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Abstract: An in vitro plasmid scission assay (PSA), the cell apoptosis assay, and ICP-MS, were employed to study the oxidative potentials and trace element compositions of the airborne particulate matter (PM) in Beijing during a one year-long field campaign from June 2010 to June 2011. The cell damages induced by PM reveled by the cell apoptosis assay showed a similar variation pattern to the DNA damages obtained by PSA, verifying the feasibility of the PSA in analyzing the oxidative capacity of PM samples. The PSA experiments showed that the particle-induced DNA damage was highest in summer, followed by spring, winter and autumn in descending order. The percentages of the oxidative damages to plasmid DNA induced by the water-soluble fractions of PM under the particle doses from 10 to 250 μg/ml were generally lower than 45%, with some values peaking at above 50%. The peak values were frequently present in late spring (i.e. April and May) and early summer (i.e. June) but they were scarcely observed in other seasons. These peak values were mostly associated with haze days or the days with low wind speed (less than 4 m/s), indicating that the PM samples during haze had higher oxidative potential than those during non-haze periods. The oxidative potential induced by the water-soluble fraction of the PM displayed a significant positive correlation with the concentrations of the water-soluble elements Cd, Cs, Pb, Rb, Zn, Be and Bi, demonstrating that the particle-induced oxidative potentials were mainly sourced from these elements. The exposure risk represented by the mass concentration of these elements in unit volume of atmosphere was higher in summer and winter, and lower in autumn and spring. The haze day PM samples not only had higher level of oxidative potentials but also had higher concentrations of water-soluble elements.
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1 Introduction 
[bookmark: OLE_LINK110][bookmark: OLE_LINK111][bookmark: OLE_LINK13][bookmark: OLE_LINK18][bookmark: OLE_LINK20][bookmark: OLE_LINK21]Beijing, a metropolitan city with a population of over 20 million individuals, has suffered serious air pollution in recent years. The daily PM2.5 mass concentration could be as high as 993 μg/m³ (Beijing Environmental Monitoring Station data, 2013/1/12, Xizhimen North monitoring point). Haze and fog weather enhanced the air pollution, which has caused wide public concerns. Although the air quality in Beijing during the Olympic Summer Games 2008 had been clearly improved (Okuda et al., 2011; Schleicher et al., 2012; Shang et al., 2013), the PM2.5 mass concentration in Beijing air remained at high levels after the Games (Okuda et al., 2011; Sun et al., 2014). The compositions and types of PM2.5 particles have become more complex and are characterized by a predominance of fine and ultrafine, secondary particles, compared to the periods before the Olympic Summer Games (Zhang et al., 2013; Huang et al., 2014; Shen et al., 2016), which may facilitate more serious health issues. Epidemiological investigations have shown the adverse health effects of airborne PM2.5 in Beijing in recent years (Maynarda et al., 2010; Shang et al., 2013). However, toxicological investigations of the full-year airborne PM2.5 samples in Beijing are rarely seen in the literature. Therefore, elucidating the oxidative potential and components of full-year Beijing airborne PM2.5 is important for identifying the seasonal variation and reason of particle-induced damages to human health.
[bookmark: OLE_LINK19][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK25]Airborne particulate matter, as an important pollutant of urban atmosphere, has been related to morbidity and mortality (Ostro et al., 2006; Xu et al., 2013). The fine particles can cause asthma, lung function decline, and respiratory inflammation, affect the cardiovascular, nervous, and immune systems, and may eventually induce cancer (Zhang et al., 2003; Lin et al., 2007; Crabbe, 2012; Hoek et al., 2013; Kheirbek et al., 2013). However, the biological mechanisms underlying the adverse health effects of airborne PM2.5 remain unclear. A widely accepted hypothesis is that oxidative damage originates from the surface of airborne particles (Ambroża et al., 2000; Li et al., 1997; Shao et al., 2007); that is, bioavailable ionizable trace metals on airborne particles could catalyze oxidants that could damage DNA (Costa et al., 1997; Gene et al., 2012; Carville et al., 2013). A human molecular epidemiology study has also demonstrated the important role of oxidative damage at the metabolic pathway by which such damage occurs from PAHs in the coal-burning emissions (Lan et al., 2004). Currently, many methods are being employed to assess the oxidative potential of atmospheric particles, such as the Ames test (Ames et al., 1973), micronucleus experiments (Kirsch-Volders, 1997), chromosome aberration tests (Ishidate et al., 1998), and comet assay (Tice et al., 2000). However, most of these methods are only qualitative techniques. Some other semi-quantitative or quantitative methods are more popular, including DTT-driven assay (Carville et al., 2013), and ascorbic acid assay (Gene et al., 2012). In recent years, many researchers have used the plasmid scission assay (PSA), also known as the plasmid DNA assay, to study the oxidative potential of atmospheric particulates (Greenwell et al., 2003; Shi et al., 2004; Shao et al., 2007). This method has been shown to be a simple, rapid, and highly sensitive technique to detect oxidative potential, and it allows a semi-quantitative assessment of DNA damage induced by atmospheric PM (Shao et al., 2007).
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]In this paper, we use the PSA to assess the oxidative potential of the full-year (one per week) 24-hours samples of airborne particles collected in Beijing from June 2010 to June 2011. The cell apoptosis assay was also used to cross check a few samples to verify the feasibility of the PSA. The inductively coupled plasma mass spectrometry (ICP-MS) was used to analyze the chemical compositions of the PM samples. The oxidative potential of whole particulate matter and water-soluble fractions were analyzed to investigate the sources of the oxidative potential. The meteorological conditions were correlated with particle oxidative potential. 
2 Material and methods
2.1 Sampling
The PM samples were collected on the campus of the China University of Geoscience in Beijing, which represents an urban residential location. The sampling site is located at the east entrance of the university with a distance of approximately 10 m from a major road (Xueyuan Road) (Shen et al., 2016). As the sampling site is surrounded by trees and shielded by a 2 m high wall to the road, it cannot be classified as a traffic site but represents a “blocked residential site” . The sampler inlet tubes were installed at a height of 1.5 m above ground, which is a typical height for human exposure.
Two high volume samplers (Digital DHA-80, Hegnau, Switzerland) were used to collect PM samples automatically. The samplers were operated 24 hours a day (00:00–24:00). Quartz fiber filters (Munktell T293, Falun, Sweden) with 150 mm diameters were used as the collection substrate. Blank field samples from both samplers were collected every second week. The sampling period lasted for one year, from 25th June 2010 to 17th June 2011. The meteorological parameters, including temperature, relative humidity, wind direction and speed, and visibility, were recorded during the sampling period (Shen et al. 2016).
[bookmark: OLE_LINK4]All filters from one of the samplers were weighed before and after sampling using an analytical balance (Mettler Analysenwaage AE240, reading precision 0.1 mg) after equilibration for 48 h in a conditioned room (temperature 20±1C and relative humidity 40±5%). Filter aliquots from the second sampler were investigated for oxidative potential. All loaded filters were stored at -20°C before analysis and during transportation.
In this paper, after considering the meteorological conditions and average mass concentrations of PM in each season in Beijing, we randomly selected 1 PM sample per week for the whole year collection (weekday, non-rainy weather, and enough sample load) from June 2010 to June 2011. Altogether, 48 samples were selected for PSA analysis. The specific sampling information is shown in Table 1. 
It should be noted that in our sampling campaign, due to a re-evaluation of the measurement data, it was found that PM4 was collected rather than PM2.5. During the whole campaign the actual sampling flow of ambient air was 167 instead of 500 l/min as a default setting due to an airflow shortcut from the interior of the sampler. As a consequence to the changed flow volume, the cut off of the sampler (original setting: 2.5 μm) had to be recalculated following the impactor design theory (Gussman, 1969; Marple and Liu, 1974). It was found that particles smaller than 4 μm (i.e., PM4) were collected onto the filters. The recalculation detail can be found in Shen et al. (2016). However, a comparison of results of oxidative potentials and the trace element compositions obtained from the current study was not significantly different from those found for PM2.5 samples during 2010-2011 (Sun et al., 2014). ICP-MS analysis on the size-segregated airborne particles collected during the 2010-2011 haze episodes has shown that the water-soluble trace elements As, Cd, Cr, Cu, Mn, Ni, Pb, Se, Tl, and Zn were mainly concentrated in the fine particle size of 0.32–1.8 μm (Figure 3 in Sun et al., 2014) which allow us to have similar mass concentrations of trace metals in both PM4 and PM2.5. Similar conclusion has been obtained by Duan et al. (2014) who have found that the most analyzed heavy metals such as Pb, Cd, Zn, V, Mn and Cu exist in coarse and accumulation modes, with the particle size being mostly smaller than 4 μm. Sun et al. (2014) also showed that the DNA damages of different size-segregated airborne particles smaller than 5.6 μm were not very different. All of these facts demonstrate that the trace element compositions and oxidative potentials of the PM smaller than 4 μm are not significantly different from those of the PM2.5.
2.2 Plasmid scission assay
Plasmid scission assay (PSA) is an in vitro method for studying the oxidative damage that free radicals induced by the trace metals carried by particles can cause in supercoiled DNA (Greenwell et al., 2003; Shi et al., 2004; Lu et al., 2007). The initial effect of oxidative damage causes DNA to relax, and further damage causes the DNA to become linearized. The undamaged supercoiled DNA, damaged relaxed DNA, and damaged linearized DNA can be separated by electrophoresis in an agarose gel; then, sensitive densitometry can be used to quantify the proportions of these different forms of DNA. The oxidative potential is expressed by the percentage of relaxed and linearized DNA in the total DNA. 
The plasmid DNA assay was conducted in accordance with the methods reported previously (Merolla et al., 2005; Chuang et al., 2011, 2013; Reche et al., 2012). A part of the sample-loaded quartz filter was cut, and assuming a uniform deposition of PM on the filters, the deposited PM mass was determined by weighing the filters gravimetrically. Then, the sample was placed in a clean centrifuge tube (Scientific Industries, Vortex-Genie 2) with HPLC-grade water to reach a whole particle concentration of 250 µg/ml. Particle suspensions  were obtained by considerable shaking in a vortex mixer for 20 h to separate the particles as much as possible from the filter. An aliquot of the particle suspension was taken and saved in a refrigerator as the whole particle suspension. The remaining suspension was centrifuged with a speed of 13000 r/min for 80min, and the supernatant was saved as the water-soluble fraction. Both the prepared whole particle suspension and water-soluble fractions were incubated in chromatographically pure water at different concentrations for PSA. All samples were confected into a final volume of 43 μl, with each containing 2 μl φX174 RF DNA (Promega, London, UK). Each resulting suspension was gently shaken in a vortex mixer (to ensure maximum mixing of the sample and to avoid sedimentation) for 6 h at room temperature. Before loading onto the electrophoresis tank, 7 μl bromophenol blue dye (Promega, London, UK) was added to each sample. Gels, comprised of 0.6% agarose and 0.25% ethidium bromide, were run in 1% TBE buffer at an electrophoretic voltage of 30V for 16h at room temperature. The finished gels were photographed, and densitometric analysis was performed using the GeneTools program (Syngene Systems, UK). A semi-quantitative protocol was established to measure the relative proportion of the damaged DNA (relaxed and linearized) in each lane of the gel (in terms of a percentage of the total DNA in each lane). The DNA damage percentage induced by airborne particles was calculated by subtracting the damage caused by the negative control (chromatographically pure water). In our experiment, five dosage levels were used by dilution, including 50 μg/ml, 100 μg/ml, 150 μg/ml, 200 μg/ml, and 250 μg/ml, a total 240 (48 samples times 5 dosages is 240; 4 for each dosage) analysis were performed. The damage percentages of different particles under these dosages were compared, and higher damage percentage represents higher oxidative potential. To guarantee the accuracy of the experiment result, we did the PSA experiment using a blank quartz fiber filter, the oxidative potential was below 10% (9.4%), so we consider the quartz filter doesn’t influence the experimental results of the oxidative potentials. To test the reliability of the experiment, we selected three samples and did PSA twice in five dosages; the result showed that it is below 20% (Table S1). 
2.3 Cell apoptosis
To verify the variation of results of PSA, we selected five samples (sampling date: 2010.6.28, 2010.7.12, 2010.7.26, 2011.4.15, 2011.5.20) for cell apoptosis assay. Because the sample quantities are limited, we diluted the samples to lower dosages (6.25 μg/mL, 12.5 μg/mL, 25 μg/mL and 50 μg/mL) to see the variation regularity. 
Phosphatidylserine (PS) is on the internal surface of living cell membrane, PS turns from inside to outside of the membrane when apoptosis occurs. Annexin V, whose molecular weight is around 35-36 kD, combines with PS after high affinity on it. So to test apoptosis, we use Annexin V to distinguish apoptotic cells and viable cells. Then fluorescence microscope or flow cytometry is used to observe it. But it is impossible for Annexin V to distinguish the non-viable cells overturned by PS. Propidium Iodide (PI) is a kind of nucleic acid dye which is unable to pass through the membrane of viable and apoptosis cells, but it can pass through the membrane of non-viable cells and combine with DNA, PI can be excited by certain wavelength and emits red fluorescence. So Annexin V and PI are used together to distinguish viable, apoptosis and nonviable cells.
We use human lung cancer cell A549 (Cell Culture Center, Institute of Basic Medical Science Chinese, Academy of Medical Sciences, School of Basic Medicine, Peking Union Medical College), Apoptosis Assays Kit (Nanjing Jiancheng Bioengineering Institute), DMEM-F12 serum-free media (GIBCO, USA), FASCailbur Flow Cytometry (FCM) (BD, USA), CO2 Incubator (Sanyo, Japan), Clean Bench (Baker, German), 5840R refrigerated centrifuge (Eppendorf, German) in cell apoptosis assay.
Firstly digest and adjust the cell density of A549 cells which are in well-grow exponential phase to 5×104/mL, then inoculate onto 6 wells plate (2 ml/well), cultivate in incubators with 37℃ and 5% CO2 for 24 h. Secondly remove the cell supernatant, gently wash cells one or two times by PBS, then add in samples, the final concentration is 6.25, 12.5, 25 and 50 μg/mL respectively, go on cultivating for 24 h. Then follow the steps of Apoptosis Assays Kit, digest cells with 0.25% trypsin, and blow it into a single cell suspension after collect cells. Collect cells after centrifuge for 10 min in 1000 rpm. Add 1 ml cool PBS, gently shaking to suspend cells. Remove the supernatant after centrifuge for 10 min in 1000 rpm, 4C. Repeat previous two steps. Then re-suspend cells in 200 μl binding buffer. Add 10 μl Annexin V-FITC, mix gently, keep out of sun and incubate for 15 min at room temperature or 30 min at 4 °C. Add 300 μl binding buffer and 5 μl PI, test for 1 h. At last computer-based analysis was carried out using BD FASCailbur (USA).
2.4 ICP-MS analysis
This study used a high-resolution inductively coupled plasma mass spectrometry (ICP-MS, Elan DCR-e, PerkinElmer Ltd.) for the analysis of trace elements from the PM with the detection limit being 1 ppt~1 ppb (10-12~10-9). The procedure used was based on Shao et al. (2013). Water-soluble elements were obtained by directly analyzing the water-soluble fractions of the PM samples that were previously obtained by centrifugation in the PSA. The elements in the bulk samples were obtained by digesting and analyzing the whole particle solutions of each PM samples previously prepared during the PSA analysis. In this study, 44 trace elements were analyzed and the results were reported as μg/g, in which the water-soluble elements were reported as a concentration of the element in its water-soluble form in intact PM. 
3 Results
3.1 Overall variation in the oxidative potential of the water-soluble fraction of PM
To analyze the overall variation in the oxidative potential of the water-soluble fraction of PM, all 48 samples were analyzed using the PSA, and the results are included in the Table S2. Figure 1 shows that the damage to plasmid DNA induced by the water-soluble fraction of the PM generally varied from 17% (e.g. 2010-10-11 sample at the 50 μg/ml dosage) to 97.2% (e.g. 2010-6-25 sample at the 250 μg/ml dosage). For each sample, there is also an overall positive dose-response relationship. It is interesting that the relatively small variation of the average DNA damages between 20% and 45% was accompanied by a number of peak values (higher than 50%). These peak values were frequently present in April and sometimes in May and June, but they were scarcely observed in the other months. 
To analyze the seasonal variation of the water-soluble fraction of PM, we use the box-plot to show the seasonal variation of oxidative potential under the particle dose of 150 μg/ml (Figure 2). We consider March, April and May as spring, June, July and August as summer, September, October and November as autumn, and December, January and February as winter. The values in the box represent 50% of the samples falling into this value range. The black coarse lines in the box represent average values, the normal data range is between the top edge and bottom edge. It can be seen from Figure 2 that the median of oxidative potential in summer was the highest, followed by spring, winter and autumn. We arrange the interquartile range value in ascending order: winter, autumn, spring and summer. Figure 2 also showed that the data in winter were more concentrated while the data in summer were more dispersed. There is no outlier in these data.
3.2 Effects of PM on lung cell apoptosis
To verify the dose-response relationships for the oxidative potential of PM obtained by the PSA, we have selected a few samples to do the lung cell apoptosis assay. In the experiment, the model of cell apoptosis was set up by exposing the lung epithelial cells A549 to selected PM, and AnnexinV-FITC/PI and flow cytometry (FCM) were employed to observe the effect of PM on alveolar epithelial cells. A total of 5 PM samples were analyzed by the cell apoptosis assay. The results were included in Table S3.
Table S3 showed that the cell apoptosis percentages induced by soluble fraction of PM samples increases as the particle dosage increases from 6.25 g/ml to 12.5 g/ml, 25 g/ml, 50 g/ml, indicating a clear positive dose-response relationship. Figure 3 is the scatter plot showing the relationship between the cell damages at the dose of 25 g/ml and the DNA damage at the dose of 150 g/ml and it can be seen that two of them have a clear positive correlation. This result supports the variation in the oxidative potential of PM obtained by the PSA method.
3.3 Contents of water-soluble elements in the PM collected for the whole year
An ICP-MS was used to detect the content of water-soluble elements in the PM samples and the results were reported in μg/g by weight in the PM (Table S4). For the total water-soluble elements (TWSE), the PM in summer had the highest level (17114 μg/g), followed by those in spring (12380 μg/g), autumn (9873 μg/g), winter (9342 μg/g). The total elemental content of particle samples on July 21st 2010 (No. 4) was the highest (17296 μg/g), while that on June 1st 2011 (No. 40) was the lowest (240 μg/g). 
For the individual elements, the highest content of all the samples appeared on Zn, with the range from 89.2 g/g to 13548 g/g, followed by Mn with the range from 62 g/g to 1936 g/g, and Cu, Ba, Pb and Sr in descending order (Figure 4). Therefore, Zn, Mn, Cu, Ba, Pb and Sr were the most abundant water-soluble metals in the PM samples. 
4. Discussion
4.1 Comparison between the oxidative potential of the intact whole particles and their water-soluble fractions
[bookmark: OLE_LINK24][bookmark: OLE_LINK27][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK51][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK55]To study the sources of oxidative potential of Beijing airborne particles, the oxidative potential of the 12 whole particle suspensions of the PM samples were compared with the results from the corresponding water-soluble fractions (Table S2). It can be observed that, for most samples, the DNA damage values induced by the water-soluble fraction of PM occupied 60% to 100% of the DNA damages induced by their corresponding intact whole particles. These results indicated that the oxidative capacity of airborne particles collected in Beijing was mainly derived from their water-soluble fractions. Previous studies have revealed that the oxidative potential of atmospheric particles mainly came from the water-soluble fraction (Donaldson et al., 1997; Li et al., 1997; Adamson et al., 2000; Ambroża et al., 2000; Valavanidis et al., 2000; Reche et al., 2012; Wang et al., 2013), although Ghio et al. (1999), Imrich et al. (2000), Soukup and Becker (2001) showed that the insoluble fraction of atmospheric particles causes the biological responses of alveolar macrophages. In the investigations of oxidative potential of the PM10 samples of Beijing, Macao and Lanzhou indicated that the water-soluble fraction induced oxidative damages similar to the intact whole particle sample (Zhong et al., 2010; Shao et al., 2007, 2013; Xiao et al., 2013). Similar conclusions were obtained for UK particulate matter (Merolla and Richard, 2005; Moreno et al., 2004; Koshy et al., 2008; Reche et al., 2012), which also argued that the oxidative potential of inhalable particles was mainly sourced from their water-soluble fractions.
4.2 Correlation between particle-induced DNA damages and contents of water-soluble trace elements
To examine the most probable source of the particle-induced oxidative capacities of the PM samples, the DNA damage percentages from particle doses of 250 μg/ml were correlated with corresponding contents of the water-soluble elements in the PM. The Pearson correlation coefficients are provided in Table 2. The sample number n=43 (five samples of the whole 48 samples were consumed by the PSA experiment and 43 were left for the ICP-MS analysis), a threshold correlation coefficient is 0.30 at the 95% confidence level. 
According to the correlation coefficients shown in Table 2, the particle-induced oxidative potential displayed a significant positive correlation with the total water-soluble metal contents with a Pearson correlation coefficient of 0.33, implying that the oxidative capacity of the PM was derived mainly from its water-soluble trace elements, although the DNA damage may be induced by the water-soluble organic compounds as reported by Wei et al. (2009) and Liu et al. (2014). This finding is in accordance with other reports for PM10 and PM2.5 from Beijing (Shao et al., 2007, Sun et al., 2014) and studies of particulate matter in the UK (Moreno et al., 2004; Merolla and Richards, 2005; Reche et al., 2012). 
The individual water-soluble trace metals Cd, Cs, Pb, Rb, Zn, Be and Bi exhibited significant positive correlations with the oxidative capacity, indicating that these elements in their water-soluble state were the components that were most likely associated with the DNA damages. Co, Ga and Hr exhibited significant negative correlations with the oxidative capacity. 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK112]Many studies have shown that soluble trace metal components produce reactive oxygen species (ROS), which can induce oxidative stress and inflammation in the lungs and respiratory tract (See et al., 2007; Distefano et al., 2009; Vidrio et al., 2009; Zhong et al., 2010). The U.S. Environmental Protection Agency (EPA) defines Zn and Pb as toxic elements (EPA/635/R-05/002. 2005). Zn is regarded as a bioreactive element (Adamson et al., 2000). Other studies have also indicated that Zn is likely to be a major element associated with the particle-induced plasmid DNA damage (Greenwell et al., 2003; Lu et al., 2006; Shao et al., 2007; Nagy et al., 2012); this finding is consistent with the results presented in our study. 
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Some previous studies have shown that trace metal pollutants, such as Cr, Zn, Pb, and Mn, can be produced from industrial sources (Querol et al., 2006; Liu et al., 2010). Tang and Huang (2004) found that high levels of As, Cu, Sb, Se, Zn and Pb might be sourced from the combustion of different types of coal. Most recent investigation by Shao et al. (2016) demonstrated that the water-soluble As, Cd, Ge, Mn, Ni, Pb, Sb, Se, Tl, and Zn in their water-soluble states were present in the coal burning-derived PM10. Duan et al. (2014) found that Pb, Cd, and Zn show mostly in accumulation mode, V, Mn and Cu exist mostly in both coarse and accumulation modes, and Ni and Cr exist in all of the three modes in haze episode in Beijing.
[bookmark: OLE_LINK108][bookmark: OLE_LINK109]4.3 Oxidative potential of the PM samples of haze days
The five haze episodes (Sample 2010.7.26, 2010.10.11, 2011.2.20, 2011.4.15, 2011.4. 29) were characterized by low wind speeds (generally less than 4 m/s) and reduced visibility (less than 10 km). Their particle-induced DNA damages were all above 60% at the 150 μg/ml dosage level. Table S4 also showed that the PM collected on these haze days were also associated with high level of water-soluble elements contents. This result indicated that the haze weather could facilitate the accumulation of toxic components in airborne particles and could induce a higher oxidative potential. Similar results have been obtained in the research conducted by Sun et al. (2014), who also concluded that the oxidative capacities were markedly elevated during the haze days. 
The results in Figure 1 also suggest a gradual increasing trend in the oxidative potential of the water-soluble fraction of PM during a haze episode. To further illustrate this phenomenon, we selected five continuous days from a haze episode for PSA analysis. The five samples in Figure 5 represent a continuous period of haze days from 2010-9-12 to 2010-9-16, characterized by decreasing visibility from 23.5, 19.6, and 7.3 km to 3.8 and 4.6 km. As the visibility decreases, the particle-induced DNA damages increased until attaining the highest value. During these days, the wind speed remained low, ranging from 2 to 4 m/s, and the relative humidity remained high, with levels of 56%, 60%, 62%, 70%, and 79% in ascending order for these sequential days. This observation means that conditions with low wind speed and high relative humidity favor the formation of haze and also the accumulation of toxic components, thus promoting more particle-induced DNA damages. These results are consistent with studies previously conducted in Lanzhou and Beijing (Shao et al., 2007; Xiao et al., 2013).
4.4 Relationship between the meteorological conditions and the particle-induced plasmid damage
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Correlations between meteorological conditions, such as temperature, relative humidity, wind speed, and atmospheric pressure, and the particle-induced plasmid damages were analyzed in this study. The particle-induced plasmid damages were positively correlated to average temperature with a correlation coefficient r = 0.35, which is higher than the threshold coefficient ra (n = 48, when a is 0.05, ra = 0.28). The particle-induced plasmid damages were negatively correlated with atmospheric pressure, with a correlation coefficient of r = -0.3. It is also interesting to note that the contents of the total water-soluble Ni, Cu, Cd in the PM also had a positive correlation with the average air temperature, with a correlation coefficient higher than 0.30 (n = 43, when a is 0.05, ra = 0.30). These facts are in consistency with the high oxidative potential of the PM samples in summer and late spring. During haze episodes, as discussed previously, conditions with low wind speed and high relative humidity could favor the formation of haze and accumulation of toxic trace elements, and thus the higher oxidative potential of particles.
Many previous studies have discussed the effect of the seasonal variation on particle pollution-related mortality and morbidity and suggested that higher temperature would significantly enhance the health effects of PM exposure and result in a stronger PM effect on daily mortality (Katsouyanni et al., 1993, 2001; Ren et al., 2006; Qian et al., 2008). It has been noticed in Beijing (Li et al., 2013b) and Tianjin (Li et al., 2011, 2013a) that adverse effects were strongest in summer compared to the other seasons. The positive association between the higher particle-induced oxidative potential of PM and the higher air temperature may explain why temperature would enhance the PM health effect.
4.5 Exposure risk of metals in atmosphere in Beijing
The correlation between the water-soluble elemental contents and the oxidative DNA damages of the water-soluble fraction (Table 2) revealed that the total water-soluble elements (TWSE), together with the individual elements Be, Bi, Cd, Cs, Pb, Rb, Zn, and Y, were positively associated with the oxidative potentials of PM. In consideration of this, we use the mass concentrations of the TWSE and these individual elements (we called them positively correlated water-soluble elements, simplified as PCWSE) to represent the health risk levels of PM Exposure. The mass concentrations of elements in atmosphere (ng/m3) were obtained by multiplying the mass concentration of particles in the atmosphere (μg/m3) with the content of water-soluble elements in particles (μg/g) (Table S5). 
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Both the total mass concentrations of the PCWSE and the TWSE showed the same trending during our sampling period from June 2010 to June 2011 (Figure 6). The peak mass values of the PCWSE and the TWSE were present on day 2010.10.8 (78.8405 and 97.0663 ng/m3, respectively) in summer and day 2011.4.29 (59.4325 and 73.5536 ng/m3, respectively) in spring. These mass values in days 2010.7.26, 2011.2.3, 2011.2.20, 2011.5.23 were also relatively high. In consideration of seasonal variations, the average mass concentrations of both the PCWSE and the TWSE were the higher in summer and winter, and lower in autumn and spring (Figure S1). In conclusion, the exposure risk was the high in summer and winter in Beijing.
5 Conclusions
1)  The cell apoptosis assay showed the positive dose-response relationship similar to the PSA results. A similar pattern exists between the cell damages and the DNA damages, verifying the feasibility of the PSA in analyzing the oxidative capacity of PM samples.
2) There was a seasonal variation in oxidative potential of both the intact whole particles and their water-soluble fractions of PM. The average DNA damages induced by the water-soluble fractions of PM were highest in summer, followed by spring, autumn and winter in descending order. 
3) The relatively smooth variation of the particle-induced DNA damages was accompanied by a number of peak values (higher than 50%). The peak values were frequently present in late spring and early summer and they were mostly associated with haze days and the days with low wind speed (less than 4 m/s), indicating that the PM samples during haze had higher oxidative potential than during non-haze periods.
4) The oxidative potentials displayed a significant positive correlation with the total water-soluble element concentrations, implying that the oxidative potentials were mainly sourced from the water-soluble elements, in which the water-soluble Cd, Cs, Pb, Rb, Zn, Be and Bi were most likely responsible for the DNA damage. 
5) Correlations between meteorological conditions and the particle-induced DNA damages showed that the oxidative potentials were positively correlated to average relative humidity and average temperature, and was negatively correlated to daily average wind speed.
6) The exposure risk represented by the mass concentration of water-soluble elements in unit volume of atmosphere in Beijing was the higher in summer and winter, and lower in autumn and spring.
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 Figure 1 The particle-induced DNA damages by water-soluble fraction of PM in Beijing from June 2010 to June 2011 
Figure 2 The seasonal distribution of oxidative capacity under 150 μg/ml of samples. The values in the box represent 50% of the samples falling into this value range. The black coarse lines in the box represent average values and the normal data range is between the top edge and bottom edge.







Figure 3 The relationship between the cell damages at the dose of 25 μg/ml and the DNA damage at the dose of 150 μg/ml





Figure 4 Average contents of the individual water-soluble elements in PM in four seasons
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Figure 5 Diagram showing correlation between visibility and particle-induced DNA damages of 5 continuous days during a haze episode


 Figure 6 The overall mass concentrations of the elements with positive correlations with DNA damages (Cd, Cs, Pb, Rb, Zn, Be, Bi) and the mass concentrations of the total water-soluble elements in atmosphere


Table1 Sample information
	Date
	Average Temperature(℃)
	RH (%)
	WS
(m/s)
	Weather Condition
	Mass concentration
(µg/m³)
	Date
	Average Temperature(℃)
	RH (%)
	WS
(m/s)
	Weather Condition
	Mass concentration
(µg/m³)

	2010.6.25
	26
	58
	2.1
	sunny
	112.0
	2010.12.21
	7.7
	23
	1.3
	fog
	290.3

	2010.6.28
	28
	49
	2.5
	haze
	98.7
	2010.12.24
	5.8
	26
	2.9
	sunny
	43.5

	2010.7.7
	28.1
	77
	2.2
	sunny
	57.4
	2011.1.9
	6.2
	27
	8.0
	sunny
	24.7

	2010.7.12
	23.1
	85
	1.6
	cloudy
	56.2
	2011.1.23
	-4.7
	24
	7.2
	sunny
	35.0

	2010.7.21
	29.6
	33
	2.2
	sunny
	51.9
	2011.2.3
	1.9
	35
	2.9
	sunny
	85.6

	2010.7.26
	31.1
	24
	2.0
	[bookmark: OLE_LINK1]haze
	121.7
	2011.2.6
	5.5
	50
	3.1
	cloudy
	40.1

	2010.8.5
	27.2
	38
	5.7
	cloudy
	39.3
	2011.2.18
	2.8
	51
	2.4
	sunny
	289.1

	2010.8.8
	25.9
	43
	2.2
	sunny
	65.9
	2011.2.20
	4.5
	21
	1.3
	haze
	204.7

	2010.8.19
	24.7
	62
	2.1
	cloudy
	68.5
	2011.3.10
	10
	35
	2.9
	sunny
	52.2

	2010.8.22
	19.9
	33
	3.1
	sunny
	59.8
	2011.3.12
	10.9
	41
	1.4
	cloudy
	178.1

	2010.9.5
	18.7
	25
	1.9
	cloudy
	93.1
	2011.3.20
	8.7
	16
	3.2
	cloudy
	190.1

	2010.9.10
	17.8
	35
	1.6
	sunny
	83.3
	2011.3.24
	7.4
	30
	7.8
	sunny
	29.4

	2010.9.19
	15.8
	27
	1.9
	cloudy
	44.1
	2011.4.14
	22.8
	17
	4.0
	sunny
	215.2

	2010.9.23
	11.9
	79
	2.8
	sunny
	43.0
	2011.4.15
	21.3
	41
	5.5
	haze
	182.9

	2010.10.8
	8.8
	59
	1.4
	haze
	259.0
	2011.4.28
	18.4
	61
	2.5
	sunny
	79.6

	2010.10.11
	12.3
	85
	3.8
	sunny
	23.4
	2011.4.29
	17.4
	27
	2.4
	haze
	120.2

	2010.10.22
	6
	36
	1.3
	cloudy
	126.2
	2011.5.6
	20.3
	55
	3.9
	sunny
	26.0

	2010.10.25
	7.7
	54
	7.1
	sunny
	25.6
	2011.5.9
	18.9
	28
	3.1
	cloudy
	38.2

	2010.11.5
	5.8
	54
	1.9
	sunny
	96.4
	2011.5.20
	18.3
	39
	4.6
	cloudy
	54.9

	2010.11.10
	6.2
	63
	1.5
	cloudy
	105.7
	2011.5.23
	22.5
	31
	3.6
	sunny
	88.0

	2010.11.19
	3.5
	32
	2.0
	fog
	248.0
	2011.6.1
	26.5
	34
	3.4
	sunny
	38.8

	2010.11.22
	3.4
	34
	1.6
	sunny
	51.5
	2011.6.2
	27.7
	45
	3.7
	cloudy
	85.8

	2010.12.5
	-6.6
	27
	5.6
	cloudy
	74.1
	2011.6.13
	28.2
	62
	2.5
	sunny
	69.3

	2010.12.7
	-5.2
	48
	3.1
	sunny
	43.7
	2011.6.17
	26
	66
	2.1
	cloudy
	76.0


RH: relative humidity, WS: wind speed

Table 2 Correlation between the water-soluble elemental contents and the oxidative DNA damages of the water-soluble fraction under 250 μg/ml 
	
	Li
	Be
	Sc
	Ti
	V
	Mn
	Cr
	Co
	Ni

	DNA damages
	0.17
	0.43
	-0.13
	-0.11
	0.11
	0.18
	0.22
	-0.37
	0.01

	
	Cu
	Zn
	Ga
	Rb
	Y
	Nb
	Mo
	Cd
	Sb

	DNA damages
	0.09
	0.41
	-0.61
	0.35
	0.50
	-0.27
	-0.18
	0.46
	0.11

	
	Cs
	Ba
	La
	Ce
	Pr
	Nd
	Sm
	Eu
	Gd

	DNA damages
	0.40
	0.09
	0.08
	0.04
	-0.02
	-0.05
	0.21
	-0.08
	0.02

	
	Tb
	Dy
	Ho
	Er
	Tm
	Yb
	Lu
	W
	Tl

	DNA damages
	0.26
	0.07
	-0.21
	-0.12
	-0.02
	-0.05
	-0.13
	-0.21
	0.18

	
	Pb
	Bi
	Th
	U
	Sr
	In
	Zr
	Hr
	Total

	DNA damages
	0.40
	0.33
	-0.07
	-0.11
	0.07
	0.25
	0.07
	-0.31
	0.33


The elements with bold font represent that these elements are significantly correlated with the oxidative potentials of particles.
(A threshold correlation coefficient is 0.30 at the 95% confidence level)
50μg/ml	2010.6.25	2010.6.28	2010.7.7	2010.7.12	2010.7.21	2010.7.26	2010.8.5	2010.8.8	2010.8.19	2010.8.22	2010.9.5	2010.9.10	2010.9.19	2010.9.23	2010.10.8	2010.10.11	2010.10.22	2010.10.25	2010.11.5	2010.11.10	2010.11.19	2010.11.22	2010.12.5	2010.12.7	2010.12.21	2010.12.24	2011.1.9	2011.1.23	2011.2.3	2011.2.6	2011.2.18	2011.2.20	2011.3.10	2011.3.12	2011.3.20	2011.3.24	2011.4.14	2011.4.15	2011.4.28	2011.4.29	2011.5.6	2011.5.9	2011.5.20	2011.5.23	2011.6.1	2011.6.2	2011.6.13	2011.6.17	40.532499999999999	43.939500000000002	38.600949999999997	17.675149999999995	45.424500000000002	24.086649999999999	25.48705	28.331900000000001	26.226000000000006	26.913849999999996	21.747950000000003	31.006900000000002	25.217200000000002	45.860349999999997	17.033049999999999	34.271850000000001	17.07705	26.447349999999997	33.477999999999994	28.194950000000002	25.207100000000001	31.709	20.227349999999998	29.416449999999998	25.976300000000002	27.923999999999999	28.442599999999999	47.22	4.219199999999999	28.881800000000002	42.560500000000005	27.529450000000004	13.976050000000003	34.192450000000001	34.857500000000002	28.341000000000001	32.422000000000004	29.262999999999998	48.131500000000003	42.304500000000004	28.384350000000001	15.461749999999999	42.444400000000002	36.514499999999998	34.337350000000001	47.7303	26.23075	100μg/ml	2010.6.25	2010.6.28	2010.7.7	2010.7.12	2010.7.21	2010.7.26	2010.8.5	2010.8.8	2010.8.19	2010.8.22	2010.9.5	2010.9.10	2010.9.19	2010.9.23	2010.10.8	2010.10.11	2010.10.22	2010.10.25	2010.11.5	2010.11.10	2010.11.19	2010.11.22	2010.12.5	2010.12.7	2010.12.21	2010.12.24	2011.1.9	2011.1.23	2011.2.3	2011.2.6	2011.2.18	2011.2.20	2011.3.10	2011.3.12	2011.3.20	2011.3.24	2011.4.14	2011.4.15	2011.4.28	2011.4.29	2011.5.6	2011.5.9	2011.5.20	2011.5.23	2011.6.1	2011.6.2	2011.6.13	2011.6.17	50.613500000000002	52.279499999999992	43.97345	22.233649999999997	29.4313	48.147999999999996	26.854649999999999	31.656549999999999	41.299900000000008	44.099000000000004	29.357349999999997	22.496450000000003	29.872900000000001	29.573699999999999	52.357349999999997	22.472049999999999	42.660349999999994	11.70105	30.850350000000002	40.864499999999992	34.435950000000005	33.382100000000001	38.472999999999999	29.03285	29.190950000000001	26.690800000000003	30.427	30.1066	45.529499999999999	19.57855	31.910300000000003	50.707000000000001	27.80095	31.965049999999998	34.521950000000004	44.884999999999998	26.172499999999999	65.364999999999995	33.225999999999999	41.091499999999996	47.278499999999994	29.16085	26.89425	60.410399999999996	35.402000000000001	41.36985	61.303799999999995	32.800249999999998	150μg/ml	2010.6.25	2010.6.28	2010.7.7	2010.7.12	2010.7.21	2010.7.26	2010.8.5	2010.8.8	2010.8.19	2010.8.22	2010.9.5	2010.9.10	2010.9.19	2010.9.23	2010.10.8	2010.10.11	2010.10.22	2010.10.25	2010.11.5	2010.11.10	2010.11.19	2010.11.22	2010.12.5	2010.12.7	2010.12.21	2010.12.24	2011.1.9	2011.1.23	2011.2.3	2011.2.6	2011.2.18	2011.2.20	2011.3.10	2011.3.12	2011.3.20	2011.3.24	2011.4.14	2011.4.15	2011.4.28	2011.4.29	2011.5.6	2011.5.9	2011.5.20	2011.5.23	2011.6.1	2011.6.2	2011.6.13	2011.6.17	92.320999999999998	64.177999999999997	46.971450000000004	22.732149999999997	33.634300000000003	78.221000000000018	28.326149999999998	36.816550000000007	42.749400000000009	73.849350000000001	31.023350000000001	26.574449999999999	42.2194	31.070699999999999	60.571849999999998	27.709550000000004	42.654349999999994	19.96105	34.762350000000005	44.179000000000002	41.961449999999999	35.385099999999994	38.215499999999992	34.161349999999999	30.387950000000004	29.670800000000007	39.486999999999995	30.513100000000001	65.346000000000004	23.222050000000003	38.323799999999999	65.739000000000004	28.813949999999998	37.38355	34.819450000000003	45.771500000000003	32.201500000000003	68.393500000000003	48.353999999999999	71.887500000000003	59.625	31.437350000000002	31.683250000000001	63.843900000000005	40.8185	42.93235	72.894300000000001	57.652250000000002	200μg/ml	2010.6.25	2010.6.28	2010.7.7	2010.7.12	2010.7.21	2010.7.26	2010.8.5	2010.8.8	2010.8.19	2010.8.22	2010.9.5	2010.9.10	2010.9.19	2010.9.23	2010.10.8	2010.10.11	2010.10.22	2010.10.25	2010.11.5	2010.11.10	2010.11.19	2010.11.22	2010.12.5	2010.12.7	2010.12.21	2010.12.24	2011.1.9	2011.1.23	2011.2.3	2011.2.6	2011.2.18	2011.2.20	2011.3.10	2011.3.12	2011.3.20	2011.3.24	2011.4.14	2011.4.15	2011.4.28	2011.4.29	2011.5.6	2011.5.9	2011.5.20	2011.5.23	2011.6.1	2011.6.2	2011.6.13	2011.6.17	96.01	78.1935	48.171449999999993	24.167650000000002	34.757300000000001	90.486499999999992	31.220649999999999	37.536550000000005	44.835900000000002	79.242499999999993	35.286850000000001	28.647449999999999	40.3384	34.223700000000001	61.886349999999993	28.672050000000002	43.763350000000003	20.374550000000003	35.735849999999999	47.756500000000003	41.780950000000004	40.757600000000004	41.475999999999999	35.606350000000006	38.005949999999999	29.949300000000001	50.134500000000003	31.133099999999999	68.503	26.249549999999999	41.229299999999995	71.998500000000007	29.47795	37.816049999999997	34.383449999999996	45.641999999999996	45.457999999999998	70.618000000000009	53.766999999999996	78.628	73.083500000000001	32.695349999999998	31.800750000000001	77.957400000000007	41.876499999999993	43.801850000000002	78.977799999999988	60.055250000000008	250μg/ml	2010.6.25	2010.6.28	2010.7.7	2010.7.12	2010.7.21	2010.7.26	2010.8.5	2010.8.8	2010.8.19	2010.8.22	2010.9.5	2010.9.10	2010.9.19	2010.9.23	2010.10.8	2010.10.11	2010.10.22	2010.10.25	2010.11.5	2010.11.10	2010.11.19	2010.11.22	2010.12.5	2010.12.7	2010.12.21	2010.12.24	2011.1.9	2011.1.23	2011.2.3	2011.2.6	2011.2.18	2011.2.20	2011.3.10	2011.3.12	2011.3.20	2011.3.24	2011.4.14	2011.4.15	2011.4.28	2011.4.29	2011.5.6	2011.5.9	2011.5.20	2011.5.23	2011.6.1	2011.6.2	2011.6.13	2011.6.17	97.155499999999989	77.007000000000005	71.30095	25.250149999999998	31.601800000000004	91.504000000000005	37.260149999999996	34.891050000000007	46.806400000000004	83.029499999999985	37.212850000000003	29.895949999999999	38.6434	51.641199999999998	89.824849999999998	29.54055	30.793849999999996	36.803849999999997	41.775000000000006	36.363950000000003	32.332599999999999	41.233499999999992	34.335850000000008	34.428449999999998	32.542800000000007	53.807499999999997	36.610100000000003	69.42949999999999	30.101549999999996	45.691799999999994	65.01400000000001	29.803449999999998	39.941549999999999	45.863950000000003	41.549499999999995	60.072500000000005	48.069000000000003	65.861499999999992	84.495000000000005	50.037999999999997	36.695349999999998	28.712249999999997	85.828400000000002	42.744999999999997	40.409850000000006	88.528800000000004	58.983250000000005	DNA damage rate 20%	2010.6.25	2010.6.28	2010.7.7	2010.7.12	2010.7.21	2010.7.26	2010.8.5	2010.8.8	2010.8.19	2010.8.22	2010.9.5	2010.9.10	2010.9.19	2010.9.23	2010.10.8	2010.10.11	2010.10.22	2010.10.25	2010.11.5	2010.11.10	2010.11.19	2010.11.22	2010.12.5	2010.12.7	2010.12.21	2010.12.24	2011.1.9	2011.1.23	2011.2.3	2011.2.6	2011.2.18	2011.2.20	2011.3.10	2011.3.12	2011.3.20	2011.3.24	2011.4.14	2011.4.15	2011.4.28	2011.4.29	2011.5.6	2011.5.9	2011.5.20	2011.5.23	2011.6.1	2011.6.2	2011.6.13	2011.6.17	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	20	DNA damage rate 45%	2010.6.25	2010.6.28	2010.7.7	2010.7.12	2010.7.21	2010.7.26	2010.8.5	2010.8.8	2010.8.19	2010.8.22	2010.9.5	2010.9.10	2010.9.19	2010.9.23	2010.10.8	2010.10.11	2010.10.22	2010.10.25	2010.11.5	2010.11.10	2010.11.19	2010.11.22	2010.12.5	2010.12.7	2010.12.21	2010.12.24	2011.1.9	2011.1.23	2011.2.3	2011.2.6	2011.2.18	2011.2.20	2011.3.10	2011.3.12	2011.3.20	2011.3.24	2011.4.14	2011.4.15	2011.4.28	2011.4.29	2011.5.6	2011.5.9	2011.5.20	2011.5.23	2011.6.1	2011.6.2	2011.6.13	2011.6.17	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	45	150μg/ml	2010.6.25	2010.6.28	2010.7.7	2010.7.12	2010.7.21	2010.7.26	2010.8.5	2010.8.8	2010.8.19	2010.8.22	2010.9.5	2010.9.10	2010.9.19	2010.9.23	2010.10.8	2010.10.11	2010.10.22	2010.10.25	2010.11.5	2010.11.10	2010.11.19	2010.11.22	2010.12.5	2010.12.7	2010.12.21	2010.12.24	2011.1.9	2011.1.23	2011.2.3	2011.2.6	2011.2.18	2011.2.20	2011.3.10	2011.3.12	2011.3.20	2011.3.24	2011.4.14	2011.4.15	2011.4.28	2011.4.29	2011.5.6	2011.5.9	2011.5.20	2011.5.23	2011.6.1	2011.6.2	2011.6.13	2011.6.17	92.320999999999998	64.177999999999997	46.971450000000004	22.732149999999997	33.634300000000003	78.221000000000018	28.326149999999998	36.816550000000007	42.749400000000009	73.849350000000001	31.023350000000001	26.574449999999999	42.2194	31.070699999999999	60.571849999999998	27.709550000000004	42.654349999999994	19.96105	34.762350000000005	44.179000000000002	41.961449999999999	35.385099999999994	38.215499999999992	34.161349999999999	30.387950000000004	29.670800000000007	39.486999999999995	30.513100000000001	65.346000000000004	23.222050000000003	38.323799999999999	65.739000000000004	28.813949999999998	37.38355	34.819450000000003	45.771500000000003	32.201500000000003	68.393500000000003	48.353999999999999	71.887500000000003	59.625	31.437350000000002	31.683250000000001	63.843900000000005	40.8185	42.93235	72.894300000000001	57.652250000000002	
DNA damage rate(%)



下四分位数	spring	summer	autumn	winter	32.071937500000004	37.817037499999792	30.194900000000111	30.419237499999987	MAX	spring	summer	autumn	winter	71.887500000000003	92.320999999999998	60.571849999999998	65.739000000000004	MIN	spring	summer	autumn	winter	28.813949999999988	22.732149999999862	19.96105	23.222050000000003	中位数	spring	summer	autumn	winter	41.577525000000001	44.951899999999995	35.073725000000003	36.188425000000002	上四分位数	60.679725000000012	70.715225000000444	42.328137500000011	39.196200000000012	
Oxidative capacity (%)


DNA damages at 150ul/ml	
12.38	9.1	13.75	14.73	9	64.2	22.7	78.2	68.400000000000006	31.7	Cell apoptosis rate at the dose of 25 g/ml (%)

DNA damage rate at the dose of
 150 g/ml (%)

spring	6.1350554104171602	0.36435540917836245	4.0841016661871743	7.9805600224298132	4.9895533534242134	197.53896943247605	7.8341799384901769	1.4050902875080156	5.955402568515928	101.78642733745679	1556.2265998637486	1.2350436789396864	54.211406187168045	0.31927866229601437	2.2837050251675258E-2	5.8701480579472785	10.335597403102172	17.929677446438721	8.8218032926003005	42.695343372305075	0.35330880418001537	0.77189390302739735	4.9960478207439832E-2	0.23260372702766488	0.23627113531431645	3.5538884980806755E-2	4.3391983102076474E-2	2.1653842358548992E-2	0.12373049166596417	1.4020393310154622E-2	4.1456804829444908E-2	6.8853037265909824E-3	5.7240234489775187E-2	9.8160865702965963E-3	1.2837974918187061	6.5939945404890699	152.44996562726016	3.1082213642826027	6.4532506881760404E-2	0.10781625888061799	40.969382485394725	7.1300442399888059E-2	1.5293132486007173	4.4368156749332484E-2	6.1350554104171602	0.36435540917836245	4.0841016661871743	7.9805600224298132	4.9895533534242134	197.53896943247605	7.8341799384901769	1.4050902875080156	5.955402568515928	101.78642733745679	1556.2265998637486	1.2350436789396864	54.211406187168045	0.31927866229601437	2.2837050251675258E-2	5.8701480579472785	10.335597403102172	17.929677446438721	8.8218032926003005	42.695343372305075	0.35330880418001537	0.77189390302739735	4.9960478207439832E-2	0.23260372702766488	0.23627113531431645	3.5538884980806755E-2	4.3391983102076474E-2	2.1653842358548992E-2	0.12373049166596417	1.4020393310154622E-2	4.1456804829444908E-2	6.8853037265909824E-3	5.7240234489775187E-2	9.8160865702965963E-3	1.2837974918187061	6.5939945404890699	152.44996562726016	3.1082213642826027	6.4532506881760404E-2	0.10781625888061799	40.969382485394725	7.1300442399888059E-2	1.5293132486007173	4.4368156749332484E-2	Li	Be	Sc	Ti	V	Mn	Cr	Co	Ni	Cu	Zn	Ga	Rb	Y	Nb	Mo	Cd	Sb	Cs	Ba	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	W	Tl	Pb	Bi	Th	U	Sr	In	Zr	Hf	19.956000000000003	1.6155555555555561	15.515555555555554	26.662222222222113	15.316000000000004	461.06666666666672	35.595555555555563	3.6217777777777935	33.555555555555557	244.9111111111111	2911.1111111111122	2.6893333333333342	100.81688888888857	0.99555555555555542	0.1884444444444463	17.263999999999989	17.007111111111115	45.906666666666226	14.549333333333335	160.31111111111113	1.4039999999999886	2.6604444444444444	0.21022222222222298	0.76622222222222269	0.51022222222222158	0.1448888888888889	0.21555555555555556	6.0000000000000032E-2	0.37911111111111112	7.8000000000000014E-2	0.13866666666666666	3.8666666666666662E-2	0.29200000000000031	5.1199999999999996E-2	5.1559999999999855	15.988	294.19555555555559	7.9382222222222518	0.27333333333333326	0.44311111111111079	134.0311111111111	0.22044444444444569	4.3151111111111105	0.2056	summer	2.1383081649006561	1.2335911442253098	7.2076953124540424	39.799398033618353	4.8295702132223379	151.39780898565525	77.926875973503684	2.6560252428975812	202.63830416320951	628.80947661337655	659.48949463608494	1.2517043370839331	20.139179363979697	0.97674299008842391	0.28869800025898235	49.140861106649339	3.6600948309732599	12.804054597720805	3.140591850546214	262.00265323662342	1.3962015859777801	2.3186258273539369	0.29712485897040491	1.1707515457253062	0.24954495961386791	0.13685816590820427	0.29290036917461948	5.6109416916117323E-2	0.18041992170530544	6.0017085109579454E-2	0.16958251768101065	6.2696919411592333E-2	0.15577424310461221	9.1472478296558052E-2	3.6464896901823391	3.294690929849462	88.600309847373012	2.2365801997466987	1.0552177380746939	4.3294610612416973	208.5754073337614	7.4907822142829733E-2	1.7336197519768979	0.10855793566950965	2.1383081649006561	1.2335911442253098	7.2076953124540424	39.799398033618353	4.8295702132223379	151.39780898565525	77.926875973503684	2.6560252428975812	202.63830416320951	628.80947661337655	659.48949463608494	1.2517043370839331	20.139179363979697	0.97674299008842391	0.28869800025898235	49.140861106649339	3.6600948309732599	12.804054597720805	3.140591850546214	262.00265323662342	1.3962015859777801	2.3186258273539369	0.29712485897040491	1.1707515457253062	0.24954495961386791	0.13685816590820427	0.29290036917461948	5.6109416916117323E-2	0.18041992170530544	6.0017085109579454E-2	0.16958251768101065	6.2696919411592333E-2	0.15577424310461221	9.1472478296558052E-2	3.6464896901823391	3.294690929849462	88.600309847373012	2.2365801997466987	1.0552177380746939	4.3294610612416973	208.5754073337614	7.4907822142829733E-2	1.7336197519768979	0.10855793566950965	Li	Be	Sc	Ti	V	Mn	Cr	Co	Ni	Cu	Zn	Ga	Rb	Y	Nb	Mo	Cd	Sb	Cs	Ba	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	W	Tl	Pb	Bi	Th	U	Sr	In	Zr	Hf	13.175666666666721	4.2206666666666672	29.056666666666668	125.83666666666669	29.238666666666671	603.13333333333355	153.05666666666662	8.163000000000002	438.06333333333401	1333.5	2563.466666666654	5.0196666666666694	93.48	2.4193333333333333	0.73633333333333362	85.780000000000015	14.396333333333336	64.866666666666703	13.926666666666714	654.19999999999993	3.9993333333333343	7.269000000000001	0.91299999999999992	3.073	1.0713333333333332	0.47090909090909217	0.90933333333333355	0.17200000000000001	0.71680000000000244	0.20233333333333406	0.53781818181818186	0.20888888888888893	0.53959999999999986	0.24400000000000024	12.039636363636372	18.610909090909093	442.5054545454546	10.490181818181822	2.2774545454545456	7.7174545454545465	492.51999999999964	0.37090909090909252	6.4927272727272705	0.39533333333333331	autumn	3.0297697282236826	3.3823530748921407	6.9092743263798493	21.089060283387674	1.6446752158576978	39.628823302788511	63.496843602455918	0.82553301422520853	34.403490470672267	83.95440802163175	663.75962881790315	0.8037381351528553	5.9205371036722374	0.12150715986718599	0.12143675246186797	2.5444038415886214	3.2144418605330971	9.5185793864081187	2.1811568703166002	36.908309814096505	0.42453906079584214	0.88889446147243178	0.15214373852287677	0.23581629127845094	0.23304545011259592	2.0363117778389735E-2	0.17766369319247047	5.2048928030180498E-2	0.10598147986357842	2.8444345801596646E-2	0.10748409012328122	1.7007188022846231E-2	7.6437338170992478E-2	8.3397551014112708E-3	1.2689755671008751	3.1216179371368526	71.950016320254178	0.87125022788861262	0.13811311423334247	0.41494368609036897	14.037482687505674	0.34650745761356733	0.59732010097626775	9.8972723515118016E-2	3.0297697282236826	3.3823530748921407	6.9092743263798493	21.089060283387674	1.6446752158576978	39.628823302788511	63.496843602455918	0.82553301422520853	34.403490470672267	83.95440802163175	663.75962881790315	0.8037381351528553	5.9205371036722374	0.12150715986718599	0.12143675246186797	2.5444038415886214	3.2144418605330971	9.5185793864081187	2.1811568703166002	36.908309814096505	0.42453906079584214	0.88889446147243178	0.15214373852287677	0.23581629127845094	0.23304545011259592	2.0363117778389735E-2	0.17766369319247047	5.2048928030180498E-2	0.10598147986357842	2.8444345801596646E-2	0.10748409012328122	1.7007188022846231E-2	7.6437338170992478E-2	8.3397551014112708E-3	1.2689755671008751	3.1216179371368526	71.950016320254178	0.87125022788861262	0.13811311423334247	0.41494368609036897	14.037482687505674	0.34650745761356733	0.59732010097626775	9.8972723515118016E-2	Li	Be	Sc	Ti	V	Mn	Cr	Co	Ni	Cu	Zn	Ga	Rb	Y	Nb	Mo	Cd	Sb	Cs	Ba	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	W	Tl	Pb	Bi	Th	U	Sr	In	Zr	Hf	14.402000000000006	8.4706666666667161	26.163333333333156	93.93	13.816666666666723	392.8	141.70666666666602	5.6049999999999782	75.056666666666672	310.26666666666671	1869.8000000000002	4.8973333333333331	48.613333333333337	0.78433333333333344	0.53527272727272657	21.089999999999989	13.609666666666676	70.986666666666665	9.5593333333333348	250.5	2.1473333333333402	4.9229999999999965	0.60266666666666668	1.1836666666666666	0.81400000000000061	0.16166666666666668	0.52036363636363669	0.10800000000000012	0.30600000000000038	0.11033333333333335	0.30720000000000008	7.8400000000000011E-2	0.31200000000000128	4.3272727272727282E-2	8.8066666666667235	15.718	247.99999999999997	4.2216666666666693	0.66666666666666663	1.7093333333333334	121.86333333333305	0.56072727272727263	4.6930000000000005	0.29400000000000032	winter	1.7239278149363189	3.0367986535531353	7.783276395509116	51.731963143366848	2.8332128601838367	49.48218983746689	20.635132242528993	1.1999864369603885	17.853210654295957	65.058901175950936	326.64652999160353	0.80089173633727795	7.3034060851389331	0.21194531789539156	0.17290285005041353	3.7155971555353431	1.3161785829522621	7.9145458211798445	1.2425429409078781	370.87529284712969	0.38493589653921018	1.0692069833915847	0.43155812792459303	0.7175828066811859	0.22737692641661467	8.7706328163936531E-2	8.3208973875017508E-2	3.3201070933195985E-2	0.17680472592979835	4.1088305987091872E-2	0.15621340714365337	1.4074631010979938E-2	9.7780512227276517E-2	1.237416663860642E-2	4.8475477970252445	1.536233552845687	44.205638654914871	2.8715969045501777	0.23296660704916491	0.39706962165903126	196.53545724768227	0.28677380943485553	0.6388833174636338	0.21533329205365964	1.7239278149363189	3.0367986535531353	7.783276395509116	51.731963143366848	2.8332128601838367	49.48218983746689	20.635132242528993	1.1999864369603885	17.853210654295957	65.058901175950936	326.64652999160353	0.80089173633727795	7.3034060851389331	0.21194531789539156	0.17290285005041353	3.7155971555353431	1.3161785829522621	7.9145458211798445	1.2425429409078781	370.87529284712969	0.38493589653921018	1.0692069833915847	0.43155812792459303	0.7175828066811859	0.22737692641661467	8.7706328163936531E-2	8.3208973875017508E-2	3.3201070933195985E-2	0.17680472592979835	4.1088305987091872E-2	0.15621340714365337	1.4074631010979938E-2	9.7780512227276517E-2	1.237416663860642E-2	4.8475477970252445	1.536233552845687	44.205638654914871	2.8715969045501777	0.23296660704916491	0.39706962165903126	196.53545724768227	0.28677380943485553	0.6388833174636338	0.21533329205365964	Li	Be	Sc	Ti	V	Mn	Cr	Co	Ni	Cu	Zn	Ga	Rb	Y	Nb	Mo	Cd	Sb	Cs	Ba	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	W	Tl	Pb	Bi	Th	U	Sr	In	Zr	Hf	11.676000000000002	9.6287999999999982	28.628399999999989	133.40800000000004	16.731999999999999	385.2	105.46400000000031	6.7364000000000024	75.032000000000011	337.28	1208	4.9147999999999996	55.536000000000001	1.2951999999999944	0.63520000000000065	17.54	6.0851999999999995	48.08	7.926400000000001	826.07999999999993	1.8	3.6548000000000007	0.74720000000000064	1.8527999999999998	0.67600000000000315	0.31866666666666893	0.39200000000000162	9.4000000000000028E-2	0.43911111111111117	0.18640000000000093	0.40900000000000031	6.4571428571428571E-2	0.36100000000000032	5.1199999999999996E-2	14.231999999999996	10.570800000000002	270.44	10.248399999999998	0.68519999999999992	1.2447999999999946	485.28000000000003	0.52879999999999994	4.0355999999999996	0.50666666666666649	
Content of water-solubele elements (μg/g)



50	2010.9.12	2010.9.13	2010.9.14	2010.9.15	2010.9.16	31.05	27.85	32.534000000000006	35.101500000000001	52.366	100	2010.9.12	2010.9.13	2010.9.14	2010.9.15	2010.9.16	31.147999999999996	31.68249999999987	44.268500000000245	45.746000000000009	74.367500000000007	150	2010.9.12	2010.9.13	2010.9.14	2010.9.15	2010.9.16	31.848999999999986	36.238000000000063	52.313000000000002	51.536000000000001	77.48599999999999	200	2010.9.12	2010.9.13	2010.9.14	2010.9.15	2010.9.16	36.854499999999994	46.769000000000013	59.502000000000002	52.252500000000012	74.371499999999983	250	2010.9.12	2010.9.13	2010.9.14	2010.9.15	2010.9.16	38.377499999999998	47.911999999999999	56.173000000000002	57.145000000000003	73.13	Visibility（km）	2010.9.12	2010.9.13	2010.9.14	2010.9.15	2010.9.16	23.5	19.600000000000001	7.3	3.8	4.5999999999999996	
DNA damage rate (%)

visibility (km)


Total value of positive correlated elements(Cd,Cs,Pb,Rb,Zn,Be,Bi)	2010.06.28	2010.07.07	2010.07.12	2010.07.21	2010.07.26	2010.08.08	2010.08.19	2010.08.22	2010.09.05	2010.09.10	2010.09.19	2010.09.23	2010.10.08	2010.10.11	2010.10.22	2010.10.25	2010.11.05	2010.11.10	2010.11.19	2010.11.22	2010.12.05	2010.12.07	2010.12.21	2010.12.24	2011.01.09	2011.01.23	2011.02.03	2011.02.06	2011.02.18	2011.02.20	2011.03.12	2011.03.20	2011.04.14	2011.04.15	2011.04.28	2011.04.29	2011.05.06	2011.05.09	2011.05.23	2011.06.01	2011.06.02	2011.06.13	2011.06.17	19.731776739570119	10.109783732125807	3.5818606346371786	13.578535400729766	25.713181760000001	3.4917588262424126	1.5736610345466087	1.0646288059463596	3.3778968717941731	3.4441072109552495	0.73519456183200083	1.1239170883881981	78.840545261442912	1.4327000808407109	21.779826711962237	0.69019567261615977	1.4663210965970799	4.1890678922266744	25.513050667608184	1.9438927757519873	1.8311976603353513	1.7257462658209657	38.152048463886075	1.0751300197411162	2.0837734468915725	1.0095793139701712	4.2166249273856238	1.1993672416370182	6.1677354695218396	19.500125414843012	18.758528494928182	2.0037387185696161	1.648737451096475	0.64810704109057271	3.8481237066915384	59.432480839073285	0.46076875474450496	0.69375992215825677	27.300507538415399	0.18899029841221973	7.1896284888344697	3.9638766127696288	6.9292614908586971	Total Analyzed Water-soluble Elements	2010.06.28	2010.07.07	2010.07.12	2010.07.21	2010.07.26	2010.08.08	2010.08.19	2010.08.22	2010.09.05	2010.09.10	2010.09.19	2010.09.23	2010.10.08	2010.10.11	2010.10.22	2010.10.25	2010.11.05	2010.11.10	2010.11.19	2010.11.22	2010.12.05	2010.12.07	2010.12.21	2010.12.24	2011.01.09	2011.01.23	2011.02.03	2011.02.06	2011.02.18	2011.02.20	2011.03.12	2011.03.20	2011.04.14	2011.04.15	2011.04.28	2011.04.29	2011.05.06	2011.05.09	2011.05.23	2011.06.01	2011.06.02	2011.06.13	2011.06.17	34.971352137212612	28.491524505376955	7.1427636219329509	47.69881951461646	40.368823599999992	6.3734701625864574	5.5549216485754753	4.0679628477746617	5.1619025258652682	7.9683846637927065	2.039149402292554	3.581658694396249	97.066300460914931	4.5442672888953162	28.898493445688441	2.0487060591471438	4.7607739321207241	8.4414767270768767	33.737179307700416	4.7722078669975314	4.932051766638855	5.2455021185807604	48.907719087459157	3.9148530558678991	4.8018459094981818	2.8405492958982785	25.375655202178066	5.9740830421359332	23.545880756089378	28.157209489683115	26.046303985805924	5.7534850824690258	4.3982782199585975	2.5608227035986917	5.6876917185019558	73.553588438105891	1.8248244901649155	1.4971370828272821	37.177541977300059	0.53890993654320385	15.889322746380197	6.0798582525140823	8.7699191329160673	
Mass in unit atmosphere (ng/m3)



