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This article presents the results of a detailed source apportionment study of the high particulate matter
(PM) event in the Seoul Metropolitan Area (SMA), South Korea, during late February 2014. Using the
Comprehensive Air Quality Model with Extensions with its Particulate Source Apportionment Technol-
ogy (CAMXx-PSAT), we defined 10 source regions, including five in China, for spatially and chemically
resolved analyses. During the event, the spatially averaged PMjp concentration at all PMjp monitors in
the SMA was 129 pg/m?, while the PM;q and PM,5 concentrations at the BulGwang Supersite were
143 pg/m® and 123 pg/m?, respectively. CAMxX-PSAT showed reasonably good PM model performance in
both China and the SMA. For February 23—27, CAMx-PSAT estimated that Chinese contributions to the
SMA PMjg and PM, 5 were 84.3 pg/m> and 80.0 pg/m>, respectively, or 64% and 70% of the respective
totals, while South Korea's respective domestic contributions were 36.5 ug/m> and 23.3 pg/m>. We
observed that the spatiotemporal pattern of PM constituent concentrations and contributions did not
necessarily follow that of total PMjp and PM; 5 concentrations. For example, Beijing-Tianjin-Hebei pro-
duced high nitrate concentrations, but the two most-contributing regions to PM in the SMA were the
Near Beijing area and South Korea. In addition, we noticed that the relative contributions from each
region changed over time. We found that most ammonium mass that neutralized Chinese sulfate mass in
the SMA came from South Korean sources, indicating that secondary inorganic aerosol in the SMA,
especially ammonium sulfates, during this event resulted from different major precursors originating

from different regions.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Particulate matter (PM) of 10 or 2.5 um in diameter or less,
termed PMjg or PM; s, respectively, has raised social policy con-
cerns around the world for decades due to its significant adverse
health effects, including premature deaths, identified in numerous
studies and references therein (Lipfert, 1994; Vedal, 1997; Kaiser,
1997; Pope and Dockery, 2006; US EPA, 2009; Bell, 2012; Lim
et al., 2012; Burnett et al., 2014; Dominici et al., 2014; Héroux
et al., 2015). Particulate matter is a complex mixture of directly
emitted substances (i.e., primary PM) and products formed chem-
ically (i.e., secondary PM) through atmospheric reactions of their
precursors (NARSTO, 2004; Seinfeld and Pandis, 2016). Under-
standing the causes of PM1g and PM, 5 air quality problems in an
area, therefore, requires assessing the contributions of both local
and remote sources while considering the physicochemical pro-
cesses of PM transport and formation (Stohl et al., 2002; NARSTO,
2004; Chin et al., 2007).

In South Korea, public awareness of serious PM pollution
problems has been growing (Kwon et al., 2002; Kim et al., 2007;
Chang et al., 2016; Richey and Ohn, 2016). To address these prob-
lems, the South Korean government has begun two major efforts.
One is the development and operation of the nationwide year-
round PM air quality forecast to help public make informed de-
cisions about their outdoor activities since 2012 (Chang et al., 2016).
The other is the development and implementation of air quality
policies to lower domestic PM levels (Korea Ministry of
Environment (2015)). Lowering domestic PM levels is made more
difficult by the fact that high PM concentrations observed in South
Korea are often linked to emissions from China (National Institute
of Environmental Research, 2013; Oh et al., 2015; Shin et al,,
2016; Wang et al., 2016). Wherever remote PM sources lie beyond
the jurisdictional boundary of the receptor area's authority, as in
South Korea, the development of effective control strategies be-
comes particularly complicated, because addressing air quality
problems then requires collaborative efforts (Farrell and Keating,
1998; Dentener et al., 2010; Secretariat of Working Group for LTP
project, 2011) This is exactly why the South Korean government
has not only implemented local controls (Korea Ministry of
Environment, 2015) but has also pursued international collabora-
tion with neighboring countries, such as China and Japan including
special campaigns such as ACE-Asia (Han et al., 2004; Seinfeld et al.,
2004; Uno et al,, 2004; Jung, 2016). Despite these efforts, South
Korea still faces challenges in improving the accuracy of its air
quality forecasting and in effectively developing a strategy for
pollution control. PM is a complex material emitted from both
foreign and domestic sources and formed out of precursors from
both remote and local sources through atmospheric chemical re-
actions (NARSTO, 2004; Seinfeld and Pandis, 2016). Thus, im-
provements to emissions inventories and effective control
strategies must account for the geographical origins of both pri-
mary PM emissions and precursor emissions for secondary PM.

In this study, we attempted to advance the understanding of the
root causes of high PM events in South Korea by analyzing spatially
and chemically resolved domestic and foreign source apportion-
ment. As a case study, we conducted detailed source apportion-
ment analyses for the high PMyg and PM; 5 episode that occurred
during late February 2014. This period was one of a few high PM
events in 2014 that might not be associated with typical Asian Dust
cases (Kim et al., 2016a) and showed the likely dominance of
anthropogenic emissions. Over the past two years, several studies
have examined this event, each focusing on limited aspects:
meteorological characteristics of the event without refined chem-
ical analysis, chemical compositions of observed PM during the
event period without spatially specifying emissions sources,

chemical analysis without a quantitative assessment of the impact
of upwind country emissions on the air quality of downwind areas,
or only total mass of PMs without considering PM speciation during
the event (Yan et al., 2015; Kim et al., 2016b; Lin et al., 2016; Shin
et al, 2016). Therefore, we performed a more comprehensive
study of the event to identify the spatial and chemical character-
istics of PM, using a photochemical grid model instrumented with a
source apportionment tool based on a method of tagging chemical
species. This approach can provide spatially specific and chemically
resolved source apportionment information. For example, we can
quantify how much sulfur dioxide (SO,) emitted from one foreign
source region and nitrogen oxides (NOx) emitted from another
foreign source region contribute to elevated sulfate (SOF") and ni-
trate (NO3) concentrations observed in the Seoul Metropolitan
Area (SMA), South Korea.

The remainder of this article is structured as follows. First, we
describe the configuration of the model system, observational data,
and overall performance of the modeling system. Next, we discuss
the characteristics of foreign and domestic contributions to PMyg
and PM,5 in the SMA, South Korea with respect to geographical
origin and chemical composition. Finally, we identify the cause of
high PM events during late February 2014 and propose future
studies. Ultimately, we anticipate that the study framework pre-
sented here can be generally applicable in analyses on other high
PM episodes around the world.

2. Model configuration and observational datasets
2.1. CAMx-PSAT modeling setup

For modeling, we used the Comprehensive Air Quality Model
with Extensions (CAMx) with the Particulate Source Apportion-
ment Technology (PSAT) tool (hereafter, CAMx-PSAT). CAMx-PSAT
tracks pollutants in a computationally efficient fashion by tagging
them based on their origin, including emissions sector and/or ge-
ography (Wagstrom et al., 2008; Ramboll-Environ, 2016). CAMx-
PSAT tracks primary pollutants directly in the model. For second-
ary pollutants, it designates certain emitted species as tagged (e.g.,
SO, for sulfate), simulating their physical and chemical changes
through the host model's physicochemical solvers. Therefore,
CAMXx-PSAT does not suffer from the significant non-linear effects
that can occur with the brute-force method when large emission
perturbations are applied (Yarwood et al., 2007; Wagstrom et al.,
2008; Ramboll-Environ, 2016; Qu et al., 2016).

The modeling domains for this study comprise one (27-km)
master grid and two (9- and 3-km) nested grids, as shown in Fig. 1.
CAMx simulates air movement in these domains simultaneously
(i.e., two-way nesting) for each time step to resolve transport and
transformation correctly so that it can simulate re circulation be-
tween the finer-grid domains and the master grid. This approach
can simulate regional transport more accurately than one-way
nesting. The ambient air quality monitors, used to evaluate the
performance of the modeling system, are marked in Fig. 1. During
the chosen study period from February 22 to February 28, 2014,
spatially averaged PMg concentrations in the SMA were high,
above the daily average 100 pg/m> “high” PMg threshold used by
Oh et al. (2015); the following section details the observed data,
including that from monitor networks. For source apportionment
analysis, 10 source regions were defined in the 27-km master
domain, as shown in Fig. 2.

For meteorological model inputs, we used the Weather Research
and Forecast (WRF) model (Skamarock and Klemp, 2008) v3.5.1,
from which outputs were generated for routine air quality fore-
casting as part of the Integrated Multi-scale Air Quality System for
Korea (IMAQS-K). IMAQS-K also uses various combinations of
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Fig. 1. Modeling domains and monitor locations. The dashed-, dotted-, and solid-line rectangles in the upper panel depict the boundaries of 27, 9, and 3 km grid modeling domains,
respectively. Gray stars in the upper panel show the locations of United States Department of State PM, 5 monitors. Black squares in the bottom panel depict South Korea's National
Institute of Environmental Research PM;o monitoring sites. Square boxes with thin black lines in the bottom panel represent four 27-km grid cells. These four cells represent the
“SMA” in further analysis. The gray circle in both panels represents the location of the BulGwang Supersite. The Supersite measures total PM;o mass concentrations, total PM, 5 mass
concentrations, and PM; 5 species concentrations.
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Fig. 2. CAMX-PSAT source regions (and their labels) defined for this study: Beijing-Tianjin-Hebei (BTH), China-Other (COT), North Korea (NKR), Near Beijing (NRB), Japan (JPN), Pearl
River Delta (PRD), Russia and Mongolia (RUM), South Korea (SKR), and Yangtze River Delta (YRD). All other areas over the 27-km domain are assigned to the “Others” (OTH) group.

Table 1
Summary of WRF configuration.

Input/Physics Selected Option

Version 3.5.1

Initial Condition GFS (1°)

Land use Korea Ministry of Environment

Number of vertical layers (height of first layer)
Top of vertical layers

Microphysics

Cumulus scheme

Land-Surface Model

Planetary Boundary Layer scheme

30 layers (32 m)

50 hPa

WSM3 (Hong et al., 2004)

Kain-Fritsch (Kain, 2014) for 27- and 9-km domains
NOAH (Chen and Dudhia, 2001)

YSU (Hong et al., 2006)

model-ready inputs processed with Sparse Matrix Operator Kernel
Emissions (SMOKE) to perform ensemble forecasting with multiple
chemical-transport models. For this study, we utilized IMAQS-K's
WREF outputs based on initial conditions and boundary conditions
from the Global Forecasting System (GFS) (https://www.ncdc.noaa.
gov/data-access/model-data/model-datasets/global-forcast-

system-gfs). Table 1 summarizes the configuration of the WRF
model. For CAMx model-ready meteorological inputs, we used the
WRFCAMXx preprocessor. We set the minimum vertical diffusivity to
1.0 m?/sec for consistency with the current forecasting configura-
tion for IMAQS-K members using the Community Multiscale Air
Quality model. Emissions inventories used were the Interconti-
nental Chemical Transport Experiment-Phase B (INTEX-B) 2006 for
foreign anthropogenic emissions (Zhang et al., 2009), the Clean Air
Policy Support System (CAPSS) 2007 for domestic anthropogenic
emissions (Lee et al., 2011), and the Model of Emissions of Gases
and Aerosols from Nature (MEGAN) for biogenic emissions
(Guenther, 2006). We used SMOKE to generate model-ready, hourly
gridded emissions input files. For the CAMx run, using CAMx v6.1
with the configuration shown in Table 2, we supplied photolysis
rate input files prepared with the Tropospheric Visible and Ultra-
violet radiation model utility, reflecting outputs of the O3MAP
program for adjusting ultraviolet strength based on the Level 3

Ozone Monitoring Instrument product for ozone column data. We
used outputs from forecast CAMx runs, which are generated
beginning at 3 UTC every day. We excluded the first 12 h of output,
taking the next 24 h of data each day for the final analysis.

2.2. Observational data used to evaluate model performance

To evaluate the performance of the meteorological model, we
acquired 2-m temperature and 10-m wind speed data at monitors
operated by the Korea Meteorological Administration (KMA) in the
SMA (Korea Meteorological Administration, 2016). To evaluate
performance of the CAMx model, we used observational data from
the three monitoring networks shown in Fig. 1: (1) total PM 5 mass
concentrations at United States Department of State (USDOS) PM3 5
monitors in China (U.S. Department of State, 2016), (2) total PMyq
mass concentrations at monitors managed by the National Institute
of Environmental Research (NIER) in the SMA (Korea Ministry of
Environment, 2016), and (3) the BulGwang Supersite operated by
the NIER in the SMA (Korea Ministry of Environment, 2016). The
“Data Use Statement” from USDOS states that their data are not
fully quality-assured. Nevertheless, according to Liang et al. (2016),
these US PM, 5 monitors show measured values highly consistent
with those measured at China's Ministry of Environmental
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Table 2
Summary of CAMx configuration.

Physics/Chemistry Selected Option

Version 6.1

Horizontal Advection Piece-wise Parabolic Method (Colella and Woodward, 1984)

Gas-phase Chemical Mechanism SAPRC99 (Carter, 2016)

Aerosol Chemistry RADM-AQ (Chang et al., 1987)

ISORROPIA (Nenes et al., 1998)

SOAP (Strader et al., 1999)

Static 2-mode (Coarse-Fine; CF Scheme) for size distribution (ENVIRON International Corporation, 2014)
Resistance model (Zhang et al., 2001; Zhang et al., 2003)

Scavenging model (Seinfeld and Pandis, 2016)

YSU (Hong et al., 2006)

Dry Deposition Model
Wet Deposition
PBL Scheme

Minimum Vertical Diffusivity 1.0 m?[s
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Fig. 3. Spatially averaged time series of hourly observed (dots) and 3-km modeled (solid lines) 2-m temperatures (top) and 10-m wind speeds (bottom) at eight meteorological

stations in the SMA. The modeled data outputs in the 3-km domain.

Protection PM; 5 monitors located nearby. Thus, we utilized USDOS
monitor data to evaluate the performance of the CAMx for PM; 5 in
China. Since PMp measurements at Chinese monitoring sites are
not publicly available, we used PM; 5 model performance as a proxy
for PMjp model performance. While we recognize that this
assumption may not be accurate for all high PMg episodes, it can
be reasonable for non-Asian Dust events including our study case
(Nie et al., 2012; Fu et al., 2014). In the SMA, 81 PM1p monitors
measured hourly PM1g mass concentrations during the case study
period. The BulGwang Supersite measured various PM; 5 species
during the modeled period, including secondary inorganic aerosol
components and trace metal elements (Korea Ministry of
Environment, 2016; Shin et al., 2016).

3. Results and discussion
3.1. Evaluation of meteorological model performance

To ensure the accuracy of meteorological inputs driving the
chemical transport model, we conducted meteorological perfor-
mance evaluation with time series (Fig. 3) and scatter plots (Fig. S1)
comparing observed and modeled 2-m temperature and 10-m
wind speeds. The modeled data is output in the 3-km domain. In
general, the WRF simulates 2-m temperatures reasonably well.
During nighttime, we observed slight over-prediction, though
throughout the modeled period the WRF captures diurnal varia-
tions, especially rising and falling temperatures, reasonably well.
For 10-m wind speeds, the WRF captures daily variations well,
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Fig. 4. Time series of observed (dots) and modeled (solid line) PM, 5 concentrations at USDOS PM, 5 sites in China. The modeled data outputs in the 27-km domain.

except for slight over-prediction on February 26, 27, and 28. How-
ever, even on these days, the model still shows a general tendency
of wind-speed changes that is reasonably consistent with
observation.

3.2. Evaluation of CAMx model performance

Prior to the source apportionment analysis, we examine the
model performance of the chemical transport model with time
series plots of PM; 5 concentrations at USDOS PM, 5 sites in China.
Overall, CAMx performs reasonably well at all monitor locations,
except for under-predictions on February 25 and 26 at the Beijing
monitor and slight over-predictions on February 26 and 27 at the
Shanghai monitor (Fig. 4). Of all five monitors, Beijing showed the
highest PM; 5 concentrations throughout the modeling period. The
under-prediction observed at the Beijing monitor may lead to po-
tential under-prediction of foreign contributions at the SMA on
later dates if air parcels in this area are transported into the SMA in
the model. CAMx captures the rapid decrease in PM; 5 concentra-
tions starting during the late night of February 27. Overall, we

believe CAMx provides great confidence for areas upwind of the
SMA, South Korea, which is critical for source-apportionment
assessment. Table S1 summarizes the model performance statis-
tics for PM3 5 from February 22 to February 27. Nevertheless, further
studies are warranted to quantify the impact of model under-/over-
prediction at upwind areas on contribution assessments
downwind.

Overall, at the hourly level, CAMx agrees well with observations
of PM;o monitors, except for under-predictions on February 24 and
28 (Fig. 5). In general, the tendency towards under-prediction is
larger at the BulGwang Supersite than at the NIER PMyg sites, which
implies that the BulGwang Supersite may be influenced by local
sources or be hit by narrow, transported PMyp plumes. Either or
both could cause potentially large spatial gradients in the SMA
during the modeled period, even though the SMA only covers an
area of 54 km by 54 km. Because spatial variation in PMg across the
SMA is quite large on some days, we speculate that many monitors
in the SMA, including the BulGwang Supersite, are heavily influ-
enced by local, primary PM sources. This possibility of strong local
source impacts might not be captured sufficiently in the current
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Fig. 5. Time series of observed and modeled PM;q concentrations. Circles depict observed concentrations at 81 NIER PM;o monitors and at the BulGwang Supersite. The solid line
represents modeled PM;o concentrations. The NIER data points are average values across all monitors in the SMA, while the modeled data are spatially averaged concentrations over
the SMA. Shaded gray areas depict one standard deviation from average PM;o concentrations at NIER PM;, monitors.

modeling results. Therefore, caution should be taken when source
apportionment results are inferred before taking practical actions.
At the same time, we examined how airmass arrived at the BulG-
wang monitor by following the HYSPLIT (Stein et al., 2015) back-
trajectory modeling approach used by Han et al. (2004) and Shin
et al. (2016). We found that the BulGwang monitor measured
quite different airshed compared with the Jeju monitor or even the
BaekRyung monitor (Fig.s S2—S4). Nevertheless, further studies are
warranted to identify significant local sources that may not be
present in the current modeling inventory. The magnitude of
under-prediction on February 28 is significant. As examined above
for CAMx performance at the USDOS Beijing site, CAMX captures a
sudden drop in PM;,5 concentrations on February 27 and 28.
Further study is necessary to clarify whether the significant under-
prediction on February 28 in the SMA is caused by too fast winds or
missing emissions in the model near the SMA.

For total PM; 5 mass concentrations (Fig. 6), CAMx shows similar
tendencies as in the PMjo model-observation comparison in Fig. 5.
For organic matter, we multiplied measured organic carbon con-
centrations by 1.6, following Morris et al.,, (2005b). For “Other
PM_5,” which is mostly fine crustal, we took the estimation ap-
proaches of Malm et al. (1994) and Eldred (2003) to utilize trace-
element measurements at the BulGwang Supersite. For details
regarding how we derived fine crustal concentrations from the
trace-element measurements, we provide a description of our
approach in the supplemental material (see Fig. S5). For sulfate,
CAMXx slightly under-estimates throughout the episode. For nitrate
and ammonium, CAMx performs reasonably well although the
model noticeably under-predicts from the night of February 22 to
the morning of February 24. The model grossly underestimates the
concentrations of organic matter. Even using the upper-bound
value (1.8) for the mass-adjustment coefficient, as in (Morris
et al., 2005b), to estimate aged, that is, very oxygenated organic
particles, the under-prediction does not seem to be explained just

with additional mass corrections accounting for oxygenated sub-
stance due to additional mass corrections accounting for oxygen-
ated substance due to particle aging. CAMx also greatly under-
predicts elemental carbon concentrations. Because the modeled
episode was in wintertime, we think it unlikely that the organic
matter under-prediction is due to the lack of secondary organic
aerosols in the model which are produced in large quantities during
summertime. Rather, we suspect that most of the under-prediction
of organic matter results from shortages in the model of primary
organic matter due to the emissions inventory issues. We note that
the observed rapid drop of high PM concentrations on February 27
in the Beijing area did not necessarily lead to lowering the PM
pollution from the SMA one or two days later. It poses important
questions regarding the temporal characteristics of the contribu-
tions of domestic and near-source regions, such as NKR. On the
other hand, we observed that the model grossly over-predicts other
PM, 5 concentrations, which are likely more sensitive to local
sources than to remote sources. The overall model performance
seems reasonably good although we have highlighted areas for
improvement.

3.3. Results of PM and source apportionment

To identify the spatial characteristics of modeling results, we
examined the average spatial distribution of modeled PMyg, PM3 5,
sulfate, nitrate, ammonium, and elemental carbon concentrations
at the model's first layer across the episode. For the purpose of this
analysis, we limited our spatial analyses to the period from
February 23 to February 27. CAMx simulated concentrations over
200 pg/m> PMyo and over 160 pg/m> PM, 5 near the Beijing area and
spatial distribution patterns of PM1g and PM, 5 are similar (Fig. 7).
We observed very high concentration spots of PM1g and PM; 5 near
Shenyang, with a very steep concentration gradient. Concentration
distributions of PM constituents did not necessarily follow the
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concentrations, which are spatially averaged concentrations over the SMA.

spatial pattern of total PM1g and PM; 5 concentration. For example,
nitrate concentrations were spread over the area near Beijing, as
well as the SMA area. However, high sulfate concentrations
appeared over the Yellow Sea, southeast of Beijing (i.e., Tianjin), and
the SMA. Overall, CAMx predicted much higher nitrate concentra-
tions than sulfate concentrations in the modeled domain, especially
for areas near Beijing and northeastern China. Given the weak
photochemistry and low temperatures during wintertime, this
modeled result for nitrate agrees with current understanding of its
characteristics (Seinfeld and Pandis, 2016). Modeled sulfate, on the
other hand, requires further attention; we cannot rule out potential
under-estimation of sulfate in China based on the above

observation-model comparison at the BulGwang Supersite.
Although it is also possible that local SO; sources in South Korea
might contribute sulfate to the SMA, this was not observed for this
episode, as we discuss in greater detail in the following section.
Regarding the elemental carbon, the high concentration areas in
China are not noticeably different from other major constituents.
However, on the Korean peninsula, areas near Pyongyang, North
Korea showed relatively high concentrations of elemental carbon.
Given that the model at the SMA under-estimated elemental car-
bon and organic matter concentrations, the possibility of under-
estimated primary organic carbons and elemental carbon
emissions from combustion processes in North Korea should be
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investigated to improve the overall model performance at the SMA.
Overall, CAMx replicated a characteristic of PM formation in China
observed by Gao et al. (2015) for winter haze days not driven by
dust storms: a high PM; 5-to-PMyq ratio and prevalent secondary
inorganic aerosols (Tan et al., 2009).

Reviewing average spatial distribution across the episode of
modeled nitrate concentrations originating from the four major
source regions illustrated in Fig. 2, we noticed that the BTH and COT
regions seem to have produced the highest nitrate concentrations
in the region during the episode (Fig. 8). However, the two most
contributing regions for nitrate concentrations in the SMA appear
to have been NRB and SKR, making episodic contributions of
12.1 pg/m> and 9.4 pg/m>, respectively. Among the NRB areas, the
eastern Beijing area—Tangshan and Tianjin—seem to contribute
the most among foreign sources to SMA nitrate, even though the
magnitude and coverage of nitrate around BTH and COT are much
greater. We believe this observed gap between concentrations at

source regions and contributions at receptor regions bears impor-
tant implications that highlight very critical characteristics of PM
pollution in Northeast Asia. Namely, selective improvement of
modeling inventories and sub-regional controls in upwind areas
(e.g., China) may be necessary to avoid future high PM events in
downwind areas (e.g., the SMA) like this episode. At the same time,
we observe that the domestic contribution for nitrates is significant
at the SMA; therefore, effective nitrate control for the SMA will
require not only refined foreign control strategies accounting for
geographically specific contributions but also appropriate domestic
controls.

Relatively speaking, regional contributions of PMy¢ and PM; 5
show similar patterns (Fig. 9). During the modeled period, relative
contributions from each region change over time, with South
Korea's domestic contribution tending to grow throughout the
episode. For example, South Korean contribution to PMyg increased
from 21% of 148 pg/m>® on February 24—32% of 129 pg/m> on
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Fig. 8. Spatial distribution of episodic average (February 23 to 27, 2014) modeled contributions to nitrate concentrations for four major source regions.

February 26. At the same time, Chinese contributions were larger
when higher-than-overall PM concentrations were modeled. On
February 24, the highest PMyg day during the episode, Chinese
contributions to PMyo reached 68%, while comprising 63% on
February 26. Among Chinese regions, the NRB, BTH, and COT re-
gions made major contributions to PMyg and PM3 5 in the SMA.

For sulfate, the NRB, BTH, and COT regions dominated
throughout the episode, with the magnitude of Chinese sulfate
contribution rising until February 27. YRD contribution to sulfate
become noticeable toward the end of episode. For nitrate, contri-
butions by the NRB, BTH, and COT regions dominated during the
early period of the episode, but South Korea's domestic contribu-
tions became the majority toward the end of the episode. NKR
contributions were significant early in the episode but became
insignificant later. For ammonium, South Korea was itself the major
contributor throughout the episode. For organic matter, we
observed a significant NKR contribution, comparable to the sum of
all Chinese regions. Given that emissions from combustion pro-
cesses are quite high in China, the possibility of under-estimated
primary organic carbon emissions both in North Korea and China
needs further investigation. At the same time, the ratio of elemental
carbon to organic matter from South Korea seems to be lower than
in other regions, suggesting that South Korea's domestic emissions
characteristic also need review in the model.

For other PM3 5, we noticed that CAMx has quite high bias in its
prediction, with PSAT results indicating that the major portion was
from China. Therefore, the possibility of gross over-estimation of
other PM35 emissions in China requires investigation. Due to
relatively poor model performance in estimating organic matter
and other PM; 5 emissions, it is hard to draw definite, complete, and
accurate conclusions about the contributions each region made for

all PM species. Nevertheless, we believe that these PSAT results
provide useful information to make quantitative source contribu-
tion assessments of some secondary inorganic aerosols (such as
sulfate and nitrate), as well as to prioritize future directions for
study.

After comparing observed and modeled total mass concentra-
tions of PMyg and PM; 5 during February 23 to 27, we found that
CAMXx agrees well with the episodic averaged PM1p mass concen-
trations in the SMA (Table 3). Comparison between model and
observation at the BulGwang monitor indicates that CAMx might
under-estimate certain portions of PMyg mass at that monitor and is
also possibly missing some PM; 5 mass concentrations. Observed
and modeled PM; 5 mass concentration over the modeled episode
shows the same trend. Based on this study, we estimate that Chi-
nese sources contributed 64% of PMg and 70% of PM; 5 mass con-
centrations in the SMA from February 23 to February 27, 2014. The
greater relative Chinese contribution for PM; 5 is most likely due to
much higher local contributions of coarse PM in the SMA.

Combining model performance, the spatial distribution of
regional contributions, and the species-by-species time series of
contributions, we found an interesting characteristic in the
analyzed period of February 23—27, 2014: high PM concentrations
in the SMA were driven by sulfate from China, nitrate from China
and South Korea, and ammonium from South Korea, although the
balance of nitrate contributions from China and South Korea
gradually shifted throughout the episode. During the wintertime,
nitrate likely holds ammonium tightly, so ammonium will be
balanced with available nitrate, with the rest of ammonium bound
to either sulfate SO or bisulfate HSOz (NARSTO, 2004; Fountoukis
and Nenes, 2007; Seinfeld and Pandis, 2016). We discuss the im-
plications of this ion-balancing characteristic further in the
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South Korea from February 23, 2014 to February 27, 2014.

following section.

With observation—model pairs for days showing higher-than-
episodic average concentrations during the period from February
24 to February 27, 2014, we analyzed average observed and
modeled concentrations of major PM, 5 constituents in the SMA,
South Korea. Overall, sulfate concentrations are underestimated
and dominated by Chinese regions (Figs. 10 and 11). We speculate a
possible cause for under-estimation: significant under-estimation
of South Korea's domestic contribution and/or Chinese SO, emis-
sions in the current inventory. By the same token, we observed that
nitrate concentrations are over-estimated, with a significant South
Korean contribution. As with sulfate, it is hard to conclude whether

overestimation is due to over-estimated South Korean NOy or
Chinese nitrate. Interestingly, however, ammonium concentrations
modeled by CAMx agree very well with observation.

Taking the agreement regarding total ammonium concentration
between observation and model as a basis for further analysis, we
may be able to backtrack region-specific sulfate and nitrate bound
to ammonium, because cations and anions should be balanced in
the atmosphere to reach thermodynamic equilibrium (Nenes et al.,
1998; Fountoukis and Nenes, 2007; Pinder et al., 2008; Seinfeld and
Pandis, 2016). For this further analysis, we applied the “degree of
sulfate neutralization” (DSN) proposed by Pinder et al. (2008). DSN
is defined as the ratio of molar ammonium concentration minus
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Table 3

Average observed total mass and modeled total mass concentrations of PMyg and PM; 5, along with estimated Chinese and domestic contributions to PMg and PMj 5, from

February 23 to 27, 2014 in the SMA, South Korea.

Observation (pg/m?) Model (ug/m?) Modeled Mass Contribution

Modeled Relative Contribution

China (ug/m?) South Korea (ug/m?) All Other Regions® (ug/m?®) China (%) South Korea (%) All Other Regions® (%)

PM;o 138.4 (SMA average) 131.8 84.3 36.5
149.9 (at BulGwang Supersite)
PM,5 121.9 (at BulGwang Supersite) 113.6 80.0 233

11.0 647% 28% 8%

103 70% 21% 9%

2 “All Other Regions” are all regions in the 27 km modeling domain excluding China and South Korea (i.e. Japan, North Korea, Russia, and Mongolia).
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Fig. 10. Episodic average observed and modeled concentrations of major PM, 5 con-
stituents in the SMA, South Korea, from February 24 to February 27, 2014. Stacked bars
show regional contributions estimated by modeling. Black circles indicate observed
average concentrations of PM; 5 constituents.

molar nitrate concentration to molar sulfate concentration (Pinder
et al., 2008):

[NH;]  [NOs]
DSN = 18 62
507 ]
96

where [NH}], [NO3], and [SOZ~] are mass concentrations in pg/m>.
DSN relies on the assumption that nitrate ion holds ammonium for
full neutralization, while the rest of the ammonium binds with
sulfate (or bisulfate) to neutralize fully (or partially). When DSN is
2, all ammonium sulfate ions are fully neutralized in the form of
(NH4),S04. If DSN is 1, all ammonium sulfate ions are in the form of
ammonium bisulfate (NH4)HSO,. Overall, episodic average DSN in
the SMA was observed as 1.89, while the modeled DSN is 2.0. The
difference can be explained with two major issue. First, as we saw
in the Fig. 6, the model underestimated SOz~ while overestimating
NOs. It is well-known that nitrates are often overestimated in
photochemical modeling (Morris et al., 2005a; Tesche et al., 2006;
Shimadera et al., 2016; Lu and Fung, 2016). Second, considering the
above discussion of model performance, we think this DSN
discrepancy is also likely due to some overage of ammonia or
shortage of SO, in the model compared to reality.

To examine more closely, we can estimate a lumped DSN value
for all Chinese regions aggregating ammonium, nitrate, and sulfate
contributions by each Chinese source region while setting the total
sulfate concentrations as the denominator. At the same time,
because precursors from Chinese regions will likely react among
themselves while Chinese precursors were still in China, we can
assume that most of the ammonium from China, 9.1 pg/m’

(=0.51 mol/m?) bind with Chinese nitrate near source regions,
which is 25.5 pg/m?> (=0.41 mol/m?) if we ignore that sulfuric acid
has much stronger binding power with ammonium than nitric acid
when ammonia is extremely limited. Then, only 0.094 mol/m® of
Chinese ammonium are available to neutralize Chinese sulfate,
which is 23.3 pg/m> (=0.24 mol/m?>). By taking the total sulfate ion
concentrations, 25 pg/m> (=0.26 mol/m?>), we can estimate that
Chinese DSN is 0.362 (=0.094/0.26) in the SMA. Superficially, this is
puzzling; DSN of 0.362 suggests that only 36.2% of total sulfate ion
molecules are neutralized, even in bisulfate form. However, some
ammonium ions originate from other regions. For South Korea, we
found that 0.41 mol/m> (=0.59 mol/m? of NH;—0.17 mol/m® of
NO3 —2 x 0.003 mol/m?> of SO3~) of ammonium ions are available
after full neutralization of South Korean nitrate and sulfate. Like
Chinese DSN, we could estimate the South Korea DSN as 1.6 (=0.41/
0.26). These estimated DSN values are based on the following
assumption: the respective region would have such a DSN value if
precursors of like regions were more likely to neutralize then those
from unlike regions. From Chinese and South Korean DSN values,
we can infer that South Korea had ample ammonia available while
China lacked ammonia to fully neutralize its nitrate and sulfate. In
other words, most of the ammonium mass neutralizing Chinese
secondary inorganic anion mass in the SMA must have been from
South Korean ammonia emissions. Wang et al. (2016) reported
similar findings in their annual simulations for 2010. This finding
has significant implications, we believe, for the control mechanism
of episodic secondary inorganic aerosol events, especially ammo-
nium sulfates: secondary inorganic aerosols at the SMA during this
event are a product of different major precursors originating from
different regions. At the same time, we noticed significant temporal
variations throughout the episode in ammonium, nitrate, and sul-
fate contributions by each region.

For nitrate, as shown in Figs. 9 and 11, South Korea's domestic
contribution increased throughout the episode, while the Chinese
contribution overall showed an opposite trend, except YRD. How-
ever, SKR consistently dominated the ammonium contribution.
Sulfate contributions show various trends. BTH made relatively
constant contributions for sulfate in the SMA. The most-
contributing region, NRB, increased its contribution until its
largest daily contribution, on February 25, with its sulfate contri-
bution thereafter decreasing, although it remained the most-
contributing region for sulfate on February 27. YRD and COT grad-
ually increased their sulfate contributions.

For South Korea, the primary emission sources of NH3 are area
sources such as agricultural activities. During our analysis period,
February 23—27, the total NH3 emission was 2,978 tons and the area
sources account for 81%. In terms of magnitude, the NH3 emission
in all countries in the 27 km domain except SKR is 212,617 tons. The
NH3 emissions from BTH, COT, and NRB are 16,392 tons, 117,265
tons, and 35,550 tons. Over 99% of these emissions are from area
sources. Domination of area sources for NH3 is very common in
many places. If we calculate (moles of NH3)/(moles of SO») in
emissions, we can obtain 1.5 for the 27 km domain (excluding SKR),
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region.

1.3 for BTH, 1.6 for COT, 1.2 for NRB, and 2.0 for SKR, respectively. It
indicates that excessive ammonia is likely available in SKR
compared with Chinese regions, especially NRB and BTH. China has
much stronger SO, sources (or weaker NH3 sources) relatively
compared with the emission condition in SKR. We recognize that
this simple approach has a caveat; that is, it does not account for
actual atmospheric chemical transformation that emitted pre-
cursors are undergoing.

To investigate region specific degree of neutralization during the
transport, we could use regional specific molar concentrations for

the DSN equation similar to what Wang et al. (2016) attempted to
utilize. However, this approach will need much further validation
because regional specific DNS assumes certain tendency of
neutralization, e.g. Chinese ammonia neutralizing Chinese nitric
acid, that is not necessarily true in all situations, especially at the
downwind locations to assess the impact of upwind sources unless
transport pattern is obvious as we discussed above. In fact, a proper
examination on temporal evolution of region-specific neutraliza-
tion requires a new kind of modeling tool that combines source-
apportionment techniques and a history-tracking approach. It is
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because we must follow the physicochemical history of air parcels
originating from China until they arrive at the SMA to explain fully
how secondary inorganic aerosols are formed and transported in
the region.

4. Conclusion

Past studies of Northeast Asia have focused on either source-
specific total PM contributions or chemical characteristics of
downwind PM concentrations with low spatial resolution. There-
fore, we conducted spatially and chemically resolved source-
apportionment analyses using CAMx-PSAT, investigating the con-
tributions of 10 source regions in Northeast Asia to PM1g, PM2 5, and
PM constituent concentrations in the SMA, South Korea, from
February 22 to February 28, 2014. During the modeled episode, the
SMA experienced high daily averaged PMjp concentrations (e.g.,
over 100 pg/m?). We utilized an ensemble member of the IMAQS-K
air quality forecasting system for South Korea using WRF for
meteorology, emissions inputs comprising INTEX-B 2006, CAPSS
2007, and MEGAN for foreign anthropogenic, domestic anthropo-
genic, and biogenic emissions processed with SMOKE. We used a
tagging-based source-apportionment tool, CAMx-PSAT, for chemi-
cal transport simulation in 27-km, 9-km, and 3-km two-way nested
domains. The CAMx model performed reasonably well when
compared to PM;5 measurements at USDOS monitors in China,
PM;9 measurements at NIER PM1g monitors in the SMA, and PM; 5
measurements at the BulGwang Supersite. The case study period
had observations of very high PM concentrations in areas near
Beijing, with daily average PMjp and PM;5 concentrations over
200 pg/m® and 160 pg/m’>, respectively, from February 23 to
February 27, 2014. Overall, Chinese contributions of PM1g and PM; 5
mass concentrations in the SMA during the case study period were
estimated at 64% and 70%, respectively.

From detailed source-apportionment analysis, we discovered
critical characteristics of high PM events in the SMA. First, high PM
events in the SMA are not only due to primary PM emissions from
multiple sources but also because of complex chemical trans-
formations of precursors originating from different sources. We
observed that the high ammonium sulfate and ammonium nitrate
concentrations in the SMA resulted from Chinese SO, and NOx as
well as South Korean NH3z emissions. We believe this answers a
question raised by Kim et al. (2006) regarding region-specific
characteristics of secondary inorganic aerosol formation in South
Korea. That is, a major portion of Chinese nitrate and sulfate were
neutralized by South Korean ammonium, which also confirms what
Wang et al. (2016) reported with their annual simulations for 2010.
Second, the highest-PM regions in upwind areas (e.g., China) do not
necessarily contribute the most to concentrations of certain PM
species in downwind areas (e.g., South Korea), even if the highest-
PM and most-contributing regions are close to one another. The
model here suggests that, while BTH and COT regions seem to
produce the highest nitrate concentrations in the region, NRB
contributes the most nitrate to the SMA. This highlights the
importance of fine-scale source apportionment and a careful re-
view of region-by-region contributions. In addition, it also implies
that meteorological features such as local and/or synoptic recircu-
lation are important. Lastly, regional contributions were not con-
stant but rather changed over time. For example, China was the
major nitrate contributor in the early stage of the episode, while
South Korea contributed much of the nitrates in the SMA at the end
of the episode.

Based on our findings in this case study, we conclude that
effective PM controls for the SMA will require appropriate domestic
controls in addition to refined foreign control strategies that ac-
count for geographically specific contributions. In addition, future

development of control strategy should consider the chemical
characteristics of PM problems in upwind as well as downwind
areas together by clarifying which regions need to reduce which
primary PM species and/or precursor emissions. Further studies are
warranted to temporally resolve quantitative contribution assess-
ments at downwind areas while tracking the physicochemical
history of air parcels originating from upwind areas to downwind
ones.
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