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HIGHLIGHTS

GRAPHICAL ABSTRACT

For PM, s, the average §'3C of TC and
5"°N of TN were —25.4 + 0.7% and
14.6 £ 3.8%.respectively.

EC and TC were dominated by fossil-fuel
(78 £ 7%) and contemporary (76 + 7%)
sources, respectively.

Low 8'°N (7.0 £ 0.2%.) with high TN
concentration was evident in air masses
from Shandong province.
Multi-isotopic composition is useful to
trace regional sources of PM; 5 aerosol.

813C of TC versus fy; (EC) for different levels of 6'°N of TN observed at Tachwa Research Forest (TRF) and Gosan
Climate Observatory (GCO). TRF samples were classified into groups according to air mass origin.

o
= OTRF, 515N>10% [Korea
OTRF, 515N<10% >
S Acco
Biomass/biogenic
o ©
2 ° )N
-
& o ) )
o NE China & Russia
Korea
o | NEchina & ::.g@
S 7| NE china & at China A
Echinao
24 Fossil-fuels

T T T T T T T

28 27 26 26 24 23 22
813C (TC) (%o)

ARTICLE INFO

ABSTRACT

Article history:

Received 14 July 2018

Received in revised form 8 November 2018
Accepted 10 November 2018

Available online 13 November 2018

Editor: Jianmin Chen

Keywords:
Stable isotope
14¢

* Corresponding authors.

[sotopes are essential tools to apportion major sources of aerosols. We measured the radiocarbon, stable carbon,
and stable nitrogen isotopic composition of PM; 5 at Taehwa Research Forest (TRF) near Seoul Metropolitan Area
(SMA) during August-October 2014. PM, 5, TC, and TN concentrations were 19.4 4+ 10.1 ygm™2, 2.6 + 0.8
pg Cm~>, and 1.4 + 1.4 ug N m™2, respectively. The 8'>C of TC and the 8'°N of TN were — 25.4 + 0.7%. and
14.6 + 3.8%., respectively. EC was dominated by fossil-fuel sources with Fg (EC) of 78 4 7%. In contrast, contem-
porary sources were dominant for TC with F. (TC) of 76 4 7%, revealing the significant contribution of contem-
porary sources to OC during the growing season. The isotopic signature carries more detailed information on
sources depending on air mass trajectories. The urban influence was dominant under stagnant condition,
which was in reasonable agreement with the estimated 6'°N of NHZ". The low 6'°N (7.0 & 0.2%.) with high TN
concentration was apparent in air masses from Shandong province, indicating fossil fuel combustion as major
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:3C emission source. In contrast, the high "N (16.1 & 3.2%.) with enhanced TC/TN ratio reveals the impact of bio-
°N mass burning in the air transported from the far eastern border region of China and Russia. Our findings highlight

Taehwa Research Forest

that the multi-isotopic composition is a useful tool to identify emission sources and to trace regional sources of

carbonaceous and nitrogen aerosols.

© 2018 Published by Elsevier B.V.

1. Introduction

As a major component (20%-90%) of airborne fine particulate matter
(PM,5), carbonaceous aerosol affects health and climate and contrib-
utes to low visibility (Poéschl, 2005; Ramanathan and Carmichael,
2008; Jimenez et al., 2009). They exist as a continuum of particles,
from light-scattering organic carbon (OC) to light-absorbing brown car-
bon and highly condensed, light-absorbing elemental (or black) carbon
(EC or BC) (P6schl, 2005; Andreae and Gelencsér, 2006). OC can be di-
rectly emitted or originates from the condensation/oxidation of gases
(Kanakidou et al., 2005). EC is emitted during incomplete combustion
of hydrocarbons, e.g., from coal-firing plants, diesel engines, crop resi-
due burning, and fires (Bond et al., 2013).

In East Asia, aerosols arise from complex anthropogenic and natural
sources that vary seasonally (Kim et al., 2007; Streets, 2003; Streets
et al., 2009). In summer, aerosol optical depth (AOD) is greatest due to
accumulation of pollutants and hygroscopic growth of aerosol in the ex-
tended boundary layer (Kim et al., 2007). The mass fraction of second-
ary aerosols, e.g., sulfate, ammonium, and secondary organic aerosol
(SOA), is enhanced in summer (Lim et al., 2012; Zhao et al., 2013).
Due to increased emissions mostly from heating, the mass concentra-
tions of PM, 5, OC, and EC are greatest in winter (Du et al., 2014; Lim
et al., 2012; Ye, 2003) Transboundary air pollution across East Asia is
prevalent in winter but also occurs in warm season (Kim et al., 2005;
Lim et al., 2012). When the emissions from fossil-fuel combustion is re-
duced in summer, the crop residue burning is pervasive in China and
recognized as a main culprit of summer haze (Chen et al., 2017). Re-
cently, inorganic nitrogen species such as nitrate and ammonium as
well as sulfate have been identified as ones of the main contributors de-
veloping severe haze events in urban areas of China (Pan et al., 2016;
Shang et al,, 2018; Yang et al., 2012).

Radiocarbon (1%C) is a powerful tool to determine the contribution
of fossil and non-fossil sources to carbonaceous aerosols. Fossil-fuel is
the predominant source of EC and accounts for ~80% EC emissions in
East Asia (Chen et al., 2013; Zhang et al., 2015a; Zhang et al., 2016). It
is much less for OC and more than the half of the OC originates from
non-fossil sources such as biogenic emissions and biomass combustion
(Zhang et al., 2015a; Zhang et al., 2016). Because, these studies have fo-
cused on winter season, they reported higher contribution of fossil fuel
combustion.

In the warm season of plant growth, the interaction of anthropo-
genic pollutants (i.e., NOy, and SO,) with biogenic organic compounds
(e.g., monoterpenes or isoprene) can lead to unexpectedly high forma-
tion rates of secondary aerosol (Shilling et al., 2013; Weber et al., 2007;
Ying et al., 2014). It is especially of concern in Korea where 70% of the
land surface is mountainous and covered by temperate forest. In
major urban regions like Seoul metropolitan area (SMA), parks and
green area has been increasing, making it imperative to investigate
the impact of the biogenic emissions on air quality (Gil et al., 2018).

Stable isotopes of carbon (8'3C) and nitrogen (8'°N) have been used
to trace sources and atmospheric process (Aggarwal and Kawamura,
2008; Kirillova et al., 2014; Kundu et al., 2010). Previous studies illus-
trate that the 8'3C of TC is often between —27%. and — 21%., showing
the mixed signature of plants, vegetation combustion, and anthropo-
genic combustion (e.g., Jung and Kawamura, 2011; Kirillova et al.,
2014; Pavuluri et al.,, 2015; Widory, 2006). Particularly in East Asia,
6'3C has been used to trace both anthropogenic and biogenic aerosols
transported over long distance (Jung and Kawamura, 2011; Kundu

and Kawamura, 2014; Kunwar et al,, 2016). Together with the use of or-
ganic molecular tracers, it provides further information on atmospheric
processing of carbonaceous aerosols (Aggarwal et al., 2013; Aggarwal
and Kawamura, 2008; Kawamura et al., 2004). The 6'°N of TN is in
wider range from —15 up to ~30%., resulting from different seasonal
and regional emission strength of two main species, NO3~ and NH;
and their chemistry (e.g., Freyer, 1991; Kawashima and Kurahashi,
2011; Kundu et al., 2010; Widory, 2007). Therefore, the §'°N along
with air mass trajectories could provide constraints for geographically
varying emission sources and chemical processes of nitrogen species
(Kundu et al., 2010; Pan et al,, 2016; Wang et al., 2017).

Here, we characterize the chemical composition of PM; 5 at Taehwa
Research Forest (TRF) to evaluate the source of air pollution in SMA dur-
ing summer and fall. Specifically, we quantify PM, 5 carbon and nitrogen
elemental and isotopic compositions and investigate their emission
sources and formation mechanisms.

2. Methods
2.1. Site description

The TRF (37.30°N, 127.32°E, 162 m a.s.l.; shown in Fig. 2) is located
about 45 km south of Seoul in Korea. It was established to examine
the interaction of anthropogenic and biogenic gases and its effect on
ozone and aerosols in SMA (Gil et al.,, 2018; Kim et al., 2015a, 2015b).
The study region is under the influence of the East Asian Monsoon and
therefore, subject to seasonal changes in meteorological conditions
(Kim et al., 2007). Summer monsoon typically starts with heavy rains
in the end of June, during which southerly wind is prevalent under the
Pacific High until September. The northerly wind is dominant under
the Siberian High during December to February.

To characterize the aerosol burden at TRF in the regional and seasonal
context, we additionally collected PM; 5 at Gosan Climate Observatory
(GCO) onJeju Island and over the Yellow Sea (Fig. 2). GCO is a background
site (33.17°N; 126.10°E; 1000 m a.s.l.) of East Asia, being served as one of
the Asian Brown Cloud (ABC) superstations (Lee et al., 2007), and the
aerosol characteristics of GCO have been well-documented in previous
studies (e.g., Kim et al., 2007; Lim et al., 2012, 2014).

2.2. Aerosol sampling

PM, 5 aerosol was sampled at TRF (n = 17) during the summer and
fall of 2014 (August 13 to October 23) (Table 1 and Fig. 1). A high-
volume aerosol sampler (HIVOL-AMCLD, Thermo Environmental In-
struments, Franklin, MA, USA) with a PM, 5 impactor plate (TE-230-
QZ, Tisch Environmental, Cleves, OH, USA) was installed on the upper
level of a container (about 6 m above the ground). A slotted micro-
quartz fiber filter (TE-230-QZ, Tisch) was installed in the high-volume
impactor head to filter out particles >2.5 um diameter. Samples were
collected mostly for 2-3 days (Table 1), on 20 cm x 25 cm quartz fiber
filters (2500 QAT-UP, Pallflex Tissuquartz, Pall, Port Washington, NY,
USA). A blank filter (one-fourth of the sample filter) was mounted in-
side of the aerosol sampler housing. Filters were wrapped in aluminum
foil and pre-baked at 500 °C for 4 h. After sampling, filters were
transported on ice packs to the lab and stored in freezer. In addition,
we obtained daily PM, 5 sample for mass using a sharp-cut cyclone. At
GCO, a PM, 5 sample was collected on a pre-baked quartz filter for
8 days using a high-volume sampler (DH77, Digitel A.G., Switzerland)
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Table 1

1507

Overview of elemental and isotopic composition of PM, 5 measured at Taehwa Research Forest (TRF) and Gosan Climate Observatory (GCO) and over the Yellow Sea in 2014.

Sample Start End PM, 5 fu (TC)E F. TC TN TC/IN &C &N fiy (EC)© Fe  OC/ECY  Air mass®
D (TC) (TC)  (TN) (EC)
MM/DD/YY Hour:Min pg m—> % pgm—> %o %
Taehwa (TRF)
T1 8/13/1411:31  8/14/1414:17 27.0 0.7382 72 227 234 1.0 —254 156 nm. nm. 13.8 Korea
(0.0019)
T2 8/15/1410:47  8/17/1410:48 25.9 2.0872 nr. 375 149 25 —253 163 0.2559 75 80 Korea
(0.0034) (0.0297)
T3 8/22/1410:48  8/24/1410:47 48.6 0.8608 84 336 6.45 05 —249 7.1 0.1070 90 104 E China
(0.0015) (0.0507)
T4 8/26/1410:49  8/28/149:49 11.2 0.7716 75 115 0.21 55 —264 10.6 n.m. nm. 143 Marine
(0.0014)
T5 8/28/1410:45 9/1/1410:50 15.2 1.0915 nr. 247 0.66 37 —26.0 185 0.2027 80 125 NE China & Russia
(0.0018) (0.0366)
T6 9/1/14 11:06 9/2/1415:09  15.1 1.6345 nr. 326 094 3.5 —26.0 16.7 nm. nm. 10.1 NE China & Russia
(0.0034)
T7 9/12/1410:55 9/15/1410:35 12.0 0.7757 75 233 0.90 26 —26.0 186 0.2118 79 88 NE China & Russia
(0.0013) (0.0391)
T8 9/15/1410:50  9/17/1410:35 22.1 1.2457 nr. 425 130 33 —257 136 0.2413 77 123 E China
(0.0020) (0.0429)
T9 9/17/1410:50  9/19/1410:20 21.3 1.5294 nr. 242 0.77 31 —263 163 0.3233 69 5.1 NE China & Russia
(0.0029) (0.0320)
T10 9/19/1410:40  9/22/1410:48 26.5 0.7989 78 296 1.12 26 —257 153 na. na. na Korea
(0.0012)
T11 9/22/1410:48  9/23/1410:22 252 0.6991 68 256 1.21 2.1 nr. 143 na. na. na. E China
(0.0013)
T12 9/25/1410:45 9/27/1410:34 104 0.6658 65 2.13 0385 25 —26.0 162 na. na. na. E China
(0.0013)
T13 9/27/14*10:55 9/30/1410:15 21.2 1.1032 nr. 224 273 0.8 —240 69 na. na. na. E China
(0.0017)
T14 9/30/1410:15 10/4/1410:55 203 0.9369 91 224 1.16 19 —243 169 na. na. na. Mixed
(0.0018)
T15 10/4/1410:55 10/6/1411:48 6.4 0.8227 80 1.58 0.66 24 —-258 107 na. na. na NE China & Russia
(0.0015)
T16 10/6/14 12:05 10/13/14 119 0.7785 76 337 1.04 32 —247 156 na. na. na. Mixed
10:28 (0.0012)
T17 10/13/14° 10/23/14 9.1 0.7922 77 2.52 0.46 55 —248 199 na. na. na. Mixed
10:50 11:35 (0.0012)
Gosan (GCO)
G1 6/11/14 0:00 6/19/140:00 n.m. 0.6139 60 54 5.08 1.1 —242 14.9. 0.1687 84 97 70% westerly & 30%
(0.0021) (0.0184) easterly
Yellow Sea (Gisang 1)
Y1 11/18/149:30 11/18/14 n.m. 0.6774 66 nr. nr N.I. nr. nr. na na. na. Predominantly westerly
17:22 (0.0018)
Y2 11/22/1416:27 11/23/14 n.m. 0.5086 49 3.15 290 1.1 —242 44 na na. na
17:45 (0.0012)
Y3 11/23/1418:36  11/24/14 n.m. 0.5226 51 nr. 134 T, n.r 6.1 na. na. na.
14:30 (0.0014)

n.a. not analyzed, n.r. = not reported, below detection limit or contaminated with extra '*C, n.m. = not measured due to failed graphitization.

¢ Sampling interrupted for 50 min.

Unstable flow, minimum load estimates.
Radiocarbon content expressed as fraction modern, mean (20).

b
C
4 Calculated as (bulk C-EC)/EC, with EC determined with the Swiss_4S protocol.
e

during June 11-14 of 2014 (Table 1). Over the Yellow Sea, three PM, 5
samples were collected for 8-25 h using a high-volume sampler
(HIVOL-AMCLD, Thermo) onboard the R/V Gisang 12 m above the sea
surface during November 18-24 of 2014. The filters were prepared
and stored in the same way as the TRF filters.

2.3. Analytical methods

2.3.1. Isotopes for bulk PM; 5

All samples from TRF, GCO, and the Yellow Sea were analyzed at
UC Irvine for their total carbon (TC) and total nitrogen (TN) concen-
trations and stable isotopic contents. Based on the bulk filter color of
light gray, dark gray, and charcoal, one or two 1.5 cm? pieces were
cut out with a sample punch (SP-15, 1 cm x 1.5 cm, Sunset Labora-
tory, Portland, OR, USA), weighed into tin capsules (5 mm x 9 mm,

Hysplit 2-day backward air-mass trajectories calculated at four-hourly intervals for each sampling period.

041077, Costech Analytical Technologies, Valencia, CA, USA), and an-
alyzed with an elemental analyzer (EA, Fisons NA-1500NC, Thermo,
Waltham, MA, USA) coupled with an isotope-ratio mass spectrome-
ter (IRMS, DeltaPlus XL, Thermo). Samples were analyzed alongside
field blanks and analytical standards, and data are reported using
conventional delta notation relative to V-PDB for 6'3C and to AIR
for 8'°N and corrected for filter field blanks. The measurement un-
certainty was 0.1%. for 6'>C and 0.2%. for 6'°N (10, from long-term
measurements of secondary standards).

All bulk samples were also analyzed for their '“C content. Multiple
punches (n = 3-25 based on TC content) were sealed with 80 mg of cu-
pric oxide under vacuum in pre-combusted 9-mm-o.d. quartz tubes and
combusted at 900 °C for 3 h. For each location, we also analyzed one
composite field blank (23-80 punches per site). The resulting sample
or blank CO, was purified cryogenically on a vacuum line and reduced
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Fig. 1. Time series of the chemical composition of PM, 5 at Taechwa Research Forest (TRF) in summer and fall of 2014. Each sampling period is indicated by a gray box with a label at the top.

to graphite using a sealed-tube zinc reaction technique (Xu et al., 2007).
The graphite was analyzed alongside graphitization standards and
blanks by the accelerator mass spectrometry (AMS, NEC 0.5 MV
1.5SDH-1, National Electrostatics Corporation, Middleton, WI, USA) at
the W. M. Keck Carbon Cycle AMS facility at UC Irvine (Beverly et al.,
2010). Data are reported as fraction modern (fy), with '>C fractionation
correction using on-line AMS '3C/'2C, following the conventions of
Stuiver and Polach. The uncertainty is about 2-3%. for modern samples
(10, from long-term measurements of secondary standards). For sam-
ples with >0.3 mg C, a fraction of the CO, was split and also analyzed
for its stable TC isotopic composition on a GasBench (Thermo) coupled
with an isotope mass ratio spectrometer (IRMS; DeltaPlus XL, Thermo).
For bulk PM, 5 analyzed with both EA-IRMS (see above, n = 1-2
punches/sample) and GasBench-IRMS (n = 3-25 punches/sample),
we reported the average 6'3C data (Table 1) weighted according to
the number of filter punches used in each method.

2.3.2. Isotopes for elemental carbon (EC) and organic carbon (0C)

A subset of samples from TRF (n = 6) and a sample from GCO were
also analyzed for the '“C content of EC. A 2.5 cm? filter punch was
washed with 20 mL MilliQ H,0 using a syringe filter (UX-29550-42,
Cole-Parmer, Vernon Hills, IL, USA) to remove water-soluble OC to pre-
vent charring; this was followed by oven-drying at 60 °C. Then, EC was
isolated from a 1.5 cm? filter punch taken from the center of the 2.5 cm?
punch. The EC was oxidized to CO, with a thermal-optical OC/EC ana-
lyzer (Sunset) following the SWISS_4S protocol (Zhang et al., 2012).
The EC-CO, was purified cryogenically and quantified manometrically
on a vacuum line (Mouteva et al., 2015). Finally, the EC-CO, was con-
verted to graphite using a hydrogen reduction method adapted for
ultra-small samples (Santos et al., 2007) and measured using AMS as
described for the bulk samples. The samples were processed alongside
procedure blanks and standards; the processing uncertainty was 2
yg C (Mouteva et al., 2015).
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The OC concentrations were calculated as the difference between TC
and EC, and the '“C content of the OC was estimated using the isotope
mass balance:

fm (0C) = {TC x fy (TC)—EC x fiy (EC)}/OC (M

Within the OC-EC aerosol continuum, the Swiss_4S protocol disre-
gards a middle fraction to minimize the risk of charring (Zhang et al.,
2012), which can transfer OC-derived carbon into the EC fraction and af-
fect its 'C content. Compared to other approaches, our protocol may
therefore underestimate the size of the EC fraction and overestimate
the size of the OC fraction.

2.3.3. Source apportionment of total carbon (TC) and EC

The fy values of TC and EC can be used to estimate the contributions
of contemporary (non-fossil) vs. fossil-fuel sources. The fractions (%) of
contemporary (F. (TC)) and fossil-fuel combustion (Fg (TC)) sources to
TC were estimated as

_ fu(TO)—Ffuff)
Fe (1C) = LS D xi00 2)
FFf (TC) — %xmo 3)

where fy; (¢) and fy (ff) indicate the fy, values of contemporary and
fossil-fuel combustion emissions, respectively. For fy; (¢), the mean fy
(c) of 14C0, (1.0289) was adopted, which was measured at Pt. Barrow,
Alaska during June-September 2014 (X. Xu pers. com. 2018). The fyu
(ff) is approximated as 0. The source apportionment of EC was further
estimated following the Egs. (2) and (3).

2.3.4. Backward trajectory analysis

For each sample, air mass trajectories were traced backward at
1000 m a.g.l. using the HYSPLIT model with meteorological input from
the global data assimilation system (GDAS) (Stein et al., 2015; http://
ready.arl.noaa.gov) (Fig. 2). Trajectories were calculated at 00:00 UTC
every 4 h for 48 h at TRF and for 72 h at GCO. For GCO, two-thirds of
sampling period was influenced by air masses from East China and
one-third from the East China Sea, the Pacific, and Japan (Fig. S1).
Over the Yellow Sea, the westerly condition was dominant in November
(Kim et al., 2007).

3. Results and discussion
3.1. PM; 5 TC and total nitrogen (TN) mass concentrations

Throughout the sampling period, PM, 5 concentration ranged from
6.4 to 48.6 pg m~> with the mean of 19.4 + 10.1 yg m—3 (10 SD)
(Table 1 and Fig.1). While TC concentration varied from 1.2 to 4.3
pg Cm > with the mean of 2.6 + 0.8 ug Cm >, TN concentration ranged
from 0.2 to 6.5 ug N m—> with the mean of 1.4 & 1.4 ug N m . TC and
TN accounted for 16% and 7% of PM; 5 mass on average, respectively, and
the mean TC/TN ratio was 2.8 + 1.4. Among these, the PM, 5 mass and
TC concentrations were slightly lower than those measured at an
urban site in Seoul for the same period, which were 22.1 + 19.3
pg m—> and 3.0 + 2.2 pg C m~3, respectively (NIER, 2014). Given the lo-
cation of TRF adjacent to the SMA, this result implies the TRF was subject
to the urban influence.

3.2.6"3C and fy, for TC

The 6'3C of TC was —25.4 + 0.7%o at TRF. Considering the high OC/EC
ratio of 10.6 & 3.0 (Table 1), the observed §'>C values were subject to a
greater contribution of OC. The 5!3C was comparable to those of GCO
(—24.2%.; n = 1) and the Yellow Sea (—24.2%.; n = 1) (Table 1) and

those observed across Asia including Beijing and India (Aggarwal
et al., 2013; Kawamura et al., 2004; Schleicher et al., 2013). The §'3C
values of the three sites indicate a wide range of carbon emission
sources, e.g., biogenic emissions, anthropogenic combustion of liquid
fuels (gasoline, diesel, and fuel oil), and combustion of C3-dominated
vegetation (Turekian et al., 1998a; Widory et al., 2004; Widory, 2006;
Fisseha et al., 2009). Therefore, the 5'3C values of the present study
likely reflect the typical emission sources of carbonaceous aerosol on a
regional scale.

Most samples were depleted in "4C with a fy; (TC) of 0.79 + 0.07
(mean + 10 SD, n = 11), excepting six samples enriched in '“C with
fm (TC) = 1.09-2.09, which were much higher than the atmospheric
14C0, level since 1950 (Graven, 2015). Such highly elevated "*C-PM, 5
(Buchholz et al., 2013) and '*CO, (Trumbore et al., 2002) above the
background level have previously been observed in other urban and
rural areas and is typically attributed to intermittent combustion of
4C-enriched waste. The highest fy; was detected during August 15-17
under highly stagnant condition. Thus, it is likely due to the local con-
tamination of '*C from medical waste incineration in SMA. For the
other five samples with fy; between 1.1 and 1.6, air masses traveled rel-
atively a long distance from North Korea. From swipe test, it was con-
firmed that there was no trace for '“C contamination in the
measurement process from the sampling to the chemical analysis.
Therefore, these six samples with fy; of TC > 1.09 were excluded in the
following discussion. Non-contaminated TRF samples ranged from 65
to 91% of the contemporary sources of TC (F. (TC)) with a mean of 76
+ 7%. The F. (TC) was greater than that of GCO (60%; n = 1) and over
the Yellow Sea (49-66%; n = 3) (Table 1). The F. (TC) of TRF was
even higher than those of urban background sites on a global scale
(40%-60%; Heal, 2014, and references therein).

3.3. fy for ECand OC

EC was dominated by fossil-fuel sources (Fg (EC); n = 6) with a
mean contribution of 78 4 7%. This fossil-fuel contribution was similar
to that of GCO with Fg (EC) of 84% in the present study (n = 1) and of
76 + 11% on annual average in the previous study (Zhang et al.,
2016). The Fg (EC) of TRF is comparable to the annual mean of Beijing
(79% + 6%; Zhang et al., 2015b), the winter fraction of Beijing (76 +
4%; Zhang et al., 2015a) and Shanghai (79 + 4%; Zhang et al., 2015a),
and the annual mean of a European background site (~80%; Dusek
et al., 2017). Like these sites, fossil-fuel combustion would be a major
source of EC burden for TRF. In the previous study, vehicle emissions
from nearby roads have been identified as main sources for EC at TRF
(Ham et al.,, 2016). In contrast, OC was dominated by contemporary
sources with F. (OC) of 89 + 7% (n = 2), albeit the small number of
samples (n = 2). It is likely to be the result of the photo-oxidation of
biogenic VOCs (BVOCs) leading to the local production of OC at TRF par-
ticularly in growing season (Kim et al., 2015a, 2015b).

34.8"°N for IN

All TRF samples were enriched in >N with a mean 8'°N of 14.6 +
3.8%o, which was higher than that of the Yellow Sea (5.3 4+ 1.2%.; n
= 2) (Fig. 3). The heavier "N isotope is enriched in secondary aerosol
because of fractionation during gas-to-particle conversion (Heaton,
1987). The TRF 6'°N of TN is rather similar to those of GCO in summer
and fall (~16%.) (Kundu et al., 2010) and a mountain site of northeast
China in early fall (18%.) (Wang et al., 2017). The secondary nitrogen
aerosol comprises mainly NO3 and NH,". In East Asia, the reported
5'°N of NH;~ was consistently high particularly in summer and fall as
approximately 20%. (Kawashima and Kurahashi, 2011; Kundu et al.,
2010), and the 6'°N of NO5~ was often close to ~0%. (Kawashima and
Kurahashi, 2011).

In summer, the average NOx was low at TRF (Ham et al., 2016) as
well as China (Wang et al., 2007). In contrast, NHz levels were the
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highest across China (Pan et al., 2018). At TRF, the mean mass ratio of
NH,4 -N/NO3 -N was higher in August (9.3) than in June (3.8) (NIER,
2013). Under high atmospheric NHs level, the isotopic equilibrium of
NH; < NHj" results in "N enrichment in particle-phase. In contrast,
the isotopic fractionation factor between NOx and NOs3 is small
(Freyer, 1991; Yeatman et al., 2001). The source fingerprint of 8'°N
varies in a wide range. For example, the §'°N-NOX is less than —10%.
for biogenic NOx from bacteria, from —20 to 10 for vehicle NOx, and
from 5 to 20%. for power plant NOx (Felix et al., 2012; Felix and
Elliott, 2014; Heaton, 1990; Walters et al., 2015). The 8'°N-NH3 ranges
from —55 to —25%. for livestock waste and fertilizer, —15 to —11%.
for power plant, and — 17 to —2%, for vehicle exhaust (Chang et al.,
2016; Felix et al., 2013). The 6'>N of TN is from —20 to 3 for fuel oil,
from 3 to 15 for natural gas (Widory, 2007; Widory et al., 2004), and
about 20%. for biomass burning (Kundu et al., 2010; Turekian et al.,
1998). Taken together, the 8'°N values of TRF thus indicate that during
growing season, the equilibrium fractionation of NH; < NH;" was likely
more responsible for observed 6'°N of TN than the conversion of NO, to
NOs. In particular, the high §!°N implies that the secondary formation
of NH4 played a major role in nitrogen constituents of PM .

3.5. Isotopic signature of different air masses
Carbon sources were apportioned using the '“C-based approach: EC

was dominated by fossil-fuel sources and OC by biogenic sources. The
5!5N shows relatively larger variability than the §'3C values (Table 1

(a) Marine (b) Korea

and Fig. 3), which should be associated with secondary nitrogen aerosol
formation as well as various emission sources of nitrogen species. Here,
we further categorize the TRF samples according to air mass type based
on backward air-mass trajectories (Fig. 2) in order to relate the isotopic
composition of PM; 5 to the geographical origins, focusing on emission
sources and formation of nitrogen species.

During August-October 2014, the air masses arriving at TRF origi-
nated from four source regions: Northeast China and Russia (hereafter,
NE China & Russia), Marine, the Korean Peninsula (Korea), and East
China (E China) (Fig. 2). These four groups were distinctive in mass,
composition, and isotopic signature, particularly in 8'°N. For three
PM, 5 samples collected for longer period (Table 1), air masses were
mixed and their isotopic signature was not clearly distinguished
(Table 2 and Fig. 4).

3.5.1. Marine and NE China & Russia

When the air came from the East Sea, the mean concentrations of
PM, s, TC and TN were the lowest but the TC/TN ratio was the highest
among the four groups (Fig. 2a). It was classified as marine air,
representing the seasonal background. More often, air was transported
through the East Sea from the eastern border region of China and Russia.
For this NE China & Russia air (Fig. 2¢), the PM, s and TN concentrations
were lower than those of Korea and E China air by ~54% and 38%, with
comparable TC levels.

The mean 6'°N of 10.6%. for marine air was generally lower than
those of other groups (Fig. 4b). Although the number of samples is

(¢) NE China
& Russia

(d) E China

Fig. 2. Categorized two-day backward air-mass trajectories calculated with the HYSPLIT model starting at TRF (37.30°N; 127.32°E; 1000 m a.s..) using GDAS meteorological data. The
trajectories were calculated every 4 h. A map of East Asia with our sampling sites (red: TRF, blue: Yellow Sea, green: GCO) is shown on the top right. Mixed air masses are not shown.
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Table 2
Summary of PM, 5 elemental and isotopic composition in various air masses arriving at TRF. Data are reported as mean (10).
Air mass origin n PM,.5 TC TN TC:TN 813C (TC) 815N (TN) fu (TC) fu (EC)
pgm~? pgm—? %o
Marine 1 11.2 1.2 0.2 55 —26.4 10.6 0.7716 (0.0014) n.m.
NE China & Russia 5 14.0 (5.4) 2.4 (0.6) 0.8 (0.1) 3.1(0.6) —26.0(0.2) 16.1 (3.2) 0.7992 (0.0332) 0.2459° (0.0672)
Korea 3 26.5 (0.5) 3.0 (0.7) 1.7 (0.6) 2.0 (0.9) —25.4(0.2) 15.7 (0.5) 0.7686 (0.0429) 0. 2559 (0.0297)
E China 5 25.5 (14.1) 3.0 (0.9) 2.5(2.3) 1.8(1.2) —25.2(0.9) 11.6 (4.3) 0.7419 (0.1043) 0.1742° (0.0950)
Mixed 3 13.8 (5.95) 2.7 (0.69) 0.9 (0.4) 3.6 (1.8) —246(0.3) 17.5(2.2) 0.8359 (0.0878) n.m.
n.m. = not measured.
4 n=3.
bpn=1.
‘n=2.

small, the lower §'°N value may reflect an oceanic source of NH; (Quinn
et al., 1988; Yeatman et al., 2001). In addition, the increased scavenging
time due to long-range transport may be responsible for the lower !°N
value in marine air. In NE China & Russia air, the isotopic signature was
slightly higher in "N (16.1 & 3.2%o) and fy; (TC) (0.80 & 0.03) and de-
pleted in $'3C (—26.0 + 0.2%.) together with the relatively higher TC/
TN ratio. It indicates that the air mass was influenced by biomass burn-
ing (e.g., C3 plant combustion) (Turekian et al., 1998; Kundu et al.,
2010) probably transported from the northeast China and Russia. In
summer and fall, crop residue burning and second-season rice straw
burning are prevalent in China (Chen et al., 2017, and references
therein) and wildfires in the Russian Far East (e.g., Kawano and
Komatsu, 2012). Indeed, Kundu et al. (2010) reported relatively high
815N of TN in East Asian outflows (~16-17%. at GCO) during summer
and fall.

mer. (See Fig. 2b.)

3.5.3. E China

3.5.2. Korea (a)
The highest PM, s, TC, and TN concentrations were observed in
Korea and E China air masses. The Korea air represents the influence
of urban emissions from SMA under stagnant atmospheric conditions
(Fig. 2b). PM, 5 and TC were 2.5 times higher and TN was 7 times higher
than those of Marine air (Table 2 and Fig. 4a). For the two samples (T1 &
for August 13-14 and T2 for August 15-17) that were collected under 5
severely stagnant condition, the estimation of 6'>N-NH; was attempted, >
assuming the vehicle source for NO3~ (8'°N-NOy from Walters et al., U
-

be —16%. to —13%.. This value most likely indicates the source for vehi-
cle exhaust, livestock waste, and power plant (Chang et al., 2016; Felix
et al., 2013), which is plausible under stagnant condition during sum-

E China air was characterized by low TC/TN ratio (1.8 & 1.2), §'°N
(11.6 £ 4.3%.), and fy (EC) (0.17 £ 0.09). Two samples (T3 for August
22-26 and T13 for September 27-30) were distinguished by the lowest
8'°N (7.0 + 0.2%.) together with the highest TN mass (4.6 + 2.6
ug N m—3) (Fig. 4b) and low TC/TN ratio (0.7 + 0.2) (Fig. 4a). Their
515N values were close to the mean 6'°N for the Yellow Sea samples
(5.3 £ 1.2%.; Fig. 3), for which the contribution of fossil-fuel source
was high (fi (TC) of 0.57 & 0.09; Table 1). The isotopic signature of
“T3” and “T13", therefore, likely indicates the impact of fossil fuel-

PM, 5 (ng m3)

L

30
20

+ N

Air mass origin

(O Korea
2015) and the isotope exchange equilibrium with the isotope enrich- /\' NE China & Russia
ment factor of +33%. between NH3 and NH;" (Heaton et al., 1997). Gl
With the NH;-N/NOs -N ratio of 10 that was measured in August X Mf‘""e
from the previous study (NIER, 2013), the 6!'°N-NH3 was estimated to 0- O Mixed
0 2 4 6 8
TN (ugN m)
GCO_winter? ~ —a— N=24
(b)
GCO_fall® . [ — N=10
- TN/PM, 5
. FAR—o n- 207 &
GCO_summer? N=13 VAN [ | -
GCO_spring® - —a— N=37 161 @ 0 0.05
* 3 T -
Yellow Sea” - = N=2 < yA 0.00
v_)z 10- Air mass origin
TRF_summer/fall’ - —e— N=17 w© + O Korea
+ A NE China & Russia
51 —|— E China
T T T T T T T X Marine
0 5 10 - 15 20 25 30 ol S Mixed
8 7N (%o) L, ! |
0 2 4 6 8
Fig. 3. Ranges of 5'°N values measured at TRF (green), Yellow Sea (dark blue), and GCO B
(violet).*This study. *Seasonal 6'°N values of GCO (sky blue) are from Kundu et al. TN (ugN m=)

(2010). Marker indicates mean value at each site and left and right bounds indicate
minimum and maximum values, respectively. 5'°N values between TRF and Yellow Sea

are significantly different at p < 0.005. mass origins.

Fig. 4. (a) TN versus TC for PM, s and (b) TN versus '°N for TN/PMS, s. Shapes indicate air
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Fig. 5. 5'3C of TC versus fy; (EC) for different 5'°N values observed at TRF and GCO. TRF
samples were classified into groups according to air mass origin.

laden pollution plumes transported from urban China. The combined
isotopic signatures correspond to anthropogenic NOy emissions from
industries and vehicles (Felix and Elliott, 2014; Widory, 2007). Precipi-
tation effect was probably negligible on changes in 8°N; the 8'°N value
for “T3” with a little precipitation was similar to that for “T13” without
precipitation.

Back-trajectories show that these two air masses originated from
Shandong Province and reached the TRF (Fig. 2d). The isotopic evidence
for Shandong Province pollution plumes was further supported by a
sharp increase in AOD (at 0.55 pm) in the downwind region of the Yel-
low Sea and the central Korea surrounding TRF during August 22-26
(corresponding to “T3”; up to 1.9) and September 27-30 (correspond-
ing to “T13”; up to 1.1) (Fig. S2). The higher AOD of these periods also
coincided with the lowest fy; (EC) observed in this study (0.11 +
0.05). This agreement confirms that the isotopic signature is a convinc-
ing evidence for regional source identification in Northeast Asia.

3.6. Combined isotopic signature

The isotopic measurements of this study highlight that the multi-
isotopic composition including fy; (EC), 8'3C, and &'°N is a diagnostic
tool to distinguish PM, 5 sources in Northeast Asia. In high fy; (EC) and
low 6'3C domain, 5'°N was relatively high and vice versa (Fig. 5). This
multiple-isotope approach again reveals that the contribution of fossil-
fuel sources to PM, 5 was more pronounced in urban China than the
downstream region.

4. Conclusions

This study determined the carbon and nitrogen isotopic composi-
tions of PM, s at Taehwa research forest (TRF) near SMA during
August-October 2014. The mean concentrations of PMj 5, TC, and TN
were 194 + 10.1 pyg m 3, 2.6 + 0.8 ug C m 3, and 1.4 + 14
ug N m—3, respectively. The mean 6'3C of TC and 6!°N of TN were
—25.4 + 0.7.8"°N and 14.6 + 3.8%., respectively with relatively larger
variability in 8'°N than 8'3C. Fossil-fuel sources accounted for 78 4 7% of
EC. In contrast, TC and OC were dominated by contemporary sources
with 76 + 7% and 89 4 7%, respectively, showing biogenic carbon as im-
portant PM; s source at the forest site during the growing season.

The isotopic composition showed different characteristics depend-
ing on the air mass history. In the air transported from the Far East re-
gion, the mean 6'°N and fy (TC) were slightly high as 16.1 + 3.2%.

and 0.80 + 0.03 with the low §'3C (—26.0 + 0.2%.) and relatively
high TC/TN ratio, suggesting the impact of biomass burning plumes
from northeast China and Russian Far East. Under stagnant condition,
the urban influence of Seoul Metropolitan Area (SAM) was evident. Par-
ticularly, the estimated 5'°N of NH, implies the anthropogenic sources
of vehicle exhaust, livestock waste, and power plant. The low 8'°N (7.0
+ 0.2%.) of Shandong province air along with low mean 5'°N of the Yel-
low Sea reflects the aerosol signature of urban China. In the present
study, low 8'°N together with high TN concentration (4.6 + 2.6
g N m~3) was highlighted as an clear evidence for the transport of fos-
sil fuel-laden plumes transported from urban China.

The multiple-isotope composition including fy; (EC), 8'3C, and 6'°N
is especially advantageous for identifying emission sources of carbona-
ceous and nitrogen aerosols and their regional sources in East Asia. In
the warm season, the large contribution of contemporary emissions to
OC and NH/ is especially of concern in terms of policy.
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