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Abstract 
We quantified the foreign and domestic contributions to annual mean elemental carbon (EC) concentration over South Korea 
in 2016 using the Primary Carbon Appointment tool in the community multiscale air quality model. The individual domestic 
contributions were further examined by emission source category (area, mobile, and point) in each sub-region (i.e., Seoul 
Metropolitan Area (SMA), Gangwon, Chungcheong, Youngnam, and Honam). EC contribution and population-weighted 
exposure contribution (PWEC) for each emission source were calculated. Two indicators were compared and adjusted con-
sidering uncertainties of emissions from sub-regions. Based on the results of this analysis, the primary EC emission sources 
that need to be managed to alleviate the concentrations and PWECs were classified, and the cost-effectiveness was compared 
with contribution rates for EC and PWEC. The modeled annual mean EC concentration in South Korea was 0.6 µg/m3, of 
which 54% was contributed by foreign sources (0.3 µg/m3). However, the quarterly foreign contribution differed by up to 
five times depending on the monsoon, while the domestic contribution did not. Simultaneously, spatial variations of the 
annual mean EC contributions are smaller than those of the foreign contributions. Regardless of the uncertainty of emissions, 
domestic PWEC was 20% higher than the domestic concentration as domestic EC emissions were concentrated in densely 
populated areas. It implies that EC emission control has more significant meaning not only to improve concentration but also 
to improve population exposure. In addition, the contribution rate showed greater variation between sub-regions than the 
EC emission source categories within a region. Considering this, if the cost used to reduce a unit EC emission is the same, 
the cost effect can be expected when EC emissions are reduced in the sub-regions with a large contribution rate regardless 
of EC emission source category.
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Introduction 

Elemental carbon (EC)—often interchangeable with black car-
bon (BC)—is a major component of particulate matter with a 
diameter equal to or less than 2.5 µm  (PM2.5) (Poschl 2005; 
Andreae and Gelencser 2006; Janessen et al. 2011; Petzold 
et al. 2013). As  PM2.5 is harmful to human health (Hong and 
Jo 2003; Lim et al. 2012; Apte et al. 2015; Han et al. 2018), 
EC can cause adverse health effects, such as lung cancer and 
respiratory diseases (Morawska et al. 2005; Hart et al. 2009; 
Rissler et al. 2012, WHO 2012; Lee et al. 2017). Chemically, 
EC is considered a non-reactive pollutant that can be trans-
ported several thousands of kilometers due to its long residence 
time in the atmosphere (Wolff 1981; Yu et al. 2004; Khan 
et al. 2006; Shu et al. 2017). Consequently, EC can be used 
to trace the impact of primary emission sources (Ogren and 
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Charlson 1984; Heintzenberg and Winkler 1991). For example, 
Chen et al. (2013) employed radioactive isotopes to show that 
approximately 40% of the EC emitted in Beijing and Shanghai 
in China were transported to South Korea. Similarly, regional 
contributions of EC emissions in Northeast Asia have previ-
ously been estimated using simulation results using three-
dimensional photochemical models (Wang et al. 2014; Kim 
et al. 2017; Liu et al. 2020).

In South Korea, EC accounts for approximately 5–10% of 
the annual mean  PM2.5 mass concentrations (Lee and Kang 
2001; Kim et al. 2017). While Chinese BC emissions in the 
1980s were 8 million tons/year (Qin and Xie 2012; Wang et al. 
2016), the amount of BC emissions increased two times in 2009 
due to increased BC emissions from industrial and transporta-
tion sources (Lu et al. 2019, 2020; Li et al. 2016). In the Clean 
Air Policy Support System (CAPSS)—the national emissions 
inventory of South Korea—the amount of annual BC emissions 
in 2016 was approximately 16,000 tons. Among all emission 
source categories (defined as area, mobile, and point sources) 
in CAPSS 2016, the area source was the largest emission source 
category that accounted for approximately 59% of the total BC 
emissions in South Korea (Choi et al. 2020; NAIR 2020).

In general, it is crucial to understand major regional and 
categorical contributors of EC in an area to design effective 
control strategies to alleviate EC concentrations and population 
exposure. Studies in northeast Asia have evaluated the health 
effects of EC only regarding regional or categorical contributors, 
and not both (Janssen et al. 2011; Peng et al. 2009; Rappazzo 
et al. 2015; Keuken et al. 2016; Bae et al. 2019; Jia et al. 2020). 
Moreover, few studies have investigated the effects of long-range 
transport of EC emissions in northeast Asia as well as domestic 
contributions in detail by region by emission source category.

Therefore, with air quality simulations, we quantified 
annual and quarterly contributions of the emission source cat-
egories by sub-region to EC concentrations in South Korea 
as well as foreign sources. As part of the quantitative analy-
sis, we examined population-weighted exposure contribution 
(PWEC) to identify priority source regions and emission 
source categories. Lastly, we adjusted PWEC with observed 
EC concentrations to estimate the extent of EC exposure more 
accurately. In addition, we distinguished a cost-effective EC 
emission source for reducing EC concentrations and popula-
tion exposure using contribution rate. We believe the overall 
analysis approach taken in this study can be applied to any 
region that requires efficient EC management strategies.

Materials and methods

Air quality simulation

For the air quality simulations, hourly gridded concen-
trations for the study period were produced using the 

Community Multiscale Air Quality (CMAQ) version 4.7.1 
(Byun and Schere 2006). Modeling was conducted in 2016 
with a 16-day spin-up period from December 16, 2015, to 
minimize the influence of the initial condition. The sim-
ulation domain consisted of 9-km horizontal resolution 
grids (Fig. 1). A mother modeling domain at a 27-km hori-
zontal grid resolution that covered Northeast Asia, includ-
ing China, Japan, and South Korea, was used to drive the 
boundary condition for the 9-km domain (Fig. 1).

SAPRC99 (Carter 1999) and AERO5 (Binkowski and 
Roselle 2003) were selected as the gas-phase chemical 
mechanism and the aerosol module, respectively. For 
meteorological inputs to CMAQ, we used the Meteorol-
ogy-Chemistry Interface Processor version 3.6 to process 
simulation results of the Weather Research and Forecast-
ing (WRF) model version 3.4.1. WRF was simulated by 
dividing each month into two blocks (one block from 
the  1st to  15th day of each month and the other from the 
 16th to the last day of each month) for the entire simulation 
period. All blocks include a 1-day pre-run. Re-analysis 
data, National Centers for Environmental Prediction-Final 
(FNL) provided by the National Oceanic and Atomic 
Administration, were used as initial conditions. Further-
more, to reduce error accumulation during the WRF simu-
lation period, an analysis nudging technique was used for 
meteorological variables such as winds. This approach was 
also used in Bae et al. (2022). Model configurations for 
WRF and CMAQ have been comprehensively summarized 
in Table 1.

CAPSS 2016 (Choi et al. 2020) and the Comprehensive 
Regional Emissions Inventory for Atmospheric Transport 
Experiment 2015 (CREATE 2015) (Jang et al. 2019) were 
used as the emissions inventories, including EC for South 
Korea and Northeast countries. The spatial distribution 
of EC emissions used in this study is shown in Fig. 2. 
EC emission densities were high over Beijing-Tianjin-
Hebei (BTH), Near Beijing (NRB), and Yangtze Reiver 
Delta (YRD) in China as well as over Seoul Metropoli-
tan Area (SMA), Chungcheong, and Youngnam in South 
Korea where the population was dense and industries were 
well developed. The Chinese EC emission of CREATE 
2015 used in this study is 1.0 ×  106 tons/year; however, 
in REASv2, 1.1 ×  106 tons/year is presented (Kurokawa 
et al. 2013; Streets et al. 2003). In addition, EC emissions 
in South Korea were approximately 16,000 tons/year in 
CAPSS 2016. CAPSS 2017, an updated national emission 
inventory of South Korea, estimated that EC emissions 
in South Korea is 15,600 tons, i.e., 5% smaller than that 
in CAPSS 2016 (NAIR, 2022). The emission inventory 
was further processed through spatiotemporal allocation 
and chemical speciation processes with the Sparse Matrix 
Operator Kernel Emissions (SMOKE) model to prepare 
hourly gridded inputs for the air quality simulation (Kim 
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et al. 2008). The top three emission types in SMOKE pro-
cessed EC emissions by source category are represented 
in Table S1.

Model performance evaluation

Meteorological model performance

For meteorological model performance evaluation, we 
used observational data from 72 automated surface 

observing systems (ASOS) sites available in South Korea. 
In addition, meteorological data at meteorological assim-
ilation data ingest system (MADIS) sites in China and 
South Korea based on a 27-km resolution simulation was 
used to interpret quarterly domestic and foreign EC con-
tributions considering the regional-scale meteorology. 
We also evaluated the performance of the meteorologi-
cal model at 26 and 33 MADIS sites in South Korea and 
China, respectively. The locations of 72 ASOS sites and 
59 MADIS sites are provided in Fig. 1. The modeling 

Fig. 1  Coarse (27 km) and fine (9 km) modeling grid domains used 
in this study and the five tagged sub-regions (Seoul Metropolitan 
Area, Gangwon, Chungcheong, Youngnam, and Honam). Red trian-
gles represent the locations of supersites: Baengnyeong (BR), “Sudo” 

for Seoul Metropolitan Area (SD), Jungbu (JB), Honam (HN), 
Youngnam (YN), and Jeju (JJ). Navy and green diamonds represent 
the locations of 72 ASOS and 59 MADIS sites, respectively

Table 1  Configurations for 
WRF and CMAQ models used 
in this study

WRF Option CMAQ Option

Version 3.4.1 Version 4.7.1
Source of initial and 

boundary conditions
FNL Chemical mechanism SAPRC99

PBL scheme YSU Aerosol module AERO5
LSM scheme NOAH Land Advection scheme YAMO
Microphysics WSM6 Initial and Boundary conditions Profile ICON

BCON extracted from 27-km 
domain runs by Kim et al. 
(2020)
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error and consistency between the observed and simulated 
results were estimated using the root mean square error 
(RMSE) and index of agreement (IOA) values, respec-
tively, at the observation sites. The RMSE was calculated 
as a difference between the average of simulated ( Mi ) and 
observed ( Oi ) daily mean value and the number of days in 
target period (n) (Eq. 1). The IOA was computed with the 
components used to calculate RMSE and the average of 
the observed daily mean value (O) (Eq. 2).

where,
n : Number of days in the target period.
Mi : Simulated daily mean value in the ith day.
Oi : Observed daily mean value in the ith day.

where,
Mi : Simulated daily mean value in the ith day.
Oi : Observed daily mean value in the ith day.
O : Average of the observed daily mean value.

Air quality model performance

The simulated EC concentrations were evaluated at six 
supersites in South Korea for the air quality model perfor-
mance with normalized mean bias (NMB) and normalized 

(1)Root mean square error =

�
∑n

i=1
(Mi − Oi)

2

n

(2)

Index of Agreement = 1 − [

∑n

i=1
(Oi −Mi)

2

∑n

i=1
(��Mi − O�� + ��Oi − O��)

2
]

mean error (NME). NMB and NME are indicators of 
over-/underestimation and uncertainty in simulation 
results, respectively. These two performance statistics 
are recommended as benchmark indices for evaluating 
EC simulations (Emery et al. 2017). In this study, the 
definitions of NMB and NME follow the definitions used 
by Emery et al. (2017). NMB and NME are performance 
indicators usually used in air quality model evaluations 
and were recommended as one of the six evaluation 
factors for air quality model evaluation in Huang et al. 
(2021). In this study, the NMB and NME were determined 
using the simulated daily mean EC concentration and the 
observed daily mean EC concentration for each super-
site (Eq. 3 and Eq. 4). Consequently, 366 concentration 
data (n) were used to calculate the NMB and NME for 
the study period. Results of the air quality model perfor-
mance evaluation are presented in the “Air quality model 
performance evaluation” section.

where,
n : Number of days in the target period.
Mi : Simulated daily mean EC concentration in the ith 

day (µg/m3).
Oi : Observed daily mean EC concentration in the ith day 

(µg/m3).

(3)

Normalized mean bias (%) =
∑n

i=1

�
Mi − Oi

�

Oi

× 100(%)

(4)

Normalized mean error (%) =
∑n

i=1

��Mi − Oi
��

Oi

× 100(%)

Fig. 2  Annual elemental carbon (EC) emission densities (tons/km2) over Northern Asia (left) and South Korea (right) as reported in CREATE 
2015 and CAPSS 2016 that are used in this study
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Contribution analysis

The Primary Carbon Apportionment (PCA) of the CMAQ 
was used to analyze the source–receptor relationship for EC 
in this study (Emery et al. 2017). We used the source alloca-
tion approach (Thunis et al. 2018) to identify the major EC 
emission sources at a sub-category level as follows. First, 
we quantified the EC contribution by source category using 
the CMAQ-PCA simulation. Later, sub-categorical EC con-
tributions were estimated comprehensively by multiplying 
the categorical EC contribution with the emission ratio of a 
targeted sub-categorical source.

The total number of tagged emission sources was 15: 
three emission source categories (area, mobile, and point 
emission sources) for each of 5 sub-regions of South 
Korea—SMA, Gangwon, Chungcheong, Youngnam, and 
Honam. We did not include some islands, such as Jeju, as 
part of “South Korea” or “domestic” areas in this study for 
the purpose of simplicity because the amount of annual BC 
emissions from Jeju Island accounted for only 2% of the total 
BC emissions from South Korea in CAPSS 2016; moreover, 
Jeju is geographically far from the mainland. The tagged five 
sub-regions are shown in Fig. 1.

For the contribution analyses, the domestic contribution 
was further classified into two groups: (1) “self” contribu-
tion by emissions within a sub-region and (2) contribution 
by emissions in “the other sub-regions,” i.e., the domestic 
contribution excluding self-contribution. In turn, the total 
EC concentrations in a sub-region, excluding the domestic 
contribution, were treated as “foreign contribution” (Fig. 3). 
Therefore, the foreign contribution in this study includes the 
contributions by boundary conditions and the Jeju Island.

Evaluation of source‑specific population exposure

Although EC has a lower concentration than inorganic  PM2.5 
components (sulfate, nitrate, ammonium), it has 2 to 10 
times the mortality of  PM2.5 (Krall et al. 2013). In addition, 
EC concentration is known to be proportional to  PM2.5 con-
centration (Dao 2022; Feng et al., 2009; Zhang et al. 2012). 
Furthermore, as the health effects of  PM2.5 vary depending 

on their composition (Cao et al. 2012; Li et al. 2019; Qiao 
et al. 2014), it is necessary to prioritize the evaluation of 
health effects for  PM2.5 components (McMurry et al. 2004). 
Thus, in this study, the population exposure to EC was cal-
culated in consideration of the health risk of EC.

To examine the exposures level of EC contributions in 
South Korea by source category considering population of 
each sub-region, we used the PWEC. The advantages of 
PWEC in highlighting the significance of specific emission 
sources in actual population exposure over an area have been 
demonstrated in previous studies (Aunan et al. 2018; Son 
et al. 2020; Bae et al. 2021). As defined in Eq. (6), PWEC 
(expressed in µg/m3) of an emission source category k 
located in a sub-region j, PWECj,k , is a value resulting from 
dividing a sum of the products of Cj,k

i
 and the population of 

a sub-region i, Pi , by the sum of Pi . A higher PWEC indi-
cates that a source likely contributes to higher population 
exposure to the airborne EC.

where,
PWECj,k : Population-weighted exposure contribution by 

the emission source category k within the source sub-region 
j (μɡ/m3).

C
j,k

i
 : Modeled EC contribution by the emission source 

category k within the sub-region j to a receptor sub-region 
i (μɡ/m3).

Pi : Population of a receptor sub-region i (persons).

Results and discussion

Model performance evaluation

Meteorological model performance evaluation

During 2016, the simulated annual mean 10-m wind 
speeds at the 72 ASOS sites in South Korea was 3.1 m/s 
and the RMSE and IOA were 1.2 m/s and 0.8, respectively. 

(5)PWECj,k(�g∕m3) =

∑n

i=1
(C

j,k

i
× Pi)

∑n

i=1
Pi

Fig. 3  Illustrative relation-
ship between a simulated EC 
concentration in a sub-region 
and the contributions analyzed 
in this study
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Compared to the recommended benchmarking value for 
biases proposed by Emery et  al. (2001), the values of 
RMSE and IOA for 10-m wind speeds were within the 
recommended value range at the ASOS sites. For 2-m tem-
peratures, the simulated annual mean value at the ASOS 
sites in South Korea was 13.0 ℃. Moreover, the IOA (1.0) 
was satisfactory regarding the benchmarking values rec-
ommended by Emery et al. (2001) (Table 2). Evaluation of 
the meteorological model performance using MADIS data 
showed that the 10-m wind speed in South Korea had an 
RMSE of 0.56 m/s and IOA of 0.93. The meteorological 
model performance evaluation result of 2-m temperature 
at the MADIS sites in South Korea showed that RMSE 
and IOA were 1.16 ℃ and 1.0, respectively. Furthermore, 
RMSEs of 10-m wind speed and 2-m temperature at Chi-
nese MADIS sites were 0.37 m/s and 0.6 m/s, respectively, 
and the IOA was 0.91 and 1.00, respectively. Therefore, 
the result of the meteorological model performance evalu-
ations at the MADIS sites over South Korea and China met 
the benchmarking goal of Emery et al. (2001). In addi-
tion, the results of daily model performance evaluation 
and quarterly spatial model performance evaluation of 
10-m wind speed, 2-m temperature, and surface pressure 
at MADIS sites in South Korea and China are presented 
in Figure S2.

Air quality model performance evaluation

The highest annual mean EC concentration was observed 
at the JB (1.3 µg/m3) supersite, followed by the SD (1.2 µg/
m3), HN (1.2 µg/m3), JJ (0.9 µg/m3), BR (0.9 µg/m3), and 
YN (0.6 µg/m3) supersites during 2016. For the same period, 

the simulated annual mean EC concentrations were 0.2 µg/
m3 higher than the observed concentrations at the SD and 
YN supersites while 0.3, 0.5, 0.2, and 0.6 µg/m3 lower at 
the BR, JB, HN, and JJ supersites, respectively (Fig. 4). The 
NMB and NME for daily mean EC concentrations at the six 
supersites during the study period ranged from − 58% (JJ) to 
28% (YN) and from 34% (SD) to 59% (JJ), respectively. The 
correlation coefficient (r) between the modeled and observed 
daily mean EC concentrations ranged from 0.58 (JJ) to 0.72 
(BR). Table 3 shows the comprehensive results of the per-
formance statistics.

Uncertainties in emissions inventory

Simulation uncertainty results from the uncertainties in 
emission and meteorological data as well as other input 
data for the simulation (Jo et al. 2017; Kim et al. 2017; Mun 
et al. 2017). For this study, as the model performance evalu-
ation for meteorological simulation met the benchmarking 
goals suggested by Emery et al. (2001), as described in the 
“Meteorological model performance evaluation” section, 
we assumed that the uncertainty of the simulated EC con-
centrations mainly originated from the uncertainty of EC 
emission inventory. The uncertainty of emission inventory 
includes uncertainties of foreign and domestic emissions. 
Therefore, we adopted a two-step approach to adjust the 
foreign and domestic EC contributions. In the first step, as 
the BR supersite is known to represent the effect of foreign 
emissions according to previous studies (Sung et al. 2017; 
Kim et al. 2021), the foreign contribution at each supersite 
was adjusted by dividing the ratio, 0.64, of simulated and 
observed EC concentration at the BR supersite (Table 3). 
The performance of simulated EC concentrations at the BR 
supersite met the performance goal proposed by Emery et al. 
(2017). In the second step, we treated the adjusted domes-
tic EC contribution as the gap between the observed EC 
concentration and the adjusted EC foreign contribution. In 
addition, we assumed that the ratio of domestic contribu-
tions before and after adjustment at each supersite is equal to 
EC emission uncertainty in the sub-region where the super-
site belongs. As a result of the adjustment, EC emissions in 
SMA and Youngnam were overestimated at 49% and 59%, 
respectively, whereas those in Chungcheong and Honam 
were underestimated at 55% and 13%, respectively. In the 
subsequent sections, we analyzed EC exposure contributions 
not only by weighing the population of sub-regions but also 
by adjusting modeling uncertainties.

EC contributions by foreign and domestic sources

The average annual EC concentration for each sub-region 
was in the range of 0.2 μg/m3 (Gangwon) to 0.6 μg/m3 
(SMA), and the fraction of EC in  PM2.5 was in the range 

Table 2  Model performance statistics for 10-m wind speeds and 2-m 
temperatures at 72 ASOS sites in South Korea, 26, 33 MADIS sites 
in South Korea and China, respectively

Performance goals for 10-m wind speeds by Emery et  al. (2001): 
RMSE ≤ 2 m/s and IOA ≥ 0.6
Performance goals for 2-m temperatures by Emery et  al. (2001): 
IOA ≥ 0.7

South Korea @ ASOS Observation Simulation RMSE IOA

10-m wind speeds 2.02 m/s 3.06 m/s 1.21 m/s 0.77
2-m temperature 13.52 ℃ 12.99 ℃ 1.26 ℃ 1.00 

South Korea @ MADIS Observation Simulation RMSE IOA
10-m wind speeds 2.62 m/s 2.94 m/s 0.56 m/s 0.93
2-m temperature 13.20 ℃ 12.63 ℃ 1.16 ℃ 1.00 

China @ MADIS Observation Simulation RMSE IOA
10-m wind speeds 3.00 m/s 3.11 m/s 0.37 m/s 0.91
2-m temperature 15.95 ℃ 15.77 ℃ 0.60 ℃ 1.00
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of 5% (Honam) to 8% (SMA) (Fig. 5a). Also, the  PM2.5 
concentration in the sub-region with the high fraction of 
EC was also high. This suggests that the importance of EC 
increases with the increasing  PM2.5 concentration in South 
Korea. The domestic contributions to spatially averaged 
annual mean EC concentrations in individual sub-regions 

varied among sub-regions, ranging from 0.2 µg/m3 (Gang-
won) to 0.6 µg/m3 (SMA) while the annual mean foreign 
EC contribution showed marginal variations, ranging from 
approximately 0.3 µg/m3 (Youngnam) to 0.4 µg/m3 (SMA), 
as shown in Fig. 5b and c. Overall, the foreign contribution 
to the annual mean EC concentration over all sub-regions 
in South Korea was slightly higher than the domestic con-
tribution except some places where the EC emission densi-
ties were high (e.g., the southern of SMA, the northeastern 
of Chungcheong, and the southeastern of Youngnam) as 
shown in Fig. 5b and c. These high EC emission density 
areas, where the domestic contribution was higher than 
the foreign contribution to the EC concentration in South 
Korea, accounted for large portions of EC emissions in the 
corresponding sub-regions: 53% of SMA, 42% of Chun-
gcheong, and 43% of Youngnam.

However, the domestic and foreign EC contributions pre-
sented in this study were based on the emissions inventory 
and were subject to uncertainties described in the “Uncer-
tainties in emissions inventory” section. In addition, the 
domestic and foreign EC contributions would be differ-
ent from the results of this study if a different or improved 

Fig. 4  Scatter plots of daily mean observed and simulated EC concentrations at the a BR, b SD, c JB, d HN, e JJ, and f YN supersites

Table 3  Performance statistics for modeled EC concentrations at the 
six supersites in South Korea. Values in the bold font indicate model 
performance at specific supersites met the performance goals for 24-h 
EC proposed by Emery et al. (2017)

Performance goals for 24-h EC by Emery et  al. 
(2017): − 20% ≤ NMB ≤ 20%, NME ≤ 50%

Observation 
(µg/m3)

Simulation 
(µg/m3)

NMB (%) NME (%) r

BR 0.86 0.55  − 35.90 43.10 0.72
SD 1.23 1.45 17.96 34.21 0.65
JB 1.29 0.83  − 35.90 39.83 0.58
HN 1.18 0.93  − 20.78 28.21 0.65
JJ 0.93 0.39  − 57.80 58.65 0.71
YN 0.63 0.81 27.81 38.20 0.72
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emissions inventory were used. Therefore, in this study, 
we selected a simple adjustment approach to reflect model 
uncertainties based on observation data (see the “EC popula-
tion exposure” section for details). However, a more robust 
method to correct domestic and foreign regional EC emis-
sions inventories and to reflect corresponding changes in EC 
contributions will be needed in the future.

The EC concentrations and the EC emission densities 
across sub-regions show a linear trend with a high corre-
lation coefficient (0.94) as shown in Fig. 6. A statistical 
significance test was performed to prove that the linear rela-
tionship between sub-regional EC concentrations and the 
EC emission densities are not by chance. The t-test result 

showed that the p-value was approximately 0.05 by sub-
region and less than 0.05 by provincial authority (signifi-
cance level: p < 0.05) (Table S2). The fact that the p-value is 
less than 0.05 proved that the EC emission density and EC 
concentration by region had a linear relationship by reject-
ing the null hypothesis; i.e., the slope of the trend line is 0, 
with the t-test. The 95% confidence intervals for the slope 
and y-axis intercept value of the trend line by sub-region 
were [0.91, 2.14] and [0.37, 0.39], respectively. Moreover, 
the EC concentration and emission density of 17 provincial 
authorities that is one jurisdictional level lower than sub-
regions also showed a high correlation coefficient (0.82). 
Thus, the high correlation between primary air pollutant 

Fig. 5  a Annual mean EC contributions from foreign and domestic emissions and the fraction of EC in  PM2.5 over five sub-regions in South 
Korea; and spatial distributions of b domestic and c foreign EC contributions
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concentration and its emission density was reported by 
previous studies (Fisher and Sokhi 2000; Kiesewetter et al. 
2013; Kim et al. 2020).

It was also reported that the deviation of the sub-
regional EC contributions from foreign emissions was 
smaller than that from local EC emissions in previous 
studies (i.e., Jeong et al. 2011, 2011; Xing et al. 2020) 
and is shown here. This means that sub-regional EC con-
centrations are more sensitive to the impact of their own 
EC emissions as compared to long-range transported EC 
concentrations. Meanwhile, as reported in previous studies 
(i.e., Feng et al. 2014; Gu et al. 2010; Sahu et al. 2011; 
Wang et al., 2018), the diurnal concentration variation of 
air pollutants represents the effect of local emissions. The 
diurnal EC concentrations observed at the SD, JB, HN, 
and YN supersites belonging to the five sub-regions were 
remarkable, especially the foreign contributions were uni-
form during the whole day, but the domestic contributions 
increased during rush hour (Figure S3). It means that dif-
ference between local EC emissions can cause difference 
between sub-regional EC concentrations.

Simultaneously, the EC contributions from EC emission 
densities by each sub-region or each provincial authority 
could be estimated by multiplying the slope of trend line 
and emission densities. The estimated EC contributions 
from EC emissions by each sub-region or by each pro-
vincial authority ranged from 0.1 μg/m3 (Gangwon) to 
0.6 μg/m3 (SMA), and from 0.0 μg/m3 (Jeju) to 0.9 μg/
m3 (Seoul), respectively. Therefore, the trend line for sub-
regional EC emission density and EC concentration can 
be used to roughly estimate the EC contribution from the 

sub-regional emission. We also noted that the y-intercept 
in Fig. 6 did not reach zero.

As the meteorology and emission changed with time, 
we examined temporal variations of domestic and foreign 
EC contributions over five sub-regions. For this analysis, 
we divided the year into four quarters: January–March as 
Q1, April–June as Q2, July–September as Q3, and Octo-
ber–December as Q4. The quarterly domestic contributions 
averaged across five sub-regions ranged from 0.3 μg/m3 
(Q2) to 0.4 μg/m3 (Q4) while foreign contributions varied 
from 0.1 μg/m3 (Q3) to 0.6 μg/m3 (Q1) (Fig. 7). Differ-
ences in minimum and maximum quarterly EC contribu-
tions were 0.1 μg/m3 for domestic sources and 0.5 μg/m3 
for foreign sources. In particular, the foreign EC contri-
butions increased during Q1 and Q4 when temperatures 
were relatively low (Figure S1). This is because the north-
westerly wind prevails in South Korea due to monsoons 
in Northeast Asia during these quarters (Figure S1 and 
Figure S4). The foreign EC contributions in SMA and 
Chungcheong located in the northwest of South Korea dur-
ing Q1 and Q4 are higher than those in other sub-regions. 
This analysis result supports a strong relationship between 
prevailing wind pattern and foreign contribution in cer-
tain quarters. In addition, the backward trajectory analysis 
with Hybrid Single-Particle Lagrangian Integrated Trajec-
tory indicated that air masses reaching South Korea likely 
originated from Liaoning and BTH in China during Q1 
and Q4, while multiple origins (including the Northern 
Pacific and Japan) of long-range transported air masses 
were observed during Q2 and Q3 (Figure S5). However, 
consistent quarterly domestic EC contributions imply that 
EC emission reduction in South Korea will be effective 
in alleviating EC concentrations relatively independent of 
the quarterly variations of meteorology and emissions. It 
was also noted that spatial variations of domestic EC con-
tributions are relatively larger than those of the foreign 
contributions, although in seasonal variations the opposite 
condition holds (Figure S6).

EC contributions by sub‑region and source category

The averaged domestic contribution to EC concentration 
in each sub-region was 0.28 µg/m3 while the average self-
contribution by all sub-regions was 0.20 µg/m3 (approxi-
mately 70% of the domestic contribution). The averaged 
contribution from the other sub-regions was about a half 
of self-contribution when averaged over South Korea 
(Fig. 8a). Self-contributions by each sub-region ranged 
from 0.06 µg/m3 (13%, Gangwon) to 0.48 µg/m3 (48%, 
SMA) (Fig. 8b–f and Table S3). Thus, we inferred that 
managing EC emissions from a sub-region by itself is 
more important than managing those from the other sub-
regions to reduce EC concentrations in the sub-region. The 

Fig. 6  Correlations between simulated annual mean EC concentra-
tions and EC emission densities of sub-regions (black) and provincial 
authorities (gray) over South Korea during the simulation period
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exception is Gangwon: the contribution of the other sub-
regions for Gangwon was approximately 1.5 times the self-
contribution of Gangwon. Especially, the EC contribution 
by SMA (where EC emission density was eight times that of 
Gangwon) to EC concentrations of Gangwon was 1.2 times 

the self-contribution by Gangwon. The relative contribution 
ratios of area, mobile, and point emission source categories 
in South Korea were 20:10:1 (Figure S7) that was similar to 
their EC emission ratios, which reflects a linear correlation 
between emissions and the concentrations of primary air 

Fig. 7  Quarterly domestic (red) and foreign (blue) EC contributions at a Seoul Metropolitan Area (SMA), b Gangwon, c Chungcheong, d 
Youngnam, e Honam, and f averaged across five sub-regions
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pollutants. Therefore, we concluded that managing areas 
and/or mobile sources should be prioritized over managing 
point sources in South Korea. Among the area and mobile 
sources, Table S1 shows that off-road mobile sources, on-
road mobile sources, and bio-combustions were the most 
significant sub-categorial sources that further investigations 
for feasible control measures on these source categories are 
necessary for South Korea.

EC population exposure

We estimated the population exposure by each emission 
source category using the EC contributions calculated through 
the air quality simulation. Here, the EC contribution and 
population exposure were initially calculated based on emis-
sions inventory and then further adjusted with EC emission 
uncertainty at each sub-region, as described in the “Uncertain-
ties in emissions inventory” section. That is, adjusting con-
centrations and PWECs can alleviate over-/underestimates 
of the EC concentrations in sub-regions caused by emission 
uncertainties, as explained in the “Uncertainties in emissions 
inventory” section. Uncertainty in the foreign EC emissions 
that affect long-range transport was estimated using the ratio 
of observed and simulated EC concentrations at the BR super-
site. In addition, among the five sub regions, Gangwon was 
excluded from the adjustment to contribution and PWEC as 
no observed EC concentration data were available.

As shown in Fig. 9, the domestic contribution to the 
EC concentration averaged over all sub-regions was 
0.29 μg/m3 and 0.23 μg/m3 before and after adjustment, 
respectively. Both values were lower than the foreign con-
tribution (0.33 μg/m3). Before adjustment, the domestic 
PWEC (0.41 μg/m3) was higher than the foreign PWEC 
(0.37 μg/m3). However, domestic PWEC decreased to 
0.28 μg/m3 after adjustment (Fig. 9b) due to decreasing 
PWEC in SMA and Youngnam where EC contribution 
decreased after adjustment. As SMA and Youngnam have 
relatively large populations among the five sub-regions, 
the fluctuation of domestic PWEC is heavily influenced 
by emission uncertainties of these sub-regions. Never-
theless, the risk from domestic and foreign emissions 
was higher irrespective of emission adjustment when 
expressed in terms of PWEC rather than contribution. 
It implies that the EC concentrations are high in densely 
populated areas. Therefore, alleviating EC concentrations 
in highly populated areas may need to be high in air qual-
ity management priorities.

Furthermore, we calculated a contribution rate for EC and 
population exposures due to each EC emission source cat-
egory. In this study, the contribution rate for EC and popula-
tion exposure by EC emission source category was defined as 
the adjusted EC contribution and PWEC is described in Fig. 9 
per unit EC emissions of each EC emission source category, 
respectively. The concept of contribution rate is similar to 

Fig. 8  Pie charts of simulated annual mean EC concentrations by 
self-contributions, contributions by the other sub-regions, and the for-
eign contributions over (a) the average of five sub-regions, (b) SMA, 

(c) Gangwon, (d) Chungcheong, (e) Honam, and (f) Youngnam. The 
black bracket indicates a sum of contributions by all source categories 
from the other sub-regions
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that of conversion rate, which is defined as concentration per 
unit emission. The conversion rate was used in many previous 
studies (Kim et al. 2017; Pierson et al. 1979; Tang et al. 2020; 
Viatte et al. 2021). If the cost of unit EC emission reduction is 
the same, managing EC emissions with a large contribution 
rate for EC or PWEC will be cost-effective. Thus, contribu-
tion rate is a helpful index to distinguish certain EC emission 
source categories to efficiently reduce EC exposure.

For 12 EC emission source categories, the average con-
tribution rate for PWEC was approximately 5% higher 
(0.019 µg/m3/g/year) than that for EC (0.018 µg/m3/g/year). 
It implies that EC emission management has significance 
in reduction for both simple EC concentration and popu-
lation exposure. When EC emission sources are located 
in densely populated areas, the high population exposure 
to EC is expected. In particular, the contribution rate for 
EC, averaged across all emission source categories in the 
densely populated SMA, was 0.014 µg/m3/g/year while 
the contribution rate for PWEC was 0.026 µg/m3/g/year 
(Fig. 10). In contrast, the difference in contribution rates 
for EC and that for PWEC by emission source categories 
within a sub-region were minimal, while contribution rates 
for EC contribution or PWEC can differ up to 10 times by 
sub-regions. Therefore, to reduce EC concentrations and 

population exposure to EC, it is necessary to manage EC 
emission sources in the order of regions rather than emis-
sion source category with high conversion rates if the cost 
of reducing EC emissions by region is the same.

Conclusion

This study analyzed the contribution of foreign EC emis-
sions and the domestic contributions of three EC emission 
source categories to EC concentrations over South Korea 
in 2016. The simulated annual mean EC concentration in 
South Korea was 0.6 µg/m3, and the foreign contribution 
(54%) was higher than the domestic contribution (46%). 
Furthermore, the variation of annual mean domestic EC 
contributions by sub-region was larger than that of foreign 
contributions. During Q1 and Q4, the northwesterly wind 
blew strongly due to the influence of monsoons, increas-
ing the foreign contribution by up to 5 times, while the 
quarterly difference in domestic contribution was minimal. 
This suggests that EC concentration in each sub-region 
has a high correlation with EC emission density in its 
own sub-region, although the EC concentrations are also 
determined by various factors such as transport process 

Fig. 9  Comparisons with concentrations and population-weighted 
exposure contributions (PWECs) for a base modeling and b modeling 
with adjusted emissions for foreign areas and four sub-regions (SMA, 
Chungcheong, Honam, and Youngnam) in South Korea during the 

simulation period of 2016. “Domestic” indicates the contribution and 
PWEC of South Korea excluding Gangwon. Red, blue, and yellow 
bars represent the contributions from area, mobile, and point source 
categories in South Korea, respectively
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and meteorological characteristics. Among the domestic 
contributions, the self-contribution in the five sub-regions 
of South Korea, excluding Gangwon, was twice as high 
as that of the other sub-regions. Therefore, EC emission 
management in self region can effectively reduce the EC 
concentrations in the region.

The present study showed that the adjusted domestic 
PWEC (0.3 µg/m3) was approximately 20% higher than 
adjusted domestic contribution (0.2 µg/m3). In addition, 
the domestic contributions were spatially highly variable 
in all areas, including densely populated areas. This sug-
gested that the management of domestic EC emissions is 
important to improve not only air quality but also popula-
tion exposure. In general, combining the contributions of 
source categories and the emission amounts of the major 
emission types can shed light on what emission sources 
should be controlled first to improve EC concentration and 
exposure over the region of interest. In addition, we sug-
gest that the sub-regions with a large contribution rate for 

EC or PWEC would be most effective in terms of cost-
effectively improving population exposure and air quality 
in South Korea.

However, we also noted the differences between the EC 
contribution based on the published emission inventory 
and the adjusted contributions in each sub-region. This 
indicated that EC emission uncertainties in the sub-regions 
were substantial. Such uncertainty in the EC emission of 
each sub-region must be improved to obtain more accurate 
estimates of EC contributions and population exposure in 
South Korea.
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