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The objective of this study is to investigate the compositions of carbon 

and lead isotopes in fine particulate matters (PM2.5) and, accordingly, to 

attribute potential sources of PM2.5 in Kaohsiung and Pingtung with the 

isotopic fingerprints. During the period from the spring (March) of 2019 to 

the summer (July) of 2019, ambient PM2.5 samples were collected from 8 

sampling stations (Ciaotou, Zuoying, Fengshan, Siaogang, Daliao, Linyuan, 

Pingtung, and Chaozhou), respectively. In addition, this study also 

collected PM2.5 samples from 4 specific sources: a coal-fired power plant, 

an oil refinery plant, a steel plant, and Kaohsiung port in April and August, 

respectively. All the PM2.5 samples were characterized with the 



 

 

measurements of water-soluble ions, organic carbon, elemental carbon, 

crustal elements, heavy metals, and isotopic compositions of carbon (ŭ
13

C 

and 
14

C) and lead (
206

Pb, 
207

Pb, and 
208

Pb).  

The results revealed that condensable particulate matter (CPM) was 

predominant in the PM2.5 emitted from three stationary pollution sources. 

Moreover, the level of organic CPM was higher than inorganic CPM in 

oil-refinery plant, whereas the levels of inorganic CPM were higher in both 

coal-fired power plant and steel plant. The chemical compositions from 

four pollution sources were: (1) coal-fired power plant: sulfate was 

important species (10%), predominant elementals included Na (due to the 

flue gas desulfurization with seawater), Mg, K, Ni, Zn, Mo, Cr, and Se, 

average 
206

Pb/
207

Pb and 
208

Pb/
207

Pb were 1.1959 (1.1781~1.2115) and 

2.4305 (2.4108~2.4403); (2) oil-refinery plant: sulfate was important 

species (54%), predominant elementals included Fe, Mn, Ni, Zn, Mo, Pb, 

and Cr, average 
206

Pb/
207

Pb and 
208

Pb/
207

Pb were 1.1930 (1.1759~1.2106) 

and 2.4318 (2.4171~2.4437); (3) steel plant: sulfate was important species 

(35%), predominant elementals included Fe, Mg, K, Ca, Mn, Zn, Mo, Cd, 

Tl, Pb, Cr, Se, Rb, and Cs, average 
206

Pb/
207

Pb and 
208

Pb/
207

Pb were 1.1908 

(1.1664~1.2143) and 2.4010 (2.3774~2.4229), the percentage of modern 

carbon was 18% (14~22%); (4) Kaohsiung port: the major compositions 

included sulfate, nitrate, ammonium, organic carbon, and elemental carbon, 

predominant elementals included Na, Zn, and V, ŭ
13

C ranged from -31.3 to 

-22.5ǈ, average 
206

Pb/
207

Pb and 
208

Pb/
207

Pb were 1.1561 (1.1406~1.1884) 

and 2.4295 (2.4013~2.4546), the average percentage of modern carbon was 

34% (12~68%). 

The average level of ambient PM2.5 from all sampling sites was 19.9 ± 

10.2 ɛg/m
3
, which was lower than national air quality standard (35 ɛg/m

3
). 

The major constituents of the ambient PM2.5 in the study area included 



 

 

 

nitrate, sulfate, ammonium and total carbon, which accounted for 21%, 

20%, 13%, and 24% of the PM2.5 mass, respectively. The contributions of 

fossil (15%) and modern (14%) carbon were similar in the six sampling 

sites in Kaohsiung. However, modern carbon was predominant in Pingtung 

and Chaozhou, which means that investigating and controlling the sources 

of modern carbonaceous aerosols is helpful to improvement of air quality 

in that area. It was found from the chemical analysis that the concentrations 

of inorganic secondary aerosols (sulfate, nitrate, and ammonium) and fossil 

carbonaceous aerosols were elevated during high PM2.5 episodes. These 

results implied that photochemical reactions and fossil combustion were 

important factors influencing the PM2.5 in the study areas.  

The averages of ŭ
13

C for ambient PM2.5 wee -25.7ă (-28.2 to -23.6ǈ) 

and -25.1ă (-28.7 to -20.7ǈ) in the spring and summer, respectively. The 

average 
206

Pb/
207

Pb ratios were 1.1554 (1.1298~1.1712) and 1.1572 

(1.0974~1.1966) in the spring and summer, respectively, and 
208

Pb/
207

Pb 

ratios were 2.4263 (2.3985~2.4519) and 2.4295 (2.3741~2.4572), 

respectively. The variations of ŭ
13

C and Pb isotopic compositions were 

larger, which means the pollution sources were unstable in Kaohsiung and 

Pingtung for carbon and Pb. In comparison, the values of isotopic 

compositions were similar to the data in central Taiwan, but, the values 

were different from that in northern Taiwan, which reflects that there was 

spatial variation of carbon and Pb pollution sources in Taiwan. 

In this study, we combined the traditional chemical and isotopic 

compositions to investigate the air pollution sources for Kaohsiung and 

Pingtung. Our results indicated that industrial emission and oil-combustion 

were important pollution sources. However, itôs necessary to collect more 

isotopic fingerprints from various pollution sources of PM2.5 for pollution 



 

 

source forensics in the near future, particularly in Pb; moreover, modern 

carbon was a major component in Pingtung, itôs necessary to deeply 

investigate the carbon pollution source. 
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The objective of this study is to investigate the compositions of carbon 

and lead isotopes in fine particulate matters (PM2.5) and, accordingly, to 

attribute potential sources of PM2.5 in Kaohsiung and Pingtung with the 

isotopic fingerprints. During the period from the spring of 2019 to the 

summer of 2019, ambient (Ciaotou, Zuoying, Fengshan, Siaogang, Daliao, 

Linyuan, Pingtung, and Chaozhou) and pollution sources (a coal-fired 

power plant, an oil refinery plant, a steel plant, and Kaohsiung port) PM2.5 

samples were collected.  

The results revealed that condensable particulate matter (CPM) was 

predominant particles in the PM2.5 emitted from three stationary pollution 

sources. The chemical compositions from four pollution sources were: (1) 

coal-fired power plant: sulfate and Na were important species; (2) 

oil-refinery plant: sulfate was important species; (3) steel plant: sulfate and 

K were important species; (4) Kaohsiung port: the major compositions 

included sulfate, nitrate, ammonium, organic carbon, and elemental carbon, 

predominant elementals included Na, Zn, and V. The major constituents of 
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the ambient PM2.5 in the study area included nitrate, sulfate, ammonium 

and total carbon. The contributions of fossil (15%) and modern (14%) 

carbon were similar in the six sampling sites in Kaohsiung. However, 

modern carbon was a predominant carbonaceous aerosols in Pingtung and 

Chaozhou. It was found from the chemical analysis that the concentrations 

of inorganic secondary aerosols (sulfate, nitrate, and ammonium) and fossil 

carbonaceous aerosols were elevated during high PM2.5 episodes. These 

results implied that photochemical reactions and fossil carbon were 

important factors influencing the PM2.5 in the study areas. The average ŭ
13
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for ambient PM2.5 are -25.7ă and -25.1ă in the spring and summer, 

respectively. The average 
206

Pb/
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Pb ratios were 1.1554 and 1.1572 in the 

spring and summer, respectively, and 
208

Pb/
207

Pb ratios were 2.4263 and 

2.4295, respectively. Our results indicated that industrial emission and 

oil-combustion were important pollution sources. However, itôs necessary 

to collect more isotopic fingerprints from variuos pollution sources of 

PM2.5 for pollution source forensics in the near future, especially in Pb. 
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7.  ( ̡ ̡ ̡

) ̡ ̡ ̡

Na̡ V Zn ŭ
13

C -31.3ă -22.5ă

206
Pb/

207
Pb

208
Pb/

207
Pb

1.1561 (1.1406~1.1884) 2.4295 (2.4013~2.4546)̢ 

8. PMF 6

 ( ) 

 ( )  ( )  ( ) 

 

( )  ( ) 

̢ 

9. PMF PMF

̢ 

 

1. ( ) PM2.5
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XX 

̢ 

2. ̡

̢ 

3. PM2.5

̢

NIEA

̢ 

4. ̡

̢ 

5. 5 PM2.5

̢ PM2.5

ɽ ɽ ̢ 

  



  

1 

  

1.1  

2.5 ɛm (PM2.5) 

̢

PM2.5  (Wilson et al., 2005)

Pope III  (Pope III et al., 2002) PM2.5

10 ɛg/m
3

4%̢ Pan PM2.5

 (Pan et al., 2016) Hung PM2.5  

(Hung et al., 2012)̢ PM2.5

PM2.5 2012 5 14 PM2.5

24 35 ɛg/m
3

15 ɛg/m
3̢ 

2012 PM2.5 PM2.5

PM2.5 ̢

1.1.1 3  (2016 2018 ) PM2.5

̡ PM2.5

2020 15 ɛg/m
3

PM2.5

PM2.5 ̢ 

 (Samek et al., 2016)

̢

 (Gioia et al., 2017; Sen et al., 

2016; Widory et al., 2010; Zong et al., 2016)̢ 2015 ~2017

PM2.5 ̡ ŭ
13

C  

(
206

Pb/
207

Pb
208

Pb/
207

Pb) PM2.5  (Jung et al., 

2019; , 2016, 2017) 2016~2018 PM2.5  
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2 

 

1.1.1 2016 2018 PM2.5  

 

 ( ̡ )  (

̡ ̡ ̡ ̡ ) PM2.5

̡ PM2.5

̢

 (

) ( 1.6.1~1.6.3 )̢

̢

PM2.5 ̡ ̡

PM2.5 ̡ ̡

PM2.5 ̢ 

Taiwan Emission Data System 10.0 (TEDS 10.0)  (

1.1.2) ̡ ̡ 5

 ( ) 60%

10% 30% PM2.5

9,351  (7,714 / )

̡ ̡  



  

3 

 

1.1.2 ̡ ̡ PM2.5  

 

̡ ̢

2017 111,070,972

 (75,348,241 )

50 2017 37,546

 (15,797 )

̢ PM2.5

̢

2

̢ 

Donateo  (Donateo et al., 2014)

PM2.5 1.5

PM2.5 3 ̢
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Zhao  (Zhao et al., 2013a)

V  ( ) 

̢

Yau Kwai Chung Tsing Yi PM2.5

 (Yau et al., 2013) positive matrix factorization

̡

PM2.5 d̢e Foy Weather Research and Forecasting 

model (WRF) Comprehensive Air-quality Model with eXtensions (CAMx) 

Milwaukee Ni̡ V

Ni V 5% 10%

 (de Foy et al., 2012)̢ Saraga Xu PMF Thessaloniki

 

(Saraga et al., 2019; Xu et al., 2018)

̢ 

̢ 2015 ~2016

5  ( , 2017)

PM2.5  ( )

80% PM2.5

PM2.5 ̢

 ( , 2017)

Automatic Identification System (AIS) 

̢  ( , 2016)

 ( ̡ ̡

) ̡ PM10

4 ̢ 

PM2.5



  

5 

PM2.5 ̢

PM2.5

̡ ̡ PM2.5

PM2.5 PM2.5

̢ 

PM2.5

2017 -2017  ( , 

2017) 15%

PM2.5  ( 1.1.1)

̢ ̡ ̡

̢ 

1.2  

̡

( Nucleation mode) ( Accumulation mode) ̡  

1.2.1  (Chow, 1995; John et al., 1990)̢

0.08 mm(  0.1 mm)

̡

̢ 0.08 ~ 2 mm

̡ ̡

̡ ̡ ̡

̢ 2

3 mm ̡
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̡

̡

̢ 

 

1.2.1  

  
 

 
Condensation Droplet 

(dp) < 0.08 mm 
0.08 ~ 2 mm 

> 2 or 3 mm 
0.2 mm ~ 0.7 mm 

 
 

 

 

 

 

 

 H2SO4̡ ( ) ̡ ̡   

 Fine Particles Coarse Particles 

 

 

̡

 (SO4
2-

)̡  (NO3
-
)  (NH4

+
)

 (secondary inorganic aerosol SIA) PM2.5

20-40% PM2.5  (Chow et al., 2002; He et al., 2001; Ho et al., 

2003; Putaud et al., 2010; Zhang et al., 2013)̢PM2.5 SO4
2-

 

(heterogeneous reaction)  (homogeneous reaction)

SO2 H2O2 O3

 (mass median diameter) 0.7 Ñ 0.2 ɛm 

(John et al., 1990)̢ NO3
-

NOx  

(NO2+OH)  (N2O5 ) HNO3 NH3

NH4NO3 NH4NO3 1-4%/h (Lin and Cheng, 

2007) NH4NO3 NH4NO3



  

7 

HNO3 NH3̢ 

 (Carbonaceous Fraction) 

(Inorganic Carbon IC CaCO3)̡  (Elemental Carbon EC)  

(Organic Carbon OC) EC OC PM2.5

20-40% (Bae et al., 2006; Chou et al., 2010; Lin et al., 2009; Zhao et al., 2013b)̢

 (black carbon)  (graphitic carbon)

 (Jacobson, 2001)

EC

 (reference element) (Kuo et al., 2013; Lin et al., 2012)̢

̡ ̡ ̡

 (Birch and Cary, 1996; Hu et al., 2003; Lowenthal et al., 1994)̢

 (primary organic carbonPOC) 

 (secondary organic carbonSOC)̢

POC ̡ ̡

̡ POC ̢ SOC

-  

(Seinfeld and Pandis, 1998)̢ SOC

Strader

 (Strader et al., 1999) Duan

SOC  (Duan et al., 2005)̢

 (cloud condensation nucleiCCN)  

(Novakov and Penner, 1993)̢ Cruz and Pandis

 (Cruz and Pandis, 1997)̢ 

PM2.5 5%~10% (Hsu et al., 2016; 

López et al., 2011; Pakkanen et al., 2001; Qin et al., 2006; Querol et al., 2001)Si̡

Al̡Fe̡ Mg Ca Co̡ Ni̡Cu̡ Zn̡ Pb̡

As̡Se ̢

̡ ̡ ̢ PM2.5
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109 ɛg/m
3 
(Lin et al., 2016) As̡Ni̡Cd Co

8.7 ng/m
3̡19.1 ng/m

3̡2.9 ng/m
3

0.9 ng/m
3

Pb

202 ng/m
3̢ PM2.5 Al̡ Ca̡ K̡Mg̡ Na Fe (Wang 

et al., 2013) Baoshan 2.91 ɛg/m
3̡3.41 ɛg/m

3̡2.25 

ɛg/m
3̡2.32 ɛg/m

3̡7.11 ɛg/m
3

2.38 ɛg/m
3

Putuo Al̡Ca̡ K̡

Mg̡ Na Fe Baoshan 1.54 ɛg/m
3

3̡.01 ɛg/m
3

1̡.67 ɛg/m
3̡

1.87 ɛg/m
3̡6.12 ɛg/m

3
1.33 ɛg/m

3

̢ Al̡Fe Si  

(Kikuchi et al., 2010) 17.2 ng/m
3̡26 ng/m

3
87.2 ng/m

3

Al̡Mg Ca  (PM10) 0.14~0.69 ɛg/m
3̡

0.21~0.32 ɛg/m
3
0.16~0.42 ɛg/m

3
Mn̡Cu Pb 16.5~32.5 ng/m

3̡12.9~47.7 

ng/m
3

21.3~27.2 ng/m
3̢ Cd̡ Ni̡Mn Pb (PM3.3) 

131.5 ng/m
3̡140.4 ng/m

3̡304.4 ng/m
3

131.5 ng/m
3 

(Ny and Lee, 

2011)̢ Fe̡ Al Si

 (Oh et al., 2011) 318.9 ng/m
3̡204.7 ng/m

3
139.3 ng/m

3
 

(PM3.3) Pb̡ Cu Zn 71.8 ng/m
3

4̡0.7 ng/m
3

59.5 ng/m
3

Mn̡Cd V 30 ng/m
3 ̢ 

PM2.5 Cu 1~15 ng/m
3

 (Hsu et al., 2016) Mn

2~20 ng/m
3

Ni 7 ng/m
3

Pb 20 ng/m
3

̡ ̡ ̢

PM2.5 Cu̡Mn̡Ni Pb 50.3 ng/m
3̡13.1 ng/m

3̡

11.9 ng/m
3

33.6 ng/m
3
 (Chen et al., 2013)̢

PM10 Sb̡ Cd̡ Sn̡ Zn̡ Pb̡ Cu̡ Se As

3350 ng/m
3̡3066 ng/m

3̡1276 ng/m
3̡753 ng/m

3̡1599 ng/m
3̡133 ng/m

3̡

28303 ng/m
3

677 ng/m
3
 (Hsu et al., 2010)

̢ 
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1.3  

̡

1.3.1 ̢ Chow  (Chow et al., 2004)

PM2.5 59% La

 (Kulkarni et al., 2007)̢  

PM2.5

PM2.5 56% Ca (17%)̡ Si (11%)̡ S (8%)̡ Al  (5%) Fe (4%)

Se 0.6%  

(Okuda et al., 2008; Xie et al., 2006)̢  (105 ) 

 ( , 2017)

PM2.5 30~40% Zn̡Zr Se 0.05%

 (Enrichment Factor, EF) 10

Na Ammonium 5% Na̡ Ni̡Zn

La 0.05% EF 10̢  

Fe̡ Zn̡Pb̡ Mn̡Ni Cr

 (Tsai et al., 2007) PM2.5

CMB  ( , 2015) PM2.5

̡ PM2.5 35%

40% PM2.5 ̢ 

̢

 ( , 2013)

PM2.5 Mg̡Ti̡V̡Cr̡ Mn̡

Co̡ Ni̡As̡Pb Hg PM2.5

PM2.5  (Hu et al., 2003)̢  

Watson  (Watson et al., 2001) PM2.5

90% OC/EC
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1 2 OC/EC

OC/EC 1.3.2 1

PM2.5 15% OC/EC 1~2̢ Sb̡ Cu̡ Zn̡ Pb̡

Cr̡ Mo Ba

Si 18% (Watson et al., 2001) OC(6.5%)̡

Fe(5.4%)̡ Al(4.5%)̡ Ca(3.3%) K(2.1%) OC/EC

̢ 

̡ Ф

Chow  (Chow et al., 2004) PM2.5 OC

64% EC 16% Cl
- 
(8%)̡ K

+ 
(5%)̡ NH4

+ 
(1.7%) 

SO4
2- 

(1.4%) 80% OC/EC

3 15  (Chow et al., 2004; , 

2016)̢  (105 ) 

OC

95% Na̡ K Ca 0.1% enrichment factor (EF) 

10̢

Ф Cl
- 
(41%) Na

+ 
(40%) 

SO4
2-

9% Cl
-

Na
+

 (Hsu et al., 2004)̢  

̢Donateo Mediterranean Sea

 (Donateo et al., 2014) PM2.5

1.5 PM2.5

3 56%

polycyclic aromatic hydrocarbon̢ Zhao  (Zhao et al., 2013a)

V  (

) V

T̢olis Thessaloniki PM2.5  (Tolis 
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et al., 2015) V/Cu V/Ni 1.0 3.5

̢de Foy Weather 

Research and Forecasting model (WRF) Comprehensive Air-quality Model with 

eXtensions (CAMx) Milwaukee Ni̡ V

Ni V 5%

10%  (de Foy et al., 2012)̢  

 

1.3.1  

    

 PM2.5-10 
Si̡ Al̡Fe̡ Ca̡ Mg̡

Ti̡Sr̡ Ba̡ K̡Mn̡Co 

Rahn (1999); Hsu et al. (2004); 

Wang et al. (2005) 

 PM2.5-10 Na̡ Mg  Rahn (1999); Hsu et al. (2004) 

 
PM1 

PM2.5-10 

Sb̡ Cu̡ Zn̡Pb̡ Cr̡ 

Co̡ Mn̡Ba̡ Mo̡Fe̡ Ce 

Thorpe and Harrison (2008); 

Iijima et al. (2008);Lin et al. 

(2015) 

 PM10 
Ca̡ K̡Mg̡P̡  

Ti̡Tl̡Sr̡ Rb 

Santacatalina et al. (2010); 

Escudero et al. (2012) 

 

 

PM1 

PM2.5 

Cr̡ Cd̡ Cu̡ As̡ 

Pb̡ Se̡ Zn 

Kuo et al. (2007); Querol et al. 

(2007) 

 PM1 
 As̡Se̡ Cr̡  

       Cd̡ Pb̡ Sb 
Xie et al. (2006); Okuda et al. 

(2008) 

 
PM1 

PM2.5 
Ni̡V 

Querol et al. (2007); Cheng et al. 

(2008) 

 
PM1 

PM2.5 

Fe̡ Zn̡Pb̡  

Mn̡Ni̡Cr 
Tsai et al. (2007) 

 PM2.5 
Cd̡ Pb̡ Zn̡ 

As̡Sb 

Hu et al. (2003); Christian et al. 

(2010) 

 PM1 K̡Rb 
Querol et al. (2007); Hsu et al. 

(2009) 

 PM2.5 La̡Ce 
Kulkarni et al. (2007); Moreno et 

al. (2008)   

 (

) 
PM2.5 V̡Ni̡Cu 

de Foy et al. (2012); Tolis et al. 

(2015); Zhao et al. (2013a) 

http://www.ncbi.nlm.nih.gov/pubmed?term=Escudero%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23001488
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1.3.2 PM2.5 OC̡EC OC/EC  

 (2016)  (2017)

 OC (%) EC(%) OC/EC 

    

AZ  40.1 32.9 1.2 

AZ  30.1 13.5 2.2 

Phoenix AZ  39.0 36.5 1.0 

Craig CO  62.0 35.3 1.8 

San Antonio TX  58.1 37.1 1.6 

Steamboat Springs Colorado  38.8 58.5 0.7 

Milwaukee WI  32.8 27.4 1.1 

Milwaukee WI   8.1  3.6 2.3 

 20.5 79.5 0.6 

( )  22.1 67.4 0.3 

( )  50.0 45.6 1.1 

 ( )  20.8 26.3 0.9 

1  ( )  16.6 19.5 0.9 

    

Craig CO  7.7 1.1 7.0 

Steamboat Springs  7.1 0.4 17.8 

    

Craig CO  2.2 1.2 1.8 

TX  27.2 1.4 19.4 

TX  0.5 0.1 5.0 

( ) TX   12.8 3.0 4.3 

Graig CO  51.4 12.4 4.2 

Dinosaur CO  46.9 3.2 14.7 

TX  64.4 15.8 4.1 

 ( )  36.3 1.9 20.3 
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 PM2.5

̡

 (Filterable particulate matterFPM) 

 (Condensable particulate 

matter CPM)̢ FPM CPM

̢ 

    Yang ̡ ̡ ̡

PM2.5 (Yang et al., 2014) PM2.5

FPM CPM Y̢ang 2015

PM2.5 (sintering̡ coke making̡ blast furnace̡ basic oxygen furnace

electric arc furnace) (Yang et al., 2015) CPM

CPM FPM

sintering FPM K̡Fe̡ Pb Zn Pb̡ Zn Sn

electric arc furnace

CPM sintering CPM ̢Yang

PM2.5  (Yang et al., 2018) CPM

FPM FPM ̡ CPM

OC EC

̢ 

    Li  (Li et al., 2017)

̡ ̡

PM2.5 FPM

CPM FPM CPM

CPM

CPM

̡Na Ca

̢ PM2.5 FPM CPM
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FPM CPM CPM CPM

̢ 

1.4  

PM2.5

PM2.5 ̢  ( , 2000)

̡

PM2.5 40-65% ̡

̢

SO2 NOx

PM ̢

 (Kuo et al., 2013; Lin et al., 2010)

NOx

NOx  (Lin et al., 2010)̢  

Hsu ̡ PM2.5

 (Hsu et al., 2016) Positive Matrix Factorization (PMF) 

PM2.5 As Cr(IV) 

 (As 7.6*10
-6

Cr (IV) 15.3*10
-6

)  (35%)̡  (24%)̡

 (22%)  (19%) ̢Chen

PM2.5 PM2.5-10  (Chen et al., 2015) PM

PM2.5 Pb As 2.3

1.9 As WHO 6 ng/m
3

PM2.5 PM PM2.5
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36.5%  (31%)̡  (16%)

 (13%)̢  ( , 

2014) PM2.5 SIA PM2.5

PM2.5 37% 53%  (6-10%)̡  

(5-13%)  (4-7%)  (Chemical Mass 

Balance CMB) PM2.5

̡ ̡

PM2.5 PM2.5

10%̡ 5% 4% ̢ 

PM2.5

̢ PMF ò ò

PMF

 (Kim et al., 2005)̢ CMB

 (Samek et al., 2016)̢ PM2.5

̢ 

1.5  

/  

(isotope fractionation) 

̢

̢ 

13
C  

(ŭ
13

C =[(
13

C/
12

Csample)/(
13

C/
12

Cstandard) ï 1]x1000) ̢ 1.5.1
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̡ ŭ
13

C

 (Cerri et al., 1985; Das et al., 2010; Giebel et al., 2010; Irei et al., 2006; Rudolph et 

al., 2002; Widory et al., 2004; , 2016)

ŭ
13

C ̢ ŭ
13

C

-27.3 -26.0ă ŭ
13

C -26.8

-25.5ă ̡ ŭ
13

C -25.8 -22.5ă

̢ C3 C4

̢C3  (CO2

 (3-PGA)) ŭ
13

C -26.2 -24.5ă

C4  (C4 CO2

 (malic acid) (aspartic acid)

(bundle sheath cell) C3 ) 

-13.5 -12.5ă ŭ
13

C C3 ̢ 

    

1.5.1 ŭ
13

C  

1. o-  (Rudolph et al., 2002)2. m+p-  (Rudolph et al., 2002)

3.  (Rudolph et al., 2002) 4.  (Giebel et al., 2010)5.  (Widory 

et al., 2004) 6.  (Widory et al., 2004) 7.  (Widory et al., 2004) 8.  

(Widory et al., 2004) 9.  (Widory et al., 2004) 10. -  (Irei et 

al., 2006)11. C4  (Cerri et al. 1985) 12. C4  (Das et al., 2010)

13. C3  (Das et al., 2010) 14.  ( , 2016) 15. 

 (Kumar et al., 2016)̢  

-33 -30 -27 -24 -21 -18 -15 -12

ѭϩ

Ѝ

aQ ᾬӢ

aR ᾬӢ

aR ᾬ

ϡצװ Kӧ

ᾒṞ

ḦᾒṞ

ᾒ

щ

ӈϡ

ӧ

¬I¯Kϡӧ

®Kϡӧ
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    PM2.5 ŭ
13

C -24.7 -24.2ă

̡ -25.1ă -23.1ă ̢

ŭ
13

C ŭ
13

C

-28.1 -32.4ă

ŭ
13

C  (-26.5 -28.2ă ) ̢ 

 (

) ̡ ̡

̢ 204
Pb̡

206
Pb̡

207
Pb

208
Pb

238
U̡235

U
232

Th ̢

Pb

Pb  (Balcaen et al., 2010; Ettler 

et al., 2004; Ewing et al., 2010; Hsu et al., 2006; Monna et al., 1997)̢ Pb   

 

1.5.2  

1.  (Gallon et al., 2011) 2.  (Gallon et al., 2011) 3. 

 (Zheng et al., 2004) 4.  (Sangster et al., 2000)5. 

 (Cheng and Hu, 2010) 6.  (Hsu et al., 2006)̢  

 

 

208
Pb/

207
Pb

2.38 2.39 2.40 2.41 2.42 2.43 2.44 2.45 2.46 2.47 2.48 2.49

2
0

6
P

b
/2

0
7
P

b

1.04

1.06

1.08

1.10

1.12

1.14

1.16

1.18

1.20

1.22

үҖӀ
ѭϩ KѡӐ
о KѡӐ

ӻ ὍKҖṺ
М Є
М Є
М Є Ё
Ѝ nkPLS

 

 

 

 

PM2.5 
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206
Pb/

204
Pb̡

207
Pb/

204
Pb̡

208
Pb/

204
Pb̡

206
Pb/

207
Pb̡

208
Pb/

207
Pb̡

207
Pb/

206
Pb̡

208
Pb/

206
Pb

Pb ̢ 

1.5.2  (Cheng and Hu, 2010; Gallon et 

al., 2011; Hsu et al., 2006; Sangster et al., 2000; Zheng et al., 2004; , 2016)̢

PM2.5

206
Pb

/207
Pb (

208
Pb/

207
Pb) 1.1544 1.1636 (2.4354 2.4412) 

Hsu (
206

Pb
/207

Pb
208

Pb/
207

Pb

1.118 1.156 2.393 2.422)

206
Pb

/207
Pb (

208
Pb/

207
Pb) 1.059 1.077 (2.387 2.397)

206
Pb/

207
Pb

208
Pb/

207
Pb ̡

206
Pb

/207
Pb 1.164 1.199

208
Pb/

207
Pb 2.437 2.476

206
Pb

/207
Pb (

208
Pb/

207
Pb) 

1.155 1.178 (2.453 2.475)

206
Pb

/207
Pb (

208
Pb/

207
Pb) 1.158 (2.430) 

1.210 (2.480) ̢

206
Pb

/207
Pb

1.151~1.152  (Lahd Geagea et al., 2008)

206
Pb

/207
Pb 1.152 1.158 (Gallon et al., 2011; Lahd Geagea et al., 2008)

̡

̢ 

1.5.3~ 1.5.5

ŭ
13

C̡206
Pb/

207
Pb

208
Pb/

207
Pb

̢ 
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1.5.3 ŭ
13

C  

 ( ̡ ) [(Martinelli 

et al., 2002; Mkoma et al., 2014; Pavuluri and Kawamura, 2012; Widory et al., 2004; 

, 2017)] 
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1.5.4 
206

Pb/
207

Pb

 

 ( ̡ ) 

[(Gallon et al., 2011; Hsu et al., 2006; Lahd Geagea et al., 2008; Wang et al., 2006; 

Widory et al., 2010; Widory et al., 2004; Zhang et al., 2016a; Zheng et al., 2004; 

, 2016, 2017, 2018)] 
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1.5.5 
208

Pb/
207

Pb

 

( ̡ ) 

[(Gallon et al., 2011; Hsu et al., 2006; Zheng et al., 2004; , 2016, 2017, 2018)] 

1.6  

 (two end member 

mixing model) c ̢

̢  (2019 6 22 )

isotope̡ carbon particulate matter web of science

2019 21 4

 (2019 11 30 )
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8 1 ̢

̢ 

1.6.1 d
13

C  

ŭ
13

C  (Cao et al., 2011; Kundu and 

Kawamura, 2014; López-Veneroni, 2009; Martinelli et al., 2002; Mkoma et al., 2014)

1̢980 Cachier

 (Cachier et al., 1989) EC/TC ŭ
13

C

Lamto  ̢

Kundu and Kawamura  

Jeju Island  (Kundu and Kawamura, 2014) TC

ŭ
13

C  (ŭ
13

C -24.4 -24.2 

ă)  (oxalic acid) TC

 Jeju Island ŭ
13

C  (-23.1

-22.5 ă)

/TC  (methanesulfonate/TC)

/TC (phthalic 

acid/TC) K
+
/TC ̢

López-Veneroni  

(López-Veneroni, 2009)

n-butane̡ isobutane propane ŭ
13

C

-29.0 -27.5ă ( 1.6.1) ŭ
13

C

-25.2 -23.9ă ŭ
13

C

-17ă ŭ
13

C -27 -24ă

̢ 

Cao 14 EC OC (Cao et al., 2011)

ŭ
13

C ̢ ŭ
13

C
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ŭ
13

C (-25 -22.5ă 1.6.2

)  (-24.5 26.5 ă)

ŭ
13

C -27 -25 ă

̢ Cao

PM2.5 ŭ
13

C  (Cao et al., 2016)

PM2.5̡ ̡

ŭ
13

C  (-26.2ǈ) C3 ̢

PM2.5̡ ̡  (Nguyen 

et al., 2016) ŭ
13

C  ( -26ǈ) C3 ̢

 

 

1.6.1 ŭ
13

C  

( PM2.5 PM10 ŭ
13

C ̢López-Veneroni, 2009) 
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1.6.2 ŭ
13

C  

( Cao et al., 2011) 

 

 

1.6.3 Vilnius ŭ
13

CTC

 

( Masalaite et al., 2015) 
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ŭ
13

C ̢ 

Masalaite Vilnius

ŭ
13

C  (Masalaite et al., 2015) 1.6.3 TC ŭ
13

C ̢

TC ŭ
13

C  (Dp<1 ɛm)ŭ
13

CTC

-28.0 -26.5 ă 2 ɛm ŭ
13

C -26.3 -25.0 

ă ŭ
13

C ̢

ŭ
13

C  (two mixing end-member) 

TC

60% 100%

TC ̢

2018  (Masalaite et al., 2018)  (< 

0.18 ɛm)ŭ
13

C  (0.32~1 ɛm) ŭ
13

C

̢

PM2.5 PM2.5

2.5 ɛm ̢

Z̢hao ŭ
13

C

levoglucosan (Zhao et al., 2018)

 ( 63%)

15% 2%

̢Zhang  (Water-soluble organic carbon, WSOC) ŭ
13

C 

(Zhang et al., 2019) PM2.5

2015 1 3 PM2.5

ŭ
13

C

̢ WSOC ŭ
13

C ̢ 

2015~2016  (Jung et al., 2019; 

, 2016) ̡ PM2.5 ŭ
13

C

-26.6ă̡-26.2ă -24.5ă ̡ ŭ
13

C
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-27ă̡-25ă -25.5ă ŭ
13

C

̡

̢2016~2018 7 - - -

- PM2.5  ( , 2017, 2018) (2016~2018

1.6.4 5 2

)

̡ ̢

PM2.5 ŭ
13

C  ( 1.6.5) PM2.5

ŭ
13

C ŭ
13

C  

(Zhang et al., 2016) PM2.5 ŭ
13

C

ŭ
13

C  (Irei et al., 2006)̢ PM2.5

PM2.5 ̢ 

 

    

            2016~2017                             2018  

1.6.4 2016~2018  

 

1.6.2 14  

 (
14

C) 5730

 (Chen et al., 2015; Currie et al., 1998; Endo et al., 2004; 

Heal et al., 2011; Klinedinst and Currie, 1999; Sun et al., 2012; Zhang et al., 2015)

̢ 
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1.6.5 TC/PM2.5 ŭ
13

C  

 

    
14

C
14

C/
12

C

 (percent modern carbon, pMC) pMC

1-pMC ̢

pMC 50%

pMC 50%

̢ 

Denver PM2.5
14

C 

(Klinedinst and Currie, 1999) pMC

pMC 23% 47% Denver PM2.5

E̢ndo Toyko pMC  (Endo et al., 

2004) pMC  ( 1.6.8)

3.3 mm pMC 60% 1.1 mm pMC

38% ̡

S̢un PM2.5 TC EC pMC  (Sun et al., 2012)
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TC pMC 37% EC pMC 17%

TC EC ̢Heal

 Birmingham PM2.5 (Heal et al., 2011) OC EC

pMC  (

) OC EC 2008 1 31  (

1.6.7) PM2.5 EC 0.75 ɛg/m
3

91% EC

9% ̢ OC

OC 51% 32%

OC 17%̢ Yu  (Black carbon, BC) 

 (Yu et al., 2016)

Beijing-Tianjin-Hebei (BTH, part of Northern China plain) Pearl River Delta 

(PRD) BTH ̡

̡ BC ̡ ̡

PRD BC ̡ ̡

BC ̢ 

14
C Isoprene a-pinene  

(Sheesley et al., 2017)

̢

9.8%̡ 2.3%̡ < 1.0% 30% ̡ ̡

isoprene̡ a-pinene̡ toluene naphthalene 1%

̢ 75% 20%

14
C ̢ 

 (107 ) 2016~2018

̡ ̡ ̡ ̡ pMC

( , 2017, 2018) pMC

90% pMC

50% ̢

OC Levoglucosan PMF
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pMC 50%

50% PMF

pMC 50% pMC

̢ 2016~2018

Levoglucosan  ( 1.6.8)

Levoglucosan Mannosan 10

Levoglucosan Mannosan  (Engling et al., 2009) 2017

Levoglucosan Mannosan  ( 2017)

̢ 

 

1.6.6 Toyko  

( Endo et al., 2004) 

 

1.6.7 Birmingham PM2.5 OC EC

 

( Heal et al., 2011) 

 

91% 

9% 

51% 

32% 

OC 
EC 

17% 
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1.6.8 2016~2018  

 

1.6.3  

 (two end member mixing model)  

(Flament et al., 2002; Gioia et al., 2017; Monna et al., 1997; Mukai et al., 2001; Sen et 

al., 2016; Widory et al., 2010; Zheng et al., 2004)̢

/

̢  

Monna
206

Pb/
207

Pb

 (Monna et al., 1997)

61-84%

56-74% 1970

̢Mukai

 (Mukai et al., 2001)
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̢Zheng  

(Zheng et al., 2004) PM10

(
208

Pb/
206

Pb vs. 
207

Pb/
206

Pb) 1.6.9

20%̢  

Wang  

(Wang et al., 2006) TSP
208

Pb/
206

Pb 2.08 2.17

207
Pb/

206
Pb 0.855 0.882

 ( 1.6.10 )̢Sen

Kanpur  (Sen et al., 2016)

2000

Kanpur

̢Gioia

 (Gioia et al., 2017)  ( ) 

̢ Cubat~ao

Juquitiba

̢ 

1.6.11 Bollhöfer and Rosman

Pb  (Bollhöfer and Rosman, 2000, 2001)

̢

̢ 

Erel  (Erel et al., 2006)

̢Kumar  

(Kumar et al., 2016)
208

Pb/
207

Pb
206

Pb/
207

Pb
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Ni V ̢ ̡

Ni V ̢ 

 

 

1.6.9 PM10  

( : Zheng et al., 2004) 

 

 

1.6.10 TSP  

( Wang et al., 2006) 
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1.6.11  

( Bollhöfer and Rosman, 20102001) 

 

Gallon  (Gallon et al., 2011)

E̢wing

 (Ewing et al., 2010)

PM2.5 30%̢ Salcedo

 (Salcedo et al., 2016)

Tijuana CECyTE

Sierras CECyTE ̢

Graney  ( ) 

 (Graney et al., 2019) ̡

Albert 34% Albert

20% 19%

W̢ang Pb-Sr-Nd

 (Wang et al., 2019)

̡



108  

34 

̢

Pb-Sr-Nd 3

Pb-Sr-Nd

̢ 

Hsu

 (Hsu et al., 2006) PM10 PM2.5

206
Pb/

207
Pb

̢ Hsu  

( ) 50% 85%̢

Jung  (Jung et 

al., 2019; , 2016)

 ( )

̢ 2016~2018

 ( , 2017, 2018) - - - - 13

PM2.5  (
206

Pb/
207

Pb
208

Pb/
207

Pb) 7

PM2.5  (
206

Pb/
207

Pb
208

Pb/
207

Pb)

ò + + + ò̡ ò +

ò ò ò ̢ 

- - - -

206
Pb̡

207
Pb

208
Pb PMF

1.6.12 ̢ 8

 ( 1 2 3

4 5  ( ) 6  (

) 7 8  ( ))

1 6 12% 53% 1
206

Pb/
207

Pb

208
Pb/

207
Pb  (Yao et al., 2015)

6 1.6.12
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PM2.5

206
Pb/

207
Pb (Jung et al., 2019) PM2.5  

( 1.6.13 )

̢ 

̢Monna  (Monna et al., 

1997) 1.6.14

206
Pb/

207
Pb 1965 1985

1985

̢ Komárek

 (Komárek et al., 2008) Pb

206
Pb/

207
Pb 1985 1.13 2005

1.16 ̢ 

 

1.6.12 2016~2018 PMF  
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(a) 2016 11 7                (b) 2016 11 10  

 

    

(c) 2017 2 13                (b) 2017 2 21  

1.6.13 2016~2018  

 

 



  

37 

 

1.6.14   

( Monna et al., 1997) 
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2.1  

108 ̪

̫ ( )

( )

( )

̢ 

2.2  

̢

 

̡

 

I.  8

2 7

̢  

II.  ŭ
13

C
14

C

206
Pb̡

207
Pb

208
Pb

̢  

III.  

̡

̢  

̡

 

I. 5 ̡

̡ ̡

2 3 ̢ 
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II.  ŭ
13

C
14

C
206

Pb̡
207

Pb
208

Pb

̡

̢ 

III.  ̡ ̡

̢ 

IV.  

̢ 

̡

 

I. ŭ
13

C
14

C
206

Pb̡

207
Pb

208
Pb

̢ 

II.  ŭ
13

C
14

C
206

Pb̡
207

Pb
208

Pb

̢ 

III.  

̢ 

IV.  ̢ 

2.3  

̡ ̡   

 ̢ 

̡ ̢ 

̡  ̢ 
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105 ̬ ̭

PM2.5

PM2.5 ̢ (1) ̡

̡ ̡ PM2.5

(2) 

PM2.5 (3) PM2.5

PM2.5 ̢ 3.1.1

̢ 

 

3.1.1 
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3.1  

PM2.5  (105

107

) ̡ ̡ PM2.5

PM2.5 ̡

̡ ̢ PM2.5

PM2.5

̢ 

̡ ̡

̡ ̡ 8 8

̡ ̡

8 3.1.2 ̢

PM2.5 PM2.5 ̢

-2017  ( , 

2017; , 2017) PM2.5

2019 12 31

2019 PM2.5

̢ 

7 22 ̢

PM2.5 ̡ ̡

̢ Super SASS (Met 

One Instruments, OR, USA)̡PQ200  (BGI Incorporated, MA, USA) 

PM2.5 Tisch High-Vol (Tisch Environmental, OH, USA) 

PM2.5 ̢Super SASS  ( 3.1.3) 4

6.7 LPM 4

sharp cut cyclone 2.5 ɛm
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̢  47 mm Teflon

PM2.5 900 C̄

47 mm

PM2.5 P̢Q200 Federal Reference 

Method  ( 3.1.4) 16.7 LPM

47 mm PTEF

̢

ŭ
13

C
14

C PM2.5  ( 3.1.5)

̡ ̡

1.13 m
3
/min̢

10 mm 10 mm

2.5-10 ɛm 900

2.5 ɛm 900 8ò³10ò ̢ 

 

 

3.1.2 
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3.1.3 Super SASS  

 

 

 

3.1.4 BGI PQ200  
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3.1.5 PM2.5
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3.2  

̡ ̡  (

) PM2.5 ̡ ̡

PM2.5

PM2.5 ̢ 

PM2.5 3

3.1.2 ̢ PM2.5

̢

NIEA A212.10B NIEA A214.70C

 (filterable particulate matter, FPM)  (condensable 

particulate matter, CPM)̢ 3.2.1 NIEA A212.10B

2.5 mm

2.5 mm

2.5 mm

FPM PM2.5

FPM̢ 3.2.2 NIEA A214.70C

A212.10B CPM CPM

CPM̢

̡ ̡ ̡

̢ 

2019 2

5 PM2.5 ̢

5 3.2.3

 ( )  (

) 3.2.4  
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3.2.1 FPM  

 

 

3.2.2 CPM  
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3.2.3  

 

 

3.2.4  ( )



  

49 

PM2.5  (

)  (

) PM2.5 (

)̢ 

 

3.3  

3.3.1  

̡

 (Ion Chromatograph, IC) ̡ Cl
-

N̡O3
-̡

SO4
2-̡Na

+̡NH4
+̡K

+̡Ca
2+̡Mg

2+̢ ̡ ̡

5

R
2

0.995

̢ 0.25~30 ppm

0.5~20 ppm

̢ PM2.5

10 ml  (  > 18.0 

Mɋ/cm) 60

10 ml 0.45 ɛm̡

25 mm

̢

 (spike) 88% 104%

̢ Cl
-̡

NO3
-̡SO4

2-̡Na
+̡NH4

+̡K
+̡Ca

2+
Mg

2+
0.007 ɛg/m

3̡

0.017 ɛg/m
3̡0.035 ɛg/m3̡0.007 ɛg/m3̡0.017 ɛg/m3̡0.007 ɛg/m3̡0.007 ɛg/m3

0.007 ɛg/m
3̢ 
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3.3.2  

IMPROVE-A Protocol Thermo-Optical 

Reflection (TOR) ̢

580
o
C

 (He) 

CH4 Flame Ionization Detector  (FID) 

CH4  ñ ò ̢

632.8nm

̢ Chow  (Chow et al., 1993) 200
o
C

 ñ ò 

ñ ò ̢ 400 550
o
C

̢

10% ñ ò

CO2 CH4 FID ̢

ñ ò FID CH4 ̢

840
o
C

 ñ ò

̢ FID CH4

 ñ ò 3.3.1 ̢

OC EC 0.27 ɛg/m
3
0.06 ɛg/m

3̢
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(LR: Laser Reflectance, LT: Laser Transmission, T: Temperature, F8: High 

sensitivity FID signal, F6: Low sensitivity FID signal)̢ 

3.3.1 ̢ 
 

3.3.3  

̢

 ( 55 mL) 5 mL  (Merck, 65 % GR for 

Analysis) 4 mL  (  > 18.0 Mɋ/cm) 1440 W

20 2

̢ 4 mL  (Merck, 60 % 

Ultrapure) 2 mL  (Merck, 48 % Ultrapure)  

(CEM, MARS Xpress) 

̢  (CEM, MARS Xpress) 

3.3.1

1440 W 8  (Ramp) 170 °C

 (Hold on) 7 1600 

W 7 200 °C 15

60  (Cool down) 40°C̢

 (CEM, XpressVap
TM

)
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 (CEM, No. 431-6494) ̢

 (Merck, GR for Analysis)̡  (Merck, GR 

for Analysis) 

800 W 80 °C̢

2.0 mL  (Merck, 60 % Ultrapur) 

3.3.2̢ ̢ 

3.3.1  

 
Max. power 

(W) 
Power (%) 

Ramp 

(min) 
°C 

Hold 

(min) 

Cool down 

(min) 

Stage 1 1600 90 8:00 170 7:00 --- 

Stage 2 1600 100 7:00 200 15:00 60:00 

 

3.3.2  

 
Max. power 

(W) 
Power (%) 

Ramp 

(min) 
°C 

Hold 

(min) 

Cool down 

(min) 

Stage 1 1600 100 15:00 200 10:00 60:00 

 

    15 ppb (

5 ppm 150 ɛL)  (In) 

50 mL 4 °C ̢

2 1

̢ 5 %  (Merck, 65 % GR 

for Analysis) 16

̢ 
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3.3.2 ICP-MS 

 

    Perkin-Elmer

NexION 300X  (Inductively coupled plasma mass spectrometr

ICP-MS) 3.3.2

NexION 300X

ppt ̢ICP-MS

 ( )

̡ ̡ /

̢ (Al)̡

(Fe)̡ (Na)̡ (Mg)̡ (K)̡ (Ca)̡ (Sr)̡ (Ba)̡ (Ti)̡ (Mn)̡ (Co)̡

(Ni)̡ (Cu)̡ (Zn)̡ (Mo)̡ (Cd)̡ (Sn)̡ (Sb)̡ (Tl)̡ (Pb)̡ (V)̡

(Cr)̡ (As)̡ (Se)̡ (Y)̡ (Zr)̡ (Rb)̡ (Ga)̡ (Ge)̡ (Cs)̡ (La)̡

(Ce)̡ (Nd) (P) 34 ̢ 

Merck

 (1000 ppm) ̡

̡ 1 %  (Merck, 60 % Ultrapur) 7

 (Al̡Fe̡ Na̡ Mg̡K̡Ca P) 0.1̡ 1̡

10̡ 100̡ 200̡ 500 1000 ppb  (Sr̡ Ba̡ Ti̡Mn̡Co̡

Ni̡Cu̡ Zn̡Mo̡Cd̡Sn̡ Sb̡ Tl̡Pb̡ V̡Cr̡As̡Se̡ Y̡Zr̡Rb̡ Ga̡

Ge Cs) 0.01̡ 0.1̡ 1̡ 10̡ 20̡ 50 100 ppb  (La̡
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Ce Nd) 0.01̡ 0.1 1 ppb̢  ( 20

)  (NIST SRM 1648a )

̢ 10 ug/L  ( (Be)̡ (Mg)̡

(In)̡ (Ce)̡ (U)) ICP-MS

3.3.3 ̢ Hsu  (Hsu et al., 2009; Hsu et al., 2008)

NIST

100±10% 5% ̢ ICP-MS

3.3.4̢  

 

3.3.3  

  

 (W) 1500 

-  (L/min) 15 

-  (L/min) 0.9-1.1 

-  (L/min) 1.3 

  

   

 (ms) 100 

 (amu) 0.7±0.1 

   

 (L/min) 1.2 

 (torr) 1.5×10
-6

-2.5×10
-6

 

  3 

/   6 

   (1.1 mm) 

   (1.1 mm) 
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3.3.4 ICP-MS 34  (ng/m
3
) 

      

Al  0.9  Sb 0.02  

Fe 1.4   Tl 0.002  

Na 10.5   Pb 0.08  

Mg 2.2   V 0.02  

K 4.2   Cr 0.4  

Ca 7.5   As 0.04  

Sr 0.02   Y 0.008  

Ba 0.04   Se 0.07  

Ti 0.8   Zr 0.17  

Mn 0.10   Ge 0.002  

Co 0.007   Rb 0.003  

Ni 0.2   Cs 0.001  

Cu 0.5   Ga 0.009  

Zn 0.10   La 0.001  

Mo 0.05   Ce 0.002  

Cd 0.004   Nd 0.002  

Sn 0.04   P 0.4  

 

3.4  

3.4.1  

CO2 CO2 (isotope ratio mass 

spectrometry)
12

C
13

C d
13

C
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 (Cao et al., 2011; Jung et al., 2019; Kundu and Kawamura, 2014; López-Veneroni, 

2009)̢ d
13

C  (Cavity Ringdown 

Spectroscopy, CRDS) CO2 CRDS

 ( 20 km)  

( 3.4.1)  (

(Beer-Lambert law) ) 

13
C ̢ 

 

 

3.4.1 CRDS  
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3.4.2 
13

CO2 
12

CO2  

( Zare et al., 2009) 

 

13
C  ( 6251cm

-1
)

13
CO2

12
CO2 6251cm

-1

3.4.2
12

C
13

C 3.1

d
13

C ( IAEA-CO-8 & 8543 NBS 18 )  

                   (3.1) 

14
C BETA  

(accelerator mass spectrometerAMS)  ( 3.4.3)

0.5 mg ̢ 14
C

CuO

 (-80ʕ) 

850ʕ 4 CO2
12

C

14
C ò ò  (pMC) 

14
C/

12
C           

                                         

( )
10001

/

)/(

tan

1213

1213

13 ³
ù
ù
ú

ø

é
é
ê

è
-=

dards

sample

CC

CC
Cd
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(3.2) 

 

 (
14

C/
12

C) sample  (
14

C/
12

C) OX II  (NIST SRM 

4990C OX II)  
14

C
12

C ̢ 

 

 

3.4.3 AMS  

100
C)C/( 0.749

C)C/(
  pMC

II OX

1214

sample

1214

³
³

=
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3.4.2  

̢  ( 2-10 ng ) 

180ʕ 1 mL 2N HCl ̢

3.4.4 0.5 mL Sr-Spec

3 mL 6N HCl 3 mL 3 mL 2 N HCl

̢ 3 mL

2 N HCl 6 mL 6 N HCl

190
o
C 1 mL HNO3

Milli -Q 10 mL ICP-MS ̢

 ( 3.4.5 3.4.6 )̢

NIST SRM 981

̢ 
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3.4.4  

 

  
3.4.5  
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3.4.6  

 

 NIST SRM 981
204

Pb̡
206

Pb̡
207

Pb
208

Pb

1.43%̡ 24.14%̡ 22.08% 52.35%

206
Pb/

207
Pb

208
Pb/

207
Pb 1.0933 2.3704 ICP-MS

100.3% (99.8~101.2%) 100.2% (99.6~100.7%)̢  

3.4.3  

̡ ̡

̢

̢ (Precision)

10

20 %

(Relative Percent Difference, RPD) (3.3)̢ 

                

21

21

xx
2

1

x-x
( % )  RPD

+

=                        (3.3) 

RPD (%) x1 x2

̢ 

    (Accuracy)
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10

20 %

(Recovery, R) (3.4)̢ 

                       % 1 0 0  
S

X
  ( % ) R ³=                         (3.4) 

R (%) X S ̢ 

: 

1.  ̢ 

2.  (IDL) ɛg/L  3 IDL 

I̢DL 7 3 ̢ 

3.  

30%

̢

(Analytical performance)

̢

30 

% ̢ 

4.  12

̢
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̢ 

5.  

̢

̢ 

6.   

A. ̢ 

B. 10

̢ ̢ 

C. 10 %

̢

̢ 

D. 2 MDL ̢

2 MDL

̢ 

7.  ̢

̢

̢ ̡ ̡ ̡

̢ 

8.  ̡

10 ̢ 

9.  10
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̢ 100

±20 % ̢ 

10. 75~125%

̢

̢

̢ 

11. 

̢  5 

10% ̢

10

̢ 

3.5  

PM2.5  

(d
13

C pMC)  (
208

Pb/
207

Pb
206

Pb/
207

Pb) PM2.5

pMC PM2.5

̢

i

 (Flament et al., 2002; Hsu et al., 2006; Monna et al., 

1997; Nakano and Tanaka, 1997)  

 

                                                            (3.5) 

 

Ratm Ri  (
206

Pb/
207

Pb) fi

i ̢ Monna
 206

Pb/
204

Pb

ä
=

=
k

i

ii Rf
1

atmR
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̡

 (Monna et al., 1997) Hsu
206

Pb/
207

Pb

 (Hsu et al., 2006)̢  

5.0 (Positive Matrix Factorization, PMF) PM2.5 ̢

PMF Paatero Tapper  (Principal Component Analysis, PCA) 

 (Paatero and Tapper, 1994) 2003

2005 PMF 1.0 2014

PMF 5.0

PMF  (U.S.EPA., 2014)  

                        (3.6) 

 

X ij i j p gik

k i fkj k j

eij ̢ 

 PMF Q  

 

               (3.7) 

 

n m uij i j

3.6 ̢ 

3.8
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PMF  (Wang et al., 2017)

PM2.5

̢  

                                        (3.8) 

    Rij  ( )  ( )  

( ) 3.6 3.7 ̢ Wang

PMF  ( )  

( )  (Wang et al., 2017) 3.8 PMF

OC OC

 ( pMC ) 

OC

̢
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4.1  

2019 3 8  (PM2.5) 

̡ ̡ ̡ ̡ ̡ ̡ 8

8 4.1.1

2 m ̢ 2 ̡

PM2.5 ̢

4.1.1 4̢.1 4.2

PM2.5 4.3 4.4

PM2.5 ̢ 

4.1.1  

 4.1.2~ 4.1.9 8 ̡ ̡

̢ 23.0ʕ ̡ ̡ ̡ ̡

̡ ̡ 8 21.9ʕ (16.9~24.1ʕ)̡22.6ʕ 

(18.2~25.2ʕ)̡ 23.0ʕ (18.9~25.5ʕ)̡ 23.3ʕ (19.6~26.0ʕ)̡ 23.1ʕ (20.7~26.6ʕ)̡

22.6ʕ (18.7~25.4ʕ)̡ 23.5ʕ (19.7~26.2ʕ) 23.1ʕ (19.9~26.9ʕ) ̡

23ʕ 23ʕ̢

75% ̡ ̡ ̡

̡ ̡ ̡ 77% (68~88%)̡ 79% (69~88%)̡ 73% 

(63~84%)̡ 75% (64~89%)̡ 73% (67%~80%)̡ 81% (72~90%)̡ 75% (65~86%) 

68% (52~78%)

70% ̢ 

2.1 m/s ̡ ̡

̡ ̡ ̡ ̡ 2.5 m/s (1.8~3.1 m/s)̡ 2.4 m/s 

(1.7~2.8 m/s)̡1.7 (1.3~2.1 m/s)̡2.0 (1.6~2.6 m/s)̡2.6 (2.1~3.2 m/s)̡2.1 (1.6~2.8m/s)̡

1.7 (1.2~2.0 m/s) 1.9 (1.3~2.5 m/s)  2 m/s

̢
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   (a)                      (b)  

 

           

   (c)                       (d)  

 

            

    (e)                       (f)  

 

                   

    (g)                       (h)  

 

4.1.1 PM2.5
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4.1.1 PM2.5  

* 8 8 1 63 ̢ 

**  ( ) 8 8 10

3 1 60 ̢ 

** *  ( ) 8 6 10

2 1 45 ̢ 

       

PM2.5   

   2019 3 01 ~08  63*   

   2019 8 05 ~09 ̡

12 14~15  

64 8 10~11 13

̢ 

PM2.5   

     

   2019 4 22 ~24  3  

   2019 4 1 ~3  3  

   2019 4 16 ~18  3  

   2019 3 24 ~31  60**  8 7

1

̢ 

      

   2019 9 16 ~18  3  

   2019 9 23 ~25  3  

   2019 9 9 ~11  3  

   2019 8 28 ~ 

9 1  

45***  8 7

1

̢ 

   250  
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4.1.2  

 



  

71 

 

4.1.3  
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4.1.4  

 



  

73 

 

4.1.5  
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4.1.6 



  

75 

 

4.1.7  
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76 

 

4.1.8  



  

77 

 

4.1.9 
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49%

23% 37% 44%

49% 25% 30%

43%  (54%) ̡

1/4  (40%)  (27%) 

51% ̡ ̡

25% ̢ 8

7 31% 40%̢

3 3 5~8

̡ ̡ 1

2.0 mm (3 7 )

1 mm ̢

̡ 3 6

0.87 mm̢  

4.1.10~ 4.1.17 8 ̡ ̡

̢ 29.5ʕ ̡ ̡ ̡ ̡

̡ ̡ 8 30.4ʕ (29.5~31.5ʕ)̡29.8ʕ 

(29.1~30.5ʕ)̡ 29.7ʕ (28.6~30.6ʕ)̡ 29.7ʕ (28.8~30.6ʕ)̡ 29.6ʕ (28.5~30.9ʕ)̡

28.8ʕ (28.0~30.0ʕ)̡ 29.2ʕ (28.2~30.5ʕ) 29.1ʕ (27.8~31.7ʕ)

29ʕ ̢ 81%

̡ ̡ ̡ ̡ ̡ ̡ 80% 

(74~85%)̡ 85% (80~87%)̡ 80% (74~85%)̡ 75% (69~79%)̡ 83% (77%~86%)̡ 83% 

(77~86%)̡ 85% (79~88%) 76% (64~80%)

̢  (p < 

0.05) 80% ̢ 
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4.1.10  
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4.1.11  

 



        

81 

 

4.1.12  
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82 

 

4.1.13  

 



        

83 

 

4.1.14 



108  

84 

 

4.1.15  
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4.1.16  



108  

86 

 

4.1.17 
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2.5 m/s ̡ ̡

̡ ̡ ̡ ̡ 3.3 m/s (2.3~5.6 m/s)̡ 2.8 m/s 

(1.8~4.6 m/s)̡ 2.2 (1.6~3.7 m/s)̡ 2.2 (1.3~4.2 m/s)̡ 3.1 (1.7~5.4 m/s)̡ 2.3 (1.2~4.3 m/s)̡

2.1 (1.6~3.7 m/s) 2.3 (1.5~4.2 m/s) 3 m/s

3 m/s

 (p < 0.05)̢

43% 23%

18% 17% ̡

28%̡ 33% 28% 30% 37%

42% 28%

25%  (35%) 24% 25%

 (41%) 25%

15% 19% 16% ̡

28%̡ 20% 29% 51%

8 7~10  ( 37%)

̢

 (116 ) 30% 35% 24% 10%

̢

 (36%)  (40%)  (31%)̢  

20.0 mm 8 6̡12̡ 14 15

35.2 mm̢ 13 mm

32.5 mm 27.2 mm

8 12 ̡ 8 6

100 mm ̢

̢ 
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4.1.2  

2019 PM2.5 27.6 Ñ 8.8 ɛg/m
3
 

(8 ) PM2.5 29.2 Ñ 10.1 ɛg/m
3

1.6 ɛg/m
3̢ 4.1.18 PM2.5

 (r) 0.85  (p < 0.05)

PM2.5 ̢ 

    4.1.2 2019 8 PM2.5 ̢

PM2.5  (35 ɛg/m
3
)

3 1 3 8

35 ɛg/m
3

3 1 PM2.5

̢ 2 PM2.5  ( , 

2017, 2018) PM2.5 24~31 ɛg/m
3

 ( )

̢ 

 

 

4.1.18 PM2.5  

 (r = 0.87, p-value < 0.05) 

 



        

89 

2019 PM2.5 12.4 ± 3.8 

ɛg/m
3
 (8 ) PM2.5 11.8 ± 3.8 ɛg/m

3

0.6 ɛg/m
3̢ 4.1.19 PM2.5

 (r) 0.82  (p < 0.05)

PM2.5 ̢ 4.1.3 2019 8 PM2.5

̢ PM2.5  

(35 ɛg/m
3
) PM2.5 ̢ 

 

4.1.2 PM2.5  

 ( mean ± SD, ɛg/m
3

8 7) 

 
&

 (%) 

#
(100-  (%)) 

^  

 

 

PM2.5 27.6 ± 8.8 30.7 ± 9.7 27.7 ± 9.3 27.4 ± 9.3 29.0 ± 10.3 27.3 ± 9.0 28.7 ± 9.3 25.2 ± 7.5 25.1 ± 8.4

5.2 ± 2.8 5.7 ± 3.2 5.4 ± 3.0 5.9 ± 3.7 5.0 ± 3.4 5.1 ± 2.3 5.1 ± 2.8 4.8 ± 3.0 4.4 ± 1.9

7.1 ± 3.8 8.2 ± 3.6 7.8 ± 3.8 7.3 ± 4.2 5.7 ± 3.3 7.0 ± 4.1 7.6 ± 4.5 6.1 ± 3.5 6.9 ± 4.4

7.1 ± 3.9 4.6 ± 1.9 4.4 ± 1.9 4.2 ± 2.3 3.2 ± 2.2 3.9 ± 1.7 4.2 ± 2.1 3.5 ± 1.8 3.5 ± 1.6

0.6 ± 0.5 0.7 ± 0.4 0.6 ± 0.4 0.5 ± 0.4 0.5 ± 0.4 0.7 ± 0.4 1.1 ± 0.7 0.3 ± 0.3 0.4 ± 0.3

6.7 ± 1.7 6.8 ± 1.8 5.5 ± 1.1 8.6 ± 2.6 7.6 ± 1.3 6.2 ± 1.3 6.5 ± 1.4 6.1 ± 1.1 6.4 ± 1.7

1.6 ± 0.6 1.7 ± 0.4 1.0 ± 0.8 1.2 ± 0.6 1.7 ± 0.5 1.8 ± 0.7 1.9 ± 0.7 1.7 ± 0.2 1.7 ± 0.7

& 4.1 ± 1.3 4.1 ± 1.5 3.3 ± 0.8 4.0 ± 2.1 3.4 ± 1.8 4.2 ± 0.8 4.3 ± 0.7 4.8 ± 0.8 4.4 ± 0.9

# 3.7 ± 1.6 4.3 ± 1.2 3.2 ± 0.9 4.3 ± 2.9 4.8 ± 1.7 3.7 ± 1.5 3.7 ± 1.5 3.1 ± 0.9 2.7 ± 1.2

^ 0.6 ± 0.8 0.6 ± 0.1 0.5 ± 0.1 0.4 ± 0.3 0.8 ± 0.3 1.1 ± 2.3 0.4 ± 0.2 0.3 ± 0.2 0.4 ± 0.1
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4.1.19 PM2.5  

 (r = 0.82, p-value < 0.05) 

 

4.1.3 PM2.5  

 (mean Ñ SD, ɛg/m
3

8) 

 
&

 (%) 

#
(100-  (%)) 

^

PM2.5 12.4 ± 3.8 11.4 ± 3.5 11.7 ± 3.9 13.5 ± 3.3 13.9 ± 4.1 13.2 ± 4.8 13.9 ± 4.0 11.3 ± 2.4 10.2 ± 3.6

3.2 ± 1.3 3.2 ± 1.3 3.5 ± 1.7 3.3 ± 1.2 3.6 ± 1.8 3.1 ± 1.5 3.5 ± 1.3 2.9 ± 1.0 2.8 ± 1.0

1.1 ± 0.6 1.0 ± 0.6 1.4 ± 0.6 1.6 ± 0.7 1.0 ± 0.6 1.1 ± 0.6 1.2 ± 0.8 1.1 ± 0.5 0.9 ± 0.5

1.2 ± 0.6 1.2 ± 0.5 1.2 ± 0.7 1.1 ± 0.6 1.2 ± 0.8 1.1 ± 0.6 1.5 ± 0.7 1.1 ± 0.5 1.0 ± 0.4

0.6 ± 0.6 0.5 ± 0.4 0.8 ± 0.8 0.4 ± 0.4 0.5 ± 0.3 0.9 ± 0.9 0.9 ± 0.5 0.3 ± 0.4 0.3 ± 0.4

3.0 ± 1.7 2.4 ± 0.7 2.6 ± 1.0 4.3 ± 1.6 3.0 ± 1.4 2.1 ± 0.5 2.5 ± 0.7 3.1 ± 0.4 4.1 ± 4.0

0.5 ± 0.9 0.3 ± 0.3 0.3 ± 0.3 1.4 ± 2.1 0.9 ± 0.6 0.2 ± 0.2 0.5 ± 0.3 0.4 ± 0.3 0.1 ± 0.1

& 1.6 ± 0.6 1.4 ± 0.3 1.5 ± 0.3 2.1 ± 0.5 1.7 ± 10.7 1.2 ± 0.5 1.3 ± 1.3 1.9 ± 0.3 1.8 ± 1.1

# 1.9 ± 1.5 1.8 ± 0.5 2.0 ± 0.7 3.6 ± 3.2 2.3 ± 1.2 1.1 ± 0.5 1.6 ± 0.6 1.6 ± 0.4 1.2 ± 0.7

^ 0.8 ± 0.6 0.8 ± 0.5 0.8 ± 0.4 0.7 ± 0.4 0.9 ± 0.3 1.2 ± 1.0 1.0 ± 0.6 0.5 ± 0.3 0.4 ± 0.3
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4.1.3  

 4.1.2 PM2.5 4.1.20 PM2.5

4.1.2

 (ɛg/m
3
)

PM2.5 PM2.5 ̢ 

4.1.2 PM2.5 27.6 ± 8.8 

ɛg/m
3

7.1 ǰ 3.8 ɛg/m
3

7.1 ǰ 3.9 ɛg/m
3

6.7 ǰ 1.7 ɛg/m
3

5.2 ǰ 2.8 ɛg/m
3

4.1 ǰ 1.3 ɛg/m
3

3.7 ǰ 1.6 ɛg/m
3̢

PM2.5 ̡ ̡ ̡

 (8.2 ǰ 3.6 ɛg/m
3
)

 

(6.1 ǰ 3.5 ɛg/m
3
)  (6.1 ǰ 1.1 ɛg/m

3
)̢  (

) 1.1 ǰ 2.3 ɛg/m
3

1.0 ɛg/m
3

 (0.3 ǰ 0.2 ɛg/m
3
)̢ 

PM2.5 8 ̡ ̡

̡ ̡ PM2.5 19%̡ 26%̡ 14%̡ 2%̡ 15%

13% 2% 9%

̡ ̡ 8

̢ 4.1.20 PM2.5

28% 20%

17% 21%

11% 16%  (18%)  

 (11%)  

(19%)  (12%)̢  
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(a)                            (b)  

 

(c)                             (d)  

 

(e)                             (f)  

 

(g)                             (h)  

 

4.1.20 PM2.5  

(a) (̡b) (̡c) (̡d) (̡e) (̡f) (̡g) 

 (h) 
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 ( )

PM2.5 4% 1%~3%

̢

Ca̡ Na Fe PM2.5 0.5%̡

0.4% 0.3% Zn Cr PM2.5 0.09%  0.04%̢

Fe̡ Na̡ K Ca

PM2.5 2.9% Zn Cr PM2.5

0.3%̢ 19% 5~10%

 ( )

PM2.5

̢ 

4.1.3 PM2.5 12.4 ± 3.8 

ɛg/m
3 ̡ ̡

3.2 ǰ 1.3 ɛg/m
3̡3.0 ǰ 1.7 ɛg/m

3̡1.2 ǰ 0.6 ɛg/m
3

1.1 ǰ 0.6 ɛg/m
3

1.6 ǰ 0.6 ɛg/m
3

1.9 ǰ 1.5 ɛg/m
3̢ PM2.5

̡ ̡ ̡

 (3.6 ǰ 1.8 ɛg/m
3
) ̡

̢  ( )

1.2 ǰ 1.0 ɛg/m
3

1.0 ǰ 0.6 ɛg/m
3

 (0.4 ǰ 0.5 ɛg/m
3
)̢ 

PM2.5 8 ̡ ̡

̡ ̡ PM2.5 26%̡ 9%̡ 10%̡ 5%̡ 13%

16% 6% 15%

̡ ̡ 8

̢ 4.1.21 PM2.5

30% 24%

7% 12%

11% 8%

 (30%)  (9%)
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 (19%)  (9%)̢  ( )

PM2.5 5%~9% ̢

Na̡ Ca̡ Fe K

PM2.5 3.6%̡ 0.6%̡0.6% 0.6% Zn̡V̡

Pb Cr PM2.5 0.13%̡ 0.04%̡ 0.03% 0.03%̢

Fe̡ Na̡ K Ca

PM2.5 6.0% Zn̡V̡Pb Cr PM2.5

0.8%̢ 26% 4%

10%

PM2.5 ̢ 

PM2.5 PM2.5

̡

̡ PM2.5 59%

45%̢ PM2.5 PM2.5

28% 29%  ( - - - - ) 

 ( , 2017, 2018) (2017 ̡ ̡

PM2.5 17%̡ 15%̡ 10% 20% 2018 ̡ ̡

PM2.5 30%̡ 11%̡ 12% 31%)̢  
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(a)                            (b)  

 

(c)                             (d)  

 

(e)                             (f)  

 

(g)                             (h)  

 

4.1.21 PM2.5  

(a) (̡b) (̡c) (̡d) (̡e) (̡f) (̡g) 

 (h) 
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4.1.4 PM2.5  

PM2.5 35 ɛg/m
3

PM2.5

PM2.5 PM2.5 ̢

9 PM2.5 35 ɛg/m
3

PM2.5 35 ɛg/m
3

PM2.5 PM2.5 PM2.5 ̢ 

4.1.22  ( PM2.5 34.4 Ñ 7.6 ɛg/m
3

PM2.5 21.2 Ñ 3.3 ɛg/m
3
) PM2.5 PM2.5

PM2.5 PM2.5

 ( )̢ 13.2 

ɛg/m
3 ̡

̡ 74%

42% ̡ PM2.5

0.93 (r) (p < 0.05) PM2.5

PM2.5 ̢ PM2.5

10% 4%

PM2.5 ̢ 

4.1.23  ( PM2.5 15.4 ± 2.8 ɛg/m
3

PM2.5 9.4 ± 1.5 ɛg/m
3
) PM2.5 PM2.5

PM2.5 PM2.5

 ( )̢ 6.0 

ɛg/m
3 ̡ PM2.5

̡ 49%

29% ̡ PM2.5

0.24 (r) (p=0.20)

PM2.5  ( , 2017, 2018)

PM2.5

PM2.5 PM2.5 32%̢  
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(a)  

 

 (b)  

 

4.1.22 PM2.5

 

(a) (b)  (

PM2.5 ) 
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(a)  

 

 

(b)  

 

4.1.23 PM2.5

 

(a) (b)  (

PM2.5 ) 
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4.2  

PM2.5 ̢ 

4.2.1  

4.2.1 8.1 ± 2.1 ɛg/m
3

 (9.8 ± 3.1 ng/m
3
)  (6.5 ± 1.5 ng/m

3
)

 (p = 0.12) ̢

ŭ
13

C -25.7ă (-29.2 -21.3 ă) ̡ ̡

̡ ̡ ̡ ̡ -25.5ă (-28.6 -21.3ă)̡

-27.0ă (-28.7 -25.8ă)̡-24.5ă (-26.0 -23.3ă)̡-25.8ă (-28.0 -24.4ă)̡

-24.7ă (-27.2 -23.2ă)̡-27.1ă (-28.5 -26.0ă)̡-26.5ă (-29.2 -24.9ă) 

-24.3ă (-25.8 -23.1ă) ŭ
13

C  (p < 0.05)

̢ 54% 

(38-74%) ̡ ̡ ̡ ̡ ̡ ̡

49% (38~60%)̡ 51% (43~60%)̡ 50% (40~57%)̡ 48% (39~56%)̡ 54% 

(46~65%)̡ 55% (44~68%)̡ 61% (53~73%) 63% (55~74%)

 (p < 0.05)

74%̢  

4.2.1 8 ̡ŭ13
C

̡ ŭ
13

C 3ǈ 5 ŭ
13

C

3ǈ

̡ ̢ 4.2.1

24%

̡ 17% -

- - -  ( , 2017, 2018) 4.2.1

50%

56% 50%

̢ 
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3.5 ± 2.1 ɛg/m
3
 ( 4.2.1)

 (5.7± 3.4 ng/m
3
)  (2.3 ± 0.6 ng/m

3
)

 (p < 0.05)

̢ ŭ
13

C -28.1ă (-37.8 -24.1 ă)

̡ ̡ ̡ ̡ ̡ ̡ -28.5ă 

(-37.8 -26.3ă)̡-26.6ă (-28.5 -24.8ă)̡-27.7ă (-29.0 -26.2ă)̡-26.8ă (-29.6

-24.7ă)̡ -28.8ă (-34.6 -25.2ă)̡ -27.6ă (-30.1 -24.1ă)̡ -30.9ă (-33.7

-28.1ă) -27.8ă (-30.9 -26.3ă) ŭ
13

C  (p < 0.05)

̢

49% (16-80%) ̡ ̡ ̡ ̡ ̡

̡ 44% (32~62%)̡ 43% (37~52%)̡ 44% (16~69%)̡

43% (34~50%)̡ 52% (40~80%)̡ 47% (37~62%)̡ 54% (42~74%) 60% (50~73%)

 (p < 0.05)

̢ 
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4.2.1 PM2.5   

(mean Ñ SD, ɛg/m
3

8 7 8 ) 

      

      

 (ɛg/m
3
) 8.1 ± 2.1 8.5 ± 2.1 6.5 ± 1.5 9.8 ± 3.1 8.6 ± 2.1 

ŭ
13
C (ă) -25.7 ± 1.7 -25.5 ± 2.3 -27.0 ± 1.0 -24.5 ± 1.1 -25.8 ± 1.3 

 (%) 54 ± 9 49 ± 7 51 ± 6.1 50 ± 7 48 ± 7 

 (ng/m
3
) 4.2 ± 8.1 4.8 ± 2.7 3.0 ± 1.0 2.5 ± 2.1 5.3 ± 3.3 

206
Pb/

207
Pb 1.1554 ± 0.0081 1.1494 ± 0.0134 1.1577 ± 0.0036 1.1656 ± 0.0039 1.1527 ± 0.0041 

208
Pb/

207
Pb 2.4263 ± 0.0103 2.4175 ± 0.0125 2.4362 ± 0.0058 2.4307 ± 0.0118 2.4201 ± 0.0048 

      

 (ɛg/m
3
) 3.5 ± 2.1 2.7 ± 0.9 2.9 ± 1.1 5.7 ± 3.4 3.9 ± 1.6 

ŭ
13
C (ă) -28.1 ± 2.6 -28.5 ± 3.9 -26.6 ± 1.2 -27.7 ± 1.0 -26.8 ± 1.8 

 (%) 49 ± 12 44 ± 11.1 43 ± 6 44 ± 15 43 ± 8 

 (ng/m
3
) 3.7 ± 3.8 2.6 ± 2.4 2.2 ± 1.7 4.5 ± 1.1 5.3 ± 4.4 

206
Pb/

207
Pb 1.1519 ± 0.0200 1.1643 ± 0.0076 1.1531 ± 0.0064 1.1145 ± 0.0065 1.1556 ± 0.0068 

208
Pb/

207
Pb 2.4234 ± 0.0183 2.4377 ± 0.0106 2.4378 ± 0.0093 2.3903 ± 0.0080 2.4332 ± 0.0107 

      

      

      

 (ɛg/m
3
) 8.1 ± 2.1 8.0 ± 2.0 8.4 ± 2.1 7.8 ± 1.2 7.3 ± 1.9 

ŭ
13
C (ă) -25.7 ± 1.7 -24.7 ± 1.5 -27.1 ± 0.8 -26.5 ± 1.5 -24.3 ± 1.0 

 (%) 54 ± 9 54 ± 8 55 ± 10 61 ± 8 63 ± 9 

 (ng/m
3
) 4.2 ± 8.1 10.0 ± 22.2 3.6 ± 2.6 2.3 ± 1.9 2.1 ± 0.9 

206
Pb/

207
Pb 1.1554 ± 0.0081 1.1545 ± 0.0073 1.1570 ± 0.0066 1.1573 ± 0.0050 1.1489 ± 0.0040 

208
Pb/

207
Pb 2.4263 ± 0.0103 2.4306 ± 0.0106 2.4252 ± 0.0096 2.4299 ± 0.0044 2.4206 ± 0.0064 

      

 (ɛg/m
3
) 3.5 ± 2.1 2.3 ± 0.6 3.0 ± 0.8 3.5 ± 0.3 4.2 ± 3.9 

ŭ
13
C (ă) -28.1 ± 2.6 -28.8 ± 3.6 -27.6 ± 2.1 -30.9 ± 2.3 -27.8 ± 1.4 

 (%) 49 ± 12 52 ± 14 47 ± 7 54 ± 10 60 ± 8.4 

 (ng/m
3
) 3.7 ± 3.8 3.6 ± 3.9 7.7 ± 6.9 1.7 ± 0.6 1.5 ± 1.3 

206
Pb/

207
Pb 1.1519 ± 0.0200 1.1468 ± 0.0212 1.1549 ± 0.0092 1.1551 ± 0.0113 1.1823 ± 0.0098 

208
Pb/

207
Pb 2.4234 ± 0.0183 2.4137 ± 0.0191 2.4357 ± 0.0099 2.4222 ± 0.0074 2.4284 ± 0.0055 
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(a) ŭ
13

C 

 

 

(b)  

 

4.2.1 PM2.5  

(a) ŭ
13

C (b) 
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4.2.2 8 ̡ŭ13
C

ŭ
13

C

̢ 4.2.2

53% 16%

- - - -  ( , 

2017, 2018)

̢ 4.2.2 8 5~8

50% 50% 74%

50% 6

29% 50%

̢ 

ŭ
13

C

̢

̢

- - - - -

- - -  (2017 50 ǰ 6% 2018

47 ǰ 5% 2019 52 ǰ 11%) ̢ 
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(a) ŭ
13

C 

 

 

(b)  

 

4.2.2 PM2.5  

(a) ŭ
13

C (b) 
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4.2.2  

4.2.1  ( ̡

)̢ 4.2.1 PM2.5

4.2 ± 8.1 ng/m
3

 (10.0 ± 22.2 ng/m
3
) ( 3 7

64.9 ng/m
3

)  (2.1 ± 0.9 ng/m
3
)

 (p=0.55) ̢

206
Pb/

207
Pb 1.1554 (1.1298~1.1712)

̡ ̡ ̡ ̡ ̡ ̡ 206
Pb/

207
Pb

1.1494 (1.1298~1.1648)̡ 1.1577 (1.1512~1.1621)̡ 1.1656 

(1.1590~1.1712)̡ 1.1527 (1.1468~1.1594)̡ 1.1545 (1.1430~1.1647)̡ 1.1570 

(1.1473~1.1643)̡ 1.1573 (1.1500~1.1627) 1.1489 (1.1428~1.1538)̢
208

Pb/
207

Pb

2.4263 (2.3985~2.4519) ̡

̡ ̡ ̡ ̡ ̡ 206
Pb/

207
Pb

2.4175 (2.3985~2.4519)̡ 2.4362 (2.4289~2.4478)̡ 2.4307 

(2.4090~2.4519)̡ 2.4201 (2.4116~2.4265)̡ 2.4306 (2.4080~2.4412)̡ 2.4252 

(2.4109~2.4373)̡ 2.4299 (2.4260~2.4394) 2.4206 (2.4137~2.4287)

206
Pb/

207
Pb

208
Pb/

207
Pb  (p < 0.05)

̢ 

4.2.3 8

7

206
Pb/

207
Pb ̢ 208

Pb/
207

Pb

6

208
Pb/

207
Pb ̢  ( ) 

 ( - - - - ) PM2.5

 (Jung et al., 2019; , 2016, 2017, 2018)
206

Pb/
207

Pb

PM2.5 ̢ 

4.2.1 ̢ 4.2.1
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PM2.5 3.7 ± 3.8 ng/m
3

 (7.7 ± 6.9 

ng/m
3
)  (1.5 ± 1.3 ng/m

3
)  (p < 

0.05) ̢ 

206
Pb/

207
Pb 1.1572 

(1.0974~1.1966) ̡ ̡ ̡ ̡ ̡ ̡

206
Pb/

207
Pb 1.1643 (1.1531~1.1787)̡ 1.1531 

(1.1393~1.1614) ̡ 1.1569 (1.1515~1.1619) ̡ 1.1556 (1.1460~1.1664) ̡ 1.1468 

(1.0974~1.1670)̡ 1.1549 (1.14436~1.1723)̡ 1.1551 (1.1435~1.1722) 1.1823 

(1.1743~1.1966)̢
208

Pb/
207

Pb 2.4295 

(2.3714~2.4572) ̡ ̡ ̡ 206
Pb/

207
Pb

2.4377 (2.4181~2.4528)̡ 2.4378 (2.4284~2.4572)̡ 2.4340 

(2.4241~2.4451) ̡ 2.4332 (2.4238~2.4563)̡ 2.4137 (2.3714~2.4316)̡ 2.4357 

(2.4100~2.4409)̡ 2.4222 (2..4134~2.4360) 2.4284 (2.4216~2.4359)

206
Pb/

207
Pb

208
Pb/

207
Pb  (p < 0.05)

̢ 

4.2.4 8

206
Pb/

207
Pb

206
Pb/

207
Pb

206
Pb/

207
Pb ̢

̢ 208
Pb/

207
Pb 5

208
Pb/

207
Pb

206
Pb/

207
Pb

206
Pb/

207
Pb ̢

 ( )  ( - - - - ) 

 (Jung et al., 2019; , 2016, 2017, 2018)

̢ 

206
Pb/

207
Pb

206
Pb/

207
Pb

̢  ( 2015 2017 2018)

4.2.5
206

Pb/
207

Pb 1.14~1.16  ( 69%)
208

Pb/
207

Pb
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2.41~2.44  ( 77%)

 ( - - - - ) 

1

̢ 

 

 

(a) Pb
206

Pb/
207

Pb 

 

 

(b) Pb
208

Pb/
207

Pb 

4.2.3 Pb  

(a) Pb
206

Pb/
207

Pb (b) Pb
208

Pb/
207

Pb 
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(a) Pb
206

Pb/
207

Pb 

 

 

(b) Pb
208

Pb/
207

Pb 

4.2.4 Pb  

(a) Pb
206

Pb/
207

Pb (b) Pb
208

Pb/
207

Pb
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4.2.5  

 

4.3 PM2.5  

̡ ̡

PM2.5

4.3.1 4.3.2

̢ 

4.3.1  

 2019 4 16~18 9 9 ~11 2  (

) PM2.5 ̢

 (Filterable 

particulate matter FPM)

 

(Condensable particulate matterCPM) (Cano et al., 2017; Li et al., 2017; Yang et al., 

2018; Yang et al., 2015; Yang et al., 2014)̢ FPM CPM
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PM2.5 CPM FPM ̢ 

  4.3.1 PM2.5̡ CPM FPM

PM2.5 2621.1 ± 1708.4 ɛg/m
3

CPM FPM

2136.0 ± 1755.6 ɛg/m
3

485.1 ± 212.8 ɛg/m
3

FPM PMF

1/3̢ 4.3.3 CPM FPM

PM2.5 CPM  (81%) 4.3.4 CPM

 (72%) PM2.5

PM2.5  (Yang et al., 2018)̢

SO2 SO2

CPM

CPM  (Corio and Sherwell, 2000)̢ 4.3.1

FPM

 ( FPM 42% 28%)

2017

FPM  ( , 2017)̢

 ( FPM 10%) 

̢ 
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        (a)                              (b)  

 

 

        (c)  

 

4.3.1 PM2.5  

(a) (b)  (c) 
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                         10  

   

                          

   

                     ( ) 

  

            

4.3.2 
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4.3.1 FPM CPM  (mean ǰ SD)  

  

(n = 6) 

 

(n = 3*) 

 

(n = 6) 

Total PM2.5 (ɛg/m
3
)  2621.1 ± 1708.4 9405.9 ± 6727.6 16497.3 ± 7963.7 

CPM (ɛg/m
3
) 2136.0 ± 1755.6 9101.7 ± 6704.2 11764.4 ± 7139.7 

CPM_  (ɛg/m
3
) 1536.6 ± 1524.6 1588.9 ± 548.0 7192.0 ± 1389.1 

CPM_  (ɛg/m
3
) 593.9 ± 298.5 7510.4 ± 6988.8 4570.3 ± 7203.5 

FPM (ɛg/m
3
) 485.1 ± 212.8 304.0 ± 499.6 4732.9 ± 2257.1 

FPM_  (ɛg/m
3
) 179.2 ± 43.4 26.0 ± 24.3 4115.2 ± 1864.5 

FPM_  305.8 ± 224.9 291.0 ± 482.3 617.7 ± 464.0 

* FPM ̢ 
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4.3.2 PM2.5  (mean ǰ SD)  

  

(n = 6) 

 

(n = 3
#
) 

 

(n = 6) 

Al (ɛg/m
3
) 1.4 ± 0.9 0.6 ± 2.9 33.4 ǰ 26.4 

Fe (ɛg/m
3
) 2.8 ± 1.8 2.9 ± 1.8 586.9 ± 413.7 

Na (ɛg/m
3
) 46.9 ± 7.0 0.6± 0.4 36.8 ± 12.8 

Mg (ɛg/m
3
) 5.4 ± 0.9 0.1 ± 0.1 32.7 ± 13.1 

K (ɛg/m
3
) 2.8 ǰ 1.8 0.8 ± 0.6 267.7 ± 100.5 

Ca (ɛg/m
3
) 2.3 ± 1.5 1.4 ± 1.7 235.5 ± 175.3 

Sr (ɛg/m
3
) 0.05 ± 0.01 0.003 ± 0.002 0.4 ǰ 0.3 

Ba (ɛg/m
3
) 0.02 ± 0.02 0.01 ± 0.02 0.2 ± 0.1 

Ti (ɛg/m
3
) 0.11 ǰ 0.05 0.09 ± 0.13 3.6 ± 2.3 

Mn (ɛg/m
3
) 0.06 ± 0.04 0.06 ± 0.04 2.8 ǰ 0.9 

Co (ng/m
3
) 18.3 ± 7.1 4.2± 1.6 32.7 ± 19.5 

Ni (ng/m
3
) 338.0 ± 267.2 197.0 ± 1122.6 682.0 ± 374.2 

Cu (ng/m
3
) 52.7 ± 24.7 22.8 ± 12.6 1305.1 ± 298.7 

Zn (ng/m
3
) 188.5 ± 199.1 129.0 ± 97.0 4507.3 ± 1641.8 

Mo (ng/m
3
) 102.0 ± 83.7 57.8 ± 58.0 3692.7 ǰ 445.3 

Cd (ng/m
3
) 0.4 ± 0.3 0.7 ± 1.0 2684.4 ± 2281.0 

Sn (ng/m
3
) 7.6 ǰ 7.8 3.6 ± 2.6 14.8 ± 9.8 

Sb (ng/m
3
) 5.6 ± 6.1 8.9 ± 9.2 16.6 ± 11.2 

Tl (ng/m
3
) 23.1 ± 2.7 2.0 ± 1.5 3541.8 ± 1500.3 

Pb (ng/m
3
) 31.3 ± 21.3 49.0 ± 31.3 88481.7 ± 46123.4 

V (ng/m
3
) 8.9 ǰ 5.0 5.0 ± 3.1 841.8 ± 386.1 

Cr (ng/m
3
) 541.1 ± 441.6 344.7 ± 146.9 1308.8 ± 576.5 

As (ng/m
3
) 3.0 ± 1.5 1.3 ± 1.2 102.2 ± 65.1 

Y (ng/m
3
) 3.3 ± 3.1 1.9 ± 2.4 21.2 ǰ 15.5 

Se (ng/m
3
) 132.2 ± 23.4 65.5 ± 130.7 5871.1 ± 1512.4 

Zr (ng/m
3
) 23.0 ǰ 18.9 11.8 ± 16.0 168.7 ǰ 134.2 

Ge (ng/m
3
) 2.8 ± 1.7 0.6 32.9 ǰ 11.6 

Rb (ng/m
3
) 7.9 ǰ 7.1 2.2 ± 2.3 5722.9 ± 2080.7 

Cs (ng/m
3
) 0.7 ± 0.6 0.5 ± 0.4 2841.6 ± 822.5 

Ga (ng/m
3
) 3.5 ± 2.4 1.1 ± 0.7 20.0 ± 13.8 

La (ng/m
3
) 1.7 ± 1.0 0.8 ± 1.0 28.1 ǰ 19.7 

FPM ̢# FPM ̢^

̢NA: Not available. 
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4.3.2 PM2.5  (mean ǰ SD)  ( ) 

  

(n = 6) 

 

(n = 3
#
) 

 

(n = 6) 

Ce (ng/m
3
) 2.2 ± 1.0 0.7 ± 0.5 59.5 ǰ 44.2 

Pr (ng/m
3
) 0.3 ± 0.1 0.1 ± 0.1 4.5 ǰ 3.2 

Nd (ng/m
3
) 0.9 ± 0.5 NA*  26.1 ǰ 18.4 

Sm (ng/m
3
) 0.2 ± 0.2 0.21 ± 0.04 3.5 ǰ 2.4 

Eu (ng/m
3
) 0.13 ± 0.07 0.11 ± 0.06 1.0 ± 0.6 

Gd (ng/m
3
) 0.5 ± 0.2 NA*  4.5 ǰ 2.9 

Tb (ng/m
3
) 0.10 ± 0.06 NA*  0.6 ǰ 0.4 

Dy (ng/m
3
) 0.13 ± 0.18 0.08 3.2 ǰ 2.4 

Ho (ng/m
3
) 0.09 ± 0.07 NA*  0.7 ǰ 0.5 

Er (ng/m
3
) 0.3 ± 0.3 NA*  2.8 ǰ 1.9 

Tm (ng/m
3
) 0.02 ± 0.01 0.06 0.34 ± 0.29 

Yb (ng/m
3
) 0.04 ± 0.01 0.06 ± 0.06 2.6 ǰ 1.9 

Lu (ng/m
3
) 0.03 ± 0.03 0.07 0.4 ǰ 0.2 

Hf (ng/m
3
) 0.960 ǰ 0.005 0.7 ± 0.1 2.8 ǰ 2.4 

U (ng/m
3
) 0.8 ± 0.7 1.0 4.4 ǰ 3.0 

OC (ɛg/m
3
) 7.0 ǰ 4.3 4.7 ± 1.6 216.8 ± 154.9 

EC (ɛg/m
3
) 0.03 ± 0.06 0.8 ± 1.0 3.4 ± 4.5 

Na
+
 (ɛg/m

3
) 50.6 ± 8.2 0.5 ± 0.4 44.6 ± 10.8 

NH4
+ 
(ɛg/m

3
) 1.3 ± 0.8 3.8 ± 7.9 131.2 ± 16.5 

K
+ 
(ɛg/m

3
) 1.1 ± 0.5 0.3 ± 0.2 294.8 ± 103.5 

Mg
+2

 (ɛg/m
3
) 5.2 ± 1.1 0.4 ± 0.3 28.3 ± 5.7 

Ca
+2

 (ɛg/m
3
) 2.4 ± 0.3 1.4 ± 1.6 209.6 ± 153.3 

Cl
- 
(ɛg/m

3
) 75.9 ± 13.2 0.8 ± 0.8 17.8 ± 9.6 

NO3
- 
(ɛg/m

3
) 1.7 ± 1.8 1.2 ± 1.2 0.34 ± 0.38 

SO4
-2 
(ɛg/m

3
) 18.1 ± 7.0 14.1 ± 26.7 1460.4  431.1 

Modern carbon (ɛg/m
3
) NA NA 65.1 ± 27.5 ̂

Fossil carbon (ɛg/m
3
) NA NA 285.2 ± 47.9 ̂

ŭ
13
C (ă) NA NA NA 

pMC (%) NA NA 18 ± 4  ̂

206
Pb/

207
Pb 1.1959 ± 0.0079 1.1930 ± 0.0135 1.1908 ± 0.0213 

208
Pb/

207
Pb 2.4305 ± 0.0109 2.4318 ± 0.0108 2.4010 ± 0.0194 

FPM ̢# FPM ̢^

̢NA: Not available. 
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4.3.3 PM2.5 CPM FPM  

 

 

4.3.4 CPM  
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 4.3.7 PM2.5

PM2.5 35% Al̡Fe̡ Na̡ Mg̡K̡Ca̡ Ni,̡Zn

Cr PM2.5 0.1% Tl̡Mo Se 0.05~0.1%̢

4.3.8 Na̡ Mg̡K̡Sr̡Co̡Ni̡Cu̡Zn̡Mo̡Cd̡

Sn̡Sb̡Pb̡Cr̡As̡ Se̡ Ge̡ Cs̡ Ga̡ Ce̡ Nd̡Hf U EF 10

0.05% EF 10 Na ( )̡ Mg̡ K̡

Ni̡Zn̡Mo̡Cr̡ Se Zn̡Se Cr

 (Okuda et al., 2008; Park et al., 2001) Zn̡ Se Cr

̢ 

 
206

Pb/
207

Pb 1.1959 (1.1781~1.2115)
208

Pb/
207

Pb

2.4305 (2.4108~2.4403) 4.3.5 4.3.6

206
Pb/

207
Pb

208
Pb/

207
Pb ̢ 4.3.5

206
Pb/

207
Pb  (2017 1.1940 

(1.1604~1.2229) 2018 1.1489 (1.1320~1.1854)) 4.3.6

208
Pb/

207
Pb 2017 2018

208
Pb/

207
Pb  ( , 2017, 2018) (2017 2.4557 (2.4414~2.4806)

2018 2.4190 (2.4039~2.4277)) Gallon

208
Pb/

207
Pb  (Gallon et al., 2011)

(Komárek et al., 2008)̢ ŭ
13

C

ŭ
13

C PM2.5

̢ 
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4.3.5 
206

Pb/
207

Pb  
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4.3.6 
208

Pb/
207

Pb  
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4.3.7 PM2.5  

( ̡ PM2.5 >0.1%̡0.05~0.1% < 

0.05%) 

 

 

4.3.8 PM2.5  

(Enrichment Factor, EF EF 10) 
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4.3.2  

 2019 4 1~3 9 23~25 PM2.5

̢ 4.3.1 PM2.5̡ CPM FPM

PM2.5 9405.9 ± 6727.6 ɛg/m
3

CPM FPM CPM 9101.7 ± 6704.2 ɛg/m
3

FPM

304.0 ± 499.6 ɛg/m
3

FPM FPM 9%̢ 4.3.3

CPM FPM PM2.5 CPM

 (97%) 4.3.4 CPM  (83%) PM2.5

PM2.5

 (Yang et al., 2018)̢

SO2 CPM

CPM  

(Corio and Sherwell, 2000)̢ 4.3.1 FPM

 ( 54%) 

̢ CPM FPM PM2.5

CPM ̢ 

 PM2.5 PM2.5 17% 4.3.9

Al̡Fe̡ Na̡ Mg̡K̡Ca̡ Ti̡Mn̡

Ni̡Zn̡Pb Cr PM2.5 0.1% Mo

0.05%~0.1% 4.3.10 Fe̡ Mn̡ Co̡Ni̡Cu̡ Zn̡Mo̡ Cd̡ Sn̡ Sb̡

Tl̡Pb̡Cr̡As̡ Y̡Se̡ Zr̡Rb̡Cs̡ Ga̡ La̡ Eu̡Tm̡Hf U EF

10 0.05% EF 10 Fe̡ Mn̡Ni̡Zn̡Mo̡Pb̡ Cr

̢

Ni V (Cheng et al., 2009; Kulkarni et al., 2007; 

Moreno et al., 2008; Querol et al., 2007)

Ni V  ( , 2017) V

EF 10

̢ 
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206

Pb/
207

Pb 1.1930 (1.1758~1.2106)
208

Pb/
207

Pb

2.4318 (2.4171~2.4437)̢ 4.3.5 4.3.6

206
Pb/

207
Pb

208
Pb/

207
Pb

206
Pb/

207
Pb

208
Pb/

207
Pb  ( , 

2017) (
206

Pb/
207

Pb 1.1782 (1.1528~1.2021)
208

Pb/
207

Pb 2.4296 (2.4145~2.4425))

206
Pb/

207
Pb Zheng  (Zheng et al., 2004)

̢ ŭ
13

C

ŭ
13

C

PM2.5 ̢ 

4.3.3  

 2019 4 22~24 9 16~18

PM2.5 ̢ 4.3.1

PM2.5̡ CPM FPM PM2.5

16497.3 ± 7963.7 ɛg/m
3

CPM FPM CPM

11764.4 ± 7139.7 ɛg/m
3

FPM 4732.9 ± 2257.1 ɛg/m
3

FPM FPM 87% ̢ 4.3.3 CPM

FPM PM2.5 CPM  (71%) CPM

 (61%) PM2.5

PM2.5  (Yang et al., 2015)

CPM CPM FPM

4.3.2  ( 42%)  ( 7%)

 ( , 2018)

CPM CPM FPM ̢

4.3.2 FPM

̢ 

 PM2.5 35%

PM2.5
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41% ( , 2018) 4.3.11 Al̡Fe̡ Na̡ Mg̡K̡Ca̡ Zn̡

Pb̡ Se Rb PM2.5 0.1% Ti̡ Mn̡ Mo̡ Cd̡ Tl Cs 0.05~0.1%

4.3.12 Fe̡ Mg̡K̡Ca̡ Mn̡Ni̡Cu̡ Zn̡ Mo̡Cd̡ Sn̡ Sb̡ Tl̡Pb̡

V̡Cr̡ As̡Se̡ Ge̡ Rb Cs EF 10 0.05% EF

10 Fe̡ Mg̡K̡Ca̡ Mn̡Zn̡Mo̡Cd̡ Tl̡Pb̡ Cr̡ Se̡ Rb̡ Cs

Fe̡ K̡ Ca̡ Zn̡ Pb̡ Mn Cr  (Tsai 

et al., 2007; , 2018)̢  

 
206

Pb/
207

Pb 1.1908 (1.1664~1.2143)
208

Pb/
207

Pb

2.4010 (2.3774~2.4229)̢ 4.3.4
206

Pb/
207

Pb (

208
Pb/

207
Pb ) 

PM2.5
206

Pb/
207

Pb

 (1.1443 1.1268~1.1613)  ( 2018 Ladh et al., 2008)

PM2.5
208

Pb/
207

Pb

 (2.4179 2.3877~2.4453) 

̢

 

(
206

Pb/
207

Pb 1.1664~1.1817
208

Pb/
207

Pb 2.4119~2.4229) 

 (
206

Pb/
207

Pb 1.2055~1.2143
208

Pb/
207

Pb 2.3774~2.3920)

PM2.5̡

2

̢ 

FPM CPM CPM

CPM CPM

2 CPM

̢ FPM

17% 2 30%

SO2 2
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̢

PM2.5 ̢ 

 

4.3.9 PM2.5  

( ̡ PM2.5 >0.1%̡0.05~0.1% < 

0.05%) 

 

 

4.3.10 PM2.5  

(Enrichment Factor, EF EF 10) 
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4.3.4  

 2019 3 24 ~31 8 28 ~9 1

5  ( ̡ ̡ ̡ ) 

PM2.5 5̢ PM2.5 ̡

4.3.3 ̢ 4.3.3 5 PM2.5 16.8~21.5 ɛg/m
3

̡ ̡ ̡

̡ ̡ ̡

PM2.5 26%̡ 24%̡ 23%̡ 23% 22% 14%̡ 15%̡ 15%̡

17% 15% 12%̡ 13%̡ 12%̡ 13% 12% 18%̡ 24%̡ 31%̡

28% 27% 4%̡7%̡9%̡6% 16%̢ 5

5

5

̢ PM2.5  (Tolis et al., 

2015; Yau et al., 2013) ̡

̢ Zhao Xu  (Xu et al., 2018; Zhao et al., 2013a)

̢

 (Tolis et al., 2015)̢  
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4.3.11 PM2.5  

( ̡ PM2.5 >0.1%̡0.05~0.1% < 

0.05%) 

 

 

4.3.12 PM2.5  

(Enrichment Factor, EF EF 10) 
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4.3.3 PM2.5  (mean ǰ SD)  

  

(n = 14) 

 

(n = 14) 

 

(n = 14) 

 

(n = 14) 

 

(n = 14) 

PM2.5 (ɛg/m
3
) 16.8 ± 7.2 18.5 ± 7.8 20.8 ± 8.2 19.3 ± 8.7 21.5 ± 7.4 

Al (ng/m
3
) 17.4 ± 16.0 21.4 ± 17.4 31.7 ± 26.9 21.6 ± 17.6 43.6 ± 28.2 

Fe (ng/m
3
) 31.2 ± 18.6 37.4 ± 30.8 53.3 ± 42.5 38.2 ± 38.7 72.4 ± 46.3 

Na (ng/m
3
) 179.6 ± 152.1 172.5 ± 150.9 213.9 ± 178.3 229.8 ± 232.4 257.9 ± 170.9 

Mg (ng/m
3
) 20.7 ± 17.9 167.6 ± 303.6 26.7 ± 23.1 31.6 ± 32.2 33.2 ± 23.2 

K (ng/m
3
) 38.8 ± 22.7 39.7 ±30.8 64.6 ± 52.9 44.1 ± 41.8 80.2 ± 49.1 

Ca (ng/m
3
) 48.9 ± 11.1 67.7 ± 33.0 64.6 ± 11.2 65.1 ± 18.3 73.8 ± 19.6 

Sr (ng/m
3
) 0.3 ± 0.2 0.3 ± 0.2 0.4 ± 0.3 0.4 ± 0.3 0.5 ± 0.3 

Ba (ng/m
3
) 0.5 ± 0.3 0.7 ± 0.5 1.1 ± 0.9 0.6 ± 0.7 1.2 ± 0.7 

Ti (ng/m
3
) 2.0 ± 1.1 10.6 ± 17.8 2.8 ± 1.6 2.4 ± 1.9 4.1 ± 2.4 

Mn (ng/m
3
) 2.1 ± 1.2 2.5 ± 2.5 6.7 ± 6.7 3.8 ± 5.3 5.9 ± 5.0 

Co (ng/m
3
) 0.2 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 

Ni (ng/m
3
) 2.3 ± 1.3 2.5 ± 2.0 3.0 ± 2.6 2.4 ± 1.8 3.8 ± 2.7 

Cu (ng/m
3
) 1.8 ± 1.0 1.5 ± 1.0 2.4 ± 1.4 1.7 ± 1.0 2.8 ± 1.3 

Zn (ng/m
3
) 9.0 ± 5.2 10.1 ± 8.8 22.0 ± 23.3 12.0 ± 10.2 29.7 ± 31.3 

Mo (ng/m
3
) 0.9 ± 0.9 0.7 ± 0.5 0.8 ± 0.6 1.2 ± 1.6 1.0 ± 0.6 

Cd (ng/m
3
) 0.05 ± 0.03 0.06 ± 0.05 0.09 ± 0.06 0.06 ± 0.04 0.15 ± 0.13 

Sn (ng/m
3
) 0.6 ± 0.5 0.9 ± 0.8 1.6 ± 1.2 0.9 ± 0.6 1.9 ± 1.8 

Sb (ng/m
3
) 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.2 

Tl (ng/m
3
) 0.006 ± 0.004 0.008 ± 0.007 0.01 ± 0.009 0.007 ± 0.007 0.02 ± 0.04 

Pb (ng/m
3
) 1.5 ± 0.6 1.7 ± 1.4 5.3 ± 5.9 2.1 ± 1.8 3.8 ± 2.3 

V (ng/m
3
) 9.6 ± 6.5 16.2 ± 11.9 10.5 ± 5.3 10.2 ± 6.2 16.0 ± 12.1 

Cr (ng/m
3
) 5.9 ± 4.1 6.3 ± 3.7 5.9 ± 3.9 7.4 ± 6.3 5.2 ± 2.8 

As (ng/m
3
) 0.22 ± 0.09 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 

Y (ng/m
3
) 0.006 ± 0.004 0.008 ± 0.006 0.008 ± 0.006 0.007 ± 0.007 0.02 ± 0.01 

Se (ng/m
3
) 0.4 ± 0.2 0.4 ± 0.2 0.4 ± 0.2 0.4 ± 0.2 0.5 ± 0.2 

Zr (ng/m
3
) 0.1 ± 0.1 0.7 ± 1.0 0.2 ± 0.1 0.2 ± 0.2 0.3 ± 0.2 

Ge (ng/m
3
) 0.06 ± 0.04 0.06 ± 0.04 0.07 ± 0.04 0.08 ± 0.06 0.07 ± 0.03 

Rb (ng/m
3
) 0.11 ± 0.07 0.11 ± 0.07 0.2 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 

Cs (ng/m
3
) 0.005 ± 0.003 0.005 ± 0.003 0.007 ± 0.004 0.005 ± 0.004 0.012 ± 0.006 

Ga (ng/m
3
) 0.04 ± 0.02 0.05 ± 0.03 0.08 ± 0.05 0.05 ± 0.04 0.09 ± 0.05 

La (ng/m
3
) 0.02 ± 0.02 0.02 ± 0.03 0.03 ± 0.03 0.03 ± 0.05 0.04 ± 0.04 
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4.3.3 PM2.5  (mean ǰ SD)  ( ) 

  

(n = 14) 

 

(n = 14) 

 

(n = 14) 

 

(n = 14) 

 

(n = 14) 

Ce (ng/m
3
) 0.02 ± 0.01 0.04 ± 0.04 0.03 ± 0.02 0.02 ± 0.02 0.04 ± 0.03 

Pr (ng/m
3
) 0.001 ± 0.001 0.001 ± 0.001 0.001 ± 0.001 0.001 ± 0.001 0.003 ± 0.002 

Nd (ng/m
3
) 0.008 ± 0.006 0.01 ± 0.01 0.01 ± 0.007 0.009 ± 0.009 0.02 ± 0.01 

Sm (ng/m
3
) 0.001 ± 0.0008 0.001 ± 0.001 0.001 ± 0.001 0.001 ± 0.001 0.003 ± 0.002 

Eu (ng/m
3
) 0.0003 ± 0.0002 0.0004 ± 0.0003 0.0004 ± 0.0003 0.0003 ± 0.0003 0.0008 ± 0.0005 

Gd (ng/m
3
) 0.001 ± 0.0009 0.002 ± 0.002 0.002 ± 0.001 0.002 ± 0.001 0.003 ± 0.002 

Tb (ng/m
3
) 0.0002 ± 0.0001 0.0003 ± 0.0002 0.0002 ± 0.0001 0.0002 ± 0.0002 0.0005 ± 0.0004 

Dy (ng/m
3
) 0.0008 ± 0.0006 0.001 ± 0.0009 0.001 ± 0.0008 0.001 ± 0.0009 0.002 ± 0.002 

Ho (ng/m
3
) 0.0002 ± 0.0001 0.0003 ± 0.0002 0.0003 ± 0.0002 0.0003 ± 0.0002 0.0006 ± 0.0004 

Er (ng/m
3
) 0.0006 ± 0.0004 0.0007 ± 0.0005 0.0007 ± 0.0005 0.0006 ± 0.0006 0.001 ± 0.0009 

Tm (ng/m
3
) 5.1E-5 ± 5.2E-5 6.9E-5 ± 7.5E-5 6.9E-5 ± 7.2E-5 6.7E-5 ± 8.7E-5 0.0001 ± 0.0001 

Yb (ng/m
3
) 0.0005 ± 0.0004 0.0007 ± 0.0005 0.0006 ± 0.0004 0.0006 ± 0.0005 0.001 ± 0.0007 

Lu (ng/m
3
) 6.0E-5 ± 4.0E-5 7.2E-5 ± 5.4E-5 7.0E-5 ± 4.8E-5 7E-5 ± 6.4E-5 0.0001 ± 8.7E-5 

Hf (ng/m
3
) 0.01 ± 0.008 0.02 ± 0.03 0.01 ± 0.007 0.01 ± 0.006 0.01 ± 0.009 

U (ng/m
3
) 0.001 ± 0.0007 0.002 ± 0.002 0.002 ± 0.001 0.002 ± 0.001 0.003 ± 0.002 

OC (ɛg/m
3
) 3.1 ± 1.4 4.5 ± 1.9 6.5 ± 2.5 5.4 ± 2.0 5.8 ± 1.9 

EC (ɛg/m
3
) 0.6 ± 0.3 1.3 ± 0.7 1.8 ± 0.6 1.1 ± 0.4 3.4 ± 1.0 

Na
+
 (ng/m

3
) 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.09 0.4 ± 0.2 0.5 ± 0.2 

NH4
+ 
(ɛg/m

3
) 2.0 ± 1.1 2.4 ± 1.3 2.5 ± 1.4 2.5 ± 1.4 2.5 ± 1.3 

NO3
- 
(ɛg/m

3
) 2.3 ± 2.2 2.7 ± 2.4 3.2 ± 2.6 3.3 ± 2.9 3.2 ± 2.6 

SO4
-2 
(ɛg/m

3
) 4.4 ± 1.9 4.5 ± 1.8 4.8 ± 2.0 4.5 ± 2.0 4.8 ± 2.1 

K
+ 
(ng/m

3
) 0.11 ± 0.08 0.1 ± 0.07 0.1 ± 0.1 0.1 ± 0.09 0.1 ± 0.1 

Mg
+2

 (ng/m
3
) 0.05 ± 0.05 0.03 ± 0.01 0.07 ± 0.07 0.1 ± 0.1 0.06 ± 0.03 

Ca
+2

 (ng/m
3
) 0.07 ± 0.04 0.08 ± 0.04 0.07 ± 0.04 0.08 ± 0.04 0.1 ± 0.06 

Cl
- 
(ng/m

3
) 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.2 0.3 ± 0.2 0.4 ± 0.2 

Modern carbon (ɛg/m
3
) 1.7 ± 1.0 2.0 ± 0.9 2.5 ± 1.1 2.5 ± 1.1 2.2 ± 1.0 

Fossil carbon (ɛg/m
3
) 2.0± 0.7 3.7 ± 1.7 5.8 ± 1.9 4.0 ± 1.4 7.0 ± 2.1 

ŭ
13
C (ă) -30.4 ± 5.3 -25.0 ± 1.3 -27.0 ± 1.4 -27.7 ± 1.4 -26.3 ± 0.9 

pMC (%) 44 ± 11 36 ± 10 29 ± 8 38 ± 8 24 ± 10 

206
Pb/

207
Pb 1.1555 ± 0.0104 1.1571 ± 0.0093 1.1538 ± 0.0103 1.1527 ± 0.0050 1.1597 ± 0.0094 

208
Pb/

207
Pb 2.4296 ± 0.0099 2.4295 ± 0.0097 2.4272 ± 0.0093 2.4259 ± 0.0100 2.4344 ± 0.0060 

 



        

129 

  ( ) ̡ ̡ ̡

 ( ) PM2.5 2.2%̡ 3.0%̡

2.5%̡ 2.3% 3.1%̢ 4.3.13~4.3.17 ̡ ̡ ̡

Al̡ Fe̡ Na̡

Mg̡K Ca PM2.5 0.1%

PM2.5 0.05~0.1% Zn V ( Zn

V Tl̡Zn V V (Zn 0.1%)

Zn V Zn (V 0.1%))̢ EF 4.3.18~4.3.22

̡ ̡ ̡ EF

Na̡ Mn̡Co̡ Ni̡Cu̡ Zn̡Mo̡Cd̡ Sn̡ Sb̡ Tl̡Pb̡ V̡Cr̡ As̡

Se̡ Ge Hf EF 10 K̡Cs̡ Ga La EF 10

Mg Zr̢ Na Al̡Fe̡

Ca Mg  (Tolis et al., 2015)

V V EF  (de Foy et al., 

2012; Tolis et al., 2015; Zhao et al., 2013a)Z̢n  (Lin et 

al., 2015; , 2017) K  (Tsai et 

al., 2007)̢ 107 (PM2.5)  

( 2018) 6  ( ̡ ̡ ̡ ̡

)  (2017 5

̡ ̡ ̡ 310.3 ng/m
3

2̡36.9 

ng/m
3̡160.1 ng/m

3̡125.2 ng/m
3

49.6 ng/m
3

EF 10 2018

̡ ̡ ̡ 291.4 ng/m
3̡214.5 ng/m

3̡159.4 ng/m
3̡150.7 

ng/m
3

124.6 ng/m
3

EF 10 2018 ̡ ̡ ̡

221.2 ng/m
3̡71.8 ng/m

3̡61.7 ng/m
3̡59.5 ng/m

3
41.3 ng/m

3
EF

10 2018 ̡ ̡ ̡ 255.3 ng/m
3

1̡69.9 ng/m
3̡

92.6 ng/m
3̡49.6 ng/m

3
25.4 ng/m

3
EF 10̢

PM2.5 10ă 5ă )

V Zn

̢ 
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 4.3.3 ̡ ̡ ̡

45% 50%

10% 30% PM2.5

̢ ŭ
13

C 4.3.3 ŭ
13

C

-25ă-28ă Garbarienǟ

ŭ
13

C  (-27.5ă-26.2ă) (Garbarienǟ et al., 2019)

̢

̢

ŭ
13

C -26.3ǈ -35.8ǈ

4 ̢

̢ 5

206
Pb/

207
Pb

208
Pb/

207
Pb 1.1561 

(1.1406~1.1884) 2.4295 (2.4013~2.4546)

 (
206

Pb/
207

Pb p-value 0.13
208

Pb/
207

Pb p-value 0.26)̢  

 

 

4.3.13  

( ̡ PM2.5 >0.1%̡0.05~0.1% < 

0.05%) 
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4.3.14  

( ̡ PM2.5 >0.1%̡0.05~0.1% < 

0.05%) 

 

 

4.3.15  

( ̡ PM2.5 >0.1%̡0.05~0.1% < 

0.05%) 
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4.3.16  

( ̡ PM2.5 >0.1%̡0.05~0.1% < 

0.05%) 

 

 

4.3.17  

( ̡ PM2.5 >0.1%̡0.05~0.1% < 

0.05%) 
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4.3.18 EF  

(Enrichment Factor, EF EF 10) 

 

 

4.3.19 EF  

(Enr ichment Factor, EF EF 10) 
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4.3.20 EF  

(Enrichment Factor, EF EF 10) 

 

 

4.3.21 EF  

(Enrichment Factor, EF EF 10) 
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4.3.22 EF  

(Enrichment Factor, EF EF 10) 

 

 5 PM2.5

PM2.5  (Factor analysis) 

 ( )̢

4.3.4 4 70%

10 Cd̡Cu̡Fe̡ K̡Pb̡ Sn Zn

 ( ) (Lin et al., 2015; Tsai et al., 2007)

̡ ̡ Se

V V  (Yau et 

al., 2013)  ( ) Ca Mg ̢ 

 5 PM2.5

̡ 5

4

̢  ( )̡ŭ13
C ( ) 

 ( ) ŭ
13

C

5

̢ 
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4.3.4 PM2.5  

Composition 
Pollution sources 

Џ ὍἨӻ  ϡװ  ᾒ   (֮ а ) 

Al  0.67 -0.08 0.27 0.39 

As 0.56 0.59 0.17 -0.03 

Ca 0.29 0.10 0.16 0.88 

Cd 0.88 0.10 -0.13 -0.07 

Cr 0.11 0.68 -0.26 0.26 

Cu 0.78 0.20 -0.01 -0.10 

Fe 0.92 -0.05 0.14 0.19 

K 0.73 0.15 0.25 0.15 

Mg -0.10 -0.05 0.09 0.79 

Ni 0.63 -0.09 0.63 0.09 

Pb 0.78 0.02 0.18 -0.01 

Se 0.15 0.87 0.15 -0.10 

Sn 0.72 0.11 -0.21 -0.10 

Tl 0.46 -0.07 0.57 -0.07 

V 0.09 -0.14 0.74 0.09 

Zn 0.85 0.05 0.04 0.02 

OC 0.18 0.76 -0.32 0.14 

EC 0.52 0.25 -0.06 0.16 

SO4
-2
 -0.04 0.47 0.80 -0.02 

NO3
-
 -0.01 0.94 -0.16 -0.08 

NH4
+
 -0.01 0.91 0.32 -0.09 

Na
+
 -0.11 -0.06 0.57 0.24 

Explained 

variance (%) 
33 18 12 7 

Cumulative 

variance (%) 
33 51 63 70 

* 0.7 ̢ 
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4.4  

PMF PM2.5 ̢ 

4.4.1  

(a)  

 4.4.1 PM2.5 ̡ ŭ
13

C

PM2.5 ̡ ŭ
13

C

PM2.5 ŭ
13

C PM2.5

 ( ) ŭ
13

C PM2.5

ŭ
13

C ̢ ŭ
13

C  (-20 -14ă) 

(Zhang et al., 2016b) PM2.5

PM2.5 ŭ
13

C

ŭ
13

C  (-33 -32ă) (Irei et al., 2006)

PM2.5 ̢ 

4.4.2 ŭ
13

C

ŭ
13

C

ŭ
13

C  ( ̡

̡ ̡

ŭ
13

C ̢ -28.5 -27.9ă -28.6 -26.4ă

-35.0 -30.2ă̢ 3~24%

36~44% 7~21% 97~98%̢ 2017)̢ 

4.4.2 ŭ
13

C ̡

̡  (Isoprene) ŭ
13

C

50%

63%

̢ 6 ŭ
13

C ̡ ̡

7 ̡

4 50% 3
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̡ 50%

̢ 

4.4.2 ̡ ̡ ̡

ŭ
13

C ̡ ̡  (Isoprene) 

ŭ
13

C 5 50%

̢ ̡ ŭ
13

C ̡

̡

50% 50%

̢ 

 

 

4.4.1 PM2.5 ̡ ŭ
13

C  
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4.4.2 PM2.5 ŭ
13

C  

 ( ̡ ) (Giebel et al., 2010; Irei et 

al., 2006; Martinelli et al., 2002; Mkoma et al., 2014; Pavuluri and Kawamura, 

2012; Rudolph et al., 2002)
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4.4.3 5 ŭ
13

C ̢

4.4.3

7 5

̢ 

PM2.5 ŭ
13

C

ŭ
13

C

̢ 8

 

( ) 6

̢ 

(b)  

4.4.4 8 ̡4

̡ ̡

̢ 4.4.4 8 ò + +

ò ò + + ò

 

(
206

Pb/
207

Pb 1.65 ) + +

̢

PM2.5

̢

̢ 
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4.4.3 PM2.5 ŭ
13

C  

( ̡ ) 
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(a)  

 

 

(b)  

4.4.4 PM2.5
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4.4.2 PMF  

PMF

 ( ) 

14 PMF 117 ̢ 4.4.5 PMF

 (Qtrue/Qexp) PMF 6

PMF 6̢ 

4.4.6 PMF 5 ̢

 (> 55%) 40%

̪ ̫ ̢ ̪  (

)̫ La̡Cs Nd (> 35%)  

(Kulkarni et al., 2007; Moreno et al., 2008; , 2014)̢ V Cr

 (> 25%) V 51% V

 (Cheng et al., 2008; Querol et al., 2007; , 2014, 2017)

̪  ( )̢̫ ̡

30%  (Rahn, 

1999) ̪ ̢̫   

 

 

4.4.5 PMF  (Qtrue/Qexp)  
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Fe̡ Ca̡ Mn̡Mo̡Tl̡Co̡ Sb̡ Cr̡ Rb Cs

Fe̡ Ca̡ Tl Rb  

(Santacatalina et al., 2010; , 2014) Mn̡Mo̡Co Sb

̡ ̡  (Hu et al., 2003; Kuo et al., 2013; Okuda et 

al., 2008; Querol et al., 2007; Tsai et al., 2007) ̪  (

)  ( )̢̫ V

4.3.4 PM2.5 V

PM2.5

V (Yau et al., 2013)Saraga  (Saraga et al., 2019)

̪  ( )̢̫  

4.4.7 PMF 8 PM2.5 ̢

6  ( 18%)

 ( )  ( )  

( )  ( )  ( ) 

 ( )

 ( )  ( ) ̢ PMF

5

̢ 

4.4.3  

PMF pMC

PMF pMC

4.4.8 ̢ 4.4.8 pMC PMF

 ( ) ̢

pMC PMF

pMC 9%

6

PMF ̢
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PMF ̢ 

 

 

 

 

 

4.4.6 PMF   

(MC: Modern carbon; FC: fossil carbon)
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4.4.6 PMF  ( ) 

(MC: Modern carbon; FC: fossil carbon) 
































































































































