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Abstract

:

This study investigated the seasonal variation and chemical characteristics of atmospheric PM2.5 at an urban site in Hanoi City of Vietnam in summer (July 2020) and winter (January 2021) periods. The study results showed that the average value of daily PM2.5 concentrations observed for the winter period was about 3 times higher than the counterpart for the summer period. The concentrations of major species in atmospheric PM2.5 (SO42−, NH4+, K+, OC and EC) measured during the winter period were also significantly higher than those during the summer period. The contribution of secondary sources to the measured OC (the largest contributor to PM2.5) was larger than that of primary sources during the winter period, compared to those in the summer period. The correlation analysis among anions and cations in PM2.5 suggested that different sources and atmospheric processes could influence the seasonal variations of PM2.5 species. The unfavorable meteorological conditions (lower wind speed and lower boundary layer height) in the winter period were identified as one of the key factors contributing to the high PM2.5 pollution in this period. With the predominance of north and northeast winds during the winter period, the long-range transport of air pollutants which emitted from the highly industrialized areas and the intensive fire regions in the southern part of China and Southeast Asia region were likely other important sources for the highly elevated concentrations of PM2.5 and its chemical species in the study area.
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1. Introduction


Long-term and short-term exposure to PM2.5 (fine particles with aerodynamic diameter < 2.5 µm) could cause adverse health impacts, as pointed out by previous studies [1,2]. The possible sources and transformation process of aerosols in the atmosphere could be identified by analyzing the chemical compositions of PM2.5 [3]. Anthropogenic species, such as sulphate (SO42−), nitrate (NO3−), and ammonium (NH4+), have been generally reported as the main components of atmospheric aerosols [4]. SO42− and NO3− can be formed through the oxidation of SO2 and NOx, respectively, which are released from anthropogenic sources (e.g., industry, power plants, traffic emissions). According to [4], NO3− exists in both aerosol and gaseous phases (in the form of nitric acid vapor), while SO42− is only found in the aerosol phase. NH3 which is emitted from various sources (i.e., livestock and fertilizer, industrial activities, traffic emission) can react with acidic aerosols to form the neutralized ammonium salts (e.g., NH4NO3, (NH4)2SO4, NH4HSO4) in the atmosphere [5,6]. The other species in PM2.5 including carbonaceous components (organic carbon (OC) and elemental carbon (EC)) and potassium (K+) have been commonly considered as the tracers of biomass burning [7]. Since PM2.5 secondary species have been realized to have negative effects on both human health and the climate [8], the understanding of PM2.5 chemical compositions in particular areas plays an important role in formulating air quality management policies and strategies.



According to [9], in the big cities of Vietnam, such as Ho Chi Minh City and Hanoi, heavy air pollution usually occurs, which can pose severe health risks. Hanoi is the second largest city and the capital of Vietnam, with a population of about 8.25 million people. During recent years, the rapid urban population growth, urbanization, economic development, and motorization might have contributed significantly to the increased air pollution in Hanoi [10]. There was an increasing trend of PM2.5 pollution in Hanoi during the period of 2017–2020 [11]. Recently, heavily polluted events with significantly high PM2.5 concentrations occurred more frequently in Hanoi, especially during the transition and winter seasons when the unfavorable meteorological conditions were endured [12]. Key sources of air pollution in Hanoi were reported, including transportation, industry, domestic coal combustion, open burning of biomass, and long-range transported air pollutants [11]. It was reported that traffic emission was one of the largest contributors to urban air pollution in Hanoi [13]. The number of private vehicles (mainly cars and motorcycles) has been increasing from year to year in Hanoi. According to [14], there were 787,000 cars and about 6 million motorcycles in Hanoi by the end of 2019. The strong impact of traffic emission on local air pollution in Hanoi was also indicated by the trend of increased concentrations of NOx and CO during rush hours in the morning and evening [15]. In addition to the primary emission sources as mentioned above, secondary aerosol has been pointed out as one of the significant sources of PM2.5 pollution in Hanoi as well [10]. On the other hand, the local PM2.5 pollution in Hanoi could be also impacted by other factors (i.e., pattern of air mass, local/regional fire sources) that could vary from season to season. Although fire activities have been reported as one of the major sources of air pollution in Southeast Asia [10], the seasonal impact of fire sources on the PM2.5 pollution in Hanoi is poorly understood. Moreover, due to the impact of climate change, the frequency of fire activities might be increased, which could exacerbate the local air pollution. In the situation of increased PM2.5 pollution in Hanoi, it is of significance to investigate the seasonal variation and chemical characteristics of atmospheric PM2.5 to gain a better understanding of how the key sources and atmospheric processes affecting PM2.5 are measured in Hanoi. Recently, the government of Vietnam has approved the National Plan on Air Quality Management for the Period of 2021–2025, in which one of the key solutions was the implementation of scientific research to identify the contribution of different emission sources to PM2.5 pollution and to provide strong evidence for the government to develop robust air quality management policies and strategies towards reducing PM2.5 pollution and protecting public health. In response to this demand, this study aimed to (1) investigate the seasonal variation of mass concentration and chemical characteristics of PM2.5 measured in an urban area of Hanoi City; (2) analyze the relationship among PM2.5 chemical compositions and identify the key sources and atmospheric processes impacting the seasonal variation of atmospheric PM2.5 and its components; and (3) investigate the influences of seasonal meteorological conditions and regional fire activities on the characteristics of PM2.5 and its components.




2. Materials and Methods


2.1. Sampling Site


In the present study, the PM2.5 sampling site was situated on the roof of the two-floor building of the Hanoi University of Civil Engineering, 55 Giai Phong Road, Hai Ba Trung District in Hanoi (Figure 1). The sampling site (Lat 21.003 N, Long 105.842 E) was considered as an urban mixed site that was impacted by various anthropogenic sources such as motor vehicle emission, construction activities, and nearby industrial activities. There are many significant anthropogenic emission sources in the areas surrounding Hanoi, such as the steel, cement, and coal-fired power plants which are situated in the east, southeast, and north directions (Figure 1). When wind is blowing from these directions, air pollutants originating from those sources could be transported to the study area in Hanoi [10].




2.2. PM2.5 Sampling and Chemical Analysis


The two intensive 24-h integrated PM2.5 sampling campaigns were carried out daily during the summer (from 8 to 30 July 2020) and winter (from 5 to 30 January 2021) periods. A total of eighteen (for summer) and seventeen (for winter) 24-h PM2.5 samples were obtained using Whatman quartz fiber filters which were placed in an air sampler (Met One E-FRM-200, Grants Pass, OR, USA) operated at a flow rate of 16.7 L/min. Before sampling, the filters were heated at 900 °C in an electric furnace for three hours to remove carbonaceous contaminants. After sampling, the filters were brought to the laboratory and stored in the refrigerator at 4 °C to avoid the evaporation of volatile constituents before performing chemical analysis. Field blanks were also collected using the procedures, identical to those applied for collecting PM2.5 samples, however without operating the air sampler. Before and after sampling, the filters were weighed gravimetrically to determine the PM2.5 total mass. The filters were equilibrated for 48 h in a climate-controlled room prior to pre- and post-weighing. During the equilibration period, the relative humidity and air temperature in the weighing room were maintained at about 40% and 22 °C, respectively. Prior to weighing, the balance weighing chamber was cleaned by a fine brush. The surfaces near the micro-balance were also cleaned with alcohol-moistened disposable laboratory wipes. The filters were placed on the balance pan for at least 30 s and the mass data was then recorded. Each filter was weighed three times.



Water-soluble inorganic ions (WSIIs) consisting of Na+, NH4+, K+, Mg2+, Ca2+, Cl−, F−, SO42−, NO3−) in PM2.5 were determined using ion chromatography (IC, Thermo Scientific, Waltham, MA, USA, Dionex 600). A piece of filter sample was placed in the Erlenmeyer flask with 10 mL of ultra-pure water and treated in the ultrasonic cleaner for about 30 min. The extract was then filtrated through 0.45 μm nylon syringe filters and injected to the IC. The AS4A-SC analytical column (4 × 250 mm) was employed to analyze anions with the eluent of 1.8 mM Na2CO3 and 1.7 mM NaHCO3 (flow rate of 2 mL/min). The CS12A analytical column (2 × 250 mm) was utilized to analyze cations with the eluent mixture of 22 mM H2SO4 (flow rate of 0.25 mL/min). The Dionex IC injection volume (25 μL), column temperature (35 °C), and run time (30 min) were kept the same for the chemical analysis of both cations and anions. The blank filters were routinely analyzed to remove contaminants from blank filters using the same procedures applied for the field samples, and the results were subtracted from the sample values.



The analysis of carbonaceous species (OC and EC) in PM2.5 was performed following the NIOSH 870 thermal/optical transmittance protocol using the carbon analyzer (Model 5L, Sunset Laboratory Inc., Portland, OR, USA). A piece of filter sample was heated in the quartz oven at different temperatures (310, 475, 615, and 870 °C) in the pure helium (oxygen-free environment) to analyze four OC fractions (OC1, OC2, OC3, and OC4). The temperature of the oven was then decreased to 550 °C and six fractions of EC including EC1, EC2, EC3, EC4, EC5, and EC6 were determined by subsequently heating at 550, 625, 700, 775, 850, and 870 °C in the environment of 98% He and 2% O2. The carbon vapour from the heating process was oxidized to carbon dioxide (CO2) in the oxidation oven. The CO2 was then reduced to methane (CH4) in nickel catalyst and quantitatively measured with a flame ionization detector. The instrument’s detection limit was 0.1 μg C/cm2 and the analytical uncertainty was equal to ±(OC/EC concentration × 0.05) + instrument blank concentration.




2.3. Meteorological Data


The ERA5 reanalysis data for hourly meteorological parameters (wind direction, wind speed, relative humidity, ambient temperature, and boundary layer height) obtained from the European Centre for Medium-Range Weather Forecasts (https://cds.climate.copernicus.eu, accessed on 15 March 2021) was extracted for the study area in Hanoi and used to assess the influence of seasonal meteorological condition on the variation of PM2.5 and its components.




2.4. MODIS Fire Radiative Power Data


In order to identify biomass burning regions in the Asia region and assess their effect on the variation of PM2.5 and its components measured in the study area, the cumulative fire radiative power (FRP) data acquired from NASA’s FIRMS website (https://www.earthdata.nasa.gov/learn/find-data/near-real-time/firms, accessed on 15 March 2021) was used. The FRP data was derived by the MODIS Collection 6 active fire-detection algorithm [16].




2.5. Air Mass Backward Trajectories


In the present study, the analysis of three-day air mass backward trajectories arrived at the sampling site in Hanoi was carried out to identify and assess the likely impact of fire source regions in the Asia region to PM2.5 and its components measured in Hanoi. Three days were expected to be enough time for most trajectories to pass through possible source regions in the Asia region. The web-based version of the hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) model [17] provided at https://www.ready.noaa.gov/HYSPLIT.php (accessed on 15 March 2021) and NCEP GDAS data was employed to generate the air mass backward trajectories. The starting height of 1500 m above-ground level was selected and air mass trajectories were calculated every 1 h.





3. Results and Discussion


3.1. Seasonal Variation of Concentrations of PM2.5 and Its Chemical Compositions


The daily mean PM2.5 concentrations and meteorological parameters observed in the study area during the summer and winter periods are expressed in Figure 2. For the summer period, there were five measurement days (out of eighteen measurement days) where the daily concentrations of PM2.5 were higher than the corresponding value for PM2.5 (50 µg m−3) regulated by the national standard for ambient air quality. For the winter period, the daily concentrations of PM2.5 were much higher than the national standard for all measurement days, which clearly indicated heavy PM2.5 pollution. Especially for several days in the winter period, the daily concentrations of PM2.5 were over 200 µg m−3. The statistical values of PM2.5 total mass, PM2.5 chemical compositions, and meteorological conditions during the summer and winter measurement periods were summarized in Table 1. The average value (40.20 µg m−3) for the daily PM2.5 concentrations estimated for the summer period was about 3 times lower than the counterpart (122.90 µg m−3) for the winter period. Compared to those reported for the urban areas in the other Asian countries (Table 2), the average value of PM2.5 concentration (80.37 ± 55.63 µg m−3) estimated for the whole study period in Hanoi was much higher than those for Kampar [18], Kuala Lumpur [19], and Johor Bahru [20,21] in Malaysia; Singapore [22]; Bangkok, Thailand [23]; Bandung, Indonesia [24]; Ho Chi Minh City, Vietnam [25]; Shanghai, China [26]; and Beijing, China [27]. Even compared to those measured during the smoke haze periods in Kuala Lumpur, Malaysia [19] and Chiang Mai, Thailand [28], the average value of PM2.5 concentration observed in Hanoi in this study was still relatively higher. However, compared to those observed for several urban areas in India, the PM2.5 concentration measured in Hanoi was lower than the values reported for Chandigarh [29], Delhi, Varanasi, and Kolkata [30].



With respect to the seasonal meteorological conditions (Table 1), the average values for daily wind speed, boundary layer height, ambient temperature, and relative humidity estimated for the summer period were about 1.31, 1.26, 2.02, and 1.06 times higher than the counterparts for the winter period. It was seen that the values of wind speed, relative humidity, boundary layer height, and ambient temperatures varied from day to day in both the summer and winter measurement periods (Figure 2). The daily variation trend of boundary layer height and wind speed was somewhat similar in both the summer and winter period. Further discussion on the impact of seasonal meteorological conditions on the variation of PM2.5 and its components are provided in a later section of this paper.



Figure 3 shows the daily mean concentrations for PM2.5 chemical species. As displayed in Figure 3 and Table 1, WSII (Cl−, NO3−, SO42−, Na+, NH4+, K+, and Ca2+) and carbonaceous species (OC and EC) were recognized as the major components in PM2.5 in the study area. The total mass concentrations of WSII and carbonaceous species accounted for about 52.71 ± 20.82% (range 20.26–82.39%) and 41.28 ± 7.27% (range 24.37–56.14%) of the total PM2.5 mass concentrations for the summer and winter periods, respectively. For the summer period, the mean concentrations of the four major anions followed the sequence of SO42− > NO3− > Cl− > F−, while the five major cations ranked in the order of NH4+ > Ca2+ > K+ > Na+ > Mg2+. However, for the winter period, those orders were SO42− > Cl− > F− > NO3− and NH4+ > K+ > Ca2+ > Na+ > Mg2+. Among the WSII species, SO42− and NH4+ were the most dominant ones in both seasons, in which their concentrations accounted for 67.5% and 78.2% of total concentrations of WSII species in the summer and winter periods, respectively. The average values for daily concentration of Cl−, SO42−, NH4+, and K+ measured during the winter period were significantly higher than those during the summer period. On the other hand, a contrasting seasonal pattern was seen for F–, NO3−, Na+, and Mg2+ (Table 1).



OC was clearly seen to be the largest contributor to total mass of PM2.5, which were 29.81 ± 9.70% and 25.25 ± 5.99% for the summer and winter periods, respectively. The mean value ± standard deviation for daily concentrations of OC for the winter period was 30.20 ± 12.01 µg m−3 (range 12.80–52.07 µg m−3), which was much higher than the counterpart for the summer period (mean value ± standard deviation of 11.85 ± 6.43 µg m−3, range 4.74–28.20 µg m−3). These results indicated the elevated concentration and large variability of OC during the winter period, owing to its complex sources (both primary and secondary ones) as investigated in the later sections. The mean value for daily concentrations of EC in the winter period was also 1.8 times higher than that in the summer period. The elevated concentrations of carbonaceous species, especially OC, contributed largely to the high pollution of PM2.5 during the winter period. Since OC was the largest contributor to PM2.5 for both seasons, this study further investigated the contribution of primary organic carbon (POC) and secondary organic carbon (SOC) to the measured OC. It is well known that OC could be directly released as POC from various sources such as natural and geological activities, industrial emissions, and fuel combustions. OC could be also found in the form of SOC when the chemical transformation of semi-volatile as well as volatile organic compounds and the nucleation or condensation occurs [31]. In order to calculate the concentrations of POC and SOC in OC measured in the study area, the method of OC/EC minimum ratio [32] was employed as the following:


SOC = OC − (OC/EC)min × EC



(1)






POC = OC − SOC



(2)




where (OC/EC)min is the OC/EC minimum ratio found in PM2.5 samples measured in the study area and EC and OC are the concentrations of elemental carbon and organic carbon determined in the PM2.5 samples, respectively.



As the fractions of primary carbon might be strongly influenced by the source regions, source types, and atmospheric processes during different measurement periods, the OC/EC minimum ratios could be largely variable. For example, the OC/EC ratios of 0.8, 2.2, 4.15, 12.7, and 14.5 were reported for heavy-duty diesel vehicles, light-duty gasoline vehicles, wood combustion, natural gas home appliances, and forest fires, respectively [33]. In the present study, the OC/EC minimum ratio of 5.315 (seen on 10 July 2020) was used. A significantly positive correlation (R = 0.856) between OC and EC in the summer period implied the dominance of primary emission sources (i.e., traffic emissions, coal combustion). Therefore, the above OC/EC minimum ratio was applicable to estimate the concentrations of POC and SOC in the measured OC. The results for the daily concentrations of POC and SOC in the study areas are displayed in Figure 4. The concentrations of POC and SOC estimated for the summer period were 7.13 ± 4.11 µg m−3 and 4.72 ± 3.60 µg m−3, respectively, which were about 60.16% and 39.84% of the OC concentration. Meanwhile, the counterparts for the winter period were 12.74 ± 4.79 µg m−3 and 17.46 ± 10.75 µg m−3, respectively, accounting for 42.19% and 57.81% of the measured OC. These findings implied the larger contribution of secondary sources than that of primary sources to OC measured during the winter period, compared to those during the summer period.



In this study, organic mass (OM), a key component of PM2.5, was calculated from the OC measured at the sampling site by multiplying the concentration of OC with a factor to account for the presence of oxygen and hydrogen atoms. According to [34], a factor of 1.6 ± 0.2 was recommended for urban areas worldwide [35,36]. Since there is currently no data reported for urban areas in Vietnam, the value of 1.6 was selected for the present study. The OM concentrations estimated for the summer and winter periods were 18.97 ± 10.28 µg m−3 and 51.34 ± 20.42 µg m−3 which accounted for 47.70% and 42.92% of the PM2.5 total mass, respectively (Figure 3). This suggested that OM is one of the predominant species in ambient air in Hanoi City. However, it should be noted that adopting the factor of 1.6 to estimate the fraction of OM in the measured PM2.5 could present some uncertainties. It is recommended that those uncertainties should be addressed in the future studies.




3.2. Analysis of Relationship among PM2.5 Chemical Components


Analysis of the relationships between mass concentration of PM2.5 and its chemical compositions would help to identify the key chemical species controlling the temporal variability of PM2.5. The Pearson correlation coefficients among PM2.5 species measured in the study area for the summer and winter periods were shown in Table 3. The results in Table 3 and the proportion of PM2.5 chemical compositions (Figure 3) indicated that the daily variability of PM2.5 was largely driven by OC (or OM) and EC (R = 0.725 and 0.689, respectively), and to a lesser extent by NO3− NH4+, and SO42− (R = 0.598, 0.476, and 0.454, respectively), in the summer period. Meanwhile, OC (R = 0.835), followed by SO42−, NH4+, K+, Cl−, and EC (R = 0.950, 0.914, 0.864, 0.649, and 0.387, respectively) were the main species controlling the daily variability of PM2.5 in the winter period.



Analysis of the correlation between cations and anions in PM2.5 could suggest the atmospheric formation processes as well as the key sources for aerosol components [3]. According to [37], SO42−, NO3−, and NH4+ are usually considered as the secondary species which are formed by the transformation of SO2, NOx, and NH3, respectively, in the atmosphere. As seen in Table 3, NH4+ was strongly correlated with SO42− (R = 0.973 and R = 0.983 for the summer and winter periods, respectively). This suggested that there were common sources and/or processes influencing these two species in both the summer and winter periods [38]. A relatively strong correlation between SO42− and NO3− (R = 0.742) for the summer period implied that there was a common trend in source and atmospheric processes of two species. However, for the winter period, there was a low correlation between SO42− and NO3− which suggested different sources and processes affecting the variation of these species. The mass ratio of NO3−/SO42− has been widely applied to investigate the role of mobile sources (motor vehicle emissions) vs. stationary sources (emissions from coal combustion) in contributing to atmospheric PM2.5 [39,40]. The high mass ratio of NO3−/SO42− would suggest the predominant role of mobile sources over stationary sources, and vice versa [41]. Figure 5 indicated that the NO3−/SO42− mass ratios measured for the summer period (mean ± standard deviation of 0.25 ± 0.21, range 0.02–0.69) were much higher than those for the winter period (mean ± standard deviation of 0.003 ± 0.002, range 0.001–0.008). These results implied the more important role of local traffic emission sources than that of stationary emission sources in contributing to anthropogenic air pollutants during the summer period in this study. However, emissions from stationary sources (i.e., coal burning for cement, steel, and coal-fired power plants in the surrounding provinces of Hanoi) were likely the significant sources of local air pollution through atmospheric transport process during the winter period (discussed in the later section). However, compared to the other studies, the NO3−/SO42− mass ratios in this study were still lower than those reported for Beijing (0.71) [37], Shanghai (0.43) [40], and Qingdao (0.35) [42] in China.



According to [43], atmospheric Mg2+ and Ca2+ usually originate from crustal sources (i.e., soil, construction, and re-suspended road dust). For the summer period, a slightly positive correlation between Mg2+ and Ca2+ was seen, which suggested that the sources contributing to Mg2+ and Ca2+ during this period might be different. However, for the winter period, a significant positive correlation for Mg2+ and Ca2+ was found, which suggested the common crustal sources for these cations. For sea salt aerosol, a low correlation for Na+ and NO3−/Cl− were observed for the summer period. This was likely due to the fact that NO3−/Cl− were firstly balanced with NH4+ as discussed above. Thus, after balancing with NH4+, the free NO3−/Cl− were not significantly associated with Na+. However, for the winter period, Na+ was strongly correlated with Cl−, while Na+ was moderately correlated with NO3−. These results suggested the more important role of sea salt aerosol as a contributor to PM2.5 measured for the winter period.



Because K+, Cl−, EC, and OC are commonly reported as the tracers for biomass burning activities [44,45], the possible influence of biomass burning sources on the PM2.5 measured in the study area was assessed. As presented in Table 3, moderate positive correlations (K+ vs. EC, K+ vs. Cl−, EC vs. Cl−, OC vs. Cl−) were found for both the summer and winter periods, which implied the possible impact of biomass burning source to the measured PM2.5, which will be further explored in a later section. This point was also confirmed by the strong correlation between EC and OC (R = 0.856) for the summer period which implies that the key sources of EC and OC were somewhat similar for this period [46]. However, as SOC contributed more to the measured OC during the winter period (Figure 4), the strength of the correlation between OC and EC decreased for this period. It was reported that the emission sources for EC are mainly the primary sources and they are relatively stable. Whereas OC include both POC released directly from combustion and other sources and SOC formed by gas-to-particle transformation [47]. The OC/EC ratio has been widely used to assess the sources of carbonaceous species. For example, [48] reported the OC/EC ratios of 1.1, 2.7, and 9.0 for traffic emission, coal combustion, and biomass burning activities, respectively. In another study [49], the OC/EC ratios >2 were reported as the indicators for the formation of SOC. In the present study, the daily values of OC/EC ratio for the summer (mean ± standard deviation of 9.70 ± 2.75, range 5.32–17.58) and winter (mean ± standard deviation of 13.93 ± 9.46, range 6.55–48.64) periods were very high. This suggested that the high concentration of OC measured in the study area could be impacted by either SOC formation or biomass burning activities, as discussed in the above section. Furthermore, the highly variable OC/EC daily ratios (Figure 5) during both the summer and winter periods also suggested the possible impacts of complex sources and processes, changes in source regions or sources strengths, and different synoptic meteorological conditions during the study periods.




3.3. Influences of Seasonal Meteorological Conditions and Regional Fire Activities on the Variation of PM2.5 and Its Chemical Compositions


In the present study, the relationships between meteorological parameters and mass concentrations of PM2.5 as well as its major species (Table 4) were analyzed to gain a better understanding of the impact of seasonal meteorological conditions on atmospheric PM2.5 measured in the study area. There were moderately positive correlations between relative humidity and PM2.5 for both the summer and winter periods, which suggested that relative humidity played a certain role in enhancing PM2.5 pollution in the study area. With respect to the major species in PM2.5, SO42− and NH4+ were positively correlated with relative humidity in both the summer and winter periods. A good positive correlation between SOC and relative humidity was also seen for the summer period. Since SO42− and NH4+ are usually species with strong hygroscopicity [50,51], the relatively high relative humidity during both the summer and winter periods in the study area (Table 1) might enhance the hygroscopic growth of atmospheric particles and increase the aqueous-phase reactions [52,53]. It was reported that at the relative humidity >70%, the hygroscopic growth of atmospheric particles could strongly happen and the liquid water content in PM2.5 was found to positively correlate with relative humidity, SO42−, and NH4+ [10].



When considering the impacts of wind speed on the variation of atmospheric PM2.5 and its chemical components, the moderate to strong negative correlations between wind speed and PM2.5 as well as most of PM2.5 chemical species were generally observed for both the summer and winter periods. A similar result was also seen when examining the effects of boundary layer height on the variation of atmospheric PM2.5. These findings implied that the higher values of wind speed and boundary layer height might lead to the enhanced atmospheric dispersion and in turn lead to reduced concentrations of air pollutants near the surface, and vice versa. In terms of seasonal variation, the lower values of wind speed and boundary layer height during the winter period (Table 1) were favorable for the trapping of air pollutants in the ground, and could contribute to the increased concentration of PM2.5 and its chemical compositions in the winter period [54,55].



Table 4 showed the significant negative correlations between ambient temperature and the secondary species (NO3−, SO42−, NH4+, and SOC) during the summer period. Since nitrate has a relatively high volatility, the high temperature in summer could increase its concentration in the gaseous phase, and thus cause the lower concentration in the particle phase. Ambient temperature generally also had moderate to strong negative correlations with concentration of the other species in PM2.5. These results implied that the high temperature in the summer period could enhance the atmospheric convection, subsequently leading to the dilution and dispersion of air pollutants [56,57]. In contrast, during the winter period, there were the moderate positive correlations between ambient temperature and the secondary species (SO42−, NH4+, and SOC). The previous studies [58,59] also showed the increased concentration of those secondary particles with the increased ambient temperature. The correlations between ambient temperature and PM2.5 were similar to those for the secondary species (SO42−, NH4+, and SOC) in the summer and winter periods since these species were the major contributors to PM2.5 in both seasons in the study area.



In order to identify the possible impact of the distant sources located in the provinces near Hanoi, the relationship between wind direction and concentration of key chemical compositions in PM2.5 was explored. During the summer period, the southeast wind was the most prevailing wind sector, followed by the south and east winds (Figure 6a). The highest concentrations of Cl−, NO3−, Na+, K+, Ca2+, and EC were corresponding to the southeast wind. Meanwhile, SO42− and NH4+ reached their highest concentrations with respect to both the southeast and east winds, which suggested the common sources for these species during the summer period. The elevated concentrations of OC corresponded to the east wind. There are many large industrial sources (cement, steel, and coal-fired power plants) situated in the northern, eastern, and southern provinces near Hanoi (Figure 1). Thus, under certain meteorological conditions in the summer period, wind could bring air pollutants released from those sources towards the study area in Hanoi and contribute to the elevated concentrations of PM2.5 and its chemical components. Meanwhile, the dominant winds in the winter period were the southeast, northeast, and north winds (Figure 6b). The high concentrations of Cl−, NH4+, and Ca2+ were related to the north wind. Meanwhile, the highest concentration of NO3– were associated with the southeast wind which was quite similar to that in the summer period. The highest concentrations of SO42− and Na+ were found with both the southeast and north winds. K+ showed its diverse source regions in the winter period, where its highest concentrations were seen more frequently with the southeast wind, followed by the north, northeast, and east winds. The highest concentrations of OC and EC were seen with the northeast and southeast winds, respectively. From these results, it could be inferred that in addition to the southeast wind, either the north or northeast winds might partly contribute to the increased concentration of PM2.5 in the winter period via the transport of air pollutants released from the regional sources to the study area. In summary, the change in seasonal wind directions, and subsequently the change in the source regions, could influence the variation of concentration of PM2.5 and its major species in the study area.



Biomass burning has been reported as one of the important regional and/or local sources of poor air quality in Southeast Asian countries [10,31,60,61,62,63,64,65,66,67,68]. As an effort to further identify the source regions of fires associated with the seasonal air masses which influence the seasonal variation of atmospheric PM2.5, the integrated maps of MODIS cumulative FRP and air mass trajectories at the measurement site for the summer period (July 2020) and winter period (January 2021) are displayed in Figure 7. It was observed that during the summer period, air masses originated from the south, southwest, and southeast directions, and passed over both the continental (central region of Vietnam, Laos, and Thailand) and maritime (the East Sea) environment before arriving at the sampling site in Hanoi. On the other hand, air masses mainly originating from the north and northeast directions travelled through the Pearl River Delta region in the southern part of China (a highly industrialized area) before arriving at the measurement site during the winter period. The MODIS fire maps showed that fire sources occurring in the southern part of China and the Southeast Asia region (Vietnam, Laos, Thailand, and Myanmar) during the winter period were much more intensive than those during the summer period. As air masses traveled across the highly industrialized and intensive fire regions during the winter period, they might have carried a large amount of air pollutants, released from those regional sources, to the study area and resulted in the highly elevated concentrations of PM2.5 and its anthropogenic/biomass burning species (SO42−, NH4+, K+, OC, and EC, as presented in Table 1). The strong impact of long-range transport on the local PM2.5 pollution has been also reported by the other studies [10,64,65,69]. In contrast, the occurrence of air masses passing through the maritime environment (which was not strongly influenced by anthropogenic sources) and the less intensive fire regions during the summer period was identified as the main reason for the lower concentrations of PM2.5 and its anthropogenic/biomass burning species (SO42−, NH4+, K+, EC, and OC) and the higher concentrations of species associated with seawater (Na+ and Mg2+).





4. Conclusions


In this study, the seasonal variation and chemical characteristics of atmospheric PM2.5 in an urban area of Hanoi City, Vietnam were investigated. The two intensive PM2.5 sampling campaigns were carried out for summer (July 2020) and winter (January 2021) periods. Based on the findings of this study, the following key conclusions can be drawn:




	
The concentration of PM2.5 and its key components (Cl−, SO42−, NH4+, K+, OC, and EC) measured in the winter period were significantly higher than those measured in the summer period, implying heavy PM2.5 pollution in the winter period.



	
The estimation of SOC showed the larger contribution of secondary sources than of primary sources to OC observed during the winter period, compared to those in the summer period.



	
The correlation analysis among anions and cations in atmospheric PM2.5 suggested that different sources and atmospheric processes could influence the seasonal variations of PM2.5 species.



	
The analysis of the relationship between meteorological parameters and mass concentrations of PM2.5, as well as its major species, demonstrated that the unfavorable meteorological condition (lower wind speed and lower boundary-layer height) in the winter period was one of the key factors contributing to the increased PM2.5 pollution in this season.



	
Due to the dominance of north and northeast winds during the winter period, the impact of long-range transport of air pollutants emitting from the largely industrialized and intensive fire regions in the southern China and Southeast Asia region was likely another important source for the increased PM2.5 pollution in the winter period.
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Figure 1. Study area and sampling site for PM2.5 measurement in Hanoi, Vietnam. 
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Figure 2. PM2.5 daily mean concentration and meteorological conditions for the summer and winter periods. 
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Figure 3. Daily PM2.5 chemical composition measured at the sampling site for the summer and winter periods. 
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Figure 4. Daily variation of EC, OC, POC, and SOC concentration for the summer and winter periods. 
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Figure 5. Daily variation of NO3−/SO42− and OC/EC mass ratio for the summer and winter periods. 
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Figure 6. Spatial pattern of concentration of key chemical compositions in PM2.5 in relation to wind direction during: (a) summer period; (b) winter period (for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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Figure 7. MODIS cumulative fire radiative power over the Southeast Asian region and three-day air mass backward trajectories (indicated by the black curves) arrived at the sampling site in Hanoi during the summer period (July 2020) and winter period (January 2021). 
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Table 1. Statistical summary of daily PM2.5 measurement and meteorological conditions.
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Mean ± Standard Deviation (Range)




	
Summer

	
Winter

	
All Data






	
PM2.5 and its chemical compositions (µg m−3)




	
PM2.5

	
40.20 ± 15.36 (19.79–69.92)

	
122.90 ± 50.88 (49.83–220.41)

	
80.37 ± 55.63 (19.79–220.41)




	
F−

	
0.12 ± 0.02 (0.05–0.14)

	
0.02 ± 0.009 (0.008–0.039)

	
0.07 ± 0.05 (0.008–0.14)




	
Cl−

	
0.21 ± 0.20 (0.03–2.06)

	
2.19 ± 1.04 (0.54–4.49)

	
1.17 ± 1.28 (0.03–4.49)




	
NO3−

	
0.85 ± 1.24 (0.14–4.86)

	
0.018 ± 0.009 (0.005–0.043)

	
0.44 ± 0.47 (0.01–4.86)




	
SO42−

	
3.63 ± 2.60 (0.87–10.44)

	
10.28 ± 7.41 (1.71–27.17)

	
6.86 ± 6.37 (0.87–27.17)




	
Na+

	
0.31 ± 0.07 (0.20–0.45)

	
0.21 ± 0.09 (0.08–0.39)

	
0.26 ± 0.09 (0.08–0.45)




	
NH4+

	
1.45 ± 1.32 (0.32–4.98)

	
4.05 ± 2.60 (0.74–10.42)

	
2.71 ± 2.40 (0.32–10.42)




	
K+

	
0.41 ± 0.25 (0.10–1.12)

	
1.04 ± 0.52 (0.37–1.90)

	
0.72 ± 0.51 (0.10–1.90)




	
Mg2+

	
0.09 ± 0.10 (0.03–0.47)

	
0.06 ± 0.03 (0.01–0.11)

	
0.07 ± 0.07 (0.01–0.47)




	
Ca2+

	
0.47 ± 0.25 (0.19–0.98)

	
0.47 ± 0.20 (0.17–0.88)

	
0.47 ± 0.22 (0.17–0.98)




	
EC

	
1.34 ± 0.77 (0.27–2.79)

	
2.40 ± 0.90 (1.07–3.96)

	
1.85 ± 0.98 (0.27–3.96)




	
OC

	
11.85 ± 6.43 (4.74–28.20)

	
30.20 ± 12.01 (12.80–52.07)

	
20.76 ± 13.23 (4.74–52.07)




	
Trace elements (*)

	
1.98 ± 0.78 (0.82–3.69)

	
1.25 ± 0.49 (0.29–2.20)

	
1.62 ± 0.74 (0.29–3.69)




	
Meteorology




	
Wind speed (m/s)

	
2.46 ± 0.73 (1.29–3.41)

	
1.88 ± 0.69 (1.02–3.28)

	
2.18 ± 0.76 (1.02–3.41)




	
Boundary layer height (m)

	
563.93 ± 143.71 (296.77–745.62)

	
447.12 ± 167.48 (215.94–840.02)

	
507.19 ± 164.42 (215.94–840.02)




	
Ambient temperature (°C)

	
31.32 ± 1.19 (29.01–33.09)

	
15.51 ± 2.95 (10.24–21.39)

	
23.64 ± 8.31 (10.24–33.09)




	
Relative humidity (%)

	
74.91 ± 5.91 (65.06–86.01)

	
70.36 ± 12.51 (49.63–86.96)

	
72.70 ± 9.82 (49.63–86.96)








Note: (*) Trace elements including Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Mo, Ag, Cd, Sb, Ba, Pb.
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Table 2. Comparison of PM2.5 concentrations in this study and other studies.






Table 2. Comparison of PM2.5 concentrations in this study and other studies.





	
Location, Country

	
Type of Sampling Site

	
Study Period

	
PM2.5 Concentration

(µg m−3)

	
References






	
Kampar, Malaysia

	
Semi-Urban

	
August–October 2015

	
55.89

	
[18]




	
Kuala Lumpur, Malaysia

	
Urban

	
June 2015–January 2016

	

	
[19]




	

	

	
-Pre-haze period

	
24.5 ± 12.0

	




	

	

	
-Haze period

	
72.3 ± 38.0

	




	

	

	
-Post-haze period

	
14.3 ± 3.58

	




	
Johor Bahru, Malaysia

	
Suburban

	
August 2017–January 2018 (Southwest monsoon)

	
21.85

	
[20]




	
Johor Bahru, Malaysia

	
Urban

	
January–March 2019

	
26.28 ± 4.32

	
[21]




	
Singapore

	
Urban

	
November 2015–February 2016

	
13.02 ± 2.73

	
[22]




	
Bangkok, Thailand

	
Urban

	
August 2017–March 2018

	
77.0 ± 21.2

	
[23]




	
Bandung, Indonesia

	
Urban

	
May 2012–December 2017

	
18 ± 8

	
[24]




	
Ho Chi Minh, Vietnam

	
Urban roadside

	
March 2017–March 2018

	
36.3 ± 13.7

	
[25]




	
Shanghai, China

	
Urban

	
May 2018–March 2019

	
39.35 ± 35.74

	
[26]




	
Beijing, China

	
Urban

	
December 2018–November 2019

	
66.58 ± 60.17

	
[27]




	
Chiang Mai, Thailand

	
Urban

	
March–April 2016

(Smoke haze period)

	
65.3 ± 17.6

	
[28]




	
Chandigarh, India

	
Urban

	
October–November 2015

(Haze period)

	
161.7

	
[29]




	
Delhi, India

	
Urban

	
January 2015–December 2016

	
135 ± 64

	
[30]




	
Varanasi, India

	
Urban

	
99 ± 33




	
Kolkata, India

	
Urban

	
116 ± 38




	
Hanoi, Vietnam

	
Urban

	
July 2020 and January 2021

	
80.37

	
This study
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Table 3. Pearson correlation coefficients among PM2.5 chemical compositions measured during the summer and winter periods.






Table 3. Pearson correlation coefficients among PM2.5 chemical compositions measured during the summer and winter periods.





	

	
PM2.5

	
F−

	
Cl−

	
NO3−

	
SO42−

	
Na+

	
NH4+

	
K+

	
Mg2+

	
Ca2+

	
OC

	
EC






	
Summer




	
PM2.5

	
1.000

	
−0.167

	
0.572

	
0.598

	
0.454

	
−0.316

	
0.476

	
0.329

	
0.436

	
0.001

	
0.725

	
0.689




	
F−

	

	
1.000

	
0.187

	
0.142

	
−0.014

	
0.327

	
0.072

	
0.292

	
−0.208

	
0.077

	
−0.072

	
−0.086




	
Cl−

	

	

	
1.000

	
0.960

	
0.677

	
0.151

	
0.816

	
0.550

	
0.298

	
0.012

	
0.631

	
0.519




	
NO3−

	

	

	

	
1.000

	
0.742

	
0.180

	
0.840

	
0.349

	
0.534

	
0.056

	
0.660

	
0.450




	
SO42−

	

	

	

	

	
1.000

	
−0.111

	
0.973

	
0.286

	
0.585

	
−0.409

	
0.829

	
0.536




	
Na+

	

	

	

	

	

	
1.000

	
−0.043

	
−0.118

	
−0.054

	
0.509

	
−0.406

	
−0.526




	
NH4+

	

	

	

	

	

	

	
1.000

	
0.419

	
0.493

	
−0.345

	
0.824

	
0.574




	
K+

	

	

	

	

	

	

	

	
1.000

	
−0.395

	
−0.369

	
0.465

	
0.717




	
Mg2+

	

	

	

	

	

	

	

	

	
1.000

	
0.052

	
0.523

	
0.145




	
Ca2+

	

	

	

	

	

	

	

	

	

	
1.000

	
−0.477

	
−0.538




	
OC

	

	

	

	

	

	

	

	

	

	

	
1.000

	
0.856




	
EC

	

	

	

	

	

	

	

	

	

	

	

	
1.000




	
Winter




	
PM2.5

	
1.000

	
0.793

	
0.649

	
0.074

	
0.950

	
0.637

	
0.914

	
0.864

	
0.787

	
0.641

	
0.835

	
0.387




	
F−

	

	
1.000

	
0.601

	
−0.013

	
0.756

	
0.595

	
0.774

	
0.706

	
0.686

	
0.477

	
0.743

	
0.176




	
Cl−

	

	

	
1.000

	
0.604

	
0.730

	
0.891

	
0.758

	
0.649

	
0.862

	
0.867

	
0.576

	
0.777




	
NO3−

	

	

	

	
1.000

	
0.179

	
0.433

	
0.185

	
0.253

	
0.515

	
0.539

	
0.228

	
0.624




	
SO42−

	

	

	

	

	
1.000

	
0.704

	
0.983

	
0.888

	
0.836

	
0.770

	
0.758

	
0.491




	
Na+

	

	

	

	

	

	
1.000

	
0.756

	
0.580

	
0.817

	
0.708

	
0.417

	
0.538




	
NH4+

	

	

	

	

	

	

	
1.000

	
0.860

	
0.814

	
0.780

	
0.711

	
0.477




	
K+

	

	

	

	

	

	

	

	
1.000

	
0.818

	
0.730

	
0.835

	
0.404




	
Mg2+

	

	

	

	

	

	

	

	

	
1.000

	
0.837

	
0.682

	
0.545




	
Ca2+

	

	

	

	

	

	

	

	

	

	
1.000

	
0.541

	
0.769




	
OC

	

	

	

	

	

	

	

	

	

	

	
1.000

	
0.449




	
EC

	

	

	

	

	

	

	

	

	

	

	

	
1.000
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Table 4. Pearson correlation coefficients among PM2.5, PM2.5 chemical compositions, and meteorological parameters.






Table 4. Pearson correlation coefficients among PM2.5, PM2.5 chemical compositions, and meteorological parameters.





	

	
Relative Humidity

	
Wind Speed

	
Boundary Layer Height

	
Ambient Temperature




	

	
Summer

	
Winter

	
Summer

	
Winter

	
Summer

	
Winter

	
Summer

	
Winter






	
PM2.5

	
0.383

	
0.548

	
−0.701

	
−0.775

	
−0.749

	
−0.799

	
−0.483

	
0.462




	
Cl−

	
0.488

	
0.401

	
−0.513

	
−0.748

	
−0.584

	
−0.769

	
−0.602

	
0.371




	
NO3−

	
0.551

	
−0.040

	
−0.518

	
−0.352

	
−0.574

	
−0.339

	
−0.652

	
0.092




	
SO42−

	
0.751

	
0.577

	
−0.633

	
−0.793

	
−0.665

	
−0.794

	
−0.743

	
0.484




	
Na+

	
−0.107

	
0.659

	
0.368

	
−0.753

	
0.493

	
−0.819

	
0.206

	
0.601




	
NH4+

	
0.720

	
0.644

	
−0.616

	
−0.817

	
−0.675

	
−0.839

	
−0.745

	
0.565




	
K+

	
−0.042

	
0.438

	
−0.285

	
−0.743

	
−0.410

	
−0.766

	
−0.073

	
0.440




	
Mg2+

	
0.456

	
0.512

	
−0.331

	
−0.750

	
−0.343

	
−0.776

	
−0.467

	
0.473




	
Ca2+

	
−0.085

	
0.379

	
0.025

	
−0.582

	
0.158

	
−0.647

	
0.111

	
0.282




	
OC

	
0.512

	
0.128

	
−0.656

	
−0.704

	
−0.805

	
−0.688

	
−0.603

	
0.294




	
POC

	
0.171

	
−0.087

	
−0.478

	
−0.449

	
−0.685

	
−0.411

	
−0.348

	
−0.065




	
SOC

	
0.719

	
0.182

	
−0.626

	
−0.586

	
−0.655

	
−0.585

	
−0.680

	
0.358




	
EC

	
0.171

	
−0.087

	
−0.478

	
−0.449

	
−0.685

	
−0.411

	
−0.348

	
−0.065
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