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Abstract:

 Two real-time instruments, NCSA (Nanoparticle Chemical Speciation Analyzer) and ACSA (Aerosol Chemical Speciation Analyzer), were both deployed in Beijing, China to explore the sized-dependent characterization of atmospheric particles. The mass concentrations of PM1, PM2.5, PM10, and sulfate and nitrate in the three size fractions were hourly measured in situ from 13 December 2013 to 7 January 2014. Generally, “sawtooth cycles” are common during winter in Beijing, with the PM concentrations increasing slowly over a few days, then falling to a low level abruptly in only a few hours. The secondary species, sulfate and nitrate, play important roles in haze formation and account for 10.5% and 11.1% of total PM1 mass on average. Based on the variation of PM1 mass concentrations, we classify the study periods into three categories, clean, slightly polluted, and polluted. The oxidation ratios of sulfur and nitrogen both increase from clean to polluted periods, indicating the significant contribution of secondary transformation to haze evolution. While the PM2.5/PM10 ratio shows high dependence on PM pollution level, the ratio of PM1/PM2.5 remains almost stable during the entire study, with an average of 0.90. With respect to the mass-size distribution of chemical components, both sulfate and nitrate show dominant contributions in PM1 size fraction, accounting for 80.7% and 60.3% of total sulfate and nitrate, respectively. Our results also reveal that the elevated sulfate in PM1, and the enhanced nitrate in PM1 and PM2.5–1 size fraction, prompt the formation of haze pollution.
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1. Introduction


Particulate matter (PM) is a crucial air pollutant in urban environments. It is of great importance not only due to its direct and indirect radiative forcing on climate but also due to its significant adverse health effects. Epidemiological studies have suggested a strong correlation between health effects and ambient fine particle concentrations, especially the submicron fraction (particles with a diameter < 1 μm, PM1) that can penetrate into the alveolar region of the lungs [1,2,3]. Exposure to high concentrations of submicron particles has been found to result in more hospitalizations and higher mortality rates [4,5,6]. Additionally, health effects, light extinction caused by atmospheric aerosol particles is a serious aspect for visibility degradation. Highest particulate mass extinction efficiency lies in the size range of 0.1~1 μm [7].



Beijing, the capital city of China, has created global scientific interest for its heavy PM pollution in recent years. The quick development of a variety of industries, including power plants, industrial production, and transportation, has led to increased emissions of particulate matter. In January 2013, Beijing experienced one of the worst haze pollution events ever. The hourly fine particle (PM2.5) concentration reached up to ~900 μg·m−3, causing adverse health effects [8]. As a consequence, the government has to adopt various measures to improve air quality. The atmospheric “National Ten” is called the most stringent measure in history. By 2017, the annual average PM2.5 concentration in Beijing should be controlled at about 60 μg·m−3. Although a great deal of research has been taken to explore the characterization and sources of PM in Beijing, the complex physical/chemical transformations and non-linear interactions between the different sources are not completely understood and need investigation. In addition, due to the paucity of size-dependent measurement data, most previous studies mainly focus on a single size fraction of ambient particles. Thus, more size-dependent information is needed to help understanding the complexity of PM.



The distribution of ambient particles in different size modes is important in understanding PM formation mechanisms and sources [9,10,11]. Ariola et al. (2006) studied the elemental characterization of PM10, PM2.5, and PM1 in the town of Genoa, Italy using the sequential sampler PARTISOL [12]. However, the three PM fractions were not collected in the same period, and no direct comparison among the three size fractions was given. In terms of daily average values of PM10, PM2.5, and PM1, Vallius et al. (2000) found that PM10 and PM2.5 concentrations differed in pattern during re-suspended dust episodes, whereas PM1 concentrations followed PM2.5 fairly well throughout both spring and winter [13]. Using high-volume filter samples, Spindler et al. (2010) found that the mass concentration and chemical composition of PM10, PM2.5, and PM1 were largely influenced by meteorological parameters [14]. Research focused on different size fractions of PM has also been conducted in Beijing to characterize the severe haze pollution [15,16]. However, most previous studies are based on offline filter samples, which cannot provide high time resolution data and has a drawback due to the positive and negative artifacts.



This study presents hourly measurement data to understand size-dependent characterization of atmospheric particles during winter in Beijing, with two online instruments (NCSA and ACSA) deployed from 13 December 2013 to 7 January 2014. In addition to the mass concentrations of PM1, PM2.5, and PM10, the concentrations of sulfate and nitrate are also presented for the three size fractions. The objectives of our study are: (1) to characterize the PM evolution process, especially for heavy pollution periods; (2) to investigate the relationship between PM1, PM2.5, and PM10 in the Beijing area; and (3) to preliminarily explore the variations of sulfate and nitrate in different size fractions.




2. Experimental Methods


2.1. Sampling Site


Online ambient observation was conducted from 13 December 2013 to 7 January 2014 at the Tsinghua University campus (40°00′17′′N, 116°19′34′′E) in Beijing, which is located about 20 km northwest of the city center and about 1 km north of the Fourth Ring road. The sampling site is situated on the roof of a third-story building, approximately 10 m above ground. No major pollution sources are nearby. All the data are hourly unified and reported at ambient temperature and pressure conditions in Beijing Standard Time.




2.2. Instrumentation


Two online instruments, NCSA and ACSA, used in our study are developed by Kimoto Electric Co., Ltd. (Osaka, Japan). NCSA could measure not only the mass concentrations of PM1 and PM2.5, but also the concentrations of sulfate and nitrate in the two size fractions. ACSA could measure the mass concentrations of PM10 and the concentrations of sulfate and nitrate in PM10. The measurement principles of the two instruments are the same, with the only difference being the measured size range of PM.



The detailed description of the instrument operation has been given by Zheng et al. (2015) [17]. Briefly, mass concentrations of PM1, PM2.5, and PM10 particles are measured based on the β-ray absorption method. The hourly nitrate concentrations in the three size fractions are measured using an ultraviolet spectrophotometric method. Concentrations of sulfate are monitored by the BaSO4-based turbidimetric method with the addition of BaCl2 in the polyvinyl pyrrolidone solution [17,18]. Since ammonium is not directly detected in our study, its concentration in the PM1 size fraction is predicted under the assumption that particles are neutral and ammonium exists as NH4NO3 and (NH4)2SO4 [19,20]. Thus, the predicted ammonium given here should be regarded as an upper limit [17].



Meteorological parameters, such as temperature, relative humidity, wind speed, and wind direction, are observed by an automatic meteorological observation instrument (Milos520, VAISALA Inc., Helsinki, Finland). CO, O3, SO2, and NO2 concentrations are acquired from the Atmospheric Environment Monitoring Network [21,22].





3. Results


3.1. General Description of the PM1 Evolution


The severe PM pollution lasts almost the whole observation time from 13 December 2013 to 7 January 2014, characterized by frequent and long-lasting pollution episodes (Figure 1). Overall, the PM1 concentration varies from 2.7 μg·m−3 to 323.8 μg·m−3, with an average of 76.2 (±63.8) μg·m−3. According to Sun et al. (2014), the average mass concentration of NR-PM1 is 83 (±80) μg·m−3 during the severe haze of Beijing in January 2013 [23]. Comparatively speaking, the pollution level in our study is only a bit lower than that. In addition, we can tell from Figure 1 that temperature and relative humidity both follow their own diurnal variation. However, high PM concentrations are usually characterized by high RH and lower wind speed.


Figure 1. Time series of (a) mass concentration of PM1, PM2.5, PM10, and the ratio of PM1/PM2.5, PM2.5/PM10; (b) meteorological variables (wind direction, wind speed, relative humidity, and temperature).
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According to the variation of PM1 concentration, we divide the observation period into three episodes, named as Ep1, Ep2, and Ep3 in Figure 1. These three episodes are characterized with similar pollution evolution, which are described as “sawtooth cycles” by Jia et al. (2008) [24]. Briefly, the sawtooths are asymmetric, with the PM concentrations increasing slowly over a few days but falling to a low level abruptly only in a few hours. It is usual to see the existence of temporary interruptions during the rising process of longer sawtooths. This is due to the weak cold front that precedes a stronger cold front according to Jia et al. (2008) [24]. In our study, Ep1, Ep2, and Ep3 are typical sawtooth cycles. A summary of the average meteorological parameters, mass concentrations of PM species of these three periods is listed in Table 1. As the pollution processes of Ep1 and Ep3 are similar to that of Ep2, we only take Ep2 as an example to detailed explore the evolution characteristics of “sawtooth cycles” here.



Table 1. A summary of the average meteorological parameters, mass concentrations of PM species, major components and gaseous species for the entire study and the three episodes (Ep1, Ep2, and Ep3) marked in Figure 1.



	

	
Entire Study

	
Ep1

	
Ep2

	
Ep3






	
Meteorological Parameters




	
WS(m·s−1)

	
2.0

	
1.9

	
1.9

	
2.1




	
Temp(°C)

	
0.94

	
0.26

	
−1.1

	
2.5




	
RH(%)

	
32.2

	
26.0

	
34.3

	
32.9




	
PM Data (μg·m−3)




	
PM1

	
76.2

	
91.2

	
94.9

	
58.1




	
PM2.5

	
84.4

	
101.3

	
104.2

	
64.9




	
PM10

	
130.1

	
141.9

	
146.4

	
114.8




	
PM1/PM2.5

	
0.90

	
0.90

	
0.91

	
0.90




	
PM2.5/PM10

	
0.65

	
0.62

	
0.65

	
0.66




	
Aerosol Composition (μg·m−3)




	
PM1(NO3)

	
8.7

	
9.8

	
11.8

	
6.3




	
PM1(SO4)

	
6.8

	
5.5

	
8.6

	
6.3




	
Gas Data (μg·m−3)




	
CO (mg·m−3)

	
1.9

	
1.4

	
2.7

	
1.5




	
NO2

	
69.1

	
54.2

	
86.9

	
59.5




	
O3

	
27.7

	
15.0

	
20.5

	
31.9




	
SO2

	
49.1

	
31.9

	
63.2

	
41.4










During Ep2, PM1 begins with one day of low concentration (10–20 μg·m−3), and then increases nearly linearly over the next 5–6 days. During 24–25 December, PM1 concentration stays high (with a maximum of 283.1 μg·m−3) and fluctuates in a certain range. At the end of 25 December, the concentration plummets to the original baseline over only several hours. Compared with previous studies, more brief and intense interruptions are observed in the rising phase of sawtooth. We explore reasons for this through the back trajectories as shown in Figure 2. The sideways number directly corresponds to the day of month.


Figure 2. Back trajectories for the sawtooth of 17–25 December 2013. Numbers denote date of arrival of the air at Beijing. Calculations begin at 500 m above ground and continue for 48 h.
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On the first several days (17–20 December), the back trajectories to Beijing originating from the north are descending and relatively clean. At the end of 21 December, the flow direction of the last six hours has rotated from northwest to west and is essentially horizontal. Especially on 24 December, the air masses hover over Langfang and Baoding, two heavily polluted cities in Hebei province, and then arrive in Beijing. Finally the trajectory shifts sharply to north on 25 December and the haze abruptly disappears.




3.2. Chemical Composition of PM1 and the Influence of Meteorology


Figure 3 shows the time series of mass concentrations of sulfate, nitrate, and ammonium in PM1 for the entire study. Generally speaking, all of these species present dynamic variations, which may be affected by meteorological conditions, local and regional emissions, and atmospheric chemical reactions. The average concentrations of sulfate and nitrate are 6.8 and 8.7 μg·m−3, respectively. They separately account for 10.5% and 11.1% of the total PM1 mass. It should be noted that nitrate contributes more to pollution than sulfate. A similar result has also been observed by Sun et al. (2012) during a summer study, when the evaporative loss of nitrate is more serious [25]. The large reduction of sulfate is likely due to the decrease of SO2 emissions, but the mass concentration of nitrate rebounds back in 2011 after the 2008 Olympic Games, due to the increase of NOx in recent years. With the addition of the predicted ammonium, SNA (sulfate, nitrate, and ammonium) makes up 28.8% of PM1.


Figure 3. Time series of PM1 components (sulfate, nitrate, and ammonium).
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In urban atmosphere, sulfate and nitrate are considered to be secondary species because they are mainly formed through the oxidation of their gaseous precursors [26]. In this part, we primarily focus on the characterization of sulfate and nitrate and their influence on the PM1 evolution. In order to explore the variation of sulfate and nitrate with PM1 pollution level, we classify the entire study into three categories according to the Air Quality Index [27], where the clean period is defined as the concentration of PM1 ≤ 35 μg·m−3, the slightly polluted period with 35 μg·m−3 < PM1 ≤ 115 μg·m−3, and the polluted period with PM1 > 115 μg·m−3. Since the boundary layer itself could significantly influence the pollution, the concentrations of sulfate and nitrate are normalized by CO to offset the effect of boundary layer. As shown in Figure 4, both SO42−/CO and NO3−/CO increase from clean periods to polluted periods, indicating the important role of enhanced chemical production to haze formation. In addition, the increasing trend of NO3−/CO ratio is more apparent than that of SO42−/CO, which is further supported by the significant increase of NOR with pollution level. The SOR and NOR here is the oxidation ratio of sulfur (SOR = n SO42−/n SO42− + nSO2) and nitrogen (NOR = n NO3−/n NO3− + nNO2), where n refers to the molar concentration. They are often used as indicators of secondary transformation [17,28]. The higher values of SOR and NOR in polluted periods than those in clean periods further demonstrate elevated secondary transformation during haze days.


Figure 4. Variation of SO42−/CO, NO3−/CO, SOR, and NOR with pollution level. The “C”, “SP”, and “P” in the figure refer to “clean”, “slightly polluted”, and “polluted” respectively. The mean (pentagram), median (horizontal line), 25th and 75th percentiles (lower and upper box), and 10th and 90th percentiles (lower and upper whiskers) are shown for each bin.
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The potential sources of sulfate and nitrate are also evaluated in our study. Mass ratios of NO3−/SO42− are extensively used to assess the relative importance of mobile versus stationary pollution sources of sulfur and nitrogen in the atmosphere [29,30]. For all datasets in our study, Ep1, Ep2, and Ep3, an increasing trend of mass ratios of NO3−/SO42− is found from clean periods (0.8) to polluted periods (1.5), indicating the enhanced contribution of vehicle emissions to haze formation. For the entire study, the average mass ratio of NO3−/SO42− is 1.28, much higher than that observed in other regions of China [26,30]. In addition, the NO3−/SO42− mass ratios monitored in the same sampling site as this study in 2000 and 2002 are 0.58 and 0.78, respectively [31,32]. The significant increase of NO3−/SO42− mass ratio in Beijing from 2000 to 2013 reveals that the relative importance of motor vehicles to PM pollution may rise largely during the past years.



Meteorological conditions have a strong impact on pollution level. Compared to clean periods, polluted periods are characterized with lower temperature, higher relative humidity, and lower wind speed (Figure 5). The relatively low temperature and wind speed would favor the accumulation of chemical pollutants. The high relative humidity in polluted episodes would accelerate the formation of sulfate and nitrate through the oxidation of SO2 and NO2 in aqueous phase. This is further proved by the strong correlation of sulfate and nitrate with relative humidity (r = 0.65 and 0.56 respectively).


Figure 5. Diurnal variation of meteorological parameters for different pollution levels.
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3.3. Relationship of PM1, PM2.5 and PM10


The variation trends of PM2.5, PM10, and the ratio of PM1/PM2.5, PM2.5/PM10 are also shown in Figure 1. PM2.5 constitutes on average 65% of PM10, similar to that observed during the severe haze in January 2013 [17]. The PM2.5/PM10 ratio ranges from 0.27 to 0.88, and depends greatly on PM concentrations. When PM pollution becomes worse, PM2.5/PM10 ratio increases apparently. This indicates the important contribution of PM2.5 to the haze. However, the ratio of PM1/PM2.5 is not the case.



The PM1 concentration follows the PM2.5 concentration fairly well throughout the entire study period. On average, the ratio of PM1/PM2.5 is 0.90 ± 0.05 in our study. It reveals that fine particle mass variability is heavily controlled by submicron particle sources and processes. Overall, the variation of the ratio does not show an apparent correlation with the PM mass concentrations, but lower ratio values (generally <0.80) appear only when the pollution level is usually low. Our result of PM1/PM2.5 ratio is slightly higher compared with Sun et al. (2013), in which the concentrations of NR-PM1 and PM2.5 are measured separately by ACSM and TEOM [33]. With the vaporizer temperature of ~600 °C, ACSM does not detect refractory materials, e.g., mineral dust and black carbon. Another potential reason is that previous PM2.5 concentrations and reconstructed PM1 values are based on different instruments. This may introduce greater uncertainties. In our study, both PM1 and PM2.5 are measured by NCSA based on the β-ray absorption method.



The hourly variation trends of PM1 and PM2.5 remain almost the same. This is consistent with the diurnal profile of PM1/PM2.5. On the whole, the PM concentrations present a pronounced diurnal cycle with high concentrations occurring at night (Figure 6). The highest concentration occurs at 2:00. This may be the synergic consequence of lower PBL during nighttime and enhanced aqueous phase reactions due to higher RH. Then PM pollution decreases gradually during daytime and reaches its minimum value between 12:00 and 14:00.


Figure 6. Diurnal profiles of PM1, PM2.5, PM10, and the ratio of PM1/PM2.5 and PM2.5/PM10 for the entire study.
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The ratio of PM1/PM2.5 does not show obvious hourly variations during the entire study. The values remain high (~0.90) the whole day. However, the ratio of PM2.5/PM10 shows apparent low values in the morning (8:00~12:00). This may be a consequence of the re-suspension of coarse road dust and construction fugitive dust. Enhanced human activities would contribute lots of coarse particles (aerodynamic diameter from 2.5 μm to 10 μm) during daytime. However, after noon, intense photochemical reactions would promote the secondary formation of fine particles.




3.4. Mass-Size Distribution of Sulfate and Nitrate


Mass concentrations of sulfate and nitrate in PM2.5–1 and PM10–2.5 fractions are also measured in our study. Size-dependent chemical properties are the major determining factors in affecting the atmospheric behaviors of aerosols [34]. In addition, the contributions of anthropogenic and natural sources are quite different in different size ranges [35]. Thus, it is important to compare aerosol compositions in different size range. In this section, the mass-size distribution of sulfate and nitrate in PM1, PM2.5–1, and PM10–2.5 is discussed.



On average, the concentrations of sulfate in PM1, PM2.5–1, and PM10–2.5 contribute 80.7%, 17.4%, and 1.8% to total sulfate concentrations in PM10, respectively. Our result is consistent with previous studies focused on the size-distribution of sulfate in particles, which show that the peak of sulfate appears in 0.5~1 μm size fraction [16]. With the purpose of further identifying the relative importance of these three size fractions to sulfate formation during haze pollution, the variation of sulfate concentrations in PM1, PM2.5–1 and PM10–2.5 with pollution level is explored. The whole study period is divided into three periods (clean, slightly polluted, and polluted) as Section 3.2 according to PM1 concentration. Again, we use the ratio of sulfate concentration to CO to counteract the boundary layer effect. As presented in Figure 7, the ratio of sulfate in PM1 to CO increases slightly from clean to polluted period, indicating the elevated formation of sulfate in PM1 during haze days. For the PM2.5–1 size fraction, the mass ratio of sulfate to CO remains almost stable. Although the mass concentration of sulfate in PM10–2.5 is so minor to be ignored, its ratio to CO decreases largely with increased pollution.


Figure 7. Variation of sulfate and nitrate concentrations in PM1, PM2.5–1 and PM10–2.5 with pollution level. The mean (square), median (horizontal line), 25th and 75th percentiles (lower and upper box), and 10th and 90th percentiles (lower and upper whiskers) are shown for each bin.
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Similar to the mass-size distribution of sulfate, total nitrate concentration in PM10 is also dominated by that in PM1 size fraction, with an average contribution of 60.3%. However, what is different is that the contribution of nitrate in PM10–2.5 size range is much higher compared to that of sulfate. Previous researches also demonstrate that in addition to the dominated distribution in 0.56~1 μm size fraction, nitrate also shows a high peak in coarse mode [15]. As the pollution increases, the ratio of nitrate concentration to CO in both PM1 and PM2.5–1 size fraction rises significantly. Therefore, the enhanced nitrate in PM1 and PM2.5–1 size fraction prompts the formation of haze pollution. However, the mass ratio of nitrate to CO in PM10–2.5 remains almost stable during the whole period.





4. Conclusions


The analysis of size-dependent characterization of ambient particles in Beijing from 13 December 2013 to 7 January 2014 was presented in this work, based on two real-time instruments, NCSA and ACSA. The severe pollution period in this study could be divided into three similar episodes, all characterized with “sawtooth cycles” evolution. The PM concentration increases slowly over a few days and then diminishes abruptly, usually in only a few hours. Reasons are explored through the back trajectory analysis, revealing the significant influence of regional transport on haze formation. Sulfate and nitrate are two important secondary species during the haze formation, contributing 10.5% and 11.1% to total PM1 mass, respectively. According to the variation of PM1 pollution level, the whole study period is classified into three types: clean, slightly polluted and polluted. The oxidation ratios of sulfur and nitrogen both show increasing trends from clean to polluted periods, demonstrating the elevated formation of secondary species. The PM2.5/PM10 ratio depends greatly on PM concentrations. When PM pollution becomes worse, this ratio increases apparently, indicating the important contribution of PM2.5 to the haze. However, the ratio of PM1/PM2.5 remains relatively stable, with an average of 0.90. As revealed in our study, both sulfate and nitrate are mainly distributed in PM1 size fraction.



Our findings indicate that submicron particles contribute significantly to the haze, and more studies need to be carried out to explore the size-dependent chemical characterization of ambient particles.
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