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Abstract:

 Ambient daytime and nighttime PM2.5 (particulate matter with aerodynamic diameter less than 2.5 μm) and TSP (the total suspended particulates) samples were collected at two sites (named Pudong and Jinshan) in Shanghai. The concentrations of PM2.5 and TSP were lower at Pudong than at Jinshan. Higher PM2.5 and TSP concentrations were observed during daytime than nighttime for both sites. Carbonaceous aerosol and secondary sulfate were the most abundant components. Larger enrichment factor (EFs) of Zn, Pb, Cl, and S for Jinshan nighttime were observed than for other sampling periods. PM2.5 showed higher relative spatial uniformity (the coefficients of divergence, COD = 0.18) than TSP (COD = 0.23) during the sampling period. The variations of chemical components and the species ratios showed that the contributions of primary particulate emissions in Jinshan (industrial zone) were more significant than in Pudong (residential zone).
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1. Introduction

Atmospheric PM2.5 (particulate matter with aerodynamic diameter less than 2.5 μm) and TSP (the total suspended particulates) have been found to be associated with air pollution and human health [1,2,3,4,5]. Previous studies reported that carbonaceous matter and water soluble ions are the major components of atmospheric particulate matter in many urban areas [6,7,8,9,10]. Attributing to the urbanization of China with rapid industrial development, the identification and quantification of the aerosol components are needed to determine the severity of urban air pollution, and to develop strategies for urban air quality improvement.

Shanghai is an industrial base with China’s largest petrochemical complex and other major industries. Rapid economic growth and urbanization have sharply increased fossil fuel consumption, which can contribute to air pollution [2]. Previous studies have revealed that organic matter and sulfate are the most abundant components and which exist distinctly in fine and coarse modes in Shanghai. However, most of these studies were based on filter sampling with low time-resolution [11,12]. The data was scarce in particle size distributions of chemical composition both during the daytime and nighttime for various urban functional zones. In order to understand the aerosol chemistry in depth in Shanghai, a sampling campaign was deployed simultaneously at two urban sites (Pudong and Jinshan).

Here, we presented the data of the mass and chemical components of PM2.5 and TSP for daytime and nighttime. The objective of this study is to provide the distributions and relationships of PM2.5 and TSP as well as the major components for different urban zones in Shanghai.



2. Experimental Section


2.1. Sample Collection

Shanghai represents a typical urban environment in eastern China (Figure 1). PM2.5 were collected on quartz and teflon filters simultaneously by using four mini-Volume samplers, and TSP were collected on quartz filters by two mini-Volume samplers with the flow rate of 5 L·min−1 at Pudong (residential zone) and Jinshan (industrial zone) from 1 to 20 September 2009, respectively. Aerosol sampling was carried out over a period of 20 days, daytime samples were collected from 8:00 to 20:00 (local time) and those for nighttime samples were from 20:00 to 8:00. The meteorological data was also collected during the sampling period. All quartz filters were pre-heated at 900 °C for 3 h and then stored in aluminum foil before sampling. The quartz and teflon filters were stored in a refrigerator after sampling.

Figure 1. Location of the sampling sites in Shanghai (PD: Pudong, JS: Jinshan).
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Filters were analyzed gravimetrically for PM2.5 and TSP mass concentrations on a Sartorius MC5 electronic micro balance with ±1 µg sensitivity (Sartorius, Göttingen, Germany) after 24 h equilibration at temperatures between 20 °C and 23 °C and RH between 35% and 45%. Each filter was weighed at least three times before and after samplings, and the net mass was obtained by subtracting the difference between the averaged pre- and post-sampling weights. The precision of mass measurement before and after sampling based on replicate weighting is 15 and 20 µg per filter, respectively.





2.2. Carbonaceous Aerosol Measurement

All the PM2.5 and TSP quartz filters were analyzed for carbon fractions using a DRI Model 2001 Thermal/Optical Carbon Analyzer (Atmoslytic Inc., Calabasas, CA, USA). Using a punch from the quartz filter, three elemental carbon (EC) fractions and four organic carbon (OC) fractions were analyzed following the IMPROVE-A (Interagency Monitoring of Protected Visual Environments) thermal/optical reflectance (TOR) protocol [13]. The method produced data for four OC fractions (OC1, OC2, OC3, and OC4 in a helium atmosphere at 140, 280, 480, and 580 °C, respectively), a pyrolyzed carbon fraction (OP, determined when reflected laser light attained its original intensity after oxygen was added to the combustion atmosphere), and three EC fractions (EC1, EC2, and EC3 in a 2% oxygen/98% helium atmosphere at 580, 740 °C, and 840 °C, respectively). The IMPROVE (Interagency Monitoring of Protected Visual Environments) protocol defined OC as OC1 + OC2 + OC3 + OC4 + OP and EC as EC1 + EC2 + EC3−OP. The EC fraction was also divided into char and soot. Char is defined as EC1 minus OP, and soot is defined as the sum of EC2 and EC3 [14,15]. The blank filters were also analyzed for quality control and the sample results were corrected by the average of the blank concentrations, which were 0.96 and 0.23 μg·m−3 for OC and EC, respectively. The detailed quality assurance/quality control (QA/QC) procedures are described elsewhere [16].



2.3. Ion Analyses

The concentrations of three anions (Cl−, NO3− and SO42−) and five cations (Na+, NH4+, K+, Mg2+ and Ca2+) were determined in aqueous extracts of the sample filters by using a Dionex-600 Ion Chromatograph (Dionex Inc., Sunnyvale, CA, USA). Standard solution and blank test were performed before sample analysis and the result of correlation coefficient of standard samples was more than 0.999. One in 10 extracts was reanalyzed and none of the differences between these replicates exceeded precision intervals. All the reported data of water solvable ions were corrected by the filter blanks. Minimum detection limits were as follows: 0.001 µg·mL−1 for Na+, NH4+, K+, Mg2+ and Ca2+; 0.008 µg·mL−1 for Cl−, 0.025 µg·mL−1 for NO3−; and 0.027 µg·mL−1 for SO42−. Standard reference materials produced by the National Research Center for Certified Reference Materials (Beijing, China) were analyzed for quality control and quality assurance purposes. The experimental uncertainties were ±0.04 for NO3− and SO42−, ±0.03 for Ca2+, ±0.02 for Cl−, ±0.01 for NH4+, K+ and Mg2+, and ±0.004 for Na+.



2.4. Element Analyses

An energy-dispersive X-ray fluorescence (ED-XRF) was used to determine the concentrations of the elements collected on the PM2.5 Teflon fibre filters. The characteristic X-ray radiation is detected by a germanium detector (PAN 32). A spectrum of X-ray counts versus photon energy was acquired during analysis, with the individual peak energies matching to specific elements, and peak areas corresponding to elemental concentrations [17]. In total, 15 interested elements were discussed in the paper. Minimum detection limits were as follows: 0.115 µg·cm−2 for Al, 0.007 µg·cm−2 for K and Ca, 0.011 µg·cm−2 for Fe, 0.093 µg·cm−2 for Si, 0.032 µg·cm−2 for S, 0.008 µg·cm−2 for Zn, 0.003 µg·cm−2 for Ni, 0.010 µg·cm−2 for Cu, 0.014 µg·cm−2 for Mn, 0.015 µg·cm−2 for Sr and Pb, 0.003 µg·cm−2 for Cl, 0.004 µg·cm−2 for As, and 0.005 µg·cm−2 for Ti, respectively.




3. Results and Discussion


3.1. Characteristics of PM2.5 and TSP for Daytime and Nighttime

The average PM2.5 and TSP obtained during the sampling periods reached 45.3 μg·m−3 and 89.8 μg·m−3 for daytime, and those were 32.8 μg·m−3 and 67.0 μg·m−3 for nighttime at Pudong, respectively. The concentrations of PM2.5 and TSP were 49.3 μg·m−3 and 135.3 μg·m−3 in daytime, 49.8 μg·m−3 and 88.0 μg·m−3 in nighttime at Jinshan, respectively. PM2.5 experienced lowest concentrations for Pudong nighttime and highest value for Jinshan nighttime. Higher TSP concentrations were observed in daytime than nighttime for both sites. The variations of TSP showed a slight increase at Jinshan, which may be attributed to the local primary sources. The ratios of PM2.5 to TSP (~0.51 and ~0.49 for daytime and nighttime at Pudong, ~0.36 and ~0.57 for daytime and nighttime at Jinshan, respectively) were obtained at both sampling sites. The average PM2.5 concentration is much higher than the USEPA (United States Environmental Protection Agency) National Ambient Air Quality Standards (NAAQS) (15 μg·m−3), indicating very serious potential environmental and health impacts for local residents.

Variations of PM2.5 and TSP mass with wind speed and wind direction were plotted in Figure 2. High wind speeds during daytime (~2.0 and ~2.7 m·s−1 for Pudong and Jinshan, respectively) and low values during nighttime (0.98 m·s−1 and 1.62 m·s−1 for Pudong and Jinshan, respectively) were observed during the sampling periods, which was shown to be inversely related with the corresponding mass concentrations. A sharp increase of the mass was observed when the wind direction was >180°, which was consistent with the previous study [18].

Figure 2. The concentrations of PM2.5 and TSP vs the wind speed and wind direction during daytime and nighttime. (a) Pudong, (b) Jinshan.
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The coefficients of divergence (COD) was applied to sites within study areas as a relative measure of particulate concentration uniformity [19]. To further investigate the similarities among the sites in Shanghai, the coefficients of divergence (CODpj) between Pudong and Jinshan were calculated by using the average concentrations of PM2.5 and TSP, respectively. The COD is defined mathematically as:
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(1)




where xip and xij represent the 24 h average particulate concentration for sampling day i at sampling sites Pudong and Jinshan, and m is the number of observations. A COD of zero means there are no differences between concentrations at the sites, while a value approaching one indicates maximum differences and absolute heterogeneity. Values of CODs coefficients lower than 0.2 indicates a relatively homogeneous spatial distribution [20]. In the present study, the values of the CODs calculated for the both sites are 0.18 and 0.23 for PM2.5 and TSP, respectively, suggesting that the area investigated is characterized by a relatively homogeneous distribution of PM2.5, but not for TSP during the sampling period.


3.2. Variations of OC and EC

OC and EC are the major components of aerosols that originate from natural and anthropogenic sources. Total carbon (the sum of OC and EC) contribution to urban aerosol mass ranges from 20% to 50% in both fine and coarse fractions in China [21,22,23,24]. The average concentrations of PM2.5 carbonaceous species were given in Table 1. The average OC and EC concentrations were 8.0 and 1.7 μg·m−3 for Pudong daytime and 5.7 and 1.7 μg·m−3 for Pudong nighttime, respectively. The corresponding concentrations were 14.5 and 2.3 μg·m−3 for Jinshan daytime and 19.1 and 2.9 μg·m−3 for Jinshan nighttime. Lower OC and EC concentrations were observed in Pudong than in Jinshan. Carbonaceous aerosol contribute ~30% of PM2.5 and ~23% of TSP at Pudong, respectively. The contributions were ~48% and ~31% for PM2.5 and TSP at Jinshan, respectively. The contributions of carbonaceous materials to PM2.5 were higher than those for TSP, which was consistent with the previous research [8]. The concentrations of OC and EC for daytime and nighttime at Pudong and Jinshan were comparable to previous results of Shanghai, Beijing and Guangzhou [25,26,27].


Table 1. The average concentrations of OC, EC for PM2.5 and TSP at Pudong and Jinshan (μg·m−3).



	
Size

	
Carbon Fraction

	
Pudong Daytime

	
Pudong Nighttime

	
Jinshan Daytime

	
Jinshan Nighttime




	
Ave.

	
Max.

	
Min.

	
Ave.

	
Max.

	
Min.

	
Ave.

	
Max.

	
Min.

	
Ave.

	
Max.

	
Min.






	
PM2.5

	
OC

	
8.0

	
14.6

	
3.9

	
5.7

	
10.8

	
2.8

	
14.5

	
32.7

	
7.7

	
19.1

	
45.8

	
6.7




	
EC

	
1.7

	
3.8

	
1.0

	
1.7

	
2.8

	
0.9

	
2.3

	
4.8

	
0.9

	
2.9

	
5.1

	
1.4




	
TSP

	
OC

	
11.6

	
19.0

	
6.1

	
9.6

	
15.0

	
4.1

	
30.6

	
55.3

	
14.6

	
37.1

	
62

	
14




	
EC

	
2.7

	
4.9

	
1.5

	
2.5

	
4.2

	
1.2

	
3.9

	
7.9

	
1.5

	
4.4

	
8.2

	
2.2









The ratios of OC to EC were 4.8 and 4.5 in daytime, 3.5 and 4.1 in nighttime for PM2.5 and TSP at Pudong, respectively. Those for Jinshan were 6.0 and 6.4 in daytime, 5.9 and 7.2 in nighttime for PM2.5 and TSP, respectively. Higher OC/EC ratio at Jinshan denoted a significant contribution of primary (from biomass burning and residue incineration) and secondary OC. The little difference for ratios of OC to EC between PM2.5 and TSP from Pudong indicated the secondary organic carbon contribution. Significant variations were observed for Jinshan nighttime, which may be attributed to primary emissions.





3.3. Variations of Water Soluble Ions

The average concentrations of water soluble inorganic species in PM2.5 collected during daytime and nighttime are presented in Table 2. The concentrations of SO42− (10.0 μg·m−3 for Pudong daytime, 8.6 μg·m−3 for Pudong nighttime, 10.3 μg·m−3 for Jinshan daytime and 10.2 μg·m−3 for Jinshan nighttime) showed high concentration during daytime, which may be attributed to more secondary species production. SO42− accounted for ~40% and ~36% of the total mass of inorganic ions for Pudong and Jinshan, respectively. The average NO3− concentrations were 5.8 μg·m−3 for daytime and 4.7 μg·m−3 for nighttime at Pudong, and 5.5 μg·m−3 for daytime and 6.9 μg·m–3 for nighttime at Jinshan, respectively. NO3− accounted for ~23% (Pudong daytime), ~21% (Pudong nighttime), ~20% (Jinshan daytime) and ~23% (Jinshan nighttime) of the total mass of the inorganic ions, respectively. Significant increases of NO3− and NH4+ were observed during nighttime at Jinshan.


Table 2. The concentrations of water soluble ions for PM2.5 at Pudong and Jinshan (μg·m−3).



	
Ions

	
Pudong Daytime

	
Pudong Nighttime

	
Jinshan Daytime

	
Jinshan Nighttime




	
Ave.

	
Max.

	
Min.

	
Ave.

	
Max.

	
Min.

	
Ave.

	
Max.

	
Min.

	
Ave.

	
Max.

	
Min.






	
Cl−

	
4.36

	
8.05

	
3.14

	
3.85

	
6.45

	
2.80

	
4.22

	
5.88

	
3.11

	
4.87

	
6.94

	
3.94




	
NO3-

	
5.82

	
15.79

	
3.49

	
4.74

	
7.78

	
2.57

	
5.53

	
11.60

	
n.a.

	
6.97

	
16.24

	
2.86




	
SO42-

	
10.03

	
23.25

	
2.35

	
8.56

	
19.68

	
1.90

	
10.30

	
18.59

	
3.73

	
10.18

	
18.92

	
3.48




	
Na+

	
0.69

	
2.35

	
n.a.

	
0.75

	
2.60

	
n.a.

	
0.53

	
1.40

	
0.15

	
0.63

	
0.90

	
0.22




	
NH4+

	
0.85

	
1.91

	
n.a.

	
0.79

	
3.64

	
n.a.

	
0.49

	
1.80

	
n.a.

	
1.16

	
5.72

	
n.a.




	
K+

	
0.52

	
1.04

	
n.a.

	
0.39

	
0.79

	
n.a.

	
0.38

	
1.33

	
n.a.

	
0.27

	
0.54

	
n.a.




	
Mg2+

	
1.02

	
2.70

	
n.a.

	
1.33

	
3.72

	
n.a.

	
0.29

	
1.24

	
n.a.

	
0.29

	
1.04

	
n.a.




	
Ca2+

	
2.40

	
7.45

	
n.a.

	
1.82

	
7.87

	
n.a.

	
6.08

	
18.14

	
0.13

	
5.67

	
13.92

	
2.04






n.a.: under the method detection limit.






The concentrations of Ca2+, increased from Pudong samples (2.4 and 1.8 μg·m−3 for daytime and nighttime, respectively) to Jinshan samples (6.0 and 5.7 μg·m−3 for daytime and nighttime, respectively), which accounted for ~9% and ~20% of the total inorganic ions for Pudong and Jinshan, respectively. The concentrations of Mg2+ in PM2.5 were higher for Pudong than for Jinshan. The sea salt contribution to Na+ should not be neglected at coastal sites. In this study, the concentrations of Na+ for PM2.5 were 0.7 μg·m−3 (Pudong daytime), 0.8 μg·m−3 (Pudong nighttime), 0.5 μg·m−3 (Jinshan daytime), and 0.6 μg·m−3 (Jinshan nighttime), respectively. The concentrations of K+ were lower than other ions, and showed higher concentrations during daytime than nighttime at both sampling sites. The result is somewhat consistent with the previous study [26].

SO42− was the most abundant anion followed by secondary contribution of NO3− during daytime and nighttime for Pudong. The concentrations of Ca2+ at Jianshan were significantly higher than those of Pudong, which may be attributed to the emission of local construction activities and soil dust at Jinshan. The concentrations of ions (except Na+ and Mg2+) are higher during daytime than nighttime at Pudong, while those for Jinshan were SO42−, K+ and Ca2+. The result of ionic balance showed an anion deficit in the present study, which may indicate the presence of calcium carbonates combined with the large concentrations of Ca2+ [28].

The much distinct contents of ions in PM2.5 and TSP were Ca2+ and NO3−. It was noteworthy that Ca2+ abundances in TSP increased by twice or more than that of PM2.5 (Figure 3), which may be explained as a consequence of the lifting of dust due to municipal engineering. Enhanced Cl− and Mg2+ concentrations in TSP were also found in the present study. Na+ and Cl− existed in both TSP and PM2.5, which suggested that sea salt aerosols and anthropogenic emissions were factors to affect the distributions. The variations of NO3− and SO42− in both sizes seem to indicate that NO3− was more abundant in coarse fraction than SO42−.

Figure 3. The major ions concentrations in daytime and nighttime for PM2.5 and TSP at Jinshan (JS) and Pudong (PD).
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3.4. The Variations of Elemental Compositions

Figure 4 showed the element concentrations of PM2.5 in daytime and nighttime for Pudong and Jinshan, respectively. The elements are divided into two groups: major (Al, K, Ca, Fe and Si) and sub-major elements (S, Zn, Ni, Cu, Mn, Sr, Pb, Cl, As and Ti). The average concentrations of the major elements for daytime and nighttime at Pudong were 1.6 and 1.1 μg·m−3, respectively, and those of sub-major elements were 3.1 and 2.7 μg·m−3, respectively. In comparison, the average concentrations of the major elements were 1.8 and 1.5 μg·m−3 for daytime and nighttime at Jinshan, respectively, and those of sub-major elements were 3.5 and 3.6 μg·m−3, respectively. The ratios of Jinshan to Pudong for major elements were 1.2 for daytime and 1.3 for nighttime, respectively, and those of the sub-major were 1.1 and 1.3, respectively. Higher concentrations of major and sub-major elements at Jinshan were observed than Pudong.

Figure 4. Concentrations of elements in PM2.5 during daytime and nighttime at Pudong and Jinshan.
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The enrichment factor (EF) method was applied to obtain qualitative information on natural and anthropogenic origins of the elements. High values of the enrichment factor indicated a prevailing anthropogenic origin. The enrichment factor (EF) for the i-th sampling day (with i = 1, …, n; n = number of observations) and for a generic element X in comparison with a crustal reference element Y is defined as:
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(2)




in which (Xi/Yi )air is the concentration ratio calculated starting from Xi-concentration and Yi-concentration measured in the i-th aerosol sample, and (X/Y)crust is the concentration ratio in the crust. In this study, Ti was used as the crustal reference element based on chemical composition of the Earth’s crust [29]. The uncertainties of EFs arising from the choice of the reference element were commonly observed in previous study [30]. In the present study, EFs will be much lower or larger if Fe or Al was used as reference element. Si was not chosen as reference element because of its low concentrations due to a lower content in the soil around the sites. EFX values ≈ 1 indicate that crustal soils are likely the predominant source for element X, while EFX values ˃10 suggest that the element X has mainly non-crustal origins.
The EFs of elements were shown in Figure 5. Si, Al, Ca, Fe and K had EFs of ˂10, indicating that these elements were mostly from crustal dust. The low EF of Si can be attributed to some complicated factors, such as the low concentration of Si in the soils around the measurement areas. The EFs of Ni, Sr, Cu, Zn, Pb, Cl, and S during daytime and nighttime of Pudong and Jinshan were greater than 10 and even greater than 100, indicating these elements were mainly from the anthropogenic pollution source. The EFs of these elements for Jinshan nighttime were much higher than those for other sampling periods, which further indicated that these elements were partly attributed to local emissions of industries, construction activities and residue combustion.

Figure 5. Enrichment factors of elements.
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3.5. Indications of the Major Components Ratios

The ratios of special components may give some indications as to the source and chemical reaction of aerosol. NO3− and SO42− are the major secondary species and mainly from the oxidation of NOx and SO2, respectively. Some studies have used NO3−/SO42− mass ratio to identify the relative importance of aerosol particles from mobile sources vs. stationary sources for sulfur and nitrogen in the atmosphere [31]. The previous study indicated that solar-absorption efficiency was positively correlated with the ratio of SO42−/EC [32]. Al is quite stable in the atmosphere and its concentration is not influenced by chemical reactions. Therefore, the ratios of NO3−/Al and SO42−/Al can be used to show the degree of concentration variations due to the chemical reactions. Ca2+ is usually considered to derive from construction materials and soil dust, and the ratio of Ca2+/Al is a tracer to indicate the emission of construction materials in urban aerosol [9,33]. The species ratios for daytime and nighttime at Pudong and Jinshan were presented in the study.

The chemical species ratios (SO42−/K+, Cl−/K+, NO3−/Al, SO42−/Al, Ca2+/Al, NO3−/SO42-, NO3−/EC, and SO42−/EC) of PM2.5 and TSP were calculated and compared in Figure 6. NO3−/SO42− for PM2.5 were lower than the corresponding values for TSP in daytime and nighttime, respectively. The average values of PM2.5 NO3−/SO42− were ~0.58 and ~0.56 for daytime and nighttime at Pudong, respectively. Those were ~0.54 and ~0.69 for daytime and nighttime at Jinshan, respectively. Comparing with PM2.5, higher values of TSP NO3−/SO42− were observed at both sites, which indicated that NO3− is more abundant in coarse fraction than SO42− [28].

Figure 6. The variations of chemical species ratios in Shanghai.
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As shown in Figure 6, the ratios of PM2.5 NO3−/Al for both sites were ~20, except Jinshan nighttime with 28. The ratios of SO42−/Al for both sites were similar, which were among 34–44. The results showed the variations of NO3−/Al and SO42−/Al were similar for daytime and nighttime at Pudong, while the ratios were lower for daytime than for nighttime at Jinshan. SO42−/K+ and Cl−/K+ for daytime and nighttime were comparable at Pudong, respectively, but higher ratios were observed during nighttime than daytime at Jinshan.



The ratios of PM2.5 Ca2+/Al at Pudong were 8.8 and 7.6 for daytime and nighttime, respectively. Higher values were observed at Jinshan, which for daytime and nighttime were 20.3 and 22.7, respectively. The results indicated that the abundance of Ca2+ may be attributed to the emissions from local construction activities at Jinshan.

Higher ratios of NO3−/EC and SO42−/EC were found at Pudong (with ~3.5 and ~5.5, respectively) than those for Jinshan (with ~2.5 and ~3.2, respectively) (Figure 5). There was no notable variance for NO3−/EC and SO42−/EC between daytime and nighttime. The ratios of SO42−/EC in PM2.5 were higher than those in TSP, indicating that the chemical formation processes of sulfate were more dominant in fine particles. Attributing to primary emissions from construction activities and waste incineration, lower ratios of NO3−/EC and SO42−/EC were observed at Jinshan. The study showed that reducing the secondary production at Pudong and mitigating primary emissions at Jinshan are likely to be effective strategies to improve air quality.




4. Conclusions

The concentrations of PM2.5 were lowest for Pudong nighttime and highest for Jinshan nighttime, respectively. Lower contributions of carbonaceous matter to PM2.5 and TSP were observed at Pudong (~30% and ~23%, respectively) than Jinshan (~48% and ~31% for PM2.5 and TSP, respectively), which indicated high carbonaceous pollution in Shanghai. Higher spatial uniformity (COD = 0.18) for PM2.5 was observed than for TSP (COD = 0.23) during the sampling period. SO42− was the most abundant anion followed by NO3−. The abundance of Ca2+ and elements at Jianshan may be attributed to local sources. Higher EFs of Zn, Pb, Cl, and S for Jinshan nighttime were observed than for other sampling periods. The results suggest that stringent controls on aerosol precursors could be an efficient measure to reduce secondary aerosol production in urban residential zones, and control of primary local emissions could be an efficient strategy in industrial zones.
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