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Abstract

:

PM2.5 has been a serious issue in South Korea not only in urban and industrial areas but also in rural and background areas. In this study, PM2.5 and its carbonaceous compounds including organic carbon (OC), elemental carbon (EC), water-soluble organic carbon (WSOC), and polycyclic aromatic hydrocarbons (PAHs) were collected and analyzed in a small residential city. The PM2.5 concentration frequently exceeded the national ambient air quality standard during the spring and the winter, which often occurred concurrently with fog and mist events. Over the whole sampling period, both OC and the OC/EC ratio were considerably higher than the ratios in other cities in Korea, which suggests that sources other than vehicular emissions were important. The top 10% of OC/EC ratio samples could be explained by regional and long-range transport because there was a strong correlation between primary and secondary organic carbon. However, biomass combustion was likely to account for the consistently high OC concentration due to a strong correlation between WSOC and primary OC as well as the diagnostic ratio results of PAHs.
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1. Introduction


It has been proven that fine particles (PM2.5) have raised various problems including adverse health effects, low visibility, and intensified climate change [1]. One of the major constituents of PM2.5 are carbonaceous compounds, which are often classified into organic carbon and elemental carbon in an operational definition. EC is emitted primarily from combustion processes while OC can be formed secondarily through homogeneous gas-phase oxidation, gas-aerosol partitioning, and/or heterogeneous oxidation of volatile organic compounds. It can also be directly emitted from primary sources including fossil fuel combustion, biomass burning, and biogenic emissions [2]. OC can be divided into two sub-groups such as water-soluble organic carbon and water insoluble organic carbon, which also tends to follow the classification of pure hydrocarbon organic aerosol and oxygenated organic aerosol [3,4]. WSOC is either directly emitted from biomass burning [5,6] or formed secondarily in atmospheric processes through gas-to-particle conversion after the oxidation of volatile organic compounds to semi-volatile forms [5,7,8]. In many previous studies, WSOC was strongly correlated with secondary inorganic compounds such as ammonium nitrate (NH4NO3) as well as secondary organic compounds such as oxalate [9]. Some studies have also suggested that the secondary organic aerosol (SOA), oxygenated organic aerosol (OOA), and WSOC show very similar chemical characteristics, which indicates that WSOC can serve as a proxy for secondary OC.



Polycyclic aromatic hydrocarbons (PAHs) are the one type of primary OC that have a minimum of two benzene rings and are generated from incomplete combustion processes including the pyrolysis of fossil fuels, bio-incineration, domestic heating, and waste incineration [10,11]. PAHs are semi-volatile organic compounds (SVOCs), which are present in the atmosphere in both the gas and particulate phases. The low and middle molecular weight PAHs have high vapor pressures and tend to exist in the gas phase while the high molecular weight PAHs have low vapor pressures and tend to exist in the particulate phase. The US Environmental Protection Agency (US EPA) has designated 16 PAHs that have a detrimental effect on humans such as carcinogenesis. In particular, benzo [a] pyrene is known to exhibit the strongest toxicity among PAHs and is classified as a substance that can cause cancer in humans and animals along with benzo[a]anthracene, chrysene, indeno[1,2,3-c,d]pyrene, and benzo[b]fluoranthene [12].



In South Korea, the atmospheric levels of representative primary pollutants such as carbon monoxide and sulfur dioxide have been efficiently reduced due to the adoption of policies including fuel conversion and tightened emissions standards. However, the concentration of PM2.5 is still two or three times higher than those found in the United States, Japan, and most European countries [13]. In Korea, the PM2.5 concentrations are relatively spatially consistent, which means that the concentration often exceeds the national ambient air quality standard (NAAQS) even in background areas possibly due to the long-range transport of pollutants originating from China. With the industry developing at a rapid rate in China, air pollutant transport has been creating serious issues in nearby countries such as Korea and Japan. Chuncheon represents a small-sized or medium-sized city composed of residential areas where no large industrial emissions sources are located. According to the National Emissions Inventory, the emission rate of PM2.5 in this city is very low compared with rates for other major cities. However, its atmospheric concentrations have been similar to or even higher than those in other major cities including Seoul, which is the capital of Korea, in recent years [14,15]. Measurements from the national monitoring network showed that the concentrations of PM10, PM2.5, O3, and CO in Chuncheon were higher than or similar to those in urban and industrial cities while NO2 and SO2, the primary pollutants from fossil fuel combustion, showed relatively low concentrations in Chuncheon, which indicates that the pollutants are formed secondarily during long-range transport to this city. A previous study showed that OC was higher in Chuncheon than in other cities of Korea [16]. The main objective of this study is to identify the major causes for the elevated OC concentration in this city. There can be a few hypotheses to explain the high PM2.5 and the high OC contribution to the PM2.5 mass in this city. First, regional-range or long-range transport from urban areas may be important and aged organic carbon becomes predominant. Second, there may be some primary sources with high OC emission rates that have been omitted by the National Emissions Inventory. Third, the in-situ production of secondary OC may be important because of the unique meteorological features of this city. In this study, PM2.5 samples were collected and their OC, EC, WSOC, and PAH concentrations were measured. In addition, possible sources of carbonaceous aerosols were identified by using various methods to test the hypotheses listed above.




2. Materials and Methods


2.1. Sampling and Analysis


The concentrations of PM2.5 and its carbonaceous compounds were measured for 24 h every 3 days in Chuncheon, Korea from April 2012 to August 2015. The city is located approximately 100 km northeast of the metropolitan region of Korea (Seoul) and major industrial regions (Incheon) (Figure 1). Therefore, PM2.5 emitted in the urban and industrial areas of Korea and China can be transported into the city of Chuncheon with westerly winds. A PM2.5 sequential sampler (PMS-103, APM Engineering, Korea) and an FH 95 (Andersen) were deployed for collecting PM2.5 mass and carbonaceous compounds, respectively, on the roof of a four-story building on the campus of Kangwon National University (37.8695° N, 127.7445° E). The PM2.5 sampling followed the US EPA Compendium Method IO-4.2 [17]. A 47 mm Teflon filter (Pall Life Sciences, Pall Corporation, New York, NY, USA) was placed in a clean Teflon cassette with a flow rate of 16.7 Lpm for sampling PM2.5 mass. The Teflon filters were stored in controlled conditions of temperature (20 °C) and relative humidity (50%) for at least 24 h and then weighed using an analytical balance (Sartorius CP225D, readability = 10−5 g) before and after sampling.



To collect carbonaceous compounds in PM2.5, a 47 mm quartz filter that had been baked in a furnace at 450 °C for 12 h was used. After sampling, a small piece (1.5 cm2) was punched out from the quartz filter and analyzed using the NIOSH (National Institute of Occupational Safety and Health) method 5040 [18] to measure OC and EC concentrations. NIOSH 5040 protocol for thermal-optical analysis was used in which a sample is heated in pure helium (He), which was followed by a temperature decrease, the addition of 2% oxygen (O2) to the He atmosphere, and then heated to 870 °C. Some organic carbonaceous aerosols that are not volatilized in the He stage remain in the filter as a carbonized or pyrolyzed fraction, which is called pyrolyzed OC (PC). Thus, the total OC is calculated by adding the PC to the amount of carbon measured at the He stage and the total EC is calculated by subtracting the PC from the carbon measured at the He-O2 stage. Experimental parameters for the thermal/optical analytical protocol are shown in Table 1. OC is fragmentized into OC1, OC2, OC3, OC4, and PC. EC is fragmentized into EC1 to EC6. The remaining portion of the quartz filter was placed into a conical tube filled with 30 mL of deionized water and extracted using a sonicator for 1 h. The extract was filtered using a 0.45 μm PTFE syringe filter (Pall Life Sciences) and WSOC was quantified using a TOC analyzer (Sievers 5310C Laboratory, Boulder, CO, USA). WSOC concentrations were measured only from February 2015 to July 2015 (N = 66).



PM2.5 samples for PAHs were sampled from December 2014 to August 2015 using a PMS-103 sampler with a pre-baked 47 mm quartz filter at a flow rate of 16.7 Lpm (N = 66). After sampling, the filters were wrapped in aluminum foil to prevent any artifact derived from exposure to sunlight and stored in a freezer to await the analysis. The filters were cut into 6 pieces and placed in amber glass vials containing 5 mL of acetonitrile (HPLC grade) and extracted twice in an ultra-sonicator for 30 min. The extracts were then filtered by using a 0.45 μm PTFE syringe filter (Pall Life Sciences) and then reduced to 1 mL at 45 °C using a Turbo storm vacuum pump (SCINCO, Korea) under a UHP N2 gas stream. The concentrated solution was transferred into 2 mL vials and concentrated to the final volume of 0.5 mL using a mini-Vap 6-port concentrator (SUPELCO). HPLC-UV (Waters 996 PDA at 254 nm) was used to analyze fluorene (Flu), phenanthrene (Phe), and anthracene (Ant) while chrysene (Chr) and HPLC-FLD (Waters 2475 FLD at 340 nm (ex), 425 nm (em)) was used for fluoranthene (Flt), pyrene (Pyr), benzo[a]anthracene (BaA), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene (DaA), indeno[1,2,3-c,d]pyrene (IcP), and benzo[ghi]perylene (BgP) [19].



Meteorological data including temperature, wind speed, wind direction, relative humidity, and solar radiation were also measured every 5 min at the sampling site using a meteorological tower (Vintage Pro2, DAVIS Inc., California, CA, USA).




2.2. QA/QC


Field blanks were collected after every 6th sample while the method detection limit (MDL) was calculated as 3 times the standard deviation of the field blanks. Concentration values less than the MDL were substituted with 0.5 × MDL. The relative percent differences (RPDs) of triplicate analyzes were 6.5%, 9.4%, and 1.8% for OC (organic carbon), EC (elemental carbon), and WSOC (water-soluble organic carbon), respectively. A five-point calibration curve was obtained to quantify each PAH species. The instrument detection limit was calculated as three times the standard deviation of the concentrations determined by analyzing a 0.2 ng/mL standard solution 5 times. RPDs for PAHs were calculated by analyzing identical samples 5 times. All QA/QC results including recovery rates are shown in Table 2. The recovery rates were in the acceptable range suggested by the US EPA [20]. Anthracene was excluded due to the low recovery rate and 12 PAHs in total were quantified.




2.3. Statistical Analysis


Most of the data in this study are not normally distributed. However, if the number of data points exceeded 30, it was assumed to be a normal distribution on the basis of the central limit theorem [21]. All of the statistical analysis was conducted using the SPSS (Statistical Package for the Social Sciences, Ver. 23, IBM, Armonk, NY, USA).





3. Results


3.1. General Trends


In this study, 363 samples of PM2.5 were collected throughout the whole sampling period. The average PM2.5 concentration was 27.8 ± 18.8 μg m−3, which exceeds the annual NAAQS of Korea of 25 μg m−3 (Note that the annual PM2.5 NAAQS has been strengthened to 15 μg m−3 in 2018). Seasonal PM2.5 concentrations showed the highest value in the winter (40.5 ± 22.1 μg m−3) and the lowest value in the summer (16.9 ± 11.1 μg m−3) (Table 3, ANOVA test, p-value < 0.001), which is frequently observed in other studies in Korea [14]. The percentage of the samples exceeding the daily NAAQS of Korea of 50 μg m−3 (Note that the daily NAAQS has been strengthened to 35 μg m−3 in 2018) was 10.2% (N = 37). Most of the high concentration events (>50 μg m−3) occurred in the spring (N = 10) and winter (N = 25) while the average PM2.5 concentration was 68.0 ± 16.1 μg m−3. Among 37 high concentration events, 7 fog events and 25 mist events occurred, which indicates that a high content of water vapor and low wind speed characterized environmental conditions that were conducive to PM2.5 accumulation. Previous studies showed that the humidity significantly affected the secondary organic aerosols especially those formed by aromatic volatile hydrocarbons [22,23] as well as the secondary inorganic aerosols such as (NH4)2SO4 and NH4NO3 [24]. There are many large artificial reservoirs in this city frequently causing fogs, which may be an important factor leading to the high PM2.5 concentration in this city despite the low PM2.5 emissions compared with other cities. Yearly average PM2.5 concentration was the highest in 2013. This also coincided with the highest relative humidity and the lowest average wind speed (Figure 2).



Some previous research has suggested that PM2.5 concentration is affected by meteorological factors including temperature, wind speed, and relative humidity (RH) [25,26]. There were statistical correlations between PM2.5 and temperature, wind speed, and RH at a significance level of 0.05 (Pearson R = −0.431, p-value < 0.001 for temperature, R = −0.364, p-value < 0.001 for wind speed, R = 0.118, p-value = 0.029). When the data were limited to winter only, the effect of RH on PM2.5 was more evident, which showed a Pearson R of 0.478 (p-value < 0.001). There was no correlation between PM2.5 and temperature. We found a statistical significant multiple linear relationship between PM2.5 with RH and wind speed in the winter.


PM2.5 = 0.52 RH − 8.36 WS + 11.84



(1)




where RH and WS indicate the atmospheric relative humidity (%) and wind speed (m s−1), respectively. The multiple linear equation fits the data well (R2 = 0.261, R = 0.511, p-value < 0.001) and both variables of RH and WS and constant were statistically significant (p-value < 0.001). When each of the RH and WS was used as a single independent variable, the PM2.5 regression equation was still significant with a Pearson correlation coefficient of 0.478 (R2 = 0.228, p-value < 0.001) for RH and0.439 (R2 = 0.193, p-value < 0.001), which was somewhat lower than that of the multiple regression. This result indicates that the RH can play a significant role on the high PM2.5 concentration often observed during winter at this site. Significant correlation between PM2.5 and RH was not observed during any other season.



The average OC and EC concentrations were 7.8 ± 4.6 μg m−3 and 1.2 ± 0.9 μg m−3, which contribute 27.9% and 4.4% of the PM2.5 mass, respectively (Table 3). Both the OC and EC concentrations were the highest in the winter (OC = 10.7 ± 5.4 μg m−3, EC = 1.8 ± 1.3 μg m−3) and the lowest in the summer (OC = 5.6 ± 3.0 μg m−3, EC = 0.7 ± 0.3 μg m−3) (Table 3, ANOVA test, p-value < 0.001). However, the OC contribution to PM2.5 mass was the highest in the summer (33.5%) while the EC contribution was the highest in the fall (5.5%) (Table 3). Over the whole sampling period, the average OC/EC ratio was 7.7, which was considerably higher than those measured in other major cities in Korea (Table 4). In addition, the fraction of OC in total PM2.5 was also markedly higher at this site at approximately 28% while those in other sites ranged from 10% to 22%.



These results indicate that secondary OC was important and/or primary OC emitted by sources besides vehicular emission was predominant. Previous studies have stated OC/EC ratios of 1.0 to 4.2 for diesel-vehicle and gasoline-vehicle exhaust [37,38], from 2.5 to 10.5 for residential coal smoke [39], from 16.8 to 40 for wood combustion [40], from 32.9 to 81.6 for kitchen emissions [41], and approximately 7.7 for biomass burning [37,40]. The seasonally averaged OC/EC ratios were 7.6, 10.0, 5.9, and 6.8 for spring, summer, fall, and winter in this study while the high OC/EC ratio in the summer was thought to be due to active photochemical reactions.



PC was predominant at this site and contributed 17%–50% (31.1% on average) of total OC. There was a distinct seasonal variation for PC, which was typically higher in the winter and the spring and lower in the summer (Figure 3). A previous study found that the PC concentration was enhanced during the harvest season and smoke events [42], which indicates a possible relation with biomass burning. The second-most contributor to OC was OC1 and its fraction of total OC showed a contrasting seasonal trend, which exhibited a high contribution in the summertime (Figure 3). Therefore, the organic carbons with low molecular weight were predominantly formed secondarily via photochemical reactions. A few previous studies [43,44,45] suggested that primary OC1 and OC2 were mainly emitted from the combustion of solid fuels such as biomass and coal while OC3 and OC4 were predominantly emitted from the combustion of gasoline and diesel or from road dust. In this study, the concentration of OC1 + OC2 surpassed OC3 + OC4 (Figure 3), which possibly indicates that biomass and/or coal burning was more important than vehicular emissions in terms of the primary OC concentration.




3.2. Primary Organic Carbon (POC) and Secondary Organic Carbon (SOC)


Secondary organic carbon (SOC) was estimated by using the following equations as Turpin and Huntzicker (1995) [46] suggested.


  O  C  p r i   = a + E C ×    (    O C   E C    )    p r i    



(2)






  O  C  s e c   = O  C  t o t   − O  C  p r i    



(3)




where OCpri, OCsec, and OCtot represent the concentrations of primary OC, secondary OC, and total OC, respectively. In Equation (2), a is the OC concentration emitted from non-combustion sources, which has often been negligible in previous studies [46]. (OC/EC)pri indicates the OC/EC ratio directly emitted from combustion sources, which has often been estimated from the minimum OC/EC ratio [2]. In this study, Deming regression was used to estimate the a and the (OC/EC)pri of the samples with the lowest 10% of the OC/EC ratio values for each season, which was used in the studies of Chu (2005) and Saylor et al. (2006) [47,48]. The Deming regression equations derived for each season are shown in Table 5 (and Figure S1), which indicated that the (OC/EC)pri ranged from 3.2 to 4.7 and that the POC from non-combustion sources was estimated to be negligible due to being <0.2 μg m−3 for all seasons.



Throughout the sampling period, the average POC and SOC concentrations were 4.7 ± 3.3 μg m−3 and 3.4 ± 2.7 μg m−3, respectively (Table 3). SOC contributed approximately 42% of total OC throughout the sampling period, which increased to 51% in the summer time. This suggests that SOC was being actively formed via photochemical reactions. Although the SOC fraction in the summertime was considerably higher than those during other seasons, it was relatively lower than those observed in other cities and ranged from 53% to 63% [28,31,49]. This indicated that the contribution from primary combustion sources was also important throughout the season.



Among all of the OC fractions, the best correlation with POC was found with PC (Pearson R = 0.78) while the highest correlation coefficient for SOC was observed with OC1 (Pearson R = 0.67), which indicated that a predominant fraction of PC was directly emitted from combustion sources and that a significant portion of the semi-volatile organic carbon such as OC1 was formed secondarily by reactions in the ambient air.




3.3. Water-Soluble Organic Carbon


Average WSOC concentration was 4.0 ± 1.8 μg m−3 and contributed approximately 51.1% of OC. WSOC showed the highest concentration in the winter (5.0 ± 1.5 μg m−3) and the lowest concentration in the summer (2.4 ± 0.8 μg m−3) (Figure 4). The WSOC fraction of OC was also lower in the summer (36%) than during other seasons (57%). Although a few previous studies suggested that WSOC is strongly related to SOC [50,51], the correlation coefficient of WSOC was lower with SOC (R = 0.17) than with POC (R = 0.49, p-value < 0.0001) in this study. On the other hand, PC showed a good correlation with POC and was also significantly correlated with WSOC (R = 0.70, p-value < 0.0001), which indicated that WSOC was not likely to be formed secondarily in ambient air but was probably directly emitted from combustion sources such as biomass burning.




3.4. Polycyclic Aromatic Hydrocarbons


∑PAHs concentrations were significantly higher in the winter than in other seasons because PAHs are mainly emitted from incomplete combustion and are also semi-volatile compounds. Since PAHs are semi-volatile, their concentrations were high in the winter and low in the summer. Low molecular weight (LMW) PAHs with two or three rings are likely to exist as gases due to their high vapor pressure and result in low concentrations in particulate matter (Table 6). On the other hand, high molecular weight (HMW) PAHs with five or six rings tend to exist in the particulate phase due to their low vapor pressure and they are predominant in the atmosphere. ∑PAHs were positively correlated with EC (r = 0.74, p-value < 0.001) and PM2.5 (r = 0.66, p-value < 0.001) while the correlation with OC was not statistically significant (r = 0.33, p-value = 0.051). According to Di Wu et al. (2014) [52], carcinogenic PAHs (C-PAHs) include BaA, BbF, BkF, BaP, DaA, and IcP. Although the summed concentration of carcinogenic PAHs was significantly higher in the winter (8.7 ± 5.4 ng m−3) than in the spring (2.7 ± 2.5 ng m−3) or summer (1.0 ± 0.6 ng m−3), its fraction in ∑PAHs was 46.1%, 57.0%, and 66.4% in the winter, the spring, and the summer, respectively. This indicates that the toxicity per PAHs mass was the highest in the summer. The main PAH species emitted from combustion sources include FLT, PYR, CHR, BbF, BkF, BaA, BaP, IcP, and BgP [53] and their summed concentration was 15.6 ± 7.7 ng m−3 in the winter, which contributed 82.7% of ∑PAHs and 0.7 ± 0.5 ng m−3 in the summer. This adds 49% of ∑PAHs. The top 10% of ∑PAHs samples showed 27.6 ± 6.8 μg m−3 on average and mostly occurred in January. Compared with other samples, most PAH species showed significantly higher concentrations for the top 10% of ∑PAHs samples. The highest increase was observed for FLT followed by IcP, but FLU, DaA, and BgP did not increase for the top 10% of ∑PAHs samples (Figure 5). IcP and FLT are mainly emitted from the combustion of solid fuels such as coal and biomass [54,55] rather than petrogenic and pyrogenic sources, which shows that coal and/or biomass combustion greatly enhanced the concentrations of ∑PAHs.





4. Source Identification


Both the fraction and concentration of organic carbon are quite high at this site compared with those observed in other cities in Korea (Table 4). The OC/EC ratio was, therefore, also high, reaching 7.7 on average. In order to identify the reason for the high OC/EC ratio, the top 10% of the OC/EC ratio samples were selected. The average POC and SOC concentrations were 2.2 ± 1.3 and 5.8 ± 3.3 μg m−3 and showed a much higher SOC fraction (72.9%) than over the whole sampling period (43.1%) because 69% of the top 10% of OC/EC samples were taken in the summer. Most notably, the correlation between POC and SOC was very good (r = 0.89, p-value < 0.001) for the top 10% OC/EC ratio. In general, POC is not expected to have a good correlation with SOC because the sources and formation pathways are different for POC and SOC, which was also shown in this study over the whole sampling period (r = 0.19). The high correlation between POC and SOC may suggest that the POC and precursors of SOC were emitted from the same sources. However, POC is mainly emitted from combustion sources while volatile organic compounds (VOCs), which is the precursor of SOC, are mainly emitted from the usage of organic solvents (75% of the total VOC emissions in this city). Approximately 17% of VOCs are also emitted from biomass burning, which is a major possible contributor to POC. This suggests one explanation for the high OC/EC ratio. Another plausible reason for the high correlation between POC and SOC is that the precursors of SOC and POC were emitted in industrial and urban areas (such as Seoul and Incheon in Figure 1) and SOC may have formed during regional or long-range transport, which leads to a good correlation between POC and SOC at this site.



Dachs et al., (2002) [56] reported that the major sources of LMW PAHs with two or three rings, MMW PAHs with four rings, and HMW PAHs with five or six rings are pyrolytic processes due to incomplete combustion of fossil fuels, coal, or biomass combustion and vehicular emissions, respectively. In this study, the fraction of MMW PAHs in ∑PAHs was the highest in the winter and the lowest in the summer, which indicates that coal and biomass combustion were important sources for PAHs in the winter but were not significant in the summer (Table 6). On the other hand, the fraction of HMW PAHs, which is the indicator of the relative contribution of vehicular sources, increased in the summer as the effects of coal or biomass combustion on PAHs declined (Table 6). To identify the major sources affecting PAHs, diagnostic ratios are often used [57]. Flt/(Flt + Pyr) ratio is less than 0.4 for petrogenic sources in between 0.4 and 0.5 for liquid fossil fuel combustion and larger than 0.5 for biomass or coal combustion [58,59]. In this study, most of the Flt/(Flt + Pyr) ratios in the spring and summer were less than 0.4, which indicates the importance of petrogenic sources, while biomass and coal burning were shown to be predominant in the winter (Figure 6). The seasonal average Flt/(Flt + Pyr) ratios were 0.56 for winter, 0.40 for the spring, and 0.33 for the summer. BaA/(BaA + Chr) is also used to identify the source type. BaA/(BaA + Chr) of less than 0.2 indicates a petrogenic source while it generally ranges from 0.2 to 0.35 for coal burning. If BaA/(BaA + Chr) is larger than 0.35, the pyrogenic sources including incomplete combustion of petroleum and vehicular emissions are important and it is larger than 0.5 for biomass combustion. In this study, different BaA/(BaA + Chr) ratios occurred in different seasons with the average BaA/(BaA + Chr) being 0.35, 0.19, and 0.34 for the winter, the spring, and the summer, respectively. In the spring, BaA/(BaA + Chr) ratios were generally less than 0.2 (Figure 6), which indicated petrogenic sources. This was consistent with the result of BaA/(BaA + Chr). In the summer, the BaA/(BaA + Chr) ratios indicate that petrogenic and pyrogenic sources were important while coal and biomass burning were not significant. On the other hand, the BaA/(BaA + Chr) ratios encompassed a wide range of coal burning, pyrogenic sources, and biomass burning in the winter (Figure 6). The ratio of IcP/(IcP + BgP) has been used to identify the effect of vehicular emissions vs. coal and biomass combustion and most of the IcP/(IcP + BgP) ratios were larger than 0.5, which indicates the major effect of coal and biomass burning in this study.




5. Conclusions


In this study, PM2.5 and its carbonaceous compounds including OC, EC, WSOC, and PAHs were measured over more than three years. The average PM2.5 concentration exceeded the annual NAAQS and high PM2.5 was often observed concomitantly with high relative humidity and low wind speed. Both OC and the OC/PM2.5 fraction were considerably higher than those measured in other cities in Korea. Considering the relatively low OC/EC ratio for vehicle exhaust, the high OC concentration should be explained by some other sources. When confined to the top 10% of OC/EC ratio samples, POC was highly correlated with SOC even though the main sources of POC and the precursors of SOC are different. This result suggests that the precursors of SOC and POC were emitted in industrial and urban areas and SOC was produced while they were being transported to this city. Although the top 10% of high OC/EC ratio samples could be explained by SOC formation during regional or long-range transport, combustion was likely to account for the high OC concentrations that consistently occurred throughout the whole sampling period. WSOC, which might be related to SOC or biomass burning according to previous studies, was significantly correlated with POC but not SOC in this study, which indicates that WSOC was emitted from biomass burning. Using diagnostic ratios of PAHs, biomass and/or coal burning were also shown to be the predominant sources in the winter. It should be noted that the source assignment based on a single ratio can be misleading because of gas-particle partitioning and deposition during transport. It should also be noted that the seasonality of PAHs was only valid for the duration of the sampling carried out in this study, which included one spring, one summer, and one winter.
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Figure 1. Study area. (a) Location of South Korea. (b) The sampling site location is indicated by the black star in the red area representing the city, Chuncheon and the metropolitan region (Seoul) and major industrial regions (Incheon) are shown as green and blue areas, respectively. (c) Land cover data for the city, Chuncheon. The sampling site location is also indicated by the black star. 
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Figure 2. Yearly averaged concentrations of PM2.5, OC, and EC with yearly averaged RH (relative humidity) and WS (wind speed). The error bars indicate one standard deviation. 
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Figure 3. Monthly averaged concentrations (left) and fractions (right) of each of the OC fragments analyzed by the NIOSH method 5040. 
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Figure 4. Water soluble organic carbon (WSOC) concentration and WSOC/OC ratios during the whole sampling period. 
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Figure 5. Increment of PAH species for the top 10% of ∑PAHs samples. Note that the error bars indicate one standard error. 
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Figure 6. Diagnostic ratios to identify the major sources of PAHs. 
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Table 1. Experimental parameters for the thermal/optical analytical protocol.
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	Gas
	Hold Time (s)
	Temperature (°C)
	Component





	He
	10
	1
	



	He
	80
	310
	OC1



	He
	80
	475
	OC2



	He
	80
	615
	OC3



	He
	110
	870
	OC4



	He
	45
	550
	PC



	O2 in He
	45
	550
	EC1



	O2 in He
	45
	625
	EC2



	O2 in He
	45
	700
	EC3



	O2 in He
	45
	775
	EC4



	O2 in He
	45
	850
	EC5



	O2 in He
	110
	870
	EC6
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Table 2. QA/QC results for PAH analysis. Note that RSD indicates relative standard deviation.
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	Compounds
	R2
	MDL (ng)
	RSD (%)
	Recovery (%)
	Detector





	FLU
	0.9985
	0.14
	1.9
	78.2
	UV



	PHE
	0.9979
	0.11
	6.7
	65.9
	UV



	CHR
	0.9994
	0.17
	2.9
	76.4
	UV



	FLT
	0.9995
	0.08
	1.5
	91.8
	FLD



	PYR
	0.9987
	0.01
	1.4
	135.9
	FLD



	BaA
	0.9990
	0.01
	1.1
	109.7
	FLD



	BbF
	0.9989
	0.02
	1.0
	99.9
	FLD



	BkF
	0.9985
	0.01
	0.1
	92.3
	FLD



	BaP
	0.9983
	0.04
	1.0
	110.2
	FLD



	DaA
	0.9991
	0.03
	1.2
	106.7
	FLD



	IcP
	0.9944
	0.01
	2.3
	120.5
	FLD



	BgP
	0.9930
	0.00
	2.5
	131.5
	FLD










[image: Table] 





Table 3. Summarized results for PM2.5 and its carbonaceous compounds. The unit of concentration is mg m−3 and the values in parenthesis are the fractions of POC or SOC in total OC.
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Period

	
N

	
PM2.5

	
OC

	
EC




	
POC

	
SOC






	
Spring

	
98

	
29.1 ± 17.5

	
4.9 ± 2.4 (64%)

	
2.8 ± 1.9 (36%)

	
1.1 ± 0.5 (3.9)




	
Summer

	
103

	
16.9 ± 11.1

	
2.9 ± 1.3 (49%)

	
3.0 ± 2.7 (51%)

	
0.7 ± 0.3 (3.9)




	
Autumn

	
65

	
24.5 ± 12.7

	
4.4 ± 3.3 (61%)

	
2.8 ± 2.3 (39%)

	
1.3 ± 1.0 (5.5)




	
Winter

	
97

	
40.5 ± 22.1

	
6.1 ± 4.1 (56%)

	
4.7 ± 3.3 (44%)

	
1.8 ± 1.3 (4.5)




	
Total

	
363

	
27.8 ± 18.8

	
4.7 ± 3.3 (58%)

	
3.4 ± 2.7 (42%)

	
1.2 ± 0.9 (4.4)
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Table 4. Comparisons of measured concentrations of PM2.5 and its carbonaceous compounds with those reported in other studies. Units of PM2.5, OC, and EC are μg m−3.
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	Site
	Site Type
	Period
	PM2.5
	OC
	EC
	OC/EC
	References





	Seoul, Korea
	Urban
	January 2013~December 2013
	29.5
	4.8
	1.8
	2.7
	[27]



	Incheon, Korea
	Industrial
	January 2009~May 2010
	41.9
	7.9
	1.8
	4.4
	[28]



	Gwangju, Korea
	Urban
	December 2007~February 2008
	27.4
	4.5
	1.8
	2.7
	[29]



	Ieodo, Korea
	Rural
	June 2006~June 2008
	21.8
	2.3
	1.0
	2.3
	[30]



	Daejeon, Korea
	Urban
	March 2012~February 2013
	23.6
	5.3
	0.8
	6.6
	[31]



	Chungju, Korea
	Suburban
	May 2013~January 2014
	48.2
	5.8
	1.8
	3.2
	[32]



	Gyeongsan, Korea
	Suburban
	September 2010~December 2012
	25.2
	4.3
	1.3
	3.3
	[33]



	Chuncheon
	Suburban
	April 2012~August 2015
	27.8
	7.8
	1.2
	7.7
	This study



	Beijing, China
	Urban
	June~August 2005
	68.0
	8.2
	4.9
	2.2
	[9]



	Athens, Greece
	Urban
	May 2008~April 2013
	20.0
	2.0
	0.5
	4.7
	[34]



	Madrid, Spain
	Urban
	February 2006~June 2008
	-
	3.7
	1.3
	4.3
	[35]



	Tongyu, China
	Rural
	April~June 2006
	-
	14.1
	2.0
	7.5
	[36]
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Table 5. Deming regression equations obtained for each season.
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	Season
	N
	Deming Regression Derived (y = bx + a)





	Spring
	11
	y = 4.3x + 0.07



	Summer
	7
	y = 4.7x



	Fall
	6
	y = 3.2x + 0.11



	Winter
	12
	y = 3.5x + 0.02
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Table 6. Seasonal variation of PAH species. Note that the percentage in parentheses indicates the fraction of LMW, MMW, or HMW PAHs in ∑PAHs.
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	Species
	No. of Rings
	Winter
	Spring
	Summer





	PM2.5 (μg m−3)
	
	37.3 ± 14.7
	23.0 ± 17.1
	13.2 ± 8.1



	12 PAHs (ng m−3)
	
	
	
	



	FLU
	3
	1.4 ± 1.0
	0.2 ± 0.0
	0.4 ± 0.3



	PHE
	3
	1.6 ± 0.7
	0.5 ± 0.4
	0.3 ± 0.3



	CHR
	4
	1.8 ± 1.0
	0.8 ± 1.0
	0.1 ± 0.1



	FLT
	4
	2.7 ± 2.2
	0.4 ± 0.4
	0.1 ± 0.0



	PYR
	4
	2.1 ± 1.3
	0.6 ± 0.6
	0.1 ± 0.1



	BaA
	4
	0.9 ± 0.5
	0.1 ± 0.1
	-



	BbF
	5
	1.9 ± 0.6
	0.4 ± 0.4
	0.1 ± 0.1



	BkF
	5
	0.9 ± 0.3
	0.2 ± 0.2
	-



	BaP
	5
	1.3 ± 0.6
	0.2 ± 0.2
	0.1 ± 0.0



	DaA
	5
	0.3 ± 0.3
	0.2 ± 0.2
	0.6 ± 0.5



	IcP
	6
	4.2 ± 4.9
	1.8 ± 1.9
	0.3 ± 0.3



	BgP
	6
	0.8 ± 0.5
	0.2 ± 0.2
	-



	∑PAHs
	
	19.8 ± 8.1
	5.4 ± 3.6
	2.1 ± 0.8



	LMW PAHs
	3
	3.0 ± 1.3 (15.2%)
	0.7 ± 0.3 (13.0%)
	0.6 ± 0.4 (28.6%)



	MMW PAHs
	4
	7.4 ± 3.0 (37.4%)
	1.9 ± 1.3 (35.2%)
	0.3 ± 0.2 (14.3%)



	HMW PAHs
	5,6
	9.3 ± 5.2 (47.0%)
	2.8 ± 2.6 (51.9%)
	1.1 ± 0.5 (52.4%)











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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