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H I G H L I G H T S  

• A regional air quality model estimated domestic contributions from different sources and regions to PM2.5 in Korea. 
• Boundary conditions (includes contributions from China) contributed 30% to 50% towards PM2.5 in major cities in Korea. 
• Among the domestic sources, mobile sources contributed the most towards PM2.5 in Korea followed by the industrial sources. 
• Our results are qualitatively similar to previous source attribution studies of PM2.5 in Korea.  
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A B S T R A C T   

We use the CAMx (Comprehensive Air Quality Model with Extensions) chemical transport model (CTM) with 4- 
km horizontal resolution over the Korean Peninsula to investigate source contributions to PM2.5 in Korea from 
domestic and upwind sources. We modeled 2015 and 2016 to account for meteorological variation with Korean 
emissions from the Clean Air Policy Supporting System (CAPSS), meteorology from WRF (Weather, Research, 
and Forecasting) model, and regional boundary concentrations from the GEOS-Chem global CTM. The CAMx 
particulate source apportionment technology (PSAT) provided PM2.5 source contributions from 5 source sectors 
and 6 geographic regions within Korea, international sources, and boundary concentrations. PM2.5 contributions 
from outside Korea are important with boundary concentrations plus the “other” emissions sector (includes 
marine shipping, agricultural ammonia, and international emissions from North Korea and Japan within the 
CAMx domain) contributing 67% of annual average PM2.5 in Seoul in 2016 and 71% in 2015. The boundary 
concentrations contributed between 30% and 50% of PM2.5 at different Korean cities with contributions 
generally lower in 2016 than in 2015. For Korean sources, PM2.5 contributions from Electric Generating Unit 
(EGU) emissions were smaller than contributions from mobile and industrial emissions sources although there is 
considerable day-to-day variation in contributions. On an annual basis in 2016, the “other” category contributed 
25% followed by mobile sources at 23%, industrial sources at 6%, and EGU sources at 3%. For 2015, the con-
tributions were similar. Focusing on March when PM2.5 concentrations were higher than other months, the 
contributions from other, mobile, industrial, and EGUs were 21%, 18%, 4%, and 4%, respectively in 2016. For 
2015, contributions from these four categories were 18%, 15%, 3%, and 3%, respectively.   

1. Introduction 

PM2.5 is a key pollutant of health concern in the Republic of Korea 

(hereafter Korea), especially in cities such as Seoul (Son et al., 2012; Kim 
et al., 2018; Bae et al., 2019). Although a trend of decreasing PM2.5 
concentrations has been observed (Kim and Lee, 2018), the 
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concentrations remain above the national standards (15 μg/m3 annual 
and 35 μg/m3 daily). For example, Kim et al. (2020) examined the 
hourly and quarterly concentrations of PM10 and PM2.5 in seven 
metropolitan areas and Jeju island in Korea from January 2015 to 
September 2019 and showed that PM2.5 levels decreased until 2018 and 
rebounded in 2019, with concentrations consistently higher in spring 
and winter. To inform policies to reduce PM2.5 concentrations in the 
country, it is important to fully understand the contribution of different 
emission sources within Korea under different meteorological condi-
tions. This information can be used to develop effective control strate-
gies to improve air quality. While several apportionment studies have 
focused on the contribution of international sources (e.g., Kim et al., 
2017; Bae et al., 2019; Choi et al., 2019; Bae et al., 2020; Kumar et al., 
2021), fewer studies also examined domestic sources of PM2.5 pollution 
(e.g., Choi et al., 2013; Jeong et al., 2017). 

A review of Korean source apportionment studies by Ryou et al. 
(2018) found that motor vehicles, soil dust, and combustion/industry 
sources were the biggest domestic contributors to PM10 and PM2.5 in the 
country. Secondary aerosol (that includes sulfates, nitrates, and sec-
ondary organic aerosol (SOA)) contributed more than 35% of PM2.5. 
Many of the previous source apportionment studies for emissions sour-
ces in Korea have relied on receptor models. For example, Heo et al. 
(2009) used positive matrix factorization (PMF) in Seoul and showed 
that secondary nitrate (21%), secondary sulfate (21%), and gasoline 
fueled vehicles (17%) were major contributors to PM2.5 followed by 

biomass burning (12%) and diesel emissions (8%). 
Choi et al. (2013) analyzed the chemical composition of PM2.5 

collected at Incheon, Korea every third day from June 2009 to May 2010 
and used PMF to identify sources of PM2.5. The major source factors 
were secondary nitrate (25.4%), motor vehicles (23.0%), and secondary 
sulfate (19.0%) followed by industry (8.5%), biomass burning (6.1%), 
soil (6.1%), combustion and copper production emissions (6.1%), and 
sea salt (5.9%). Jeong et al. (2017) used three different receptor models 
(principal component analysis/absolute principal component score 
(PCA/APCS), PMF, and chemical mass balance (CMB)) to estimate 
contributions of various PM2.5 emission sources to ambient PM2.5 levels 
during 2013 in Busan, a port city in Korea. They showed that the sec-
ondary formation of PM2.5 was the dominant (45–60%) contributor to 
PM2.5 levels and that source contribution estimates to PM2.5 levels 
differed significantly among the models indicating their limitations. Oh 
and Park (2020) analyzed PM2.5 concentration data collected from 
multiple sites in Seoul and estimated regional source profiles using a 
Bayesian multivariate receptor model. They showed that traffic source 
affects the entire city quite evenly except for some undeveloped areas 
and that the industrial sources affect South-Western and North-Eastern 
regions of Seoul. They also showed that the effect of thermal power 
plant emissions on PM2.5 in ‘Mapo’ and ‘Yangcheon’ districts was 
significant. 

While receptor models are useful in identifying source factors 
contributing to PM2.5 in a particular location, they don’t identify specific 

Fig. 1. Horizontal extent of the WRF (red) and CAMx (blue) 4 km domains. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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source categories contributing to concentrations of PM2.5 in that loca-
tion (e.g., a “secondary sulfate” factor that doesn’t include information 
on actual sources). Therefore, chemical transport models (CTMs) are 
needed to estimate source contributions that take into account second-
ary chemistry and long-range transport. Several studies using CTMs for 
Korea have differentiated contributions of international emissions and 
domestic emissions to PM2.5 in Korea. For example, Kim et al. (2017) 
used a regional air quality model to show that while foreign emissions 
contributed more than ~60% of PM2.5 in Seoul, local contributions were 
also significant in inland cities. Bae et al. (2019) conducted regional air 
quality modeling using Community Multiscale Air Quality (CMAQ) 
model for the east Asia domain for the 2012–2016 period and performed 
a set of sensitivity simulations to estimate that the annual averaged 
impact of emissions from China on Seoul PM2.5 concentrations ranged 
from 41% to 44% during the five years. Bae et al. (2020) conducted a 
modeling study using the CMAQ model from 2010 to 2017 using two 
different horizontal resolutions (27- and 9- km). They estimated that 
contributions of emissions from China to annual PM2.5 in different 
provinces in Korea on average for the 8-year period was 58% and 56%, 
respectively for the 27-km and 9-km resolution. However, the range in 
Chinese contributions for individual sites was quite wide and therefore 
they recommend using finer resolutions to better capture the local dy-
namics and the jurisdictional boundaries. 

Here, we report a comprehensive analysis of PM2.5 contributions in 
Korea from 30 emission categories, i.e., 5 inventory sectors in 6 
geographic regions, and boundary concentrations for two years (2015 
and 2016) using the Comprehensive Air Quality Model with extensions 
(CAMx) run at 4-km horizontal resolution and with extensive model 
evaluation. We also evaluated the emissions data used in the model as 
well as the meteorology used by CAMx for both years. 

2. Methods 

We used CAMx version 7.0 (Ramboll, 2019) to conduct the source 
apportionment modeling in Korea. Fig. 1 shows the 4 km horizontal 
resolution modeling domain which covers Korea and portions of several 
neighboring countries. The domain is defined on a Lambert Conformal 
Conic (LCC) projection centered at 36◦N, 128◦E with true latitudes at 
30◦N and 40◦N. We simulated the 2015 and 2016 calendar years. 

Meteorological input data for CAMx were developed using the 
Weather Forecasting and Research (WRF Version 4.0.1; NCAR, 2018) 
model nudged by European Center for Medium-Range Weather Forecast 
(ECMWF) atmospheric analyses. WRF was configured with nested 36, 12 
and 4 km grids (Figure S-4 in Supplemental Information (SI)) and the 4 
km grids for WRF and CAMx are aligned (Fig. 1), although the WRF grid 
is slightly larger so that any numerical artifacts near the WRF 4 km 
nested domain boundary do not influence CAMx. CAMx has 25 layers 
extending through 20 km with 10 layers in the lowest 1 km and a 20 m 
deep surface layer. The WRFCAMx preprocessor reformatted WRF 
output for input to CAMx and diagnosed vertical turbulent exchange 
coefficients (Kv) that determine vertical mixing of pollutants within 
CAMx. We adjusted Kv over urban areas to enhance vertical mixing in 
the lowest 200 m due to heat island and mechanical mixing effects. 
Additionally, we ensured that vertical mixing occurs below and through 
convective clouds by raising the planetary boundary layer (PBL) depth 
to the cloud tops. 

Boundary concentrations (BCs) that describe air quality entering the 
CAMx 4 km grid were provided by simulations that we conducted using 
the GEOS-Chem global model (Harvard University, 2018) for both 2015 
and 2016 (Kumar et al., 2021). Land cover data to characterize surface 
conditions in CAMx, such as surface roughness, deposition parameters, 
vegetative distribution, and water/land boundaries, were from the 
MODIS International Geosphere-Biosphere Programme (MODIS-IGBP) 
data set available with WRF (Friedl et al., 2010). CAMx used the Carbon 
Bond version 6 (CB6r4) mechanism for gas-phase chemistry (Emery 
et al., 2016; Luecken et al., 2019) with the CAMx CF algorithm for PM2.5 

and PM10 chemistry (Ramboll, 2019). More details of the CAMx and 
WRF configurations are in the SI (Tables S–1). 

To conduct source apportionment, the CAMx model has tagged- 
species algorithms to explicitly simulate the fate of emissions from 
specific sources accounting for chemical transformations, transport, and 
pollutant removal (Ramboll, 2019). We used the Particulate Source 
Apportionment Technology (PSAT; Yarwood et al., 2007) to apportion 
both primary and secondary PM2.5. We configured PSAT to determine 
source contributions from 30 emission categories, i.e., 5 emission in-
ventory sectors (Table 1) in 6 geographic regions (Fig. 2), plus the 
boundary and initial concentrations. 

2.1. Emission inventory 

The official Korean emissions inventory for air pollutants is called 
Clean Air Policy Supporting System (CAPSS) developed by the National 
Institute of Environmental Research (NIER). CAPSS is a comprehensive 

Table 1 
Source categories for source apportionment modeling.  

Number Source Category (sectors included) 

1 Natural (biogenic, fire, and sea salt) 
2 Electrical generating unit (EGU) point source 
3 Industrial point and area sources 
4 On-road and off-road mobile sources, including marine ship 
5 Other point sources, other area sources, and agricultural fires and 

ammonia  

Fig. 2. Geographic regions for PM source apportionment with CAMx PSAT.  
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emissions inventory for seven primary pollutants (CO, SO2, NOx, VOC, 
NH3, PM10, and PM2.5) that has been used to support multiple local and 
regional air quality studies (e.g., Kim et al., 2017; Bae et al., 2019; Bae 
et al., 2020). We used the 2015 CAPSS for both 2015 and 2016 because 
there was no official inventory available for 2016. More details about 
the CAPSS emissions are provided in the SI (Tables S–3 and Figures S-1, 
S-2, and S-3). 

We used the latest version of The Sparse Matric Operating Kernel for 
Emissions (SMOKE, Version 4.5; CMAS, 2018) to develop hourly, grid-
ded, and chemically speciated emissions that are needed by CAMx. 
During emissions processing, annual emissions inventories were speci-
ated to model species, temporally allocated to hourly emissions, and 
spatially allocated to grid cells. Biogenic emissions were generated using 
Model of Emissions of Gases and Aerosols in Nature (MEGAN, Version 
2.03), developed at the National Center for Atmospheric Research 
(NCAR; Sakulyanontvittaya et al., 2008). MEGAN incorporates recent 
information and has a detailed classification of plant species. We applied 
MEGAN using hourly meteorology (for example. temperature and solar 
radiation) from WRF for 2015 and 2016 to generate hourly varying 
biogenic emissions for the 4 km CAMx modeling domain. Total biogenic 
VOC emissions over the 4 km domain were calculated to be 824,882 
metric tons per year (tpy) for 2015 and 866,278 tpy for 2016. Biogenic 
emission estimates only for Korea are given in Table 2. 

Wildfire emissions are highly episodic and location specific. We used 
date-specific and geographically resolved estimates of fire emissions 
from the Fire INventory from NCAR (FINN) that are based on fire de-
tections by satellite (Wiedinmyer et al., 2006, 2011; Wiedinmyer and 
Friedli, 2007). We modeled fire plume rise as a function of fire area using 

methods from the Western Regional Air Partnership’s (WRAP) Joint Fire 
Science Program’s Deterministic and Empirical Assessment of Smoke’s 
Contribution to Ozone (DEASCO3) project (Mavko and Morris, 2013). 
Agricultural fire emissions for Korea were included in the CAPSS 
inventory. 

Sea salt emissions contribute to PM in marine and coastal environ-
ments. We estimated open-ocean sea salt emissions using a parameter-
ization proposed by Ovadnevaite et al. (2014) which expresses the 
aerosol flux density function using a combination of multiple lognor-
mally distributed modes for different droplet sizes. We estimated 
surf-zone (coastal) sea salt emissions with the Gong (2003) parameter-
ization for whitecap fraction (the fraction of the ocean surface covered 
by whitecaps) and size-dependent droplet production per-unit whitecap 
area. To obtain hourly-varying sea salt emission estimates we used 
meteorology (wind speed and sea surface temperature) from the WRF 
simulations for 2015 and 2016. 

Table 2 summarizes the processed emissions of five major pollutants 
from Korea by source categories used in CAMx source apportionment 
modeling. Mobile sources are the largest emissions category for NOx 
followed by industry and EGU point sources. The industrial sources are 
the largest emitter of SO2, VOC, and PM2.5. The FINN wildfire emissions 
inventory had no wildfires within Korea in 2016 and for 2015 they were 
only about 0.5% of total anthropogenic VOC emissions and less than 
0.1% of total anthropogenic NOx emissions. 

Table 2 
2015 and 2016 annual emissions (metric tons per year) in Korea.  

Source Category CO NOX VOC SO2 PM2.5 

Electrical generating unit (EGU) point source 55,138 150,818 7464 91,243 3607 
Industrial point and area sources 42,923 228,969 529,149 190,482 41,449 
On-road and off-road mobile sources including marine shipping 381,216 673,961 86,456 39,632 22,922 
Other point sources, other area sources, and agricultural fires and ammonia 313,497 103,980 387,701 30,934 30,857 
Total Anthropogenic 792,774 1,157,728 1,010,770 352,291 98,835 
2015 Biogenic 71,572 4461 619,743 0 0 
2015 Wildfire 20,550 1056 5616 127 1705 
2015 Sea Salt 0 0 0 0 33,795 
2015 Total 884,896 1,163,245 1,636,129 352,418 134,335 
2016 Biogenic 75,413 4881 654,797 0 0 
2016 Wildfire 0 0 0 0 0 
2016 Sea Salt 0 0 0 0 36,262 
2016 Total 868,187 1,162,609 1,665,567 352,291 135,097  
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Fig. 3. Per-capita emissions by pollutant (except miscellaneous-other combustion and fugitive dust) (*CO emissions divided by 5).  
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3. Results 

3.1. Emissions evaluation 

Before using the raw emissions from the CAPSS emissions inventory, 
we evaluated those emissions by comparison with other inventories: the 
NEI (National Emissions Inventory) of US EPA (Environmental Protec-
tion Agency) and EMEP/EEA (European Monitoring and Evaluation 
Program)/(European Environmental Agency) of EU28 for Years 2014 
and 2015, respectively. The NEI is the emissions inventory for the United 
States compiled by the US EPA. NEI has been estimated every three 
years, and the latest available inventory available was for 2014 (US EPA, 
). EMEP/EEA 2015: EMEP/EEA is the emissions inventory of EU28, 

which is compiled using the CORINAIR system. The version we have 
used is for 2015. 

Fig. 3 shows inter-comparison of per-capita emissions by pollutant. 
For most pollutants other than CO, US NEI shows a factor of 1.5–2.5 
higher per-capita emissions than 2015 CAPSS or EMEP/EEA inventory. 
For CO, the differences are much higher. The reason that CO emissions 
are so low in Korea—even compared to EU—is because of the lower 
industrial and residential sector emissions. Sectoral percentage contri-
bution of CO emissions in CAPSS are similar to US NEI (that is, high 
mobile sources and biomass-related combustions’ contribution), but the 
amounts are much smaller. This indicates a high possibility of general 
underestimation of CO emissions in CAPSS across all source sectors in 
Korea. For the original emissions inventory, US NEI has much higher 
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per-capita PM2.5 emissions compared to Korea and EU because it has 
much higher biomass burning (e.g., forest fires) and road dust emissions 
in the inventory. Even though the fires and road dust emissions are also 
included in the CAPSS inventory, the amounts are much smaller. Unlike 
in the United States, domestic forest fires and unpaved roads are limited 
in Korea. Those sectors were omitted in Fig. 3 (for all regions) to make 
more reasonable comparison among inventories and therefore focus 
more on fossil-fuel-related similarities. 

Fig. 4 shows comparison of per-capita emissions by sector and 
pollutant. The emissions are higher for the on-road mobile sector, 
especially in US NEI, which represents higher vehicle use in the United 
States. For the power and industrial sectors, SOx/NOx and NMVOCs/ 
NOx are the first or second highest emissions in US NEI, which is similar 
to EEA and CAPSS but with much lower intensity in the latter. The 
emissions for NH3 in NEI show higher intensity but with much less 
difference from CAPSS or EEA emissions. The solvent-agriculture-other 
sector is significant for NMVOCs and NH3 emissions. 

For the residential sector in Korea, biofuels use (mainly wood com-
bustion) is limited compared to the United States, which is the reason CO 
and VOCs emissions are relatively low in CAPSS compared to NEI. For 
VOCs, Simpson et al. (2020) indicated high solvent and mobile contri-
bution in Seoul based on the aircraft measurement–based source 
apportionment in the KORea-US cooperative Air Quality (KORUS-AQ) 
aircraft field campaign (NIER and NASA, 2017). In Fig. 4, mobile VOCs 
in CAPSS are the lowest among three inventories whereas the solvent 
sector is the highest, which indicates possible underestimation of mobile 
VOCs and overestimation of the solvent use sector. The agriculture 
sector in CAPSS includes only NH3 whereas agricultural burning is also 
included in NEI. CAPSS shows the lowest per-capita NH3 emissions, 
which indicates the country’s smaller livestock industry compared to the 
United States or Europe. Although the Power Sector shows higher 
emissions for US NEI, there have been significant reductions in those 
emissions since 2014. Additional evaluation of emissions is provided in 
the SI. 

3.2. Meteorological model evaluation 

To evaluate WRF model performance, we used the Surface Data 
Hourly Global (DS3505) data, which are quality controlled and provide 
observations at locations determined to be representative of the sur-
rounding geographic area, e.g., measurements at airports. We also 
investigated whether using meteorological data from the Automatic 
Weather System (AWS) network operated by the Korea Meteorological 
Administration (KMA) could improve the WRF evaluation after consid-
ering the apparent data representativeness and quality. Performance 
statistics are compared to established performance benchmarks (Emery 
et al., 2001; McNally, 2009) to understand how good or poor the results 
are relative to other model applications. These benchmarks were origi-
nally designed for ozone model applications for cities in the eastern and 
midwestern United States and Texas that were primarily simple (flat) 
terrain and included simple (stationary high-pressure causing stagna-
tion) meteorological conditions (Emery et al., 2001). More recently, 
these benchmarks have also been used in meteorological modeling 
studies that include areas with complex (irregular topography and/or 
land cover) terrain (McNally, 2009; Environ and Alpine, 2012). Complex 
conditions can include local scale circulations including 
mountain-valley winds and land-sea breezes that occur in this study. 

The equations for bias and error are shown below, with the equation 
for the RMSE similar to “Error” except that first the square of the dif-
ferences between the prediction and observation is taken, and then a 
square root is taken of the entire quantity. 

Bias=
1
N

∑N

i=1
(Pi − Oi)

Error=
1
N

∑N

i=1
|Pi − Oi|

We present the average statistics for each of the four meteorological 
parameters graphically using the so-called “soccer plot” display. Soccer 
plots graph monthly average bias versus monthly average error. Along 
with the results are the simple (plotted in black) and complex bench-
mark lines (red). It is desirable to have the symbols lay inside the 
benchmark outline (that is, score a goal in the soccer plot analogy). 
Using the final WRF model configuration for physics options and domain 
selection, we completed annual WRF model simulations for the 2015 
and 2016 baseline years. Fig. 5 shows soccer plots for the 2015 WRF 
simulation for wind speed (top) and wind direction (bottom) across all 
DS3505 monitoring sites within the 4 km WRF domain. Fig. 6 shows 
similar plots for the 2016 simulation. Soccer plots for temperature and 
humidity are provided in the SI (Figures S-5 and S-6). 

For both simulation years, wind speed and direction exhibit the best 
performance during the summer months. We find good performance for 
temperature throughout the duration of the WRF simulations, with 
several months meeting the simple conditions threshold. We also find 
good humidity performance for all months in 2015 and 2016. Although 
humidity shows a consistent negative (dry) bias, it is not large. Only one 
month (December 2015) is outside of the simple conditions benchmark. 
Given the complex terrain (that is, coastal, urban, and elevated terrain 
that generates local-scale circulations) within the modeling domain, 
these evaluation results demonstrate good WRF performance and sug-
gest that the meteorological inputs are suitable for air quality modeling. 

Fig. 5. Monthly WRF bias and error compared to benchmark for complex 
conditions (red box) for wind speed (top) and wind direction (bottom) at the 
DS3505 monitors for 2015. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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3.3. Evaluation of the 2016 CAMx simulation 

The data sources used in the CAMx evaluation include the Air Quality 
Monitoring Station (AQMS) network and six PM supersites in Korea 
operated by NIER at locations shown in Fig. 7. The AQMS network 
provides hourly concentrations for CO, NO2, O3, PM2.5, PM10, and SO2, 
which are available to the public (http://www.airkorea.or.kr). The six 
PM supersites provide daily average measurements for speciated PM 
components (Korea Ministry of Environment, 2018). 

Performance statistics are compared to performance benchmarks 
(Goals and Criteria) proposed by Emery et al. (2017) for ozone and 
PM2.5. “Goals” indicate statistical values that should be viewed as the 
best a model can be expected to achieve. “Criteria” indicate statistical 
values that should be viewed as what a majority of models have 
achieved. 

The model performance evaluation for the initial model run for 2016 
revealed that some pollutants had high positive bias (or biased high) and 
others had high negative bias (or biased low). SO2 was biased high in 
restricted locations near major sources. Ozone was biased high in most 
areas, suggesting that regional background may be overestimated. 
Isoprene concentrations were high in forested areas. PM2.5 nitrate was 
biased high at all supersite locations (rural and urban). PM2.5 ammo-
nium was biased high at all supersite locations. VOC was biased low in 
Seoul and surrounding areas. CO was biased low in all areas. PM2.5 OA 
(organic aerosol) was biased low at supersite locations but high in some 
unmonitored locations near major sources. 

We investigated potential causes of these biases with a series of 
diagnostic simulations and based on those simulations, made several 
adjustments to CAMx input data that are reasonable on a technical basis 
and also improve agreement with observations. We reduced GEOS- 
Chem boundary conditions (BCs) for particulate nitrate (PNO3), 
HNO3, particulate ammonium (PNH4), and NH3 by half because those 
were too high based on comparison against aircraft data (NIER and 
NASA, 2017). We increased GEOS-Chem BCs for particulate sulfate 
(PSO4) and SO2 by 30% to account for underpredictions in the model 
(Kumar et al., 2021). Finally, we reduced the biogenic isoprene emis-
sions factor by half, and further reduced isoprene emissions in urban 
areas by accounting for built areas that are inadequately differentiated 

Fig. 6. Monthly WRF bias and error compared to benchmark for complex 
conditions (red box) for wind speed (top) and wind direction (bottom) at the 
DS3505 monitors for 2016. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. The NIER AQMS network (left) and PM2.5 supersites (right).  
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by the MEGAN landcover data. Measurements during KORUS-AQ 
showed isoprene concentrations to be ~0.5 ppb on average (Sullivan 
et al., 2019), whereas our initial simulations were showing much higher 
concentrations. Adjusting isoprene emissions brought isoprene concen-
trations to be mostly below 0.5 ppb. 

Table 3 provides a summary of model performance statistics for the 
final simulation based on the various adjustments. The statistics show 
PM2.5 underestimations at each of the six supersites (NMB ranges from 
− 40.8% at Bangnyeong to − 23.4% at Seoul) as well as the average of all 
NIER sites (NMB: -23.5%). Bae et al. (2020) also found bias toward 
underpredicting PM2.5 at six supersites with average NMB of − 19.1% for 
eight years of modeling. Statistics for ozone, NO2, and SO2 all show 
overestimations. 

Table 4 provides bias statistics by season to see how the model bias 
may vary from one season to another for different species. For PM2.5, 
the bias is generally the highest in winter (December, January, and 
February) and the lowest in summer (June, July, and August) seasons 
with the spring (March, April, and May) numbers similar to the annual 
values. For ozone and NO2, the highest bias occurs in the spring while 
the lowest is in spring. Overall, the model underestimates PM2.5 as we 
saw in the annual statistics, but the model performance is within the 
criteria based on Emery et al. (2017) recommendations. 

Fig. 8 shows a scatter plot of daily averaged PM2.5 concentrations 
(observed vs. CAMx) across all NIER sites in 2016. The NMB and NME 
statistics are well within the criteria and close to the goal benchmarks. 

Table 3 
CAMx model performance statistical summary for 2016 simulation. Statistics for ozone, NO2, and SO2 are averaged across all NIER stations. Units for PM2.5 are μg/m3 

and ppb for ozone, NO2, and SO2.   

# Obs Mean Observed Mean Predicted Bias r NMB (%) NME (%) 

PM2.5 (NIER) 46,292 26.2 20.0 − 6.2 0.471 − 23.5 41.3 
PM2.5 Seoul 348 27.4 19.7 − 7.7 0.606 − 28.4 38.5 
PM2.5 Daejeon 352 29.7 18.0 − 11.7 0.567 − 38.9 45.4 
PM2.5 Gwangju 345 25.5 16.4 − 9.1 0.590 − 35.2 42.4 
PM2.5 Ulsan 358 22.2 15.4 − 6.8 0.637 − 30.3 40.5 
PM2.5 Jeju 318 13.9 9.6 − 4.3 0.594 − 30.5 51.8 
PM2.5 Baengnyeong 348 21.7 12.6 − 9.1 0.635 − 40.8 47.8 
Ozone MDA8 45,918 41.0 48.3 7.3 0.707 17.6 30.4 
Ozone MDA1 46,437 48.5 55.1 6.6 0.714 13.3 27.4 
NO2 MDA1 47,081 40.3 48.7 8.4 0.478 20.9 43.1 
NO2 24-hr 47,081 23.2 26.1 2.9 0.581 12.7 40.9 
SO2 MDA1 46,011 8.2 11.3 3.1 0.421 37.4 79.1 
SO2 24-hr 46,011 4.6 5.2 0.7 0.423 14.5 65.5  

Table 4 
Bias in CAMx model predictions by season for the 2016 simulation. Units for 
PM2.5 are μg/m3 and ppb for ozone, NO2, and SO2. DJF refers to December, 
January, and February and so on for MAM, JJA, and SON.   

Bias  

Annual DJF MAM JJA SON 

PM2.5 (NIER) − 6.2 − 11.9 − 6.8 − 2.3 − 3.9 
PM2.5 Seoul − 7.7 − 14.0 − 10.1 − 1.7 − 4.7 
PM2.5 Daejeon − 11.7 − 20.4 − 11.5 − 6.4 − 8.3 
PM2.5 Gwangju − 9.1 − 15.2 − 8.2 − 5.4 − 7.6 
PM2.5 Ulsan − 6.8 − 10.6 − 7.4 − 3.5 − 5.4 
PM2.5 Jeju − 4.3 − 10.9 − 3.2 0.3 − 3.6 
PM2.5 Baengnyeong − 9.1 − 12.3 − 9.0 − 6.0 − 9.0 
Ozone MDA8 7.3 7.3 − 0.8 13.5 9.5 
Ozone MDA1 6.6 6.7 − 2.5 12.9 9.0 
NO2 MDA1 8.4 − 3.6 4.0 21.9 11.5 
NO2 24-hr 2.9 − 3.6 0.4 9.7 5.4 
SO2 MDA1 3.1 2.5 2.9 2.9 4.7 
SO2 24-hr 0.7 0.2 0.7 0.7 1.3  

Fig. 8. Scatter plot of observed vs. CAMx 2016 Run10 24-h average PM2.5 
concentrations at all NIER monitoring sites. 

Fig. 9. Map of Seoul showing locations of KIST sampling site and 
Olympic Park. 
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These statistics suggest good PM2.5 model performance. During the 
KORUS-AQ campaign, a fixed sampling site at the campus of the Korean 
Institute of Science and Technology (KIST; see Fig. 9) measured speci-
ated PM1 components as well as precursors to both ozone and PM (Kim 
et al., 2018). We used these measurements to assess CAMx model per-
formance for individual PM2.5 species in Seoul. Table 5 shows the 
speciated PM1 component observations at the KIST site compared 
against the CAMx PM2.5 component concentrations for the KORUS-AQ 
period (April 14 to June 15, 2016). While sulfate, ammonium, and BC 
compare reasonably well, model overpredicts nitrate and significantly 
underpredicts organic aerosol. “Other PM2.5“ in the model refers to 
crustal matter. 

Fig. 10 shows the model performance for 24-h averaged Nitrate 
(NO3), Ammonium (NH4), and Sulfate (SO4) at three of the supersites: 
Seoul, Daejeon, and Baengnyeong. Although there is lot of variability in 
model predictions against the observed values, the overall mean bias is 
small. The model is within the criteria metrics generally used for 
speciated PM2.5 except for Nitrate at Baengnyeong where the NMB is 
slightly above the criteria value. Also, for Ammonium and Sulfate, the 
NME is slightly above the criteria values at Seoul and Daejeon. Overall, 
the model performance for speciated PM2.5 is similar to what is seen for 
typical modeling studies. 

3.4. Evaluation of 2015 CAMx simulation 

Here we describe the CAMx model performance evaluation for the 
2015 baseline year using the same configuration as for 2016. Overall, we 
find that 2015 performance is very similar to 2016 performance. Table 6 
provides a summary of model performance statistics for the CAMx 2015 
simulation. The statistics show PM2.5 underestimations at each of the six 
supersites (NMB ranges from − 40.1% at Daejeon to − 18.9% at Seoul) as 
well as at the average of all NIER sites (NMB: -15.2%). Similar to 2016, 
statistics for ozone, NO2, and SO2 all show overestimations. 

Fig. 11 shows a scatter plot of daily averaged PM2.5 concentrations 
(observed vs. CAMx) across all NIER sites in 2015. The NMB and NME 
statistics are well within the criteria and close to the goal benchmarks. 
These statistics suggest reasonably good PM2.5 model performance. 

3.5. Contribution from sources and source regions within Korea 

3.5.1. Contributions for 2016 
Fig. 12 shows annual average PM2.5 contributions by emissions 

source category for the six supersites. The largest contribution for each 
site, labelled Boundary, comes from outside the CAMx domain and is 
determined by the CAMx BCs obtained from GEOS-Chem. The largest 

boundary contributions are at Jeju (69.1%) and Baengnyeong (82.4%), 
the two sites closest to the edge of the CAMx domain. The next largest 
contribution is Other, which includes marine shipping, agricultural 
ammonia, and international emissions from North Korea and Japan that 
are within the CAMx domain. EGU contributions are relatively small, 
ranging from 1.2% (Baengnyeong) to 4.4% (Gwangju) of total PM2.5. 

Fig. 13 presents the same pie charts as in Fig. 12 but shows the 
average of the top 10 p.m.2.5 days in 2016 instead of the annual average 
to see how the contribution might vary on most polluted days. The 
boundary contribution decreases for all sites, but Jeju and Gwangju in 
Fig. 13 compared to what is seen in the annual pie charts in Fig. 12. At 
these four sites, the non-boundary contributions are larger on the top 10 
days, but the composition among these sources varies. At each of the 
four sites, the EGU contribution is higher on the top 10 days. However, 
the maximum EGU contribution (Daejeon: 6.2%) is still smaller 
compared to other source categories (Other: 25.1%; Mobile: 21.7%; 
Industrial: 11.2%). 

Fig. 14 presents the same pie charts as in Fig. 12 but shows the March 
2016 monthly average instead of the annual average, as March is the 
month when the PM2.5 concentrations are the highest. The boundary 
contribution increases at all sites in Fig. 14 compared to the annual pie 
charts shown in Fig. 12. 

In Fig. 15, we present box plots showing the distribution of 24-h 
average PM2.5 EGU contributions by emissions source region at the 
Seoul (top), Daejeon (middle), and Gwangju (bottom) supersites. The 
dots show contributions for different days, the box shows where the 50% 
of the contributions lie with the line in the box indicating the median 
contribution, and the thick lines show lower and upper extremes (values 
outside of those extremes are considered outliers). Plots for other cities 
are shown in the SI (Figures S-7 and S-8). The boundary contribution box 
plot is shown on a separate axis because the values are much larger. The 
box plots show that the largest daily PM2.5 contributions from EGUs at 
each site come from the Incheon/Gyeonggi/ChungNam region. In Seoul, 
EGU contributions do not exceed 1.0 μg/m3 from any other region. 

It is also insightful to examine spatial patterns of contributions from 
different source categories, so we have included that in Figure S-11 for 
the annual contribution to PM2.5 from six source categories. 

3.5.2. Contributions for 2015 
Fig. 16 shows 2015 annual average PM2.5 contributions by emissions 

source category for the six supersites. As with the 2016 results, the 
largest contribution at each site comes from the CAMx BCs. The largest 
boundary contributions are at Jeju (71.3%) and Baengnyeong (89.5%), 
the two sites closest to the edge of the CAMx domain. The next largest 
contribution is Other, which includes marine shipping, agricultural 
ammonia, and international emissions from North Korea and Japan that 
are within the CAMx domain. EGU contributions are relatively small 
(and very similar to 2016), ranging from 1.1% (Baengnyeong) to 4.1% 
(Gwangju) of total PM2.5. 

Fig. 17 presents the same pie charts as in Fig. 16 but shows the 
average of the top 10 days in 2016 instead of the annual average. For all 
sites except Jeju, the boundary contribution changes by less than 5% 
compared to the annual averages. At all six sites, the EGU contribution is 
slightly higher on the top 10 days (maximum at Gwangju: 4.5%) 
compared to the annual averages (Gwangju: 4.1%). 

Fig. 18 presents the same pie charts as in Fig. 16 but shows the March 
2015 monthly average instead of the annual average. The boundary 
contribution increases at all sites in Fig. 18 compared to the annual pie 
charts shown in Fig. 16. Although the non-boundary contributions are 
larger for March compared to the annual averages, the EGU contribu-
tions are higher in March for all sites except Baengnyeong. 

In Fig. 19, we present box plots showing the distribution of 24-h 
average PM2.5 EGU contributions by emissions source region at the 
Seoul (top), Daejeon (middle), and Gwangju (bottom) supersites, and 
similar box plots are shown for Ulsan, Jeju, and Baengnyeong in the SI. 
(Figures S-9 and S-10). The boundary contribution box plot is shown on 

Table 5 
Speciated PM1 component observations (left table) and CAMx (right) PM2.5 
components for April 14–June 15, 2016 at the KIST sampling site.  

KORUS-AQ KIST Measurements (Kim et al., 
2018) 

Average (μg/ 
m3) 

Fraction of PM1 

(%) 

Organic Aerosol 9.76 44% 
Nitrate 3.78 17% 
Sulfate 4.40 20% 
Ammonium 2.56 12% 
Chloride 0.04 0% 
BC 1.52 7% 
Total PM1 22.10 100%  

CAMx Model Average (μg/m3) Fraction of PM2.5 (%) 

Organic Aerosol 4.14 19% 
Nitrate 5.21 24% 
Sulfate 4.13 19% 
Ammonium 2.97 14% 
Chloride 0.02 0% 
BC 1.33 6% 
Other PM2.5 3.92 18% 
Total PM2.5 21.72 100%  
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a separate axis because the values are much larger. The box plots show 
that the largest daily PM2.5 contributions from EGUs at each site except 
Jeju and Ulsan come from the Incheon/Gyeonggi/ChungNam region. In 
Seoul, EGU contributions do not exceed 1.0 μg/m3 from any other region 
except for two days. We find the largest EGU contributions at Gwangju, 
where the annual maximum contribution from the Incheon/Gyeonggi/ 
ChungNam region is 6.9 μg/m3 and 3.7 μg/m3 from the Southern 
Provinces. 

Figure S-12 for the spatial distribution of annual contribution to 
PM2.5 from six source categories. 

3.5.3. Differences between contributions for 2015 and 2016 
In Table 7, we present 2015 and 2016 annual average PM2.5 con-

tributions by emissions source region at selected cities near EGU sources. 
Table 8 presents a similar comparison showing the 2015 and 2016 
annual average PM2.5 contributions by emissions source category. 
Overall, results are similar between 2015 and 2016. EGU contributions 
are relatively small (largest contributions are only 7% of total PM2.5 at 
Boryeong and Taean) and nearly identical between 2015 and 2016 
(maximum difference is 0.1 μg/m3). 

Fig. 10. Scatter plot of observed vs. CAMx 2016 Run10 24-h average Nitrate (top), Ammonium (middle), and Sulfate (bottom) concentrations at Seoul (A), Daejeon 
(B), and Baengnyeong (C). 
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4. Discussion 

We conducted annual simulations for 2015 and 2016 using CAMx to 
estimate contributions to PM2.5 in Korea from different sources and 
source regions within Korea. Emissions inventory, the WRF model, and 
the CAMx model were evaluated extensively before conducting the 
source apportionment modeling using CAMx. 

The CAPSS emission inventory was used for the study, as it is the 
official emissions inventory for Korea. We compared the CAPSS in-
ventory to the US NEI and EMEP EI to understand limitations of the 
emissions used in the modeling. For the regional emissions inventories, 
US NEI has much higher per-capita PM2.5 emissions compared to Korea 
and EU because it has much higher biomass burning (fire) and road dust 
emissions in the inventory. Without those sectors, 2015 CAPSS showed 
reasonable per-capita emissions agreements to EMEP EI and US NEI. For 
most pollutants other than CO, US NEI showed 1.5–2.5 higher per-capita 
emissions than 2015 CAPSS and EMEP EI, which are in a reasonable 
range considering socio-economic and geographic differences among 
the countries/regions. CO emissions comparison, however, indicated 
general underestimation of CO emissions in CAPSS across all the source 
sectors in Korea. This, however, should not have affected CAMx results 
much due to the low chemical reactivity of CO. For VOCs, the solvent 

emissions were relatively high, and on-road mobile emissions were low 
in CAPSS, compared to the other two inventories. High solvent use 
seems reasonable based on the aircraft-based source apportionment in 
the KORUS-AQ field campaign. Lower VOCs from the on-road mobile 
sector are indicated, at least in part, due to the higher diesel fleet mix in 
Korea. For the residential sector in CAPSS, biofuel use is limited 
compared to NEI, which is the reason CO and VOCs emissions in this 
sector are low in Korea. The CAPSS showed the lowest per-capita NH3, 
which indicates Korea’s smaller livestock industry compared to the 
United States or Europe. Overall, we conclude that the emission in-
ventory data sets selected were reasonably good, even with some limi-
tations, to be used for the air quality modeling. CO emissions across all 
the sectors and NMVOCs from the mobile and solvent source sectors in 
the CAPSS inventory should to be improved in the long run. 

Evaluation of the CAMx modeling indicated that PM2.5 model per-
formance met the benchmark criteria for both 2015 and 2016. There was 
also good performance for SO4 and NH4 while NO3 was biased high and 
OA was biased low, which requires further investigation. Overall, model 
performance between 2015 and 2016 was quite similar. As with 2016, 
2015 p.m.2.5 concentrations were underestimated at most locations, but 
the discrepancies from observed values were not large. Although the 
model evaluation met the benchmark criteria for both years, there are 
important caveats that must be kept in mind when interpreting the 
source contribution analysis conducted using the model. There are un-
certainties in model inputs (emissions and meteorology) and physical 
and chemical parameterizations in the model that can influence the 
results, so there is always some uncertainty around source contribution 
estimates obtained using models. 

Our analysis of the source contribution analysis using CAMx esti-
mated that the boundary contribution combined with the “Other” sector 
(including marine shipping, agricultural ammonia, and international 
emissions from North Korea and Japan within the CAMx domain) 
together contribute 67% of the annual average PM2.5 concentration in 
Seoul in 2016 and 71% in 2015. The boundary conditions were esti-
mated to contribute between 30% and 50% of PM2.5 at different cities (e. 
g., Seoul, Daejeon, Gwangju, etc.) with 2016 contributions lower than 
2015 on average. PM2.5 contributions from EGU emissions were esti-
mated to be small in comparison to contributions from mobile and in-
dustrial emissions sources. The largest daily PM2.5 contributions from 
EGUs at each site come from the Incheon/Gyeonggi/ChungNam region 
both in 2016 and 2015. In general, there is a lot of variability in con-
tributions from different sources and regions. Among Korean sources, 
mobile and “Other” were the most important. 

Since Seoul is the most populated city in Korea, we provide below 
specific results for Seoul from the PM2.5 contribution analysis using 
CAMx. 

On an annual basis, the “Other” category contributed 25% followed 
by mobile sources at 23% and industrial sources at 6%. The contribution 
from EGU was estimated at 3%. Focusing on the top 10 p.m.2.5 days, the 
contributions from other, mobile, industrial, and EGUs were 21%, 27%, 

Table 6 
CAMx model performance statistical summary for 2015 simulation. Statistics for ozone, NO2, and SO2 are averaged across all NIER stations.   

# Obs Mean Observed Mean Predicted Bias r NMB (%) NME (%) 

PM2.5 (NIER) 35,871 25.3 21.3 − 4.0 0.585 − 15.2 36.4 
PM2.5 Seoul 362 28.0 22.6 − 5.3 0.697 − 18.9 33.4 
PM2.5 Daejeon 331 35.8 21.5 − 14.2 0.670 − 40.1 44.0 
PM2.5 Gwangju 358 28.2 20.0 − 8.2 0.687 − 28.7 38.4 
PM2.5 Ulsan 360 22.6 17.2 − 5.4 0.713 − 23.3 34.1 
PM2.5 Jeju 358 16.1 12.0 − 4.1 0.509 − 25.5 48.7 
PM2.5 Baengnyeong 352 23.8 14.9 − 8.9 0.619 − 36.9 44.8 
Ozone (MDA8) 36,526 40.4 48.1 7.7 0.705 18.7 30.7 
Ozone (MDA1) 36,916 47.9 54.5 6.7 0.706 13.7 27.7 
NO2 (MDA1) 36,849 40.7 48.8 8.1 0.478 19.9 42.5 
NO2 (24-hr) 36,849 23.5 26.4 2.9 0.612 12.5 40.2 
SO2 (MDA1) 35,816 8.9 11.7 2.9 0.470 32.4 71.9 
SO2 (24-hr) 35,816 5.1 5.5 0.4 0.452 8.5 58.5  

Fig. 11. Scatter plot of observed vs. CAMx 2015 24-h average PM2.5 concen-
trations at all NIER monitoring sites. 
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8%, and 4%, respectively. For 2015, the contributions were similar for 
different sources. For example, on an annual basis, the contributions 
from other, mobile, industrial, and EGUs were 23%, 21%, 5%, and 3%, 
respectively. On the Top 10 p.m.2.5 days in 2015, the contributions from 

other, mobile, industrial, and EGUs were 20%, 21%, 5%, and 4%, 
respectively. Focusing on the month of March when the PM2.5 concen-
trations were higher than other months, the contributions from other, 
mobile, industrial, and EGUs were 21%, 18%, 4%, and 4%, respectively, 

Fig. 12. 2016 annual average PM2.5 contributions by emissions source category for Seoul (top left), Daejeon (top right), Gwangju (middle left), Ulsan (middle right), 
Jeju (bottom left), and Baengnyeong (bottom right. 
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in 2016. For 2015, contributions from these four categories were 18%, 
15%, 3%, and 3%, respectively. The percentage contributions from 
Korean sources are lower in March compared to annual averages 
because of higher contributions from boundary. 

As with any modeling study, this study has some limitations that 
must be kept in mind when interpreting the results. Our model evalua-
tion analysis showed reasonable model performance for total PM2.5; 
however, there were biases in some of the individual PM2.5 components. 

Fig. 13. 2016 annual top 10 p.m.2.5 contributions by emissions source category for Seoul (top left), Daejeon (top right), Gwangju (middle left), Ulsan (middle right), 
Jeju (bottom left), and Baengnyeong (bottom right). 
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In addition, our evaluation of emissions showed that some limitations 
exist in Korean emissions estimates. We found large uncertainty in 
ammonia and biogenic emissions in Korea as well as in windblown and 
fugitive dust emissions. Any potential errors in emissions can affect the 

modeling simulations and therefore affect the contribution from sources 
contributing to organic aerosol (for example, mobile sources) and other 
components of PM. We investigated contributions from different sources 
and regions for two different meteorological years to account for the 

Fig. 14. 2016 March average PM2.5 contributions by emissions source category for Seoul (top left), Daejeon (top right), Gwangju (middle left), Ulsan (middle right), 
Jeju (bottom left), and Baengnyeong (bottom right). 
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variability in meteorology. However, the two years simulated (2015 and 
2016) may still not account for the differences in prevailing transport 
patterns, so contributions from different sources and regions may vary in 
other years even if emissions do not change. 

5. Conclusion 

Although there have been previous studies that examined source 
contributions to PM2.5 within Korea, our study performed a detailed 
modeling analysis to estimate contributions to PM2.5 in Korea from 
different sources and source regions and for two different years. Our 

Fig. 15. 2016 24-h average PM2.5 EGU contributions by emissions source region at Seoul (top), Daejeon (middle), and Gwangju (bottom). Note that the scale 
maximum varies. Inc/Gyeon/ChNam refers to Incheon, Gyeonggi, and ChungNam Provinces; So. Provinces refers to Busan, Gyeongnam, Ulsan, and Jeonnam 
Provinces; ROD refers to Rest of Domain. 
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results are qualitatively similar to previous studies with some important 
differences. For example, Ryou et al. (2018) found that motor vehicles, 
soil dust, and combustion/industry sources were the biggest domestic 
contributors to PM10 and PM2.5 in the country. Our study also found that 

mobile sources and industrial sources were among the biggest domestic 
contributors to PM2.5 in both the years (2015 and 2016). Other receptor 
modeling studies have shown that secondary aerosols (nitrate, sulfate, 
organics) and mobile sources to be among the highest domestic 

Fig. 16. 2015 annual average PM2.5 contributions by emissions source category for Seoul (top left), Daejeon (top right), Gwangju (middle left), Ulsan (middle right), 
Jeju (bottom left), and Baengnyeong (bottom right). 
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contributors to PM2.5 in Korea, which also qualitatively matches our 
results. Our results also show that “other” emissions sector (includes 
marine shipping, agricultural ammonia, and international emissions 
from North Korea and Japan within the CAMx domain) was the highest 

contributor to PM2.5 in Korea on an annual basis. Given that this sector 
includes multiple sources, future work could separate these sources 
further to estimate individual contributions from different sources. 

Fig. 17. 2015 annual top 10 p.m.2.5 contributions by emissions source category for Seoul (top left), Daejeon (top right), Gwangju (middle left), Ulsan (middle right), 
Jeju (bottom left), and Baengnyeong (bottom right). 
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