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Abstract Ten averaged source profiles with variations were determined by reconstructing source profiles from previous
studies in Korea to reduce uncertainty in identifying sources in PMF modeling. The reconstructed source profiles were applied
to EPA-PMF modeling with observations at the Yeongnam supersite (Yeongnam region Air Quality Research Center) in 2020.
Eight sources (sea salt, soil, coal combustion, oil combustion, traffic, industry, secondary sulfate, ‘secondary nitrate and
biomass burning’) were successfully identified except for one source (Cu & Br related). The most contributing source to PM, 5
annually in Ulsan in 2020 was secondary nitrate and biomass burning (5.29 ug - m3, 40.7%), followed by secondary sulfate
(3.10 ug - m~3, 23.9%) and traffic (0.98 pg - m™3, 7.5%). In summer, secondary sulfate contributed most significantly to PM, s
concentration (41.1%) as expected. However, secondary nitrate and biomass burning were dominant in most seasons (32.6%
in spring, 43.4% in autumn, and 58.0% in winter). Compared to the previous PMF results obtained at the same site in 2016, the
contribution of secondary nitrate increased significantly up to 10.7%. This finding suggests that the role of nitrate in PM, 5
formation has possibly increased recently, and thus the nitrate formation mechanism should be elucidated to mitigate PM, 5
levels in the southeastern coastal region of Korea. In addition, we expect that the findings of this study can provide a basis to
determine the sources in PMF modeling, in which the researcher’s subjectivity can intervene.
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PMEF (Positive Matrix Factorization), A &2 S}SH4
HEE HIR O 2 self-modeling®|2h= W42 55109
QIAE FESH= UNMIX 5©| AT (Watson ef al.,
2008; Henry, 1997). ]9} 22 48R H =2 7+ Hof
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Ql Ao 2 AAH vt QUth(Watson and Chow, 2004).

ofe] 79 854 7k oA 7 Hol
AHEEE 2l pMFE POt (Hwang and Kim,
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Table 1. Summary of previous studies used in this study.
No. Period Location* Species# Factor# Data sources Reference
1 1 year Busan 22 8 Independent measurements Jeongetal., 2017
2 1year SD, JB, HN, BN 25 9 National monitoring network Sung etal., 2017
(average) (supersite)
3 1 year Gwangju 30 8 Independent measurements Yu etal., 2021
4 1 year SD 19 10 National monitoring network Hwang et al., 2020
(supersite)
5 1 year JB 19 9 National monitoring network Hwang et al., 2020
(supersite)
6 1 months BN 23 7 National monitoring network Limetal., 2016
(supersite)
7 6 months Daebu Island 21 9 Independent measurements Kim etal., 2018a
8 1 year YN 25 1 National monitoring network CPAPH, 2020
(supersite)
9 1 year Jeju Island 19 6 Independent measurements Kim et al., 2018b
10 18 months Pyeongtaek 31 7 Independent measurements Heo et al., 2020
11 18 months Pocheon 31 7 Independent measurements Heo etal., 2020

*SD: Greater Seoul Metropolitan Area, JB: Jungbu Air Quality Monitoring District (AQMD), HN: Honam AQMD, BN: Baengnyeong island, YN: Yeongnam

AQMD

0= Z;(Zj “iye

2)

A el 912t 3]

Aofa7] Stake] FPEAK,
FKEY, GKEY¥} 2 Apgsic}
(Hopke, 2000). & 10| 4= EPA-PMFOl|A] A|5S
= rotation tool &5 FPEAKE AM85te] S|AA{E
(rotational freedom)S A3} 2., %2 2] FPEAK
ko] Ae7|Eoll= S o] 24 2= gl A+

2}2] A 2L 0 (trial and error) ¥R oJaf A Hch

T3t PMFR} &

O
—
A wAse

no4

pl
Ao
=

T O

-

rotational tool

(EPA, 2014; Hopke, 2000). ¥45H4 © 2 FPEAKE W
A7 2} QIApe] =4 Sthstal HEdS 2
23K 4 Q= dQ7F 2| AY W] FPARKZES A%
SHAY Qe S7Fst7] Al2Fe Wi o] FPEAKZS Al

A5} (Paatero et al., 2005), 2 o]l A= FPEAKES
“L0%E 107k 014 WS dQrt 24
o] FPEAKES A1=i53t}.

2.3 S 7|8 +14a

= A7 AT4A FH7 ASSEE)+ 20209
108 715, A= o A9 (Y e, =24, 7149, 5

2021b).

ST L0 AFgel 20 Hrs
T 20] AAISIAT SRS Pl ok,
PM, 59 FFge B2l  olo12l&2 16.7 Limin
post (S AR AR AR T

7]5Fe] BAM-1020 (Met One Ins.) O =
Eq O] 2B 3 /mind] FFo = A
< IC (Ion Chromatography) = 735ttt ©AGE
(OC/EC, §71€tA8t YATA)2 8 L/minC & A Y
e o] 45827F 2F St 1557F NIOSH (National
Institute for Occupational Safety and Health) 5040
protocol- = W= A3FsH4 E3HH (TOT, Thermal-
Optical Transmittance) H2]7} H]Z4HA o] A
(NDIR, Non Dispersive InfraRed) W] 02 =45}
of. 5787 2 el digh ApAIRE 82 =He

J. Korean Soc. Atmos. Environ., Vol. 39, No. 1, February 2023, pp.42-61



1z
=
ol
1z
o
1=
rol
4>
[
rE
08
lol
o
o
ol
Tp>
Ho
1x
=l
[l
o
oy
g
0
oy
folr
>
1z
e
oo
M
1o
1>

Table 2. Summary of instrumentation being operated at Air Pollution Monitoring Supersites.

Equipment Principle Resolution
PM; 5 BAM-1020 (Met One Ins.) Beta-ray attenuation 1 hour
lon Ambient lon Monitor (URG Co., 9000D) IC (lon Chromatography) 1 hour
Organic and Semi-continuous OC/EC TOT (thermal-optical transmittance)/ 1 hour
elemental carbon carbon aerosol analyzer NDIR (Non Dispersive Infrared)
(Sunset Laboratory INC., USA)
Trace elements Online-XRF (Cooper Co., Xact 640) XRF (X-ray fluorescence) 1 hour
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2.4 B YR
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= 7047)], Ion balance2} mass closure?] HY7} +
50%E He A= 1,75770E ALst F 6,323719
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Table 3. Summary of basic statistics of PMF input data.
Category S/N Min 25th Median 75th Max
PM,5 (ug-m™3) Weak 0 1 7 12 20 70
50,2 Strong 8.10 0.07 1.48 2.38 3.64 35.63
NO;~ Strong 8.02 0.02 0.82 1.90 4.19 31.74
) cr Strong 6.03 0.01 0.11 0.18 0.29 241
'”ﬁgﬁ?“c Nat Strong 2.00 0.01 0.07 0.08 0.14 1.19
(ug-m™) NH,* Strong 7.68 0.04 1.07 1.96 3.30 14.31
K+ Bad 1.97 0.01 0.04 0.05 0.05 0.60
Mgt Bad 458 0.01 0.02 0.02 0.03 0.41
Ca’t Bad 3.03 0.01 0.03 0.04 0.06 0.86
Carbon ocC Strong 361 0.18 1.27 2.11 2.98 15.12
(ug-m™) EC Strong 8.04 0.01 0.27 0.41 0.60 9.59
Si Strong 8.51 0.05 75.59 113.93 159.02 1201.00
S Bad 833 210.59 2642.41 4276.00 6646.00 43451.00
K Strong 3.49 20.00 59.59 101.86 163.03 926.26
Ca Strong 6.20 2.50 19.58 31.93 49.29 910.54
Ti Strong 2.52 1.50 1.50 5.19 8.58 135.11
v Weak 0.66 0.50 0.50 0.50 0.50 51.45
Cr Strong 2.99 0.25 0.63 1.12 191 199.42
Metals Mn Strong 8.25 0.15 475 9.39 17.28 305.35
(ng-m?) Fe Strong 8.83 3.27 76.98 130.39 209.53 1367.00
Ni Strong 411 0.10 0.31 0.67 1.31 30.16
Cu Strong 7.20 0.10 1.65 2.82 470 190.16
Zn Strong 8.82 0.26 18.19 33.72 58.14 2995.00
As Strong 7.51 0.05 0.99 2.1 453 501.41
Se Strong 2.81 0.15 0.15 0.58 1.14 76.60
Br Strong 7.83 0.20 3.70 5.98 9.61 316.89
Pb Strong 8.22 0.15 5.40 9.97 18.12 1237.00
ol ATt B B 049 2T 11 357% ek A B g gL Ao Tl
A AYAT BEAA e ol A @ Fgo] JlodE RES o 21 gl ok Aut
A99] 71 = 49 3% (N0, NH,*, 1)l Bt 7] o oot At ezt Agtso] vehd ko A}
AL= Z47F 76.9%, 31.8%, 28.3% o™, EF ¥l BEM ©ed] 7o 22 ARORE oddS T
oYL Ao A7 B (Ca, AL Ti, Mg, i Bahes Amet A7ty Ao 41 g 54
)9 H&o] QAISHAL 71k 9] 3F (Ca, Al, e Fof] L FYS iAot Zo] HAt Aoz w
Ti)2] Bt 71 A== 22 57.0%, 51.7%, 38.9%?&‘3}. et
oA At QYT A T 0 ARE A P 0 A gL g7he] AFATNA I
7Re} A Aol A A= oH, o2 g %LL om 7ok 49} 3% (0C (WSOC), EC, Mg)°] B+t

o] 7l & 4F9] 3% (SO4*, NH,
Z}Z} 61.9% 44.7%, 28.7% ATE AT THA @
& 4w A9 1914 4+ (Cr, NO,, Co, Mn, Fe
)9l Hl-go] At o ZoE 49| 3% (Cr,
NO,", Co)9| B+ 7|k Zt7; 43.2%, 40.5%,

V)9 Bt 7=
ojelo

= g

ot ol rlr

—

el o GAV FJEAL T o FdH

2 770 AT AXER o 7oA G 3%
o] Pt 7 Afds T 2 FL(V, Ni, Sr)°]
63.5%, 43.9%, 12.9%, FEAA T 0 QA ((F, KT

J. Korean Soc. Atmos. Environ., Vol. 39, No. 1, February 2023, pp.42-61



&
=
]
o
i
o0
=
ror
s
[
£
[ol)
ton

L OlEHE, &34, 0|23, ZY, &M, 2, ZIEA

100

50 - g |

0 o Zochba -I'"';E;;:_ézz—-;$| ) IL

100 I .

Industry related

100 T T T T T T I A T TT T T T T T T T 71
Soil related
50 - b

ol== o
100 T T T T T T T T T T T T T T T T 77 T T T T 1771

Vehicle related

100 T T T T T T T T T T I B G I T T T
i Biomass burning related
50

100

% of Species

L0 O o e e s s s s s B e e I L L L L L

50 -

100 :
Qil combustion related
50

100 T T T T T T T T T T T T T T T 77T T T T T T T T T T T T T T 11
Coal combustion related

100 I L L L L L L I L I L
Sea salt related

Fig. 1. Reconstructed average source profiles from 9 previous studies. Vertical bars represent standard deviations of collected
profiles.
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Table 4. Information of the averaged source profiles from 9 previous studies.

Three major contributors

Frequency in

sources in the profiles previous studies References*
Secondary nitrate NO;~, NH,*, CI” 1 1,2,3,4,56,7,8,9,10,11
Soil-related Ca, Al Ti 1 1,2,3,4,56,7,8,9,10,11
Secondary sulfate S0,%, NH, Vv 10 1,2,3,4,56,7,8,10,11
Industry-related Cr,NO,", Co 10 2,3,4,5,6,7,8,9,10,11
Vehicle-related OC(WSOCQ), EC, Mg 8 1,2,3,4,56,7,8
QOil combustion-related V, Ni, Sr 7 1,2,4,5,6,7,8
Biomass burning-related F~, KT(K), Pb 7 2,3,4,5,8,10,11
Coal combustion-related As, Br, Pb 6 2,4,5,6,7,8
Road dust-related Ba, Zn, Si 5 1,4,5,10,11
Sea salt-related Mg?*, Na*, Ca?* 5 7,8,9,10,11

*Reference number corresponds to the number of previous studies shown in Table 1.

(K), Pb)©] 57.2%, 44.9% (41.9%), 31.4% = L} eI}
Aetd s I LAY 6719 AddAtolA AA
S 7109 /9] 3% (As, Br, Pb) o] H+t 7|0 k=
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oA AAE E2HA] T e FH9] 7)ok 4FE]
3% (Ba, Zn, Si) B 7] == 60.1%, 46.8%, 22.2% S
o oA A B e JAe] 7o 9] 3F (Mg,
a®, Ca?") 9] W 7]o I 49.2%, 38.8%, 37.3% %,

ok S S QYL Nat 2k I Bol F8 744
2l Aoz A 9o Bt @ AURFHIA
L Nato]| H|gto] CI79] 7] wr}t A og zre

H-&2 AAE] Qi) o]k sz B edYoer
F2 234 57 F 3707} aged sea salt LFUL=E

f

N

FH 7P 02 AFR W, aged sea salt= NaClo] T
| ZollAl ol&st 7hA/do] 24t (H,80,) 7 ¥H-g-s}
o] Na,S0,2 WHHWA CIo] Hl&o] Zhashrka
&relA 1tk (Lee et al., 2002; Song et al., 2001).
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o] E A ° 9
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YTk S 912 4 Slek ARl A
3 pAE QU] 484 S Ao A 54
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& Aol 20208 FEE LHH SRS 95
o] Qualue, IM, 18 5-& o] 831e] 9] 917} 742
972 AASE S, rotation tool FPEAKS -1.0%
g 1074 014 Zobehe wEsa ¥ H4e)
FPEAKZE -0.12 A=H5t9th (Hwang and Kim,
2013; Paatero and Tapper, 1994). Base EH O 2 3
S5 21219] 9 G919 o7e] oA ol That
29 B ATl D5 299 AT BRI
o Ml 2UE BT, 43 420 0
o o, B, ARAL, AR, 2, A1), o
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Fig. 2. Comparison of source profiles between the Yeongnam supersite results in 2020 obtained in this study (red circles) vs.
reconstructed profiles obtained from previous studies (box plots). Last two profiles represent for Factor 9 in this study (blue
circles) and reconstructed profiles from previous studies for secondary nitrate (upper) and biomass burning (bottom).
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Fig. 3. Comparison of PM, s mass concentrations recon-

structed with nine factors from PMF modeling vs. observa-
tions.
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Table 5. Average contributions and percentages of apportioned sources in the Southeastern district of air quality in 2020.

Spring (AM) Summer (JJAS) Fall (ON) Winter (DJFM) Annual
pg-m % pg-m= % pg-m % pg-m= % pg-m %

2"d Nitrate & Biomass 4,06 3257 1.62 14.32 5.03 4342 8.78 57.96 5.29 40.71
burning
2" Sulfate 3.37 27.04 4.66 41.12 1.85 15.93 234 15.43 3.1 23.88
Industry 0.85 6.82 1.24 10.93 1.58 13.66 0.99 6.52 1.14 8.75
Traffic 1.33 10.67 0.79 7 0.76 6.54 1.08 7.13 0.98 7.54
Soil 0.79 6.32 0.67 5.95 0.85 7.32 0.65 4.3 0.71 545
Oil combustion 0.78 6.24 1 8.83 0.37 3.22 0.35 2.28 0.61 472
Sea salt 0.62 4.97 0.56 495 0.47 4.03 0.49 3.26 0.53 4.06
Cu, Brrelated 0.45 3.63 0.51 4.51 0.53 4.55 0.38 249 0.46 3.52
Coal combustion 0.22 1.75 0.27 24 0.16 1.35 0.1 0.64 0.18 1.37

Total 12.47 100 11.32 100 11.59 100 15.15 100 13 100
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Fig. 5. (a) Map of locations of potential PM, 5 and precursors sources. (b) A CPF (Conditional Probability Function) plot for fac-
tors in Yeongnam region in 2020 (Calculated based on top 25% contribution).
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