air pollutants in Tianjin showed a decreasing
trend, especially for the SO2, which decreased at a rate of 30.9 (µg/m−3)/year. Similarly, all the
principal air pollutants in Shijiazhuang also decreased, except for the CO, which increased at a rate
of 0.1 (mg/m−3)/year. In addition, the concentration of PM10 obviously decreased at a rate of
83.1 (µg/m−3)/year in Shijiazhuang.

3.4. The Dynamics of the Principal Air Pollutants in Shandong, Henan, and Hebei during Autumn

In terms of the major agricultural provinces Shandong, Henan, and Hebei, the dynamics of the
principal air pollutants in Jinan and Zhengzhou during July and September are presented in Figure 6.
In Jinan, all the principal air pollutants showed a decreasing trend, especially for SO2, which decreased
at a rate of 18.0 (µg/m−3)/year. However, the average concentrations of PM2.5, PM10, NO2, and O3 in
Zhengzhou increased at a rate of 7.0 (µg/m−3)/year, 14.7 (µg/m−3)/year, 9.4 (µg/m−3)/year, and
38.6 (µg/m−3)/year, respectively. Fortunately, the concentration of SO2 and CO presented a decreasing
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trend in Zhengzhou during autumn. In addition, all the principal air pollutants in Shijiazhuang also
decreased, except for the NO2, which slightly increased at a rate of 0.4 (µg/m−3)/year.
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3.5. The Relationships among the Principal Air Pollutants

As Figure 7 shows, the correlation coefficients among air pollutants were significant at p < 0.05 in
the most polluted 17 cities (2014). Our results indicated that there were positive correlations among
PM2.5, PM10, CO, SO2, and NO2, and negative correlations for O3. As for PM2.5, and the correlation
coefficients between PM10, CO, SO2, NO2, and O3 were 0.94, 0.89, 0.74, 0.82, and −0.42, respectively.
High correlation coefficients among CO, SO2, and NO2 (0.88 for CO and SO2, 0.89 for CO and NO2,
0.87 for SO2 and NO2) were observed. We also found significant negative correlation coefficients
among O3, CO, SO2, and NO2 (−0.57 for O3 and CO, −0.60 for O3 and SO2, and −0.56 for O3 and NO2).

Figure 8 shows that there were significant relationships among the principal air pollutants in 2015.
The correlation coefficients between PM2.5 and PM10, CO, SO2, NO2, and O3 were 0.94, 0.93, 0.73, 0.84,
and −0.38. In addition, there was a slight decrease in the correlation coefficients among CO, SO2, and
NO2 compared to those in 2014, with values of 0.77 for CO and SO2, 0.87 for CO and NO2, and 0.82 for
SO2 and NO2. A similar decrease in the correlation coefficients among O3, CO, SO2, and NO2 was
observed (−0.54 for O3 and CO, −0.52 for O3 and SO2, and −0.44 for O3 and NO2).
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3.6. GAM Prediction of the Trend for Principal Air Pollutants

The GAM was employed to reveal the future dynamics of atmospheric pollutants (Figure 9), and
the non-linear relationship between the pollutants and day-of-year trends was modeled flexibly by
the log link function. The results showed that although PM2.5 and SO2 will decrease sharply in the
future, further observation is imperative. Unfortunately, a consistent increase in NO2 and CO was
predicted. Furthermore, a slight increase of PM10 was observed until it peaked between 100 < x < 150,
and then decreased slightly over the remaining days. Meanwhile, the estimated O3 showed a slight
increase before x = 50 and then decreased until approximately x = 125, followed by a slight upward
trend during the remaining days. In summary, a small variation in PM10 and O3 indicated that the
simulated results were reliable and desirable.Atmosphere 2017, 8, 137  9 of 15 
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4. Discussion

4.1. Temporal and Spatial Patterns of China’s Principal Air Pollutants

The concentration of the principal air pollutants was higher in January and December—a phenomenon
also observed in Fuzhou [45] and Shanghai [46,47]. In January 2013, two severe air pollution events
happened in Beijing, during which the hourly concentration of PM2.5 rose to 680 µg/m−3 and
530 µg/m−3, respectively [38]. In Shanghai, the highest and lowest levels of PM10, NO2, and SO2

were found in winter and autumn, with vehicle emissions and meteorological conditions the most
probable causes [36]. In the North China Plain, high emissions of atmospheric contamination, biomass
burning, and stable weather conditions contributed to the haze events in winter [48], and higher
energy consumption and motor vehicle emissions occurred in winter in Guangzhou [49]. If natural
gas is supplied for municipal heating in Beijing rather than coal, air pollutant emissions (PM2.5, SO2,
NOX, etc.) would decrease by 52% in winter [50] because the inter-transport of pollution and the
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secondary aerosols O3, OC (organic carbon) and VOC (volatile organic compounds) promote pollution.
Thus, reducing the levels of air pollutants during the cold season is imperative for public health [51].

The spatial patterns of the average monthly simulation values indicated that in 2014 the most
polluted regions were the Beijing-Tianjin-Hebei region and the provinces of Shanxi, Shandong, Henan,
Hubei, and Shanxi. Industrial and domestic sources of pollution and agricultural emissions are the
chief regional contributors to pollution in these regions [52]. Compared to 2014, the distribution
patterns of air pollutants show a slight shift towards a smaller area in 2015, becoming more centralized
in Hebei, Shandong, and Henan provinces, where haze episodes were also more frequent. A similar
situation prevailed in the North China Plain [53], Guangzhou [22], and the Yangtze River Delta [26,54].
The stricter laws protecting air quality by government may account for this decreasing trend between
2014 and 2015 to some extent.

The significant relationships among air pollutants illustrated that there could be similar or
interacting sources for the pollutions. Many studies have been undertaken to explore the source
of large areas of haze. Biomass open burning contributes 47% of the PM2.5 in the Yangtze River
Delta [55], is an important precursor for O3 [56], and is a stressor on marine ecosystems [57]. The fact
that the inter-transport of pollution accompanies high humidity is the dominant reason for the haze in
East China [29,46] and Northern Taiwan [27]. Dust was a major source of pollution in eastern Inner
Mongolia [58], local emissions and regional transport accounted for pollution in Nanjing [59], coal
consumption and industry increased pollution in Beijing in winter [32,50], and industrial pollution
and vehicle emissions were the dominant local contributors to the levels of NO2 and PM2.5 in
Shanghai [31,34].

Specifically, for the most polluted region—the northeast of China—the mineral dust from the
deserts of western China contributes significantly to the concentration of PM [60,61]. The long-range
transport dust plumes mixed with regional pollutants aid the formation of haze episodes [53,60–62].
Thus, the local pollutants also have significant contributions to the widespread haze pollution [48].
Meanwhile, during haze episodes, the secondary inorganic pollutants evident increased in PM [36],
suggesting a joint effect among them [63]. Under unfavorable meteorological conditions, the
interaction of PM and the secondary inorganic pollutants produced a large amount of aerosols with
the characteristic of low visibility [36].

In general, the dust, municipal heating, and vehicle and local emissions are the dominant
contributors to haze in winter [31], and meteorological conditions contribute significantly in the
distribution, formation, and evolution of haze: for example, higher relative humidity and weaker
wind speed contribute to haze [23,25,30]. In addition, there is a positive relationship between visibility
and wind speed, and a negative relationship with relative humidity [45,49,59]. Secondary inorganic
ions were also positively correlated with stable weather conditions (higher relative humidity), which
determined the specific chemical composition of haze [64]. In summary, the median or highest values
and the distribution area of air pollutants showed a decreasing trend from 2014 to 2015, which may be
explained in part by the improved energy efficiency and stricter laws protecting air quality.

4.2. Policy Recommendations

The estimated values of PM2.5 and SO2 showed a sharp decreasing trend. However, we observed
a consistent increasing trend in CO and NO2, while the estimated values of PM10 and O3 remained
stable overall. Thus, the concentration of CO and NO2 in China will continue to increase. As we know
already, vehicle emissions are a key factor in the high concentration of NO2, which has been caused
by the rapid increase in the number of vehicles and industrial parks [31,34]. Therefore, technological
innovation is imperative in coal gasification, liquefaction, and storage to improve the energy efficiency
of coal [65]. Indeed, replacing fossil fuels with clean fuel (natural gas, nuclear energy, etc.) for
municipal heating in winter would be an effective long-term measure to mitigate the dense haze north
of the Yellow River [50]. In addition, stringent measures to control particle emissions (biomass burning)
should be implemented during specific periods based on meteorological conditions [29,66], while
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mass transit should be encouraged to avoid energy waste. Further, the central and local government
should subsidize the manufacture of hybrid, flex-fuel, and electric automobiles [67,68], and remove
market-entry barriers to promote competition among companies [65]. Finally, we need to improve
the proportion of the tertiary industry to optimize the economic structure that uses less energy and
produces fewer particle emissions [69,70].

As Figure 10 shows, this study highlighted the measures needed to decrease current sources of air
pollutants. Indeed, replacing fossil fuels with clean fuels (natural gas, nuclear, wind, and solar energy)
will help to address air pollution’s root causes. To transform and improve air quality, restricting
biomass burning during specific periods (according to meteorological conditions) is imperative, and it
may be necessary to implement strict environmental policies forbidding open biomass burning when
municipal heating is highest. We should also consider recycling biological feed. Equally important,
the issue of vehicle emissions requires the cooperation of government, manufacturers, retailers,
and consumers—particularly in the development and promotion of flex-fuel (hybrid) and electric
automobiles. Further, ecosystem restoration projects such as the Three-North Shelterbelt System can be
effective in defending against sandstorms while simultaneously improving the regional environment.
Remote sensing should also be employed to monitor the formation and development of haze, to record,
measure, and evaluate the sources of pollution, and monitor the trajectory of haze over the long-term.
Indeed, predicting the values and levels of air pollutants and communicating this information by
mobile messages will cement trust between individuals and governments. Further, analyzing the
structure and function of cities based on local conditions to facilitate scientific urban planning and
formulate reasonable population distribution policies should help to mitigate pollution. All of the
aforementioned underscore the essential need to share information, provide support, and increase
cooperation among different departments to achieve effective haze control. Of course, trade-offs
between environmental objectives, economic growth, energy consumption, living standards, and
funding are inevitable, but we believe that these can be balanced for the benefit and welfare of all.
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5. Conclusions

Because particulate haze episodes over China have increased in recent years, it is imperative that
we understand pollutant pathways and propose recommendations for a policy framework. In general,
November to February demonstrated the highest concentrations of air pollutants (PM2.5, PM10, CO,
SO2, and NO2), excluding O3 levels, which were highest from May to August. Further, the most highly
polluted areas were in the provinces of Shandong, Henan, and Shanxi, and in the Beijing-Tianjin-Hebei
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region. Fortunately, most of the principal air pollutants presented a decreasing or relatively stable
trend in Beijing-Tianjin-Hebei during January, February, November, and December. Meanwhile, most
of the principal air pollutants also presented a decreasing trend in Jinan and Shijiazhuang in autumn.
However, in Zhengzhou, the haze events during autumn were unoptimistic. Although the conflict
between clean air and economic growth will continue, measures can be taken to mitigate the sources
of air pollutants and to use resources to control, reduce, and manage air pollution.

To improve our understanding of the formation and frequency of haze, satellite observations and
monitoring of high-risk areas are important subjects for future research. We need to understand the
specific effects of meteorological conditions on the transport mechanism of air pollutants, and the role
they play in the secondary formation process.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4433/8/8/137/s1:
Table S1: The average monthly concentration of air pollutants over China during 2014 and 2015; Table S2: The mean
concentration of air pollutants over China among four months (January, February, November, and December).
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