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Air pollution has a negative impact on the ecological environment as well as on the health of people. Setting off fireworks and firecrackers lead to a significant deterioration in air quality in a short period of time. The firework prohibition policy of 2016 in Zhengzhou City provides an opportunity to investigate the effect of banning fireworks on air quality during the Spring Festival. The Air Quality Index and the concentrations of PM2.5, PM10, SO2, NO2, CO and O3 during the Spring Festival between 2014 and 2019 in Zhengzhou City were analyzed. The results show that: There were small fluctuations in precipitation, air pressure, wind speed, temperature and relative humidity during the Spring Festival from 2014 to 2019. The air quality index in the Spring Festival in 2016 was significantly lower than that in 2014 and 2015, and the air quality in 2018 and 2019 showed greater improvements. The sudden increases in pollutants concentrations has been weakened, showing an obvious “peak-shaving” effect during the traditional heavy pollution period, New Year’s Eve to the first day of the first lunar month. In 2014 and 2015 years, the concentrations of PM2.5 and PM10 reached their peaks at 1:00 a.m. on the first day of the new year, and fluctuated in the ranges of 259–271 μg/m³ and 380–384 μg/m³, respectively. The concentrations of PM2.5 and PM10 were 44 and 100 μg/m³, respectively in 2016, 40 and 80 μg/m³ in 2018 during the same period. In addition, the ban implemented has the most obvious impact on PM2.5 and PM10. Compared with the Spring Festival in 2014, the concentrations of PM2.5 and PM10 increased by 19.15 and 18.64% in 2015, decreased by 18.38% and 15.90% in 2016, and decreased by 16.83% and 26.05% in 2018. Therefore, banning fireworks and firecrackers will help to improve the air quality during the Spring Festival in Zhengzhou City to a certain extent.
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1 INTRODUCTION
Due to a rapid increase in heating, traffic, industrial emissions and the stable synoptic conditions especially during the cold winter, air pollution has become a major environmental problem that get special attention from the general public (Sahu and Sahu, 2019; Xu et al., 2020). Air pollution not only cause adverse effects on the development of regional economies (Zhou et al., 2019; Xu et al., 2020), but also has a negative impact on the ecological environment and health (Doherty et al., 2017; Hanaoka and Masui, 2019). Studies found that high concentrations of air pollutants may cause cardiovascular disease, chronic obstructive pulmonary disease, respiratory disease and chronic kidney disease (Shakerkhatibi et al., 2015; Todorović et al., 2019; Lin et al., 2020), resulting in a large number of deaths every year throughout the world (Sharma et al., 2019). With the rapid development of economy, severe air pollution engulfed in the winter in China (Zhou et al., 2019); Many studies proposed that coal combustion, industrial emissions, transportation and dust are the main sources of air pollutants in China (Ye et al., 2016; Ge et al., 2018; Wang et al., 2021; Wang et al., 2022); Chinese Spring Festival is an important holiday when a large number of people return to their hometowns causing many factories shut-down, and the traffic volume decreases significantly in megacities. However, setting off fireworks and firecrackers is a great tradition during this festival, which lead to a significant deterioration in air quality but crucially in a short period of time (Saha et al., 2014; Zhao et al., 2014; Lai and Brimblecombe, 2017; Wang et al., 2019; Kumar et al., 2016; Zhang et al., 2017; Greven et al., 2019; Zhang et al., 2020).
The main components of firecrackers are black powder, including potassium nitrate, sulfur powder, charcoal powder, and some of them contain potassium chlorate. When making fireworks, inorganic salt and magnesium powder are added (Wang et al., 2007; Zhang et al., 2017). Therefore, setting off large numbers of fireworks and firecrackers will inevitably cause the concentration of gas pollutants, particulate pollutants, and toxic substances to rise rapidly in a short period of time, resulting in adverse effect on the health and safety of people (Ji et al., 2018; Greven et al., 2019; Zhang et al., 2020). Setting off fireworks and firecrackers is a traditional custom that has been part of celebrating the Spring Festival in China for more than 1000 years (Kumar et al., 2016; Ye et al., 2016; Zhang et al., 2017). Haze still formed in megacities during the Spring Festival, although most enterprises shut down or half shut down, and traffic activities sharply reduce, resulting in a significant reduction in local pollution sources and emissions. The haze pollution could be attributed to intermittent and centralized fireworks and firecrackers during the Spring Festival, due to the chemicals making up their construction (Wang et al., 2019; Zhang et al., 2020).
Setting off fireworks and firecrackers was prohibited in Zhengzhou in 2016 during the spring festival. This inaugural prohibition policy applied to the five districts of Zhongyuan, Erqi, Jinshui, Guancheng and Huiji; as well to the four development zones of Zhengzhou Airport Economy Zone, Zhengdong New District, Zhengzhou Economic and Technological Development Zone and Zhengzhou National High&New Technology Industries Development Zone. In 2018, the policy was in effect strengthened through expansion if its scope to include the heavily built-up areas of wider Zhengzhou to include Xinzheng City, Xinmi City, Dengfeng City, Xingyang City, Zhongmu County and Shangjie District. The implementation of the policy which effectively closed down one specific source of air pollution during the Spring Festival, therefore, provided a unique opportunity in Zhengzhou to investigate the impact of fireworks on atmospheric environmental quality and comment on the efficacy of such policies on improving environmental air quality in general.
Scholars have researched into the impact of fireworks on atmospheric environmental quality. Saha et al. (2014) found that over an urban metropolis in India, an increase in air pollutant concentration, from large amounts of fireworks set off there during the Deepawali Festival, is related to the climate and environmental change patterns in the region. Among these pollutants, the increase in Particle Pollutant concentrations was significance (Kumar et al., 2016). In central London, the total concentration of PM2.5 at night is higher than average daytime values, exceeding national ambient air quality standards (NAAQS), and the risk of PM2.5-PTEs at night during fireworks activities is higher than that during daytime (Hamad et al., 2015). Case crossover studies have shown a positive correlation between fireworks and mortality, as well as PM10, during the Dutch New Year celebrations (Greven et al., 2019). Many studies reported the relationship between fireworks and air pollution in Beijing (Wang et al., 2007), Tianjin (Xie et al., 2019), Nanning (Li et al., 2017), Lanzhou (Zhao et al., 2014)and Chengdu (Zhang et al., 2016; Wu et al., 2018)in China. The research usually involves on-line monitoring during combustion (Zhang et al., 2016; Wu et al., 2018), air pollution status determinations in different periods of the Spring Festival (Zhang et al., 2016), and the impact of fireworks combustion on air pollutants (Jing et al., 2014; Zhao et al., 2014; Zhang et al., 2017).
Obviously, the above research mainly focuses on the impact of fireworks on the overall atmospheric environmental quality of cities in the absence of no-burn or firework prohibition policies, and there are relatively few comparative studies before and after the implementation of such policies. Moreover, the time spans of existing studies are also relatively short, often within a year, and therefore, long-term sequence comparative studies are lacking. The firework prohibition policy was implemented in 2016 and expanded and strengthened in 2018 Based on the air quality monitoring data in Zhengzhou City from 2014 to 2019, We study the effects of banning fireworks and firecrackers on the air quality index and air pollutants such as PM2.5, PM10, NO2, SO2, O3, CO during the Spring Festival to provide a scientific basis for the prohibition of setting off fireworks and firecrackers during the Chinese Spring Festival in other areas of the country.
2 STUDY AREA
Zhengzhou City (112°42′E to 114°14′E, 34°16′N to 34°58′N) is located in the eastern part of the Qinling Mountains, in the transition zone between the second and third levels of the national geographic steps. Its altitude is generally high in the southwest whilst low in the northeast and experiences a temperate continental monsoon climate with poor rainfall and low wind speed. In winter, static wind and inversions are easily formed, which is well recognized as being detrimental to the movement and diffusion of air-based pollutants (Guo et al., 2019).
Zhengzhou is densely populated as a result of the city’s rapid expansion which has also brought about increasing levels of air pollution. According to statistics, by the end of 2017, Zhengzhou had a permanent population of 9.88 million, with an annual GDP of 919.377 billion yuan, hosting some 133 industrial enterprises consuming in excess of 10,000 tons of standard coal annually, accounting for 17.7% of the province’s total consumption, of which its industrial energy consumption has been dominated by coal for a significant amount of time (Wang and Xia, 2018). At the same time, Zhengzhou is not only the main city of the Central Plains urban agglomeration, but also the important transportation hub of “2 + 26 cities” in Beijing, Tianjin, Hebei and its surrounding areas (Guo et al., 2019).
As already alluded to in the introduction, Zhengzhou has a long history of culture in which fireworks and firecrackers have been used for thousands of years in traditional customs associated with events such as the spring festival. This use of fireworks in a significant coal burning area which is meteorologically predisposed to retain air pollution are the main reasons for this study’s interest in choosing Zhengzhou as the study area (Figure 1).
[image: Figure 1]FIGURE 1 | Distribution map of meteorological observation stations in zhengzhou city.
3 MATERIALS AND METHODS
The air quality index and pollutant quality concentration data (including AQI, PM2.5, PM10, NO2, SO2, O3, CO) are crucial to the analysis in this study, and are sourced from the state control station of Zhengzhou Environmental Protection Bureau for the period 2014 to 2019. The pollutant quality concentration and meteorological factor data are from http://www.tianqihoubao.com/ and https://www.aqistudy.cn/historydata/ in 2020. In these data sets, for dates where there are missing or partially missing data, the data average for the month in which the date occurred are used in replacement.
According to the ambient air quality standard GB3095-2012 (20160101) (Xie et al., 2019), the following definitions are used: “daily average” refers to the arithmetic mean of 24-h average concentration of a natural day; “quarterly average” refers to the arithmetic mean of daily average concentration in a calendar quarter; and “annual average” refers to the arithmetic mean of daily average concentration in a calendar year. Referencing the lunar calendar, Spring comprises the months March, April and May (92 days); summer comprises June, July and August (92 days); autumn comprises September, October and November (91 days); and winter comprises December as well as January and February of the following year (90 days for no leap year and 91 days for leap year).
According to the revised National Ambient Air Quality Standard (NAAQS-2012) issued by China’s Ministry of Environmental Protection (now known as the Ministry of Ecology and Environment) (Ye et al., 2016; Zhou et al., 2019), AQI is a dimensionless index used to quantitatively describe air quality. As shown in Table 1, AQI is divided into six grades, depending on its value range, where each grade has an associated severity categorization and description. The larger the value range is, means a higher grade which implies the air pollution is more serious and of greater harm to human health. It is, therefore, suitable for characterizing the short-term air quality status and change trend of the city.
TABLE 1 | AQI values, grade, and description.
[image: Table 1]4 RESULTS
4.1 Air Quality Characteristics of Zhengzhou During the Spring Festival
The air quality index data for Zhengzhou City during the Spring Festival (from the 27th December to the 6th January) from 2014 to 2019 were used to establish the change trend in AQI average during the Spring Festivals as shown in Figure 2. The change trend of the AQI in Zhengzhou City during the Spring Festival shows a double peak trend of first rising and then falling, while the AQI in winter shows a double valley trend of first falling and then rising. The lowest AQI during a Spring Festival occurs in 2019 and can be classified as Grade III, that is “Moderate”; the second lowest occurred in 2018 (AQI = 141); whilst the highest occurred in 2017 (AQI = 197) and can be categorized as grade IV; the second highest in 2015 (AQI = 194), also a Grade IV but is higher than the average annual AQI. This is mainly because Zhengzhou started to implement its firework prohibition policy in 2016, but in 2017 there was a significant increase in the AQI, a reflection of inadequacies in the policy. However, in 2018, with the further expansion of the scope of the policy, the AQI decreased, and decreased further in 2019, the lowest it has been in recent history. This policy change is also the main reason for the opposite trend between AQI during the Spring Festival and AQI in winter.
[image: Figure 2]FIGURE 2 | AQI change trend of Zhengzhou during Spring Festival from 2014 to 2019.
2016 is the first year of Zhengzhou’s policy implementation prohibiting fireworks, and it is also a turning point for the improvement of its air quality as evidenced in the decrease of 26.17% in the AQI during the Spring Festival in 2016 compared with the same period in 2015, as well as being significantly lower than the average value in winter. Hence, the banning of setting off fireworks and firecrackers during the Spring Festival had a great impact on the atmospheric environment quality. The AQI reached 197 during the Spring Festival in 2017, which is significantly higher than the winter average and close to being categorized as in the Unhealthy grade. This mainly resulted from the realization in 2017 of limitations in the prohibition policy that provided exemptions for certain districts and the problem was further compounded through significant levels of firework theft and their subsequent illegal setting off.
The AQI in 2018 decreased by 28.43% compared with the same period in 2017, moving from the Unhealthy for sensitive people grade to the Moderate grade. This is because the prohibition policy was strengthened in 2018 through expansion of its jurisdiction from the original five districts and four development zones to include the built-up areas surrounding the wider city. The AQI index further decreased significantly during the Spring Festival of 2019, reaching its lowest level (AQI = 119) in recent years.
The distribution of the air quality grades for Zhengzhou during the Spring Festivals from 2014 to 2019 are shown in Table 2. The air quality levels from the 27th December to the 1st January from 2014 to 2015 are all between III-VI. After the implementation of Zhengzhou’s firework prohibition policy in 2016, the air quality has significantly improved, ranking at level II for four consecutive days. With the relaxation of the prohibition policy in 2017, the air quality level from the 27th December to the 1st January remains high, and only after the 3rd January does it reduce. With the strengthening of the prohibition policy during the Spring Festival, Zhengzhou’s air quality from the 27th of December to the 1st January in 2018, significantly improved compared with 2017. Finally, the air quality obviously improved from the 27th December 2019 to the 1st January, while the air quality from the third day to the 6th January is eminently an improvement from that of previous years, a result that is attributed to the further strengthening of the prohibition policy, and corresponds to the results of annual AQI mean changes during the Spring Festival in Zhengzhou. The results indicated that the prohibition of fireworks and firecrackers plays an important role in improving the air quality of Zhengzhou during the Spring Festival, especially from the 27th December to the 1st January.
TABLE 2 | Distribution of air quality grades during the Spring Festival of Zhengzhou from 2014 to 2019.
[image: Table 2]4.2 Daily Variation Characteristics of Pollutant Concentrations
The combustion of fireworks and firecrackers has an effect on the airborne concentrations of gas pollutants, particulate pollutants, heavy metals and toxic substances. The daily variations of pollutant concentrations were stduied in Zhengzhou during Spring Festival over three periods: firstly, from 2014 to 2015 which is before the implementation of the initial firework prohibition policy in 2016; secondly, from 2016 to 2017 during the initial implementation of the policy; and thirdly, from 2018 to 2019 after the implementation of the strengthened prohibition policy in 2018.
4.2.1 Variation Characteristics of Pollutant Concentrations Before the Prohibition Policy (2014–2015)
As shown in Figure 3, the average concentrations of PM2.5 and PM10 increased during the Spring Festivals from 2014 to 2015. In 2014, the average concentration of PM2.5 and PM10 were 126.18 and 178.97 μg/m³, respectively; whilst in 2015, they were 150.34 and 212.33 μg/m³, respectively; both exceeding the national secondary atmospheric standard. Secondly, as shown in Figure 4, from a local point of view, the PM2.5 concentration reached a peak on the 1st January in 2014 at 210.75 μg/m³, and peaked again on the 3rd January at 210.38 μg/m³; whilst the PM10 concentration peaked on the 2nd January at 381.30 μg/m³. In 2015, the first peaks of PM2.5 (283.17 μg/m³) and PM10 (333.63 μg/m³) occurred on the 27th of December, whereas the second peak of PM2.5 (174.67 μg/m³) occurred on the 6th January, and the second peak of PM10 (257.21 μg/m³) occurred on the 5th January.
[image: Figure 3]FIGURE 3 | Annual change trend of average concentration of main pollutants in Zhengzhou during the Spring Festival from 2014 to 2019.
[image: Figure 4]FIGURE 4 | Daily trend of average concentration of main pollutants in Zhengzhou during the Spring Festival from 2014 to 2019.
The average concentrations of SO2 and NO2 decreased during the Spring Festival from 2014 to 2015. In 2014, the average concentration of SO2 and NO2 were 61.36 and 45.96 μg/m³, respectively; whilst in 2015, they were 45.55 and 40.85 μg/m³, respectively. Secondly, from a local point of view, the concentrations of SO2 and NO2 in 2014 reached their respective first troughs of 26.71 and 42.21 μg/m³ on the 1st January, and troughed again on the 6th January at 18.38 and 21.63 μg/m³, respectively. In 2015, the troughs for SO2 occurred on the 2nd January, whilst that of NO2 was still on the 1st January.
Before the prohibition policy came into effect, the average concentration of CO decreased during the Spring Festivals of 2014 and 2015, whilst that of O3 increased. The average concentrations in 2014 and 2015 of CO are 2.43 mg/m³, 1.80 mg/m³ and of O3 are 28.75 and 38.90 μg/m³, respectively. The CO concentration first increased slowly, reaching a peak of 3.69 mg/m³ on the 3rd January in 2014, then decreased rapidly to its lowest value on the 6th January. CO concentrations showed a general downward trend, which troughed on the 2nd January in 2015 at 1.28 mg/m³ and again on the 4th January at 1.31 mg/m³. In 2014, the O3 concentration peaked on the 29th December and on the 1st January, and in 2015, it peaked mainly on the 1st and 4th January. The high concentrations of pollutants mainly occur on the 1st and 2nd January, and also on the 5th and 6th January, which also confirms that New Year’s Eve, the 1st and 5th January (commonly known as the fifth day break) are the peak periods for setting off fireworks during the Spring Festival (Pang et al., 2020).
4.2.2 Variation Characteristics of Pollutant Concentrations During the Initial Prohibition Period (2016–2017)
As shown in Figure 3 the average concentrations of PM2.5 and PM10 showed an upward trend from 2016 to 2017. In 2016, the average concentration of PM2.5 and PM10 were 102.98 and 150.52 μg/m³, respectively, and in 2017, they were 149.88 and 210.20 μg/m³, respectively. Compared with 2015, the average concentrations of PM2.5 and PM10 decreased by 31.50% and 29.11%, respectively. As shown in Figure 4, the average concentrations of PM2.5 and PM10 in 2016 (the first year of prohibition policy) troughed at 14.67, 63.79 μg/m³, respectively on 28 December and troughed again on the 6th January. The first trough in 2017 is on the 1st January, and the second trough occurred on the 3rd January.
The average concentrations of SO2 and NO2 during the Spring Festival before the prohibition policy came into effect in 2016 and 2017 show a slight upward trend. In 2016, the average concentrations of SO2 and NO2 were 49.08, 39.70 μg/m³, respectively, and in 2017, they were 36.22 and 42.61 μg/m³, respectively. The trend of SO2 and NO2 changes in 2016 are similar, troughing on the 28th December, and on the 3rd and 6th January. In 2017, the trend of SO2 and NO2 is similar, troughing on the 1st and the 3rd January.
The average concentrations of CO decreased during the Spring Festival from 2016 to 2017, while O3 increased. The average concentrations of CO in 2016 and 2017 are 1.95 and 1.79 mg/m³, respectively, whilst the average concentrations of O3 are 56.22 and 45.02 μg/m³, respectively. In 2016 (the first year of the prohibition policy), the CO concentrations troughed at0.95 mg/m³ on the 28th December and at 1.34 mg/m³ on the 6th January, whilst in 2017, the CO concentrations troughed at 1.37 mg/m³ and 1.11 mg/m³ on the 1st and 3rd January. In 2016, the O3 concentrations peaked on the 2nd January at 76.92 μg/m³, and in 2017, it peaked on Spring Festival’s Eve at 59.75 μg/m³ and on the 3rd January at 57.67 μg/m³.
4.2.3 Variation Characteristics of Pollutant Concentrations After Expansion of the Prohibition Policy (2018–2019)
As shown in Figure 3, after the implementation of the expanded prohibition policy, the average concentrations of PM2.5 and PM10 in Zhengzhou during the Spring Festival showed a slight downward trend. In 2018, the average concentrations of PM2.5 and PM10 were 104.94 and 132.34 μg/m³, respectively, and in 2019, they were 85.01 and 131.88 μg/m³, respectively. As shown in Figure 4, from a local point of view, in 2018 (scope of prohibition policy expanded) the first peaks of PM2.5 and PM10 occurred on the 29 December at 77.04 and 170.67 μg/m³, respectively; whilst the second peak occurred on the 3rd January at 187.29 and 195.08 μg/m³, respectively. However, in 2019, PM2.5 and PM10 concentrations reach their respective peaks of 260.96 and 334.83 μg/m³ after the 2nd January, and they decrease rapidly, from the 3rd to the 6th January when they become lower than the national secondary atmospheric standard.
The average concentrations of SO2 and NO2 during the Spring Festivals of 2018 and 2019 show a slight downward trend. The average concentrations of SO2 and NO2 in 2018 are 21.13 and 30.65 μg/m³, respectively, and in 2019 are 12.90 and 24.53 μg/m³, respectively. The trend of SO2 and NO2 changes is similar. In 2018, SO2 peaked on the 29th December, the first day of January and then again on the sixth day of January; whilst NO2 peaked on the 28th December, the first and sixth days of January. In 2019, SO2 peaked on the first and fifth days of January, and NO2 peaked on the 29th December and 5th January.
The average concentrations of CO and O3 during the Spring Festivals from 2018 to 2019 show a slight downward trend. The average concentrations of CO in 2018 and 2019 are 1.26 mg/m³ and 1.00 mg/m³, respectively; whilst the average concentrations of O3 in 2018 and 2019 are 69.10 and 62.83 μg/m³, respectively. In 2018, the CO concentration reached its first trough of 0.93 mg/m³ on New Year’s Eve, its second trough of 1.03 mg/m³ on the 4th January, whereas in 2019, it reached its first trough of 0.68 mg/m³ on Spring Festival’s Eve, and its second trough of 0.70 mg/m³ on the 6th January. In 2018, O3 concentrations reached troughs of 58.58, 60.67 μg/m³ on the 3rd and 6th January. Whereas, in 2019, it reached troughs of 54.33 μg/m³ on the 29th December and 2nd January.
4.3 Impact of the Prohibition Policy on Hourly Variation Characteristics
The hourly variations in the average concentrations of the major pollutants in Zhengzhou from New Year’s Eve to the 1st January in 2014 and 2015 are shown in Figures 5A,B, respectively. The concentrations of PM2.5 and PM10 on New Year’s Eve in 2014 are initially at relatively low levels but from 03:00–09:00 their respective concentrations exceed 200 μg/m³ and 300 μg/m³, and between 0:00–01:00 on the 1st January, they reached their respective peaks of 259 and 384 μg/m³. Between 02:00–05:00, the concentrations of PM2.5 and PM10 began to decline. However, at 06:00 the concentration of PM10 was still above 240 μg/m³ but by 18:00 it peaked again at 340 μg/m³. An hour later at 19:00, PM2.5 peaked again at 269 μg/m³.
[image: Figure 5]FIGURE 5 | Hourly variation of the average concentration of main pollutants from New Year’s Eve to the 1st January in 2014–2019.
In 2015, between 05:00–17:00 on New Year’s Eve, the concentrations of PM2.5 and PM10 were at low levels. Compared with the same period of the Spring Festival in 2014, the rising speed of pollutant concentrations are slightly delayed, and the time to reach their peaks lagged slightly. The PM2.5 concentration exceeded 200 μg/m³ at 23:00 on New Year’s Eve but at 01:00 on the 1st January it peaked at 271 μg/m³. At the same time, the PM10 concentration also peaked at 380 μg/m³, exceeding 300 μg/m³ for the first time. After 01:00 the PM2.5 and PM10 concentrations rapidly decreased until about 12:00 when their concentrations remained at relatively low levels. In addition, in 2014 and 2015, the timings of the PM2.5 and PM10 concentration peaks are in good agreement with the traditional peak period for setting off fireworks, and the response results are obvious.
The firework prohibition policy was implemented for the first time, on the 1st January 2016 in Zhengzhou City as well as in five districts, four development zones and built-up districts of counties (cities) in the wider Zhengzhou region. In 2016, the air quality of New Year’s Eve was in the two grades of excellent and good. As can be seen in Figure 5C, the concentrations of PM2.5, PM10, SO2, NO2 and CO peaked at 09:00 on the 1st January with respective concentrations of 122, 216, 138, and 52 μg/m³ and 1.6 mg/m3; these peaks are significantly delayed compared with the peak timings of pollutants in 2014–2015 prior to the implementation of the prohibition policy covering the Spring Festival, The results are consistent in that, after the implementation of the policy the peak value of pollutants decreased (Zhang et al., 2020). The concentration of O3 peaked at 14:00–18:00 on the 1st January, while other pollutants troughed at this time, an observation that is mainly attributed to a series of photochemical reactions involving oxygen, nitrogen oxides and volatile organic compounds in the air under the action of natural light. Compared with the same period in 2014, the respective pollutant concentration decreased by 52.90%, 43.75%, 11.54%, 38.82%, 69.23% and 53.45%; and compared with the same period in 2015, the respective pollutant concentrations decreased by 54.98%, 43.16%, 22.12%, 10.64%, 38.46% and 65.71%. This essentially shows the net effect of the prohibition policy during the Spring Festival in Zhengzhou, the concentration of various pollutants has decreased significantly, and the air quality has been improved significantly.
The change characteristics of pollutants concentrations in 2017 are quite different from those in 2014–2016 (Figure 5D). On New Year’s Eve, from 00:00–03:00, the concentration of each pollutant is at a high level. On New Year’s Eve, from 03:00–12:00 and on the 1st January, from 17:00–23:00, the concentration of each pollutant is still at a high level, while from 13:00 to 16:00 on the 1st January, the concentration of each pollutant became relatively low; From 23:00 on New Year’s Eve to 02:00 on the 1st January, fireworks were set off intensively, but the concentration of pollutants in 2017 was not high. This shows that the policy has played a role in restraining the traditional high concentration stage of pollutants in 2017. It may also be that some residents illegally set off fireworks and firecrackers but deliberately avoided do so in the peak period.
On New Year’s Eve and the 1st January in 2018, as can be seen in Figure 5E, the concentrations of pollutants were generally low. PM2.5 and PM10 took the lead in reaching respective troughs of 32 and 41 μg/m³ at 06:00 on New Year’s Eve, both of which exceeded the national level II standard. After that, the concentrations gradually increased, reaching respective peaks of 93 and 109 μg/m³ at 23:00. Compared with the same period in 2014 (before the prohibition policy), their respective concentrations decreased by 61.09% and 67.07%. After that, they only reached troughs at 06:00 on the 1st January, and then began to rise slowly, reaching respective peaks of 93 μg/m³and 109 μg/m³ at 23:00, which is a respective decrease of 124 μg/m³ and 162 μg/m³ compared with the same period in 2017, showing a very large reduction ratio.
Concentrations of PM2.5 and PM10 on New Year’s Eve 2019 are relatively low and do not exceed the national secondary air quality standard (Figure 5F). However, with the arrival of the 1st January, the concentrations of pollutants gradually increased, and the increasing range became larger and larger. The first peaks appeared between 14:00–15:00 on the 1st January, whilst the second peaks for PM2.5 and PM10 of 287 μg/m³and 328 μg/m³, respectively occurred at 23:00, and are 54.70% and 39.63% higher than their respective first peaks. In addition, the changes of other gas pollutants concentrations are not obvious.
5 DISCUSSION
In order to further explore the relationship between the release of fireworks and the concentration of various pollutants, the average concentration of various pollutants during the Spring Festival from 2015 to 2019 was compared with that of 2014 and found in Figure 6, the implementation of the ban on combustion has the most significant impact on PM2.5 and PM10 (Lorenzo et al., 2021; ten Brink et al., 2019; Tian et al., 2014). In 2015, the concentrations of PM2.5 and PM10 were increased by 19.15 and 18.64%, respectively, compared with 2014. In 2016, the first year of the ban on combustion, the concentrations of PM2.5 and PM10 decreased by 18.38% and 15.90%, respectively, compared with 2014. Compared with 2014, the increase in 2017 was 18.78% and 17.45%, respectively, which was caused by the decline in the implementation of the ban on combustion policy and the intensity of the ban. In 2018, with the further expansion of the scope of the ban and the strengthening of the ban, the concentrations of PM2.5 and PM10 gradually decreased from 2018 to 2019, and dropped to the lowest in 2019, decreasing by 32.63% and 26.31%, respectively. The implementation of the non-combustion policy has little effect on the reduction of SO2, NO2 and CO concentrations, that is, fireworks and firecrackers are not the main cause of their pollution during the Spring Festival, but are determined by the types of pollutants produced by the discharge. With the implementation of the combustion ban policy, the pollutant concentration from 2015 to 2019 showed a downward trend year by year, from 61.36, 45.96, and 2.43 mg/m³ in 2014–2019, reaching a minimum value of 12.90, 24.53 and 1.00, respectively. When the combustion ban policy was initially implemented in 2016 and further strengthened in 2018, there was no significant trend change in SO2, NO2 and CO concentrations. The implementation of the ban on combustion has no effect on the change of O3 concentration. From 2015 to 2019, the O3 concentration increased significantly compared with 2014.
[image: Figure 6]FIGURE 6 | average concentration changes of these pollutants from 2015 to 2019 compared to those during Spring Festival periods 2014.
In order to further analyze the phenomenon of the sudden increase of pollutant concentrations during the Spring Festival, the meteorological element data during the Spring Festival from 2014 to 2019 were used to analyze the fluctuation trend. In Figure 7, the inter-annual variation of precipitation and air pressure during the Spring Festival from 2014 to 2019 was not obvious. Only a small amount of precipitation occurred on The New Year’s Eve in 2016 and on the 28th and 29th of the first month of 2019, and the air pressure was mainly fluctuation at 995–1022 Pa. Among them, the air pressure only fluctuated between 998 and 1002 Pa from 2017 to 2018, with the smallest variation. The wind speed, relative humidity and temperature are slightly larger than those of precipitation and air pressure. The wind speed is similar from 2014 to 2017, and the annual average wind speed fluctuates between 1.7 and 2.1 m/s during the Spring Festival. The wind speed is similar from 2018 to 2019, and the average wind speed varies between 2.8 and 2.9 m/s during the Spring Festival. The overall relative humidity changed slightly. The relative humidity was the lowest at 27% during the Spring Festival in 2018. The average relative humidity during the Spring Festival from 2016 to 2017 was similar, at 75% and 81%, respectively. The relative humidity in 2014, 2015 and 2019 was relatively concentrated, respectively. 50%, 43%, 46%. The changes in temperature and wind speed are roughly similar. The temperatures in 2018 and 2019 are similar and higher than those in other years. The average temperature during the Spring Festival is 1.9 and 1.6°C, respectively, and the temperature fluctuates from −0.6 to 1.4°C from 2014 to 2017.
[image: Figure 7]FIGURE 7 | Various meteorological elements change trend of Zhengzhou during Spring Festival half month from 2014 to 2019.
6 CONCLUSION
Based on air pollution data from 2014 to 2019, this study analyzed the characteristics of concentration changes of various air pollutants during the Spring Festival in Zhengzhou City for six consecutive years, to investigate the impact of the fireworks and firecracker prohibition policy, that came into effect in 2016, on the air environmental quality. The conclusions of the study are as follows:
Banning fireworks and firecrackers significantly improved Zhengzhou’s air quality. There were small fluctuations in precipitation, air pressure, wind speed, temperature and relative humidity during the Spring Festival from 2014 to 2019. The AQI (143) of the Spring Festival in Zhengzhou in 2016 (the first year of the ban) was significantly better than that in 2014 (164) and 2015 (194). With the further implementation of the embargo policy, the air quality in 2018 and 2019 showed obvious improvements, decreasing to 141 and 119, respectively. The turning point for air quality improvement came in 2016, which coincided with the initial implementation of the policy. At the same time, the ban has effectively slowed down the sudden increase in pollutant concentrations from New Year’s Eve to the first day of the first lunar month during the traditional heavy pollution period, showing an obvious “peak shaving” effect. In 2014, the concentrations of PM2.5 and PM10 reached their first peaks at 1:00 a.m. on the first day of the new year, at 259 and 384 g/m³, respectively. In 2015, the peaks were also reached at 1:00 on the first day of the first lunar month, at 271 and 380 g/m³, respectively. During the same period, the PM2.5 and PM10 concentrations were 44 and 100 μg/m³, respectively in 2016, and 40 and 80 μg/m³ in 2018. In addition, the implementation of the ban on combustion has the most obvious impact on PM2.5 and PM10. During the Spring Festival of 2015, which was not banned from burning, compared with 2014, the concentrations of PM2.5 and PM10 increased by 19.15% and 18.64%, respectively. In 2016, they decreased by 18.38% and 15.90%, respectively, compared with 2014. In 2018, the concentrations of PM2.5 and PM10 decreased by 16.83% and 26.05%, respectively, compared with 2014.
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