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Abstract

:

Despite the long-term implementation of air pollution control policies in northeast China, severe haze pollution continues to occur frequently. With the adoption of a megacity (Changchun) in northeast China, we analysed the vertical characteristics of aerosols and the causes of aerosol pollution throughout the year using multisource data for providing recommendations for controlling pollution events (i.e., straw burning and fireworks). Based on a ground-based LiDAR, it was found that the extinction coefficient (EC) of aerosols at a height of 300 m in Changchun was highest in winter (0.44 km−1), followed by summer (0.28 km−1), with significant differences from those in warmer regions, such as the Yangtze River Delta. Therefore, it is recommended that air pollution control policies be differentiated between winter and summer. On Chinese New Year’s Eve in Changchun, the ignition of firecrackers during the day and night caused increases in the EC at a height of 500 m to 0.37 and 0.88 km−1, respectively. It is suggested that the regulation of firecracker ignition should be reduced during the day and strengthened at night. Based on the CALIPSO and backward trajectory analysis results, two events of dust–biomass-burning composite pollution were observed in March and April. In March, the primary aerosol component was dust from western Changchun, whereas in April, the main aerosol component was biomass-burning aerosols originating from northern and eastern Changchun. Hence, reducing the intensity of spring biomass burning can mitigate the occurrence of dust–biomass-burning composite pollution. These findings can provide emission policy suggestions for areas facing similar issues regarding biomass-burning transmission pollution and firework emissions.
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1. Introduction


Aerosols are significant constituents of Earth’s atmosphere; they comprise suspended solid and liquid particles with varying chemical properties and sizes [1]. Much attention has been devoted to the consequential impacts of aerosols on the air quality (e.g., atmospheric haze, acid precipitation, and particulate matter), climate change (e.g., global warming and extreme weather events), the ecological environment (e.g., carbon emissions and biodiversity), and human health (e.g., physical ailments and mental disorders) [2,3].



Acquiring the long-term baseline characteristics of aerosols and tracking their short-term variations are essential for gauging the extent of aerosol pollution and assessing the downwind effects. Furthermore, understanding the dynamic evolution of aerosol properties lays the foundation for formulating strategies to manage anthropogenic emissions, thereby contributing to improvement in air pollution, which poses risks to human health [4]. Based on remote sensing satellites (e.g., the moderate-resolution imaging spectroradiometer, MODIS; medium-resolution imaging spectrometer, MERIS; and cloud–aerosol LiDAR with orthogonal polarization, CALIOP), multiple datasets, such as the aerosol optical depth (AOD), radiance, and water cloud properties, can be retrieved [5,6,7,8]. Notably, cloud–aerosol LiDAR pathfinder satellite observations (CALIPSO) have provided openly accessible observation data on a global scale since June 2006 [9]. Subsequently, the analysis of aerosol vertical profiles in Europe, North America, and East Asia using satellite remote sensing data has achieved significant progress [10,11]. However, its accuracy gradually decreases with decreasing altitude (distance from the surface) of the measurements.



During the last two decades, northeast China has faced fluctuating levels of air pollution from natural emissions, intense anthropogenic activities, and cross-regional transport of aerosols from nearby regions [12,13,14,15]. Studies have focused on proposing control measures to reduce the intensity of anthropogenic activities, including energy combustion, illegal emissions, and biomass burning, as well as leveraging favourable meteorological conditions to mitigate the formation of intense haze over megacities in northeast China [16,17,18,19,20,21]. However, further development is needed to establish efficient air pollution control measures. Understanding the vertical distribution patterns of air pollution is also essential for revealing the mechanisms underlying extreme air pollution events and air-quality regulation [22]. Research was conducted in northeast China using a ground-based LiDAR to investigate the vertical characteristics and transport mechanisms of dust- and biomass-burning aerosol pollution [23,24]. Satellites such as MODIS/Terra, MODIS/Aqua, and CALIOP were employed to analyse the long-term (over ten years) vertical structure of aerosols in this region [25]. Furthermore, studies have focused on exploring the vertical distribution of particulate matter and its correlation with the atmospheric boundary layer structure in northeast China [26,27]. However, most research on the vertical characteristics of aerosols in northeast China has focused on either the temporal variation in the vertical structure or the generation or transmission mechanisms of severe pollution events, with limited exploration of potential policy applications.



In this study, using the ground-based LiDAR, the seasonal aerosol vertical structures and characteristics of severe haze pollution events were studied in Changchun, a megacity in northeast China, from October 2020 to September 2021, and recommendations for air-quality control were determined based on the obtained vertical aerosol characteristics. The results and policy suggestions could serve as a reference for other similar hotspots facing severe pollution.




2. Materials and Methods


2.1. Study Area


In this study, atmospheric monitoring was conducted in the cold region of northeast China (CRC), specifically in the provincial city of Changchun (43°5′–45°15′N, 124°18′–127°5′E) (Figure 1). The region experiences winter from November to March of the following year, characterized by long-term coal-fired heating. June, July, and August are classified as summer, while September and October are considered autumn, and April and May are categorized as spring. Additionally, Changchun is located in a large, cultivated area spanning over 1.32 million hectares and is renowned for its automobile industry, optoelectronic information, and applied chemistry [28]. The city of Changchun falls within the UTC+8 time zone. Hence, all the times referred to in this paper are in UTC+8 (Beijing time), unless otherwise specified.




2.2. Data Source


The daily concentration variations of six air pollutants (PM2.5, PM10, NO2, SO2, CO, and O3) in Changchun were analysed using hourly data from October 2020 to September 2021. The data were obtained from the China National Environmental Monitoring Center (http://106.37.208.233:20035/, accessed on 1 January 2021). The meteorological data included precipitation (Prec), relative humidity (RH), air temperature (AT), and wind speed (WS), which were provided by the China Meteorological Administration. For the verification of planetary boundary layer height (PBLH), reanalysis data with a horizontal resolution of 0.25° were downloaded from the European Centre for Medium-Range Weather Forecasts (ECMWF). Specifically, the dataset named “ERA5 monthly averaged data on a single level from 1979 to present”, containing monthly average PBLHs (https://cds.climate.copernicus.eu/, accessed on 10 January 2021) from 2020 to 2021, was selected.



The ground-based polarization LiDAR (PL) (HKLiDAR-V, Jilin Hongke Photonics Corporation, Liaoyuan, China) was installed at the Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences in Changchun (44°00′N, 125°24′E), as depicted in Figure 1. The PL was equipped with a 532 nm wavelength laser emitter, which has high atmospheric transmittance, with a maximum pumping-pulse energy of 12 MJ. Furthermore, the PL has a range resolution of 7.5 m, an integration time of 20 s, and a blind detection zone of 150 to 200 m. The LiDAR is installed in an analysis room in Changchun with a constant temperature of 20–25 °C and humidity below 60%. Quarterly calibration of the equipment was conducted using quadrant testing, geometric overlap factor correction, polarization channel gain ratio calibration, and signal-to-noise ratio calculations. The uncertainty range estimated for the LiDAR optical parameters remains stable at 25–35%. The aerosol extinction coefficient (EC) profiles were retrieved from October 2020 to September 2021 using the retrieval algorithm developed by Fernald [29].



In this study, to acquire the high-resolution images of the vertical and horizontal profiles of six major aerosol subtypes—namely clean marine, clean continental, polluted continental, dust, polluted dust, and smoke—the V3.41 products of CALIPSO Level 2 data were used [30], which are available at the NASA Langley Research Center (https://www-calipso.larc.nasa.gov/, accessed on 10 February 2021).




2.3. Potential Sources of Pollution


In this study, backwards trajectory analysis was utilized, and the HYSPIT4 model from the National Oceanic and Atmospheric Administration (NOAA) and the meteorological data of the Global Data Assimilation System (GDAS) provided by the National Centers for Environmental Prediction (NCEP) (https://www.ready.noaa.gov/archives.php, accessed on 18 January 2021) were used to calculate trajectories.



Using the GIS-based software (TrajStat 1.5.3, http://meteothink.org/docs/trajstat/trajstatrun.html, accessed on 10 March 2021), the 72-h backward trajectories at three dimensions were calculated over the Changchun observation site, starting at an arrival level of 1000 m above the ground level every 6 h (00:00, 06:00, 12:00, and 18:00 UTC). Then, the modified Ward’s hierarchical clustering method was used to form the trajectory clusters [31]. In this study, the potential source contribution function (PSCF) model and the concentration weighted trajectory (CWT) model were used to analyse the source locations of pollutants (PM2.5 and PM10). The values of PSCF and CWT are defined as follows [32]:
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where PSCFij is the PSCF value in the ijth cell; nij is the number of endpoints that fall in the ijth cell; mij is the number of endpoints for the same cell having arrival times at the sampling site corresponding to PM concentrations higher than an arbitrarily set criterion; Cij is the average weighted concentration (μg/m3) in the ijth cell; l is the index of the trajectory; M is the total number of trajectories; Cl is the concentration observed on arrival of trajectory l; and τijl is the time spent in the ijth cell by trajectory l. A high value of Cij implies that air parcels travelling over the ijth cell would be, on average, associated with high concentrations at the receptor.



Moreover, the arbitrary weighting function Wij was applied to minimize the uncertainty in the PSCF and CWT values, which are referred to as the WPSCF and WCWT, respectively. The Wij values are defined as follows [33]:
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where Avg is the average number of trajectory segment endpoints in all cells.




2.4. Statistical Analysis


A characteristic radar chart is a relatively intuitive method for analysing the spatial and temporal types (e.g., sand dust, biomass burning, and coal combustion) of air pollutants [21]. Characteristic values, standard values, upper-limit values, and lower-limit values were used to plot the characteristic radar charts. The pollution types can be determined by the magnitude of the characteristic values. Furthermore, the extent of pollution can be determined based on standard values, upper-limit values, and lower-limit values. The standard value was set as a natural number 1, and the characteristic values were calculated from the pollutant concentration data as follows:


    Z   k l   =     C   k l    /    ∑  l  = 1    n      C   k l        



(1)






  C   V   k l   =     Z   k l    /      Z   l    ¯     



(2)




where Ckl is the concentration of type l pollutant at time k; Zkl, which can eliminate the influence of pollutant concentration fluctuations, is the component ratio of type l pollutant at time k; CVkl is the characteristic value of type l pollutant at time k; and       Z   l    ¯    is the average concentration of type l pollutant in a study period.



Upper-limit values and lower-limit values were calculated based on the following equations:


    M a x   l   = (       Z   l    ¯  +   S   l   )  /      Z   l    ¯     



(3)
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(4)




where Maxl, Minl, and Sl are the upper limit, lower limit, and standard deviation of the type l pollutant in the study period, respectively.





3. Results


3.1. Variation in Aerosol Vertical Distribution


Throughout the study period, the ECs within the near surface layer (below 1 km) consistently demonstrated the highest values in the observed range and decreased with increasing altitude (Figure 2). The average ECs within the near surface layer were greater in winter than that in other seasons, reaching their peak in January at approximately 0.45 km−1. From May to June, the near-surface layer ECs averaged approximately 0.2 km−1, followed by a subsequent increase from July to September, reaching approximately 0.3 km−1. Additionally, during the heating period, the EC ranged from 0.3 to 0.4 km−1 under 1 km height, while during the non-heating period, it varied from 0.2 to 0.3 km−1. In July, the extinction coefficient (EC) showed a 7.2% increase per 100 m below 1 km, while in January, it exhibited a significantly higher increase of 31.9% per 100 m below 1 km. Above 1.5 km, the average ECs remained below 0.15 km−1 during the study period. At an altitude of 2.5 km, a peak structure was observed in August, with the EC reaching 0.1 km−1. During autumn, the mean EC within the 0–3 km range was the lowest in that year, measuring less than 0.13 km−1.



The AOD1/TAOD ratio exhibited smaller values in summer (46%) and larger values in winter (65%) (Figure 2). This ratio peaked at 70% in December and reached a minimum of 40% in May. Furthermore, the AOD1/TAOD and AOD2/TAOD ratios were nearly equal from May to July. In contrast to AOD1/TAOD, AOD2/TAOD showed the opposite seasonal variation, with higher values in summer (38%) and lower values in winter (24%) (Table 1). The AOD2/TAOD ratio peaked at 42% in July and decreased to a minimum of 22% in December throughout the year. The AOD3/TAOD ratio was lowest in winter at 11% compared to other seasons, where it ranged from 16% to 19%.



Based on Pearson correlation analysis, the ECs between AOD1 and the concentrations of PM2.5 and PM10 throughout the year were 0.28 (p < 0.05) and 0.24 (p < 0.05), respectively (Table 2). In this table, we present the correlation matrix between PM2.5, PM10, AOD1, AOD2, AOD3, TAOD, PBLH, AT, and RH. The correlation coefficients range from −1 to 1, where 1 represents a perfect positive correlation, −1 represents a perfect negative correlation, and 0 indicates no linear correlation. From the observations, it can be noted that PM2.5 and PM10 exhibit a relatively high correlation coefficient of 0.736. AOD1 shows a moderate positive correlation with AOD3, with a coefficient of 0.8. Additionally, some variables exhibit negative correlations, such as AOD1 and AOD2 with a correlation coefficient of −0.048. The correlation coefficient between AOD2 and the PM2.5 concentration was 0.17 (p < 0.05), while the correlation between AOD2 and the PM10 concentration was not statistically significant.




3.2. Variations in Meteorological Parameters and Air Pollutants


There was a strong positive correlation of the PBLH between the retrieved data from LiDAR in this study and the data released by the ECMWF (R = 0.74, p < 0.05). Throughout the study period, the highest PBLH was observed in May with a mean value of 1.9 km, while the lowest was observed in December with a mean value of 1 km (Figure 3a). In spring and summer, the PBLH was relatively higher, with averages of 1.73 km and 1.64 km, respectively, compared to 1.47 km and 1.32 km in autumn and winter. Over the study period, a negative correlation coefficient was found between the PBLH and the concentrations of PM2.5 (R = −0.27, p < 0.05) and PM10 (R = −0.16, p < 0.05) (Table 2).



The study period covered a range of temperatures in the Changchun region, with January being the coldest month at −15 °C and July being the warmest month at 26 °C (Figure 3b). The average temperature in winter was −7 °C, while in summer, it was 22 °C. August had the highest relative humidity, reaching 88%, while April had the lowest at 41% (Figure 3c). In spring, the relative humidity was recorded at 44%, while in summer, it increased to 80%. These temperature and humidity variations have significant implications for air quality in the region.



Between October 2020 and September 2021, the study recorded a total of 33 days where the air-quality index (AQI) exceeded the threshold of 100, as defined by the Technical Regulation on Ambient Air-Quality Index (HJ633-2012) (Figure 4). High AQI values indicate a significant increase in air pollution levels during these periods, which could pose health risks to the population.



Further analysis revealed that PM dominated most pollution events, as shown in the radar charts in Figure 4a–e. This finding is consistent with previous studies, indicating that particulate matter is a major contributor to air pollution in many regions of China, including Changchun. The presence of high PM concentrations can lead to respiratory issues, cardiovascular diseases, and other health problems, highlighting the urgent need to address particulate matter pollution in the region.



In accordance with the ambient air-quality standards in China (GB 3095-2012) [34], Grade-II classification was adopted for this study (Table A1). Within the October 2020 to September 2021 period, Changchun experienced 22 days in which the Grade-II limits for PM2.5 were exceeded (Table 3). Notably, during winter, the concentration of PM2.5 exceeded the Grade-II limit for 17 days, indicating that winter was the primary period for haze pollution in the Changchun area. According to the WHO 2021 AQG standards [35], it was found that the pollution situation of PM2.5 in the winter in Changchun area was severe. Additionally, there are 29 and 27 days in December and January, respectively, when NO2 exceeds the health standards set by WHO.




3.3. Typical Aerosol Pollution Scenarios


Using multisource data, we analysed the vertical distributions of aerosol particles during typical aerosol pollution cases. The main information of these cases is summarized in Table 4. In northeast China during winter, pollution events exhibit a higher extinction coefficient. Moreover, based on the extinction coefficient and air-quality index (AQI) of China, it can be inferred that biomass combustion constitutes a significant pollution event in this region.



3.3.1. Firework Aerosols


In China, it is a long-standing tradition to ignite an abundance of firecrackers on Chinese New Year’s Eve (11 February) and Lunar New Year’s Day (12 February). At 14:00 on February 11, the average EC below 0.5 km was 0.37 km−1, while at 22:00 on the same day, it increased to 0.88 km−1 (Figure 5a). Additionally, the ECs within a height range of 0.5 km from 22:00 on 11 February to 13:00 on 12 February remained elevated, averaging between 0.82 and 1.07 km−1. In contrast, the depolarization ratio within 0.5 km is approximately 0.05 (Figure 5b), indicating a low level of coarse particles [36]. The concentration of PM2.5 exhibited a rapidly increased after 20:00 on 11 February, reaching 118 μg/m3 at midnight that night (Figure 5c). In recent years, as a result of the Chinese government’s efforts to control fireworks, the use of fireworks in urban areas has decreased significantly. However, the tradition of setting off fireworks unavoidably persists, driven by people’s pursuit of spiritual fulfilment. During 11–12 February, there was a simultaneous occurrence of high extinction and elevated concentrations of PM2.5. Furthermore, the PBLH on that day was exceptionally lower than in the rest of that month. As a result, aerosols from firework setoffs still have a significant impact when there is an extremely low boundary layer.





 





Table 4. Characteristics of aerosol optical parameters during haze pollution (i.e., fireworks pollution, dust, and biomass-burning) in northeast China.






Table 4. Characteristics of aerosol optical parameters during haze pollution (i.e., fireworks pollution, dust, and biomass-burning) in northeast China.





	Researcher
	Study Area
	Period
	EC (0–500 m)
	AQI
	Uncertainty
	Aerosol Types





	Zhao et al., 2018 [37]
	Shenyang
	31 March 2016
	0.1–0.5
	182
	None
	Dust



	Zhao et al., 2018 [37]
	Shenyang
	5 November 2016
	0.5–1.1
	259
	None
	Biomass-burning



	Liu et al., 2017 [38]
	Shenyang
	7 January 2017
	0.3–1.1
	250
	None
	None



	Zhao et al., 2020 [39]
	Siping
	12 January 2019
	0.9–1.3
	210
	None
	None



	This study
	Changchun
	12 February 2021
	0.1–0.7
	143
	25–35%
	Firework



	This study
	Changchun
	15 March 2021
	0.2–0.6
	152
	25–35%
	Dust



	This study
	Changchun
	9 April 2021
	0.3–0.7
	188
	25–35%
	Biomass-burning









3.3.2. Dust Aerosols


At 22:00 on 14 March, an aerosol air mass was observed with its base located approximately 1 km above ground level and a thickness that could extend up to 2 km (Figure 6a). However, by 4:00 on 15 March, the air mass had mostly dissipated. Furthermore, at 12:00 on 15 March, the average depolarization ratio within the 0–1 km range increased to 0.11 (Figure 6b). At 19:00 on 15 March, the profiles of the EC and depolarization ratio both indicated that the top of the aerosol air mass reached a maximum altitude of 2.2 km. Additionally, between 10:00 on 15 March and 4:00 on 16 March, the PM2.5 concentration ranged from 16 to 69 μg/m3, while the PM10 concentration ranged from 91 to 838 μg/m3 (Figure 6c).



Based on the backwards trajectories, the sources of PM10 transport in Changchun on 15 March were analysed (Figure 6d–f). The cluster analysis of the 24 trajectories revealed two primary clusters. The first cluster originated from the desertified area in the western part of Jilin Province, accounting for 83% of the trajectories, while the second cluster originated from the Liaoning and Shandong provinces, accounting for 17%. Additionally, based on PSCF and CWT calculations, it was determined that the desert areas in the western CRC had the highest potential for the source of dust aerosol pollution. The CALIPSO data from 17 March at 02:27 revealed that dust aerosols had accumulated below 2 km and between 4–5 km, creating two distinct zones of dust accumulation (Figure 7a,b). This indicates that dust aerosols were the predominant aerosol subtype in Changchun on 17 March. Despite the lack of CALIPSO data for the Changchun region on 15 March, the observation of dust aerosols on 17 March still provides evidence of the impact of natural source transport in the CRC.




3.3.3. Biomass-Burning Aerosols


In the Changchun region, straw burning is regulated by the government and is typically scheduled before the spring tilling period, which occurs in April each year. Consequently, in April 2021, a total of 5070 fire points was recorded by the MODIS product in Changchun (Figure 8).



At 04:00 on 8 April, the EC of the air mass at a height of 0.6 km was 1.5 km−1, and it decreased by 7:00 (Figure 9a). At approximately 20:00 on 8 April, the average EC within 1 km increased to 1.11 km−1 and then decreased to 0.31 km−1 by 15:00 on 9 April. Nevertheless, on 9 April, the mean depolarization ratio below 1 km was less than 0.01 (Figure 9b). At 04:00 on 8 April, the PM2.5 concentration peaked at 598 μg/m3 and subsequently decreased to 21 μg/m3 by 08:00 (Figure 9c). Moreover, between 16:00 on 8 April and 08:00 on 9 April, the PM2.5 concentration increased from 55 to 251 μg/m3.



CALIPSO dataset analysis indicated that smoke and polluted continents were the predominant aerosol subtypes observed in the Changchun area (Figure 7c,d). To determine the source of PM2.5 transport on 9 April, a backwards trajectory analysis was conducted (Figure 9d–f). The trajectory clustering analysis revealed that the backwards trajectories could be primarily separated into two clusters, each accounting for 50% of the trajectories. These clusters originated from the western and northern regions of the Changchun region, respectively. The PSCF analysis indicated that these regions were the primary potential sources of PM2.5. Additionally, the CWT analysis suggested that these regions, with a significant number of fire points, contributed more than 90 μg/m3 of PM2.5 to Changchun.






4. Discussion


4.1. Seasonal Vertical Distribution of Aerosols


Previous investigations have demonstrated that in warm regions, such as the Yangtze River Delta region of China, the near-surface aerosol ECs were comparable between summer and winter in most years, with the maximum extinction sometimes occurring during the period from June to September [40]. However, in CRC, the near-surface layer within 1 km exhibits greater ECs during winter than during other months. Furthermore, there were significant differences in the vertical variation trend of EC with height among the different seasons. This is mainly manifested by a significant increase in the nonuniformity of the gradient in the vertical profile of aerosols as the temperature decreases. This difference may be attributed to several factors. First, during winter, a lower PBLH of 1.32 km in Changchun and a higher proportion of AOD within 1 km (65%) were observed, indicating that aerosols were primarily concentrated at lower altitude. Second, the low temperatures during winter may attenuate the atmospheric thermal turbulence in northern China [41], thereby facilitating the accumulation of aerosol particles. Finally, the concentrations of PM2.5 and PM10 in the atmosphere were significantly greater during winter compared to other seasons, primarily due to material combustion for heating purposes. These factors collectively contribute to the increase in ECs near the surface in CRC during the winter. It is worth noting that, due to the inconvenience of data acquisition, the impact of motor vehicles was not fully considered. Further investigation into the impact of motor vehicles is still needed. Additionally, in spring, the extinction characteristics may be influenced by fine particles emitted from centralized biomass burning and wind erosion from bare agricultural land surfaces in CRC. The atmospheric diffusion conditions during spring are more favourable compared to other seasons [42], which could explain the relatively lower EC in spring compared to winter in this region.



The study period revealed a negative correlation coefficient between the PBLH and the concentrations of PM2.5 and PM10. The negative correlation coefficient suggests that as the PBLH decreases, the concentrations of PM2.5 and PM10 increase, indicating a strong link between atmospheric mixing depth and particulate matter concentration. These findings are consistent with similar studies conducted across many regions in China [40,43]. However, the correlation between the PBLH and PM concentration in CRC was weak, which could be due to the impact of various complex meteorological and anthropogenic emissions in the area. For example, the Changchun region has a unique climate, with cold temperatures prevailing throughout the year. Additionally, the region has a high density of industries and factories, leading to significant anthropogenic emissions, which could have influenced the observed weak correlation coefficient. Furthermore, the topography of the region could also play a role in the weak correlation, as it may contribute to the formation of local circulations or wind patterns that could further influence the dispersion and accumulation of particulate matter.



Although the weak correlation between the PBLH and PM concentration in CRC may indicate the complexity of the factors affecting air pollution in the region, it also highlights the need for targeted measures to mitigate the adverse effects of particulate matter pollution. Effective strategies that address the unique circumstances of the region are necessary to promote healthy living environments for the population. Such measures could include the implementation of stricter emission controls for industrial facilities in the area, the promotion of cleaner transportation modes, and the adoption of sustainable agricultural practices, among others. In conclusion, this study provides valuable insights into the relationship between the PBLH and particulate matter concentrations in the Changchun region. Although the weak correlation coefficient observed in CRC underscores the complexity of the factors influencing air pollution in the area, it also highlights the importance of adopting targeted measures to mitigate the adverse effects of particulate matter pollution in the region.




4.2. Typical Aerosol Pollution


To gain a comprehensive understanding of aerosol pollution in urban atmospheres during firework displays, scientists conducted analyses utilizing MODIS data [44]. The analysis revealed that during festival days, India experienced a significant increase of 56–121% in aerosol surface mass loading in the middle Indo-Gangetic Plain compared to that under normal conditions. This indicates that firework displays have a substantial impact on aerosol pollution levels in the region. Furthermore, Joly’s findings [45] indicated that the concentration of PM2.5, which is a fine particulate matter known to have detrimental effects on human health, reached its peak during firework emissions. These concentrations were found to be nearly 1000 times higher than the background level within just one hour. Such high levels of PM2.5 pose serious health risks to the population, highlighting the need for effective measures to mitigate the pollution caused by fireworks. Although our study primarily focused on low-intensity fireworks emissions that did not result in a vertical expansion of the affected area, they still had a considerable impact on the enhancement of EC within the boundary layer. EC is a key component of aerosols and is associated with various adverse health effects. Our research revealed that the emissions from low-intensity fireworks contributed to a significant 76.4% increase in EC concentrations within the boundary layer, further emphasizing the implications of pollution from fireworks.



During the spring season, East Asia frequently experiences the presence of dust aerosols, as indicated by previous research [46]. To identify these dust aerosols in East Asia, past studies have utilized a depolarization ratio threshold of 0.1 [47,48]. For instance, on 15 March 2021, an observed aerosol air mass exhibited a depolarization ratio of 0.11, surpassing the established threshold. This air mass extended vertically up to 3 km, indicating the significant spread and coverage of the dust aerosols in the atmosphere. Furthermore, the concentration of PM10, which includes inhalable particles with diameters that are generally 10 μm and smaller, peaked for the entire year on this day. Additionally, the EC values exceeded the average level for the month of March. These findings suggest a substantial presence of dust aerosols and associated particulate matter pollution during this period, underscoring the environmental and public health implications of such atmospheric conditions in East Asia.



In warmer regions of China, farmers implement crop rotation practices, which results in biomass-burning aerosols being released into the atmosphere during the summer season [49]. However, in colder regions such as Changchun, only one cultivation cycle is possible each year, and as a result, anthropogenic biomass burning is mainly conducted during the spring. Prior research has indicated that biomass-burning aerosols exhibit a lower depolarization ratio and a moderate-to-significant level of EC [47,50]. On 8–9 April, an aerosol air mass with a vertical extent of up to 2 km was observed in the CRC area, showing high values of EC. This indicates that the intensity of biomass burning in this region is higher compared to warmer regions in China. Furthermore, the depolarization ratio of this air mass was found to be lower than 0.1, indicating the presence of biomass-burning aerosols. These findings suggest that anthropogenic biomass-burning activities significantly contribute to the atmospheric pollution in this region. Additionally, on 9 April, an increase in the concentration of PM2.5 was detected, further indicating the presence of pollutants in the atmosphere. High levels of PM2.5 pose serious health risks to the population, especially for those with respiratory issues, highlighting the urgent need for effective measures to mitigate the pollution caused by biomass-burning activities. Overall, the study suggested that the air pollution observed on 8–9 April in the CRC area was primarily associated with the transportation of biomass-burning aerosols. The results illustrate the importance of understanding the impact of different agricultural practices on the environment and the need to adopt sustainable farming methods to minimize the negative consequences of biomass burning on air quality. While the implementation of crop rotation practices may have benefits in some regions, it is essential to consider the associated environmental impacts carefully. By adopting sustainable agricultural practices, we can reduce the adverse effects of biomass burning on air quality and promote healthier living environments for all.




4.3. Implication for Local Pollution Control


During the implementation of air pollution control measures, it is essential to understand the long-term variations in local atmospheric aerosols [51]. However, traditional aerosol monitoring networks are primarily located in developed areas and are designed to capture atmospheric composition characteristics near the surface only. Fortunately, ground-based LiDAR technology allows for the acquisition of long-term and high-resolution vertical profiles of aerosols [52]. In this study, utilizing ground-based LiDAR technology, we found that the ECs in the near-surface layer of in CRC were significantly greater during the winter season than during other seasons. Therefore, it is advisable to implement specific air pollution control measures tailored to the distinct characteristics of winter and summer seasons. A case in point is the observation made on Chinese New Year’s Eve in Changchun, where the daytime and night-time discharge of firecrackers resulted in an elevation of EC levels at a height of 500 m to 0.37 km−1 and 0.88 km−1, respectively. As a potential solution, it is proposed to ease restrictions on firecracker usage during the day while intensifying regulations during night-time hours. Furthermore, through an analysis of data obtained from CALIPSO and backwards trajectory assessments, it was determined that two instances of dust–biomass-burning composite pollution occurred in March and April. The findings revealed that in March, the predominant aerosol component consisted of dust originating from western Changchun, while in April, biomass-burning aerosols stemming from the north and east of Changchun were identified as the primary aerosol component. Consequently, a reduction in the intensity of spring biomass-burning activities could serve as an effective measure to alleviate the prevalence of dust–biomass-burning composite pollution. These insights could offer valuable guidance for formulating emission policies aimed at addressing similar challenges related to the transmission of biomass burning pollutants and firework emissions in other regions.



To effectively control air pollution, it is crucial to establish a comprehensive monitoring network that enables the government to develop informed policies and manage air quality [53]. However, it is important to note that atmospheric pollutants are primarily generated, dispersed, and degraded in the upper troposphere, typically within altitudes ranging from 2 to 8 km above ground level [54]. Consequently, an air pollution episode caused by aerosol transport from the free troposphere may not be effectively addressed only by reducing local anthropogenic sources [55]. This highlights the need for a well-established three-dimensional characterization of air pollutants to ensure informed decision making in policy development. Therefore, we propose the implementation of three-dimensional monitoring in CRC to analyse and forecast the extent and types of air pollution. This approach will not only enhance local pollution control efforts but also safeguard public health.



As for the limitations, although certain vertical structures of aerosol pollution have been emphasized, decades of monitoring are required to reduce the impact of uncertainty and consider other factors, such as chemical generation and natural emissions. In the future, we will continue to conduct long-term monitoring in cold regions and develop aerosol pollution recognition models based on identification elements such as aerosol pollution recognition to provide valuable policy recommendations.





5. Conclusions


In this study, the properties and impacts of atmospheric aerosols in the megacity of Changchun in the CRC were investigated. The nonuniformity of the gradient in the vertical profile of aerosols significantly increased with decreasing temperature. In contrast, in warmer regions, the differences in the aerosol vertical distribution remained relatively consistent across the different seasons. The correlation between the temperature and ground-level PM concentration was greater than that between the planetary boundary layer height and PM concentration. The EC concentration in the near-surface layer (below 1 km) in winter in the CRC was significantly greater than that during the other seasons, which could be attributed to the low PBLH and anthropogenic emissions in winter. The ignition of fireworks in suburban regions on Chinese New Year’s Eve, despite the government’s prohibition in urban areas, led to a substantial increase in aerosol concentrations below the 3 km altitude. Additionally, during the scheduled biomass-burning period, the EC concentration of polluted aerosols originating from the western and northern areas of Changchun below 3 km exceeded the annual average in April, indicating the persistence of high aerosol levels despite the prevailing monsoon winds. The analysis using the CWT method indicated that these regions, characterized by a substantial number of fire points, contributed over 90 μg/m3 of PM2.5 to the air pollution levels in Changchun. Sand–dust activity and biomass burning in March and April could cause severe pollution in this region, even under the conditions of elevated boundary layers. These findings are beneficial for understanding the characteristics of the aerosol variations in cold climates and substantial anthropogenic emissions.
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Table A1. Concentration limits of PM2.5, PM10, SO2, CO, NO2, and O3 (8 h) within the air-quality standards of China (GB 3095-2012) [34].
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	Standard
	PM2.5

(µg/m3)
	PM10

(µg/m3)
	SO2

(µg/m3)
	CO (mg/m3)
	NO2

(µg/m3)
	O3 (8 h)

(µg/m3)





	Grade II
	75
	150
	150
	4
	80
	160
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Figure 1. The elevation and land-use types surrounding Changchun City in the cold region of China. The grey outline shows the administrative boundary of Jilin Province; the red circle represents the LiDAR monitoring site in Changchun. 
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Figure 2. Monthly averaged profiles of aerosol extinction coefficients and monthly ratios of the aerosol optical depth (AOD) in different layers to the TAOD retrieved from LiDAR in the cold region of China from October 2020 to September 2021 during the day (6:00–18:00). Note: AOD1, AOD2, AOD3, and TAOD were used to indicate the AODs within the height ranges of 0–1 km, 1–2 km, 2–3 km, and 0–3 km, respectively. 
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Figure 3. Monthly variations in (a) planetary boundary layer height (PBLH), (b) air temperature, and (c) relative humidity in the cold region of China from October 2020 to September 2021. 
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Figure 4. Daily variation in AQI with aerosol pollution type (when daily AQI value is over 100) and (a–e) characteristic radar chart for pollution cases in the cold region of China from October to November 2020 (Note: Columns under five aerosol pollution scenarios are marked with grey circles). 
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Figure 5. Variations in the (a) extinction coefficient (EC, 532 nm), (b) depolarization ratio, and (c) concentrations of PM2.5, PM10, and planetary boundary layer height (PBLH) in the cold region of China during a firework event (11–14 February 2021). 
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Figure 6. Variations in the (a) extinction coefficient (EC, 532 nm); (b) depolarization ratio; (c) concentrations of PM2.5, PM10, and planetary boundary layer height (PBLH); (d) mean 48-hour backwards trajectories; (e) spatial distributions of WPSCF values for PM10; and (f) spatial distributions of WCWT values for PM10 in the cold region of China during a dust event (14–16 March 2021). 
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Figure 7. CALIPSO L2 products of (a,b) aerosol subtype, (c,d) vertical feature mask, and their ground track in the cold region of China on 17 March 2021 and 9 April 2021 (Note: The vertical feature mask at a height of 1 km is shown on the track). 
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Figure 8. Daily variations of total fire points in Changchun from October 2020 to September 2021. 
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Figure 9. Variations of the (a) extinction coefficient (EC, 532 nm), (b) depolarization ratio, (c) concentrations of PM2.5 and PM10 and planetary boundary layer height (PBLH), (d) mean 48-hour backward trajectories, (e) spatial distributions of WPSCF values for PM2.5, and (f) spatial distributions of WCWT values for PM2.5 (f) in the cold region of China during a biomass-burning event (8–10 April 2021). 
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Table 1. The AOD of each height range and their ratio to the TAOD in different seasons.






Table 1. The AOD of each height range and their ratio to the TAOD in different seasons.





	Season
	AOD1 1
	AOD2 2
	AOD3 3
	TAOD 4
	AOD1/

TAOD
	AOD2/

TAOD
	AOD3/

TAOD





	Spring
	0.155
	0.136
	0.069
	0.359
	43.13%
	37.78%
	19.09%



	Summer
	0.169
	0.141
	0.058
	0.368
	45.83%
	38.42%
	15.75%



	Autumn
	0.117
	0.078
	0.042
	0.237
	49.36%
	32.86%
	17.77%



	Winter
	0.180
	0.067
	0.032
	0.279
	64.59%
	24.09%
	11.32%







1 AOD1, the integral of the extinction coefficients between the heights of 0.27 km and 1 km; 2 AOD2, the integral of the extinction coefficients between the heights of 1 km and 2 km; 3 AOD3, the integral of the extinction coefficients between the heights of 2 km and 3 km; 4 TAOD, the integral of the extinction coefficients between the heights of 0.27 km and 3 km.













 





Table 2. Correlation coefficients among the PM concentrations, AOD, PBLH, air temperature, and relative humidity in Changchun.
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	PM2.5
	PM10
	AOD1
	AOD2
	AOD3
	TAOD
	PBLH
	AT
	RH





	PM2.5
	1
	0.736
	0.277
	−0.169
	−0.245
	0.032 *
	−0.245
	−0.358
	−0.133



	PM10
	-
	1
	0.24
	−0.029 *
	−0.1 *
	0.112
	−0.159
	−0.166
	−0.343



	AOD1
	-
	-
	1
	0.387
	−0.048 *
	0.8
	−0.304
	−0.015 *
	0.264



	AOD2
	-
	-
	-
	1
	0.403
	0.808
	0.071 *
	0.306
	0.241



	AOD3
	-
	-
	-
	-
	1
	0.44
	0.419
	0.174
	0.139



	TAOD
	-
	-
	-
	-
	-−
	1
	−0.041 *
	0.176
	0.317



	PBLH
	-
	-
	-
	-
	-
	-
	1
	0.262
	0.053 *



	AT
	-
	-
	-
	-
	-
	-
	-
	1
	0.144



	RH
	-
	-
	-
	-
	-
	-
	-
	-
	1







Note: The significance was investigated using the independent-samples t-test. A value with an asterisk (*) (p > 0.05) is not significant at a confidence level of 95%. PBLH, planetary boundary layer height; AT, air temperature; RH, relative humidity.













 





Table 3. The number of days in which the concentrations of PM2.5, PM10, SO2, CO, NO2, and O3 (8 h) exceeded Grade Ⅱ and the WHO 2021 AQG from October 2020 to September 2021.






Table 3. The number of days in which the concentrations of PM2.5, PM10, SO2, CO, NO2, and O3 (8 h) exceeded Grade Ⅱ and the WHO 2021 AQG from October 2020 to September 2021.





	Period
	PM2.5

(GB/WHO)
	PM10

(GB/WHO)
	SO2

(GB/WHO)
	NO2

(GB/WHO)
	CO

(GB/WHO)
	O3

(GB/WHO)





	Jan. 2021
	6/31
	1/20
	0/0
	1/27
	0/0
	0/0



	Feb. 2021
	6/28
	1/16
	0/0
	0/15
	0/0
	0/2



	Mar. 2021
	4/29
	4/25
	0/0
	0/25
	0/0
	0/4



	Apr. 2021
	4/28
	2/28
	0/0
	0/22
	0/0
	1/14



	May 2021
	0/28
	0/25
	0/0
	0/20
	0/0
	4/15



	June 2021
	0/11
	0/6
	0/0
	0/19
	0/0
	2/14



	July 2021
	0/18
	0/6
	0/0
	0/11
	0/0
	0/11



	Aug. 2021
	0/10
	0/5
	0/0
	0/8
	0/0
	0/7



	Sept. 2021
	0/11
	0/8
	0/0
	0/20
	0/0
	0/3



	Oct. 2020
	1/21
	0/17
	0/0
	0/24
	0/0
	0/4



	Nov. 2020
	1/25
	0/20
	0/0
	0/24
	0/0
	0/0



	Dec. 2020
	0/31
	1/20
	0/0
	0/29
	0/0
	0/0
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