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Changzhou, a typical industrial city located in the center of the Yangtze River Delta (YRD) region, has experienced serious air pollution in winter. However, Changzhou still receives less attention compared with other big cities in YRD. In this study, a four-month PM2.5 sampling campaign was conducted in Changzhou, China from 1 November 2019, to 1 February 2020. The period covers the entire wintertime and includes first week of the Level 1 response stage of the lockdown period due to the outbreak of COVID-19. The mean PM2.5 concentrations were 67.9 ± 29.0 μg m−3, ranging from 17.4 to 157.4 μg m−3. Secondary inorganic ions were the most abundant species, accounting for 37 and 50% during the low and high PM2.5 pollution periods, respectively. Nitrogen oxidation ratio (NOR) during the high PM concentration level period was twice the low PM concentration period whereas sulfur oxidation ratio (SOR) showed a less significant increase. This represents that nitrate formation is potentially the predominant factor controlling the occurrence of PM pollution. The analysis of NOR, SOR as functions of relative humidity (RH) and ozone (O3) concentrations suggest that the sulfate formation was mainly through aqueous-phase reaction, while nitrate formation was driven by both photochemistry and heterogeneous reaction. And, excess ammonium could promote the formation of nitrate during the high PM period, indicating that ammonia gas played a critical role in regulating nitrate. Furthermore, a special period-Chinese New Year overlapping first week of COVID-19 lockdown period, offered a precious window to study the impact of human activity pattern changes on air pollution variation. During the special period, the average PM2.5 mean concentration was 60.4 μg m−3, which did not show in a low value as expected. The declines in nitrogen oxide (NOx) emissions led to rapid increases in O3 and atmospheric oxidizing capacity, as well as sulfate formation. The chemical profiles and compositions obtained during different periods provide a scientific basis for establishing efficient atmospheric governance policies in the future.
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1 INTRODUCTION
As one of the most economically developed zones with high energy consumption in China, the Yangtze River Delta (YRD) region has experienced serious air pollution problems in recent years (Fu et al., 2013). The temporal distribution showed the highest PM2.5 concentration is found in winter, heavily affected by prevailing northerly and westerly winds (Qian et al., 2021). Hence, in-depth investigation at typical heavily polluted cities in the YRD region in winter is critical, assisting the formulation of efficient regional pollution control strategies (Ye et al., 2019).
At the end of the year 2019, the tragic coronavirus disease (COVID-19) pandemic occurred. To combat the rapid dispersion of the virus, many national lockdown policies were implemented in China to keep social distance. Quarantine measures have effectively alleviated the spread of the epidemic, and simultaneously resulted in declines in anthropogenic emissions from industry and transportation, and import and export of goods (Chen H. et al., 2020). Such a shutdown serves as a natural experiment to evaluate air-quality responses to a marked emissions reduction, and also to assess the interplay between emission, atmospheric chemistry, and meteorological conditions (Le et al., 2020). For example, Li et al. (2020) found that the implemented lockdown policy caused approximately 80% and 20–40% emission reductions for the traffic and the industrial sectors, respectively, corresponding to a reduction of >20 μg m−3 PM2.5 compared to that during the pre-lockdown period. However, despite primary emissions being significantly reduced during the lockdown period, the air quality in some megacities has not been improved as expected due to the complex responses in terms of aerosol chemistry, with the variations of precursors and meteorological conditions (Sun et al., 2020).
Changzhou, a typical industrial city located in the center of the YRD region, has suffered haze pollution, especially in wintertime (Ma et al., 2019; Ye et al., 2019). To reduce air pollution, the establishment of effective pollution control strategies is important. However, there are many challenges such as the requirement of accurate apportionment of predominant sources and distinguishing primary emissions or secondary formations (Huang et al., 2014). In this study, we present the major chemical compositions of PM2.5 and the concentrations of gaseous pollutants in urban Changzhou from 1 November 2019 to 1 February 2020. The period covers the entire wintertime and includes the first week of the Level 1 response stage of the lockdown period. It should be noted that the Chinese New Year (abbreviated as CNY, also as known as the Spring Festival) overlapped with the Level I response period. The YRD region hosted the first level of response started on 24 January 2020. The government actively executed epidemic prevention actions and control steps to the cities, including the adoption of compulsory measures following the law that prohibit all large-scale mass activities (Li et al., 2020). During the Level 1 response period, the number of people accessed and vehicles passed by the public places decreased substantially, and there were large-scale stoppages or even closures for the industrial factories, construction sites, and catering enterprises (Li et al., 2020). Due to the strict lockdown policy in Changzhou starting on February 2nd, no more offline sampling could be continuously carried out. Even though this circumstance, the samples collected in the days before the complete city lockdown could still provide a precious window to study how the air quality responds to the quick decline of anthropogenic emissions in Changzhou.
As the above description, we studied the temporal characteristics of PM2.5 and its chemical compositions, gaseous pollutants, and meteorological factors during the wintertime. In addition, we investigated the characteristics of chemical compositions during different periods as well as the responses to the lockdown policies. Furthermore, the influence factors to the concentrations of air pollutants were interpreted to demonstrate the relationships between the meteorological conditions, emissions of primary pollutants, secondary species formation, etc. Our findings could assist to understand the winter haze formation, the impacts of different pollutants abatement, and the development of effective control strategies in this typical industrial city.
2 EXPERIMENT AND METHOD
2.1 Site Description
Changzhou, is located in central-south Jiangsu Province, geographically in the center of the YRD region, China (Figure 1). The Beijing-Hangzhou Canal runs through the city. To the south of the city is Lake Taihu, the third-largest freshwater lake in China. Moreover, the Yangtze River lies to the north of Changzhou. Abundant water sources around the city supply plentiful moisture in the air, leading to a humid atmosphere in Changzhou throughout the year.
[image: Figure 1]FIGURE 1 | Map of Jiangsu province (filled with blue in the left panel) and Changzhou (red dot in the red panel). The observation site photos were displayed in the bottom right panel. (Maps downloaded from the website http://bzdt.ch.mnr.gov.cn/index.html.).
The sampling site locates in the western part of downtown Changzhou where situates on the rooftop of a four-story building inside the campus of the Jiangsu University of Technology (31.7°N, 119.9°E). It is approximately 10 m above ground level. The location represents a typical urban monitoring site, surrounded by school and residential areas with medium-scaled population and middle traffic volume. There were no major industrial or constructive activities nearby during the observation period.
2.2 Measurements
2.2.1 Ambient PM2.5 Sampling and Chemical Analyses
Ambient daily PM2.5 samples (from 10:00 to 09:50 next day local time) were collected on Ø47 mm quartz-fiber filters (Whatman Ltd., Maidstone, United Kingdom) using a mini-volume air sample (Mini_TAS, Arimetric, Oregon, United States) at a flow rate of ∼5 L min−1. Before sampling, all filters were pre-combusted at 900°C for 4 h to remove organic contaminants. A total of 92 PM2.5 filter samples were collected from 1 November 2019, to 1 February 2020. No more sampling could be continuous beyond February 1st due to the strict lockdown policies conducted in Changzhou. Mass concentrations, carbonaceous fractions, major inorganic ions, and elements were measured with an electronic microbalance balance, DRI OCEC analyzer, DX-600 ion chromatography and Epsilon-5 PANalytical ED-XRF, repectively. The details of sampling and analyses could be found in supplementary.
2.2.2 Air Quality Data and Meteorological Data
Hourly concentrations of the six pollutants (including SO2, NO2, CO, O3, PM2.5, and PM10) were achieved from the website of the Ministry of Ecology and Environment of the People’s Republic of China (http://datacenter.mep.gov.cn). In this study, the citywide hourly and daily concentrations of the target air pollutants were calculated by averaging the hourly and daily data from all monitoring sites.
Meteorological data in Changzhou were obtained from the China Meteorological Administration and used to interpret the influence on air pollution. The observations include 2-m temperature (T), 10-m wind speed (WS) and wind direction (WD), and sea level pressure (P) available every 3 h at 02:00, 05:00, 08:00, 11:00, 14:00, 17:00, 20:00, and 23:00 LT, as well as 2-m RH (RH) available every hour.
2.3 Data Analysis
2.3.1 Secondary Organic Carbon Calculation
For secondary organic carbon (SOC) calculation, most studies estimated SOC using the EC-tracer method (Turpin and Huntzicker, 1995), which applies the following equation.
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Here, we used Minimum R Squared (MRS) method for the (OC/EC)primary calculation according to Wu and Yu (2016). Briefly, this method derives (OC/EC)primary through calculating a hypothetical set of (OC/EC)primary and SOC followed by seeking the minimum of the coefficient of correlation (R2) between SOC and EC. The hypothetical (OC/EC)primary that generates the minimum R2 (SOC, EC) then represents the actual (OC/EC)primary ratio if variations of EC and SOC are independent and (OC/EC)primary is relatively constant. In comparison, the MRS is identified as more accurate than the conventional subset percentile or minimum OCEC ratio approaches (Wu et al., 2016). Therefore, MRS was employed for the SOC calculation in this study.
2.3.2 Sulfur Oxidation Ratio and Nitrogen Oxidation Ratio Calculation
To assess the degrees of the secondary formation of SO42- and NO3−, sulfur oxidation ratio (SOR) and nitrogen oxidation ratio (NOR) was calculated by the following equation.
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where n-SO42− and n-NO3− are the molar concentrations of SO42− and NO3−, n-SO2 and n-NO2 are the molar concentrations of SO2 and NO2, respectively.
3 RESULTS
3.1 Comparison of Online and Offline PM2.5 Measurements
To cross-check the reliability of the offline sampling, data comparison between online monitoring and offline gravimetric analysis for PM2.5 was performed, and the results are presented in Supplementary Figure S1. Notably, the online PM2.5 data with 1 h resolution were integrated to calculate the average for 24 h, corresponding to the offline filter collection. Good linearity (r2 = 0.97) was found between the online and offline approaches. Besides, the linear regression that passed through the origin of the plot yielded a slope of 1.053, indicating that the concentrations were relatively close. Therefore, the two approaches produced the PM2.5 results in a good agreement.
3.2 General Characteristics of Atmospheric Pollutants
3.2.1. Online Measure for Six Criteria Pollutants
Figures 2A–C illustrate the time series of six criteria pollutants (i.e., PM2.5, PM10, SO2, NO2, CO, and O3) and the meteorological parameters including temperature, relative humidity, wind speed, and precipitation during the sampling period. The CNY from January 23rd to February 2nd was highlighted by the light green column. In general, the trends of PM10 and PM2.5 are consistent with each other, showing peaks in mid-January. The PM2.5 concentration levels ranged from 16.1 to 194.8 μg m−3. An arithmetic mean of 61.6 ± 31.6 μg m−3 was found during the observation period, lower than the 24-h averaged Chinese PM2.5 Grade II standard of 75 μg m−3 but greatly exceeded the Grade I standard of 35 μg m−3 (GB3095-2012). It should be noted that relatively low PM2.5 concentrations were seen in November 2019 (48.7 ± 19.2 μg m−3), and increased 1.3 and 1.4 fold in December and January, respectively. Compared to the PM2.5, the PM10 concentration levels from November to January are relatively stable, showing the monthly averages of 90.1–96.1 μg m−3 (<10% difference). In another word, the monthly averaged PM2.5/PM10 ratios increased from 0.53 (November) to 0.69 (December) and 0.77 (January), indicating particles might be more influenced by crustal matters in November while the fine particles played an important role in January.
[image: Figure 2]FIGURE 2 | Time series of (A) PM10 and PM2.5 concentrations, (B) SO2 and CO concentrations, (C) NO2 and O3 concentrations, (D) temperature and relative humidity, and (E) precipitation and wind speed from 1 November 2019 to 1 February 2020 (The dotted lines represent the mean concentrations for each pollutant).
For the gaseous precursor species, the average concentrations of NO2 and CO at the monitoring site were 47.6 μg m−3 and 0.9 mg m−3, respectively, which are lower than the daily Grade I means of 50 μg m−3 and 4 mg m−3 for NO2 and CO, respectively, established by the National Ambient Air Quality Standard (NAAQS) of China. Daily mean SO2 concentrations ranged from 5.7 to 18.4 μg m−3, much lower than the daily average SO2 Grade I value (50 μg m−3) from the NAAQS, indicating the implementation of the clean air policy since 2013 has substantially reduced the ambient SO2 concentration in China (Zhang et al., 2019). The correlation of CO was well consistent with that of PM2.5 (R2 = 0.69, figure not shown), while the correlation between SO2 and PM2.5 was weak (R2 = 0.11). CO is often used as a primary emission indicator due to its lifetime against oxidation by OH radicals (DeCarlo et al., 2010), thus the significant correlation between CO and PM2.5 reflected the influence of primary combustion emissions during the sampling period.
Each species showed a different pattern during the sampling periods. As shown in Figure 2, in January (before Jan. 24th), major peaks of particulate matter coincided with high levels of CO and NO2, NO2 in November, and NO2 and SO2 in December. Overall, there was a doward trend of PM10, PM2.5, NO2, SO2 and CO in the CNY that overlapped the COVID-19 lockdown period. Compared with the first 3-week mean in January, NO2 plummeted 65% due to the sharp decrease from the traffic sector, while SO2 and CO reduced by 10% and 26%, respectively. The decreases of particulate matter are not obvious as expected (33% for online PM10 and 32% for online PM2.5). These phenomena suggested the variations of dominant emission sources or formation mechanisms at the different phases. In contrast to the changes to these pollutants, O3 increased by a factor of 2.13. The increase of O3 could be attributed to insufficient NO for its uptake via the titration effect (Pei et al., 2020). More further discussions on the gaseous pollutants variations in different phrases were conducted in Section 3.3.1.
3.2.2 Offline PM2.5 and Its Chemical Compositions
The time series of offline PM2.5 and major chemical species (OC, EC, sulfate, nitrate, ammonium, Fe) are shown in Figure 3. The mean offline PM2.5 concentrations were 67.9 ± 29.0 μg m−3, ranging from 17.4 to 157.4 μg m−3. Such levels were close to that observed in Changzhou in February 2017 (68.9 μg m−3) (Ye et al., 2019) but significantly lower than that (126.9 ± 50.4 μg m−3) in December 2015 to January 2016 in Changzhou (Ye et al., 2016). As mentioned in Section 3.2.1, the offline PM2.5 mass also exhibited a well-defined trend, with higher mass concentrations observed during January and relatively low values in November.
[image: Figure 3]FIGURE 3 | Daily variation of major chemical compositions in PM2.5 at the sampling site.
Supplementary Table S1 summarizes the statistical data for the water-soluble ions, carbonaceous fractions concentrations in PM2.5. For the carbonaceous fractions, the overall average concentrations of OC and EC were 12.4 ± 4.5 μg m−3 and 2.8 ± 1.8 μg m−3, respectively. A moderate correlation between OC and EC was observed (r = 0.66, figure not shown). The ratios of OC to EC ranged from 1.8 to 13.6, with an average of 5.3 ± 2.1, suggesting complex sources for OC likely include both primary emission and also secondary formation (Ye et al., 2016). As shown in Supplementary Figure S2, the (OC/EC)primary was 2.62, 1.78, and 2.71 in November, December, and January, respectively. Correspondingly, the estimated SOC was 6.0 ± 4.5 μg m−3 during the sampling period, accounting for ∼49.7% of OC. SOC/OC ratios were 45.4, 56.4, and 40.4 and 64.4% in November, December, January (before Jan. 24th) and the special period (Jan. 24th to Feb. 1st), respectively, demonstrating the importance of secondary aerosol formation, especially in December and the special period. A positive correlation between SOC/OC ratio and RH was observed in November and December (r = 0.44, figure not shown). That indicated that SOC formed at elevated levels of RH was likely part of water-soluble. However, in January, the SOC/OC ratio was not well correlated with RH. For the CNY overlapping lockdown period, high SOC/OC ratios could be explained by 1) the significant reduction of primary emissions leading to the relatively high contributions from secondary components; and 2) the enhancement of atmospheric oxidizing capacity and consequently strong photochemical processes due to the high levels of O3.
The sum of the concentrations of the water-soluble ions was 39.2 ± 18.4 μg m−3, accounting for ∼57.8% of the total PM2.5 mass. Among the water-soluble ions, Nitrate accounted for the largest fraction, with an average concentration of 15.8 ± 10.0 μg m−3, followed by SO42-, NH4+, Na+, Ca2+ and Cl−, with averages of 9.2 ± 4.5, 5.2 ± 4.0, 4.0 ± 0.6, 1.7 ± 0.5 and 1.6 ± 0.9 μg m−3, respectively. The concentrations of other ions (i.e., K+, Mg2+, F−, and NO2−) were relatively low. The fraction of the secondary inorganic compounds (sulfate, nitrate, and ammonium, namely as SNA) had the highest contributions (∼72.9% of total ions). Ion mass balance calculations were used to evaluate the acid-base balance of aerosol. The average ratio of anions and cations (AC ratio) was 0.85 (averages of 0.77, 0.89, and 0.88 for November, December, and January, respectively), suggesting that Changzhou PM2.5 was alkaline in the 2019 winter.
We further estimated the average aerosol acidity level ([H+]total) and in-situ acidity ([H+]in-situ) by E-AIM model, which described in Section 2.3.3 in supplement. The in-situ acidity of aerosols is an important parameter, because it could affect many acidity-dependent heterogeneous chemical processes (e.g., the oxidation of SO2, the hydrolysis of N2O5) on the aerosol surfaces. On average, the aerosol acidity levels in Changzhou (164 nmol m−3) were comparable with those in Shanghai (157 nmol m−3) (Zhao et al., 2015), but higher than those in Lanzhou (59 nmol m−3) and Guangzhou (90 nmol m−3) (Pathak et al., 2011). And the in-situ acidity was 90.3 nmol m−3, accounting for 55% of [H+]total. Previous study revealed that the [H+]in-situ was related to water content. In high levels of aerosol water content conditions, H2SO4 and HSO4− molecules would release more [H+]. But overall, it also dilutes the [H+] concentrations (moles per mole of aerosol water), making the aerosol less acidic (Pathak et al., 2004; Pathak et al., 2009). Thus, a large fraction of aerosol acidity releasing as in-situ acidity may related to the high levels of aerosol water content.
Among all species as shown in Figure 3, NH4+, NO3−, SO42-, K+, and EC showed low levels in November but some fluctuations from December to January. Comparatively, Fe remained stable (0.54 ± 0.17 μg m−3) throughout the entire observation period. PM2.5 showed three prominent peaks (December 1 ∼ 4, January 12 ∼14, and January 20 ∼ 21, respectively), which coincided with relatively high loadings of secondary inorganic ions (NH4+, NO3− and SO42−), OC, EC, and K+, indicating both contributions of direct combustion emissions and secondary aerosol formation during these episodes. However, from December 7th to 13th, the high PM2.5 mass co-varied with high loadings of POC, EC, and K+, but moderate loading of secondary inorganic ions, suggesting the primary combustion emissions played a more important role in PM2.5 pollution these days. In addition, the concentration K+ substantially rose in the Chinese New Year within the lockdown period. More frequent fireworks occurred for the celebrations. Major oxidizers in the fireworks include KNO3 or KClO4, which are common constitutes used to generate green flames and are widely used as coloring agents and stabilizers (Zhang et al., 2017). Besides, Sr(NO3)2 can be used to generate red color fireworks, while Cu can produce blue flames and be used as a catalyzer (Kong et al., 2015). These elements are important fireworks constitutes, thus exhibited significant correlations with K+ as shown in Supplementary Figure S3. Therefore, we concluded that K+ was more influenced by the traditional fireworks rather than biomass burning during this period.
3.3 Characteristics of Chemical Compositions in Different Phases
The study was divided into three phases based on the PM2.5 daily mass concentration thresholds established by the NAAQS as follows: low PM levels (clean) phase (PM2.5 ≤ 35 μg m−3, 6 days), moderate PM levels phase (35 < PM2.5 ≤ 75 μg m−3, 48 days) and high PM levels phase (PM > 75 μg m−3, polluted phase, 30 days). In addition, the local coronavirus broke out in Wuhan, China at the end of 2019 and was confirmed to be human-to-human transmission on 20 January 2020. Since then, several provincial administrative units in China have declared the highest level of public health emergency response and imposed national lockdown policies within a week (Pei et al., 2020). During the lockdown period, emissions from the traffic sector, industrial activities, construction sites, and eateries were markedly reduced (Pei et al., 2020). Therefore, the CNY covered lockdown period (9 days) was separately listed as the special changeover of anthropogenic emissions.
3.3.1 Variations of Gaseous Pollutants
For gaseous pollutants, the average concentrations of SO2, NO2, and CO were 12.4 μg m−3, 62.1 μg m−3, and 1.1 mg m−3 during the high PM levels phase, which were 1.5, 2.0, and 2.1 times higher than those of the clean phase, respectively. Among these, the increases of NO2 and CO were more remarkable, while the variation of SO2 was not obvious, indicating the importance of vehicle emissions on the polluted days. In contrast, O3 declined from 43.4 μg m−3 during the clean phase to 36.9 μg m−3 during more polluted phases. This could be attributed to the higher mass concentration of particles that weaken the radiation, as a result of the concentration of photochemical oxidants decreased (Zhang et al., 2018). The gaseous pollutants showed different responses to the COVID-19 lockdown. As previous studies revealed, the COVID-19 lockdown indeed helped reduce NOx levels with a substantial decrease in traffic volume and closure of small to middle sizes enterprises (Li et al., 2020; Pei et al., 2020). In Changzhou, the concentration of NO2 plunged to 16.6 μg m−3 during the special period, even 50% lower than that during the low PM level phase. The concentration level of SO2 is relatively steady (8.1 μg m−3), comparable with that during the low PM level phase.
3.3.2 Material Balance of PM2.5
The average chemical compositions of PM2.5 during different phases are presented in Figure 4, grouping as, secondary inorganic aerosols (i.e., sulfate, nitrate, and ammonium), EC, primary organic matter (POM), secondary organic matter (SOM), and others. The dust was calculated by dividing the measured elemental Fe concentration by 4% based on its composition in the Asian dust and Chinese loess (Zhang et al., 2003). Most studies estimated OM by OC with the empirical conversion factors ranging from 1.4 to 2.2 shown in the literature (Turpin and Lim, 2001). In this study, OM was divided into POM and SOM to assess the relative contributions of primary or secondary OM to PM2.5 during different phases. The POM concentrations were calculated as 1.2 times POC, while SOM concentrations were estimated as SOC multiplied by 1.8 because of the aerosol aging. The conversion factors were chosen based on the assumption that hydrocarbon-like organic aerosols were considered as the dominant aspect of the POM, while oxygenated organic aerosols were a priority in SOM because of the aging process.
[image: Figure 4]FIGURE 4 | Material balance during different PM concentration level periods. [The campaign was divided into three levels depending on the threshold values of the PM2.5 concentrations as Low (≤35 μg m−3), moderate (35–75 μg m−3) and high (>75 μg m−3) PM concentration levels. And the CNY overlapping lockdown period was separately listed.].
Overall, PM2.5 mean concentrations were 34.5, 53.1, 100.5, and 60.4 μg m−3 during the low, moderate, high PM level phases and the special period, respectively. The quantified compounds were reconstructed for ∼95.0, 96.1, 92.0, and 88.9% of the measured PM2.5 mass during the different periods. The chemical compositions showed no obvious differences (approximately ±10%) between the low PM and moderate PM concentration phases (Figure 3), suggesting the primary emissions and secondary formations have not altered greatly between the two phases. From the clean to polluted phases, the compositions of different components varied. For example, the dust in PM2.5 decreased from 24.4 to 14.1%, while the fractions of ammonium and nitrate showed 2.6-fold and 1.5-fold increases, respectively. POM and EC had consistent contributions from the clean to the polluted phase indicating primary combustion emissions were steady. The proportion of SOM to PM2.5 declined from 26.1% (low PM level phase) to 13.3% (high PM level phase). SOA aerosol is a product of photochemical reactions (Zheng et al., 2013) while O3 is the crucial oxidant for the formation of SOA (Jimenez et al., 2009). Along the pollution periods, with the increase of particles, the concentration of photochemical oxidants decreased, and the photochemical reactions weakened, consequently, the concentration of SOM decreased.
Major compositions of PM2.5 showed significantly different patterns during the CNY overlapping lockdown period. Firstly, under a low emission scenario with the quarantine policy, the concentrations of POM and EC dropped by almost half compared with those during other phases, accounting for 6.8 and 2.1% of PM2.5 only. Secondly, the percentage of SOM to PM2.5 was 17.2%, lower than that of the clean phase but higher than that of polluted phases. However, there was a considerable rise in the SOM/POM ratio, from 1.2 to 1.6 during different PM level phases to 2.5 during the special period, suggesting the important contribution of SOA while the anthropological activities were terminated. Lastly, the proportion of sulfate increased obviously and became dominant (21.2%), while the proportion of nitrate decreased noticeably.
4 DISCUSSIONS
Many factors influenced the concentration levels of air pollutants and the process of haze evolution, including meteorological conditions, emissions of primary pollutants, the conversion rate of secondary species, regional transport, etc. These factors will be discussed thoroughly in the following section.
4.1 Meteorological Influences
Meteorological conditions pose important effects on air quality. A previous study revealed that strong winds and precipitation would be effective in reducing air pollution (Liu et al., 2020). And, RH is generally regarded as one of the main factors facilitating the formation of secondary inorganic ions, which highly contributed to the episode events (Wu et al., 2019; Ye et al., 2019; Chen C. et al., 2020). A previous study conducted in Changzhou found that high PM2.5 concentrations typically appeared at high RH and low WS (Ye et al., 2019). Figures 1D,E displayed the major meteorological parameters (temperature, RH, WS, and precipitation) during the sampling period. The geography of Changzhou (e.g., lakes and rivers) sustain the RH at high levels. The mean temperature, RH and WS were 8.9 ± 4.7°C, 76.9 ± 12.2% and 1.7 ± 0.9 m s−1, respectively, demonstrating relatively high moisture and poor air diffusion. The averaged WS were 2.6, 1.7, 1.4, and 2.2 m s−1 during the low, moderate, high PM concentration phases and the special period, respectively, demonstrating that relatively low WS favored the accumulation of atmospheric pollutants such as airborne particles. And the relatively low PM concentrations were observed on the rainy days due to the wet scavenging effect. The high humidity environment could serve as reaction media promoting the secondary inorganic ions formation. The impact of RH on the secondary species formations will be further discussed in Section 4.1.2.
In addition, the regional sources and transport of air pollutants affect the local air quality (Xu et al., 2016). The 72 h air mass back trajectories starting 500 m above ground level at 00:00 UTC were calculated using the Hybrid single-particle Lagrangian integrated trajectory (HYSPLIT 4) model developed by the National Oceanic and Atmospheric Administration (NOAA) Air Resource Laboratory. The calculated back trajectories were conducted by cluster analysis (Supplementary Figure S4) to obtain the main transport pathway of air masses. During the moderate PM concentration level phase (Supplementary Figure S4B), moist air mass trajectories were in cluster 3 (accounting for 46.2% of the total clusters) from the north, passing through highly industrialized and densely populated areas (i.e., Hebei and Shandong Province). Approximately 36.5% of air masses transport originated from the Yellow Sea and the East China Sea, which expectedly brought relatively clean air to Changzhou. The rapid air masses (cluster 1 and cluster 2, a sum of 17.3%) came from the northwest, sweeping across the northern region of Xingjiang Province and the northwest region of Inner Mongolia. With strong wind and declined temperatures, these factors consequently reduced the pollution in Changzhou to some extent. During the clean phase (Supplementary Figure S4A), it can be seen that nearly all air masses originated from Mongolia, passed through the Yellow Sea and the East China Sea with fast speed before reaching Changzhou. Comparatively, during the polluted phases (Supplementary Figure S4C), the air masses mainly came from local areas (Cluster 3, 36.4%), or the nearby provinces (cluster 4 from the southwest: 24.2%; cluster 1 from the northwest: 33.3%). These slow air masses represent the stable synoptic conditions these days, which limited the vertical and horizontal diffusions of pollutants, trapped the gas precursors and primary emission pollutants, and finally favored the secondary formation and the accumulation of atmospheric pollutants. Only 6.1% of clusters came from the north with relatively fast speed.
4.2 Conversion of Secondary Species
4.2.1 Characteristics of Secondary Formation Indicators
In general, direct emissions from the sources as well as reactions between primary pollutants in the atmosphere contribute to the generation of ambient PM (Chang et al., 2011). In Section 3.3.2, we found that the secondary inorganic ions drove the haze formation in Changzhou, consistent with the findings in the previous local studies (Li et al., 2017; Seo et al., 2017). Sulfate and nitrate are the major constituents of PM2.5 which are mainly formed through atmospheric oxidation of SO2 emitted mainly from coal burning, and NOx emitted from vehicle exhaust and power plants in urban areas, respectively (Huang et al., 2014; Ye et al., 2019). To evaluate the gas-to-particle partitioning and secondary conversion degree, NOR (nitrogen oxidation ratio) and SOR (sulfur oxidation ratio) were used the conversion degree of NO2 and SO2 (Xu et al., 2017; Tang et al., 2021). Literature reported that SOR and NOR less than 0.1 represent primary emissions, and greater than 0.1 represent the significant oxidation of primary pollutants (NO2 and SO2) (Zhang et al., 2013; Liu et al., 2020). The average NOR and SOR were 0.20 ± 0.10 and 0.35 ± 0.12 respectively, suggesting sulfate and nitrate mainly formed from the secondary transformation. As shown in Figure 5, the NOR during the high PM level period was twice that during first week in lockdown period, whereas SOR only showed a slight increase from 0.30 to 0.39, indicating the higher oxidation rate of NO2 in more polluted airs. During the special period, NOR increased gently to 0.30 and SOR surged to 0.48. This could be explained by that SO2 and NOx competed to react with OH radicals to form sulfate and nitrate, respectively, in the photochemical reaction system. During the special period, a substantial decrease in NOx emissions resulted in a large increase of O3 as well as the atmospheric oxidizing capacity (Chen H. et al., 2020; Chang et al., 2020). When NOx is reduced but the oxidation capacity is kept constant, SO2 could participate more in photochemical reactions and form sulfate (Chen H. et al., 2020).
[image: Figure 5]FIGURE 5 | Box and whisker plots of variation of (A) NOR, (B) SOR, (C) NO3−/EC, (D) SO42-/EC and (E) SOC/OC in different phases. The mean (the small box), median (horizontal line), 25th and 75th percentiles (lower and upper box), and the 10th and 90th percentiles (lower and upper whiskers) are shown in the plots.
Besides, considering the variability of EC only controlled by emission intensity and atmospheric physical processes (such as the dilution/mixing effects at different boundary layer height), the EC-scaled concentrations of chemical species were used to isolate chemical processes from physical processes (Zhang et al., 2018). To assess the role of chemical outputs, the EC-scaled NO3− and SO42 were calculated and shown in Figures 5C,D. The EC-scaled NO3− showed obvious differences from that of SO42- during different periods. Along the low PM concentration to high PM concentration period, NO3−/EC ratio showed a rise from 4.6 to 7.5, while SO42−/EC ratio reduced mildly from 3.9 to 3.4, illustrating the increasing chemical production of NO3− but constant chemical production of SO42−. The phenomenon could be explained by the limited and low SO2 levels in Changzhou. However, during the special period, NO3−/EC ratio remained constant, but SO42−/EC ratio rose sharply to 10.4. Significantly reduction of NO2 from the large decrease of vehicle emissions and the closure of small and middle-sized enterprises. Different mechanisms of sulfate and nitrate formation might be the major reason for their variations of EC-scaled concentrations. Here, the contributions of SOC to OC during different periods were also discussed. The trend of SOC/OC was close to that of SO42−/EC, with a slight decrease from the clean (0.51) to polluted (0.44) periods, and a leap during the lockdown (0.64) period. The weakening of photochemical reactions caused by the aggravation of haze led to the reduction of SOA in PM2.5 (Zhang et al., 2018).
4.2.2 Formation Mechanisms of Secondary Species
As discussed above, the secondary conversion of gaseous precursors contributed a lot to the pollution events. Nitrate and sulfate form chemically from the oxidation of SO2 and NO2 through two major pathways: 1) homogeneous gas-phase oxidation of SO2 and NO2 by OH radicals, and 2) heterogeneous reactions on the particle surfaces (Cheng et al., 2016; Tian et al., 2016; Chen X. et al., 2020). RH was generally regarded as one of the main factors facilitating the formation of haze through heterogonous reaction (Cheng et al., 2016), while O3 was commonly regarded as an indicator of the atmospheric oxidation capacity or photochemical reaction (Ye et al., 2019; Chen H. et al., 2020).
We conducted further analysis of NOR, SOR, and SOC/OC as functions of RH and O3 concentrations to explore the underlying mechanism. As shown in Figure 6, SOR and NOR showed a positive relationship with RH, reached the maximum at 86–90%, and then decreased when RH exceeded 90%. It is noted that SOC/OC oscillated with RH increased. This suggests the contributions of aqueous-phase reaction on both the sulfate and nitrate formations under humid conditions because the heterogeneous reaction positively correlated with high RH. In contrast, no obvious relationship was found between SOC formation and RH. In addition, the increasing trend of SOR was more pronounced than that of NOR, indicating more importance of heterogeneous reactions to the secondary transformation of SO42−. Previous studies suggested that high levels of NO2 and transition metals promoted the conversion of SO2 to SO42− by aqueous-phase oxidation during winter haze rather than gas-phase oxidation (Sun et al., 2013; He et al., 2014; Ma et al., 2018). This could be ascribed with the weak photochemical activities resulting in insufficient production of oxidants (e.g., OH and H2O2 radicals) for gas-phase oxidation (Zheng et al., 2015). Those days with RH exceeded 90% were always associated with rainy, reversibly reducing the particulates concentrations efficiently, and thus led to the decreases of SOR and NOR.
[image: Figure 6]FIGURE 6 | Variations of species (NOR, SOR and SOC/OC) as functions of RH and O3 concentrations. The solid lines represent the average values, and the shaded areas indicate the variation range.
It is found that SOC/OC was more sensitive when O3 was in relatively low concentrations (ranged from <20 to 40 μg m−3). It stayed at a stable level when O3 concentration levels rose >40 μg m−3. Comparatively, the NOR remained stable under a low O3 environment and rose substantially when O3 was higher than 40 μg m−3, while the SOR did not show obvious dependence with the variation of O3 concentrations. This suggests important contributions of photochemical reaction to SOC formation under relatively low O3 conditions, and the nitrate formation was driven by both photochemistry reaction and heterogeneous reaction during our sampling campaign.
4.2.3 Important Role of Ammonium
Ammonia is an important alkaline gas in the atmosphere which could react with acidic compounds including H2SO4, HNO3, and HCl to generate ammonium sulfate, ammonium nitrate, and ammonium chloride through gas phase and aqueous phase reactions (Zhao et al., 2015). As discussed in Section 3.3.2, from the clean to the polluted periods, the fractions of ammonium and nitrate increased from 18.3 to 27.4% and 3.57–9.37%, respectively (Figure 4), indicating that the co-increase of these two species had contributed to the aggravation of atmospheric pollution in Changzhou.
The formations of sulfate and nitrate were related to the existed amount of ammonium, namely, ammonia-rich (AR) or ammonia-poor (AP) conditions (Zhao et al., 2015), which estimated by ammonium to sulfate molar ratio (AR conditions: [NH4+]/[SO42−]> 1.5; AP conditions: [NH4+]/[SO42−]<1.5). It assumes that in AP conditions, all the NH3 is used to neutralize H2SO4 formed NH4HSO4 and (NH4)2SO4. Under AR conditions, the excess NH4+ could transfer HNO3 to NH4NO3 (Li et al., 2013; Griffith et al., 2015). In Changzhou, the average molar ratio of ammonium to sulfate was 1.4 ± 0.7, suggesting that the aerosol environment was generally at AP condition. About 61.7% of the samples in Changzhou in winter were ammonia-poor, indicating sulfate and nitrate were not neutralized by ammonium completely. Hence, sulfate and nitrate might have other ways to be chemically formed such as the heterogeneous reactions with crustal and marine species in PM2.5 (Li et al., 2013). Secondly, the comparisons among the different periods reveal that the [NH4+]/[SO42−] molar ratios were 0.6 ± 0.1, 1.1 ± 0.4, 2.1 ± 0.5, and 0.8 ± 0.4 during the low, moderate, high PM concentration levels, and the special periods, respectively. The higher value during the polluted periods represents that SO42− and NO3− could be neutralized by NH4+ and particulate sulfate and nitrate could be formed by gas-phase reactions of acid precursors with NH3. In addition, the in-situ acidity were 100.83 nmol m−3 (69.5% of the [H+]total), 90.68 nmol m−3 (60.4% of the [H+]total), 79.90 nmol m−3 (46.0% of the [H+]total) and 116.04 nmol m−3 (52.8% of the [H+]total) in low PM, moderate PM, high PM and the special period, respectively, as shown in Supplementary Figure S5. The lower concentrations [H+]total and [H+]in-situ obtaining in the polluted period indicated the important role of ammonium in neutralization in this period.
We further calculated the excess ammonium during the high PM concentration period using the below equation (Tian, et al., 2016).
[image: image]
The concentration is of excess ammonium well correlated with the nitrate concentrations (R2 = 0.61) as shown in Supplementary Figure S6. This indicates that the formation of nitrate was strongly associated with ammonium formation. Previous studies revealed that with the participation of ammonia during the daytime, NO2 reacts with OH radicals to form nitric acid, which is efficiently converted into particulate NO3−. O3 produced by NO2 photolysis during the daytime is consumed by the nighttime oxidation of NO2 to N2O5, which advances nitrate formation in the particle phase (Lu et al., 2019; Chen X. et al., 2020). This could be a possible reason for the high NO3− formation and contributions during the polluted periods.
4.4 Air Pollution Control Strategies in Changzhou
The four months observation in winter 2019 offers an opportunity to obtain the chemical compositions during different periods in Changzhou. And the CNY overlapped lockdown period provided a precious window to study how the air quality responds to the quick decline of anthropogenic emissions, which would be the critical basis to make atmospheric governance policies in the future (Pei et al., 2020).
For the elaboration and discussed in the above sections, the secondary inorganic ions were the most abundant species in PM2.5 in urban Changzhou, accounting for 37 to ∼50% during the clean and the polluted periods, respectively. Since NO3− contributed to a majority of the secondary inorganic ion formation during the high PM period in winter, reducing nitrate formation should rank as the highest priority for air pollution mitigation. Thus, the NOx emission control needs to be strengthened. Improvements on the denitrification technology for both industries and motor vehicle exhausts must be advocated (Niu et al., 2016). In addition, excess ammonium promoted the formation of nitrate during the high PM concentration period, indicating the critical role of NH3 in regulating atmospheric nitrate. Given NH4+ plays a vital role in the formation of fine inorganic secondary particles, particularly in the winter season (Sharma et al., 2007), there is a need to identify and regulate the ammonia emissions in Changzhou.
The SO2 emissions as well as ambient sulfate formation have shown a considerable drop since 2006 due to the nationwide implementation of flue gas desulphurization controls (Wang et al., 2013). After the execution in Changzhou, the sulfate contributions to PM2.5 are usually limited to ∼15% during the normal period. However, during the CNY covered lockdown period, the plummet of NOx emissions led to the rapid increase of O3 and the atmospheric oxidizing capacity, resulting in a leap of sulfate formation through photochemical reactions. This is similar to a “seesaw effect” between nitrate and sulfate. The benefit of nitrate reduction completely could be offset due to the significant increase of sulfate. Therefore, more attention should be paid to the impacts with the elevation of O3 while NOx emissions are reduced.
5 CONCLUSION
In this study, we evaluated the air quality and chemical compositions in the atmosphere of urban Changzhou, China during periods with different PM2.5 levels and the first week of city lockdown due to the outbreak of COVID-19. The analyses of NOR, SOR as functions of RH and O3 concentrations reveal that sulfate formation mainly from the aqueous-phase reaction, while nitrate formation was driven by both photochemistry and heterogeneous reaction. In addition, the concentrations of excess ammonium linearly correlated with nitrate concentration, indicating that the formation of nitrate was strongly associated with ammonium.
Under the low PM2.5 emission scenario during the CNY overlapping city lockdown, NO2 plummeted 65% due to the traffic sector being markedly reduced. However, there were gentle to moderate declines in SO2 and CO, as well as PMs. For the chemical compositions in PM2.5, POM and EC dropped significantly, well representing the remarkable reduction of primary emissions. The proportion of sulfate increased obviously and became dominant in PM2.5, whereas nitrate decreased observably. The declines of NOx emissions led to the rapid increase of O3 and the atmospheric oxidizing capacity, promoting sulfate formation through photochemical reactions. This finally offset the benefit of nitrate reduction. Our study illustrates a clear picture of the characteristics and responses of chemical compositions in PM2.5 during different periods in Changzhou in winter. The findings would serve as a critical basis for the establishment of atmospheric governance policies in the future.
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