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Evaluation of the emission inventory for large point
emission sources in South Korea by applying
measured data from the NASA/NIER KORUS-AQ
aircraft field campaign

Minwoo Park1, Hyejung Hu2, Younha Kim3, Alan Fried4, Isobel J. Simpson5, Hyungah Jin6,
Andrew Weinheimer7, Greg Huey8, James Crawford9, and Jung-Hun Woo2,10,*

One of the major issues in determining a region’s air quality is the uncertainty of large point sources (LPSs)
emissions, which significantly affect the local-regional air quality. In this study, the SO2 and NOx emissions of 5
major LPSs in South Korea were evaluated by comparing the emissions-based concentrations employing
a Gaussian dispersion model with aircraft-based measurements from DC-8 “around-the-stack” flights
through the National Aeronautics and Space Administration (NASA)/National Institute of Environmental
Research (NIER) KORea-U.S. Cooperative Domestic Air Quality (KORUS-AQ) aircraft field campaign. The ratio
between modeled and measured concentrations for all 5 LPSs ranged between 0.42 and 1.30 and 0.39 and 1.01
for NOx and SO2, respectively. The results for the Boryeong, Dangjin, and Seocheon power plants (PPs), where
the locations and sizes of stacks are easier to specify than industrial complexes (Hyundai Steel and Hankook
Glass), yielded better performance, which ranged between 0.82 and 1.30 and 0.79 and 1.01 for NOx and SO2.
This level of agreement was very encouraging, considering that the modeled concentrations were based on 30-
min averaged emissions compared to less-than-a-minute DC-8 around-the-stack measurements. Based on our
analysis, the uncertainty of LPS emissions, at least for NOx and SO2, appears to be small, which implies that the
point sources inventory emissions are reasonably accurate. The Dangjin PP’s analysis reveals that the actual
measured emissions should be considered in addition to “the official” inventory amounts to reduce emission
uncertainty. This detailed comparative analysis verified the method used for this study. The findings of this
study are expected to enhance the performance of future LPS emission inventory assessments. In terms of
recommendations, the data from the raw emission inventory should include more clear information about the
locations of measured stacks to obtain more accurate emission estimates. In addition, the flight measurement
duration should be long enough to fly around several times to reduce uncertainties, and the flight positions and
altitudes should be varied. By improving LPS inventories through accurate evaluations, more accurate air quality
forecasts and better policies could be made. As a result, it is expected that public health can be improved by
reducing the time people are exposed to high concentrations of air pollutants.

Keywords: CAPSS emission inventory, NASA/NIER KORUS-AQ aircraft field campaign, Large point source,
Emission evaluation

1. Introduction
It is well-known that industrialization and population
growth are directly related to increasing emissions of air
pollutants. Asia, particularly northeast Asia such as South

Korea, Japan, and China, has had rapid population growth
and industrialization in the last several decades and has
been suffering from severe air pollution problems (Crippa
et al., 2018; Kurokawa and Ohara, 2020). Although the
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amount of emission varies depending on the type of pol-
lutant, it was reported that about 20%–35% of the global
air pollutants were emitted in this region (Klimont et al.,
2017; Crippa et al., 2019). Because the hazardous nature of
air pollutants to human health is well documented, many
countries in northeast Asia including Korea have been
making great efforts to reduce air pollution emissions.

In Korea, various air pollution reduction policies have
been implemented mainly in the Seoul metropolitan area
(SMA), including Seoul, Incheon, and Gyeonggi. Even
though the total area of SMA (12,685 km2) is 12.6% of
Korea, SMA accommodates half of the population of Korea
(Statistics Korea, 2020). Consequently, more than half of
the vehicles in Korea, which are one of the main sources of
air pollution in urban areas, are operated in Seoul. There-
fore, SMA is undoubtedly the area where air pollution
reduction policies need to be implemented intensively.
Moreover, as public awareness of fine particles among
various air pollutants increases, more effective policies
to reduce the concentration of fine particles are required.
Here, fine particles are also known as PM2.5 (particulate
matter below or equal to 2.5 mm in aerodynamic diame-
ter) and those with even smaller diameters are called
ultrafine particles. These are well-known as high-risk ele-
ments to human health, and they have become a big con-
cern because days with a high concentration of fine
particles appear frequently in the SMA (Yeo et al., 2019).

Many researchers have made efforts to understand the
high concentration of air pollutants in the SMA and have
pointed out that in addition to sources such as automotive
emissions, pollutants from domestic large point sources
(LPSs) and pollutants transported from abroad can also be
important (National Institute of Environmental Research
[NIER] and National Aeronautics and Space Administra-
tion [NASA], 2017; NIER and NASA, 2020). This research
suggests that it is essential to consider the effect of
domestic LPSs emissions in order to estimate the concen-
tration of air pollutants. For instance, coal-fired power
plants (PPs), which fall in the LPSs category, exert a large
influence on the generation of secondary ultrafine parti-
cles by emitting not only nitrogen oxides (NOx) but also
sulfur dioxide (SO2). Kim et al. (2016) and Park et al.
(2020) described that fine particles transport from the
LPSs on the mid-west coast of Korea considerably contrib-
uted to the air pollution of the SMA. Kim et al. (2017c)
also suggested reducing the influence of LPSs in
Chungcheongnam-do, a province located on the mid-
west coast of South Korea, to reduce the concentration
of fine particles in the SMA. In addition, many studies
described the significant contribution of pollutants trans-
ported from abroad to the air pollutants in Korea. Since
the geographical location of South Korea is westerlies area
(Kim, 2019), the concentration of air pollutants in Korea
has been greatly influenced by long-range transport from
emissions from China as well as Korean-generated domes-
tic emissions (Kim et al., 2012; Lee et al., 2017; Kim et al.,
2021a). To this end, distinguishing domestic emissions
sources from out-of-region upwind sources has become
a very important research area to understand the current
efforts to improve air quality over South Korea (Kim et al.,

2017a). In order to establish effective countermeasures
against the fine particle problem, one first requires a better
understanding for the domestic emission sources and
abroad emission sources, when estimating the concentra-
tion of air pollutants.

This research focuses on the domestic emission sources
related to LPS emissions. Specifically, the primary goal of
this study is to evaluate the estimated LPS emission inven-
tories. In Korea, data on LPS emission source types and
emission rates are stored and managed in the Clean Air
Policy Support System (CAPSS), which is the national emis-
sion inventory of Korea (Lee et al., 2011b). In Korea, there
are not many studies evaluating the emission inventory,
and there are even fewer studies evaluating the LPS emis-
sion inventory. In this study, the emissions inventory of
selected 5 LPSs on the mid-west coast of Korea was eval-
uated. The selected LPSs are 3 PPs in Dangjin, Seocheon,
and Boryeong; the Hyundai steel mill in Dangjin; and the
industrial complex in Gunsan. The Gaussian plume model
(GPM) was used for dispersion analysis to estimate the
downwind concentrations of NOx and SO2 for the selected
LPSs. NOx and SO2 emitted from LPSs greatly influence the
generation of secondary ultrafine particles. The best avail-
able bottom-up emissions from the CAPSS and the
CleanSYS (also known as continuous emissions monitor-
ing system [CEMS]) were assessed in this study employing
measured meteorological and trace gas concentration data
acquired from the NASA DC-8 aircraft during the 2016
KORUS-AQ study. Bottom-up inventory results were com-
pared with concentrations measured from the circular
flight tracks around emission sources by the DC-8 aircraft.
The methods of assessing the reliability of the LPS emis-
sion inventory and analysis results are described in the
following sections.

2. Identified research points
Many kinds of research have been carried out to improve
emission inventories using measured concentrations. In
Korea, Kim et al. (2009) targeted the whole country, and
Jo and Kim (2015) focused on specific areas in their emis-
sion evaluations. The effect of emissions on air quality was
assessed by sectors in the CAPSS inventory in the Kim et
al. (2009) and Lee et al. (2009) studies. Carotenuto et al.
(2018) and Lavoie et al. (2015) evaluated the LPS emis-
sions using aircraft measurements. After the 6-week
spring 2016 KORea-U.S. Cooperative Domestic Air Quality
Research (KORUS-AQ) project was carried out, studies
related to aircraft measurement-based inverse emissions
estimation were conducted by NIER and NASA (2020),
Fried et al. (2020), and Simpson et al. (2020). Fried et
al. (2020) calculated mass emission rates for various VOCs
and formaldehyde from the Daesan petrochemical com-
plex using DC-8 data employing a mass balance approach.
Simpson et al. (2020) characterized the VOC emission
signatures from the Daesan petrochemical complex and
contrasted them with VOC signatures from Seoul and
from air arriving from China. The KORUS-AQ campaign
was conducted between April and June 2016, and air pol-
lutants were measured from several research aircrafts’
measurement. However, in these previous emission
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inventory evaluation studies, the characteristics of individ-
ual emissions source could not be comprehensively deter-
mined because annually averaged emissions were calculated
from selected days of aircraft data for comparisons with the
annual emission inventory data. As noted in these studies,
the snapshot aircraft determinations may not accurately
reflect the true LPS emissions averaged over the year. There-
fore, to estimate the emissions from specific LPSs at the
time of measurement for comparisons with aircraft mea-
surements, a bottom-up emissions inventory for that spe-
cific time period and specific LPS was needed. In this study,
the CAPSS and the CleanSYS represent the data sources for
acquiring bottom-up emissions for these targeted 5 LPSs.

In this study, actual concentrations measured by DC-8
aircraft flying a circular path around the emission sources
were used for cross-comparison with modeled concentra-
tions using GPM at targeted LPSs. The flights were made
according to the KORUS-AQ aircraft field campaign in
2016 (Crawford et al., 2021). The KORUS-AQ project was
performed to study the air quality of Korea and East Asia
in relation to chemical evolution, emission inventories,
transboundary contributions, and future satellite-based
studies of air pollution. The DC-8, the aircraft used for
measuring pollutant concentration and meteorological
data in this study, was the largest airborne platform
among the 3 aircrafts participating in the KORUS-AQ cam-
paign. Through various instruments mounted on the DC-
8, it was possible to sample trace gases such as ozone and
NO2 and aerosol composition. This large airborne platform
had the added advantage that important meteorological
factors such as wind speed, wind direction, and atmo-
spheric pressure were all measured at the same time as
the trace gas and aerosol measurements.

Various chemical transport models (CTMs) such as
Weather Research and Forecasting model coupled with
Chemistry (Grell et al., 2005), Community Multiscale Air
Quality (Byun and Ching, 1999), and so on have been used
for estimating concentrations in evaluating emission
inventories. The estimated concentrations from these
CTMs were compared with the results of satellite observa-
tions or ground-based measurements (Kim et al., 2013;
Han et al., 2015; Goldberg et al., 2019). In previous stud-
ies, Brute-force method was used to evaluate each pollut-
ant source, material, and contribution in the SMA (Kim et
al., 2017b). However, because model-ready emissions for
CTM inputs are spatially gridded and based on the annual
emissions inventory, these CTMs are not suitable for mod-
eling emissions dispersion at a specific location during the
short time period for the KORUS-AQ study.

Therefore, in this research, the GPM was selected for the
dispersion modeling. The GPM dispersion model is based
on the normal distribution curve and is the most common
dispersion model for estimating the concentration at spe-
cific point sources (Awasthi et al., 2006). The GPM was
considered the most appropriate model for estimating and
comparing point-to-point measurements at flight altitude
while considering the nature of the emissions of the LPS
stacks. This model has the characteristic of simulating only
steady state. To compensate for this, average input factors
were prepared using the values measured while flying

around the stacks in a circular pattern aboard the DC-8
during KORUS-AQ. Through this process, it was possible
to build the input data for the model that can simulate the
situation at the measurement times as much as possible.

In this study, bottom-up emission values from CAPSS
and CleanSYS and meteorological data from KORUS-AQ
were applied as factors in the GPM. The model was used
to calculate the theoretical concentration of the pollutant
in areas over which the DC-8 passed for the comparison
with the measured value. The comparison of modeled and
measured concentrations provides a more comprehensive
understanding of the LPS emission inventory. One of the
goals of this study was to identify factors to be considered
in emissions estimation modeling for more accurate con-
centration estimation, more reliable air pollution forecast-
ing, and more effective air quality policymaking.

3. Analysis method
3.1. Selected dispersion model

The GPM was used to estimate concentrations of NOx and
SO2 for this research. The GPM equation (Overcamp, 1982)
is shown as follows:

Cðx; y; z; HÞ ¼ Q
2pusysz
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2s2
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The concentration (C, in mg m�3) of a pollutant at
a location (x, y, z; H) is controlled by variables including
wind speed (u), the dispersion coefficient (sy and sz), and
the effective stack height (He), which is the sum of the
physical height of the stack and the plume rise height.
However, the GPM does not take into account the density
of individual molecules. In Equation 1, Q represents the
emission of the pollutant (as mg s�1) and u represents the
wind speed (m s�1) at the stack height H. sy and sz are the
dispersion coefficients in the y and z directions (units of
m), which are the indicators of dispersion at distance x.
The unit of x, y, and z is meters. The effective stack height
H is an indicator of how much the air pollutants from the
stack rise in the vertical direction due to the emission
temperature and the mechanical energy. K indicates the
reaction rate of each pollutant with the hydroxyl radical
(OH) and t is the transport time (s).

In this study, the transport time t was calculated by
dividing the distance between a given stack and the loca-
tion of DC-8 by the wind speed (Overcamp, 1982). The
reaction rate of NOx and SO2 was calculated by applying
values from several previous studies (Lee et al., 2011a; De
Foy et al., 2015; Fioletov et al., 2015; Liu et al., 2016; Shah
et al., 2020).

3.2. Inputs for the dispersion model

Figure 1 illustrates the overall analysis method used to
evaluate the LPS emissions in this study. There are 3 cate-
gories of input data in the GPM: emission inventory,
inputs for plume rise estimation, and dispersion
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coefficients. The dotted lines present the connections
between the input sources used in the existing studies
and the inputs for the GPM. The bold solid lines show the
connections from the newly used sources in this study.

3.2.1. Emission inventory

The emission inventory for the GPM was derived from the
CAPSS inventory. CAPSS is the national emission inventory
of South Korea developed by the NIER (2019). Since CAPSS
provides annual emissions in the inventory, the CleanSYS
stack emission measurement data, which are raw emis-
sions of CAPSS, were used to estimate at-that-time emis-
sions of the selected LPSs. More detailed information
about CAPSS emission inventory and LPSs emissions are
shown in Figure S1.

The emissions used in this study are based on CleanSYS,
also known as CEMS, in Korea, 2016. Because the LPSs
used in this study are equipped with CEMS, they transmit
wirelessly monitored emissions data to the CleanSYS. The
stack emissions measured as concentrations are converted
to mass amounts (mg m�3Þ in the CleanSYS and then
aggregated in the CAPSS emission inventory. Since the
emission data of CleanSYS were provided every 30 min,
in this study, values that corresponded to 30-min intervals
of time during which the DC-8 flew were used. The
CleanSYS-based LPS emissions are treated as being more
reliable than annual fuel activity-based emissions (Jang et
al., 2009). Because the annual emissions for each LPS from
the CAPSS were provided by combustion source type and
industrial process types, this information was used for
distributing emissions to each selected stack by consider-
ing the fuel types of the LPSs.

3.2.2. Inputs for plume rise estimation-Stack

parameters

The CAPSS inventory contains comprehensive information
about the stacks built in various industries, including spe-
cific details such as the dimensions of the stack and the type
and amount of pollutants emitted. Additionally, the CAPSS
inventory provides important input parameters for the
plume rise model, including stack parameters such as gas
exit diameter, gas exit velocity, and gas exit temperature.

3.2.3. Inputs for plume rise estimation-Meteorologi-

cal parameters

To run the GPM with measurement-driven data, meteoro-
logical parameters such as temperature, wind direction,
and speed measured from the DC-8 aircraft during
KORUS-AQ were used to calculate plume rise. Information
on meteorological data from DC-8 used in this study is
available at https://asdc.larc.nasa.gov/project/KORUS-
AQ/KORUSAQ_MetNav_AircraftInSitu_DC8_Data_1.
Crawford et al. (2021) contain information about the
KORUS-AQ campaign and discuss the measurement equip-
ment used during the campaign, as well as the meteoro-
logical data collected from the DC-8 aircraft. Using the
measured values, we expected to simulate the situation
as realistically as possible at the time of measurement. The
following equations were used to calculate effective stack
heights and wind speed at the stack height from measured
meteorological data from the DC-8.

Equation 2 represents the Holland formula (Holland,
1953; U.S. Environmental Protection Agency, 1974), which
was used to calculate effective stack heights based on the
meteorological parameters extracted from the DC-8 data,

Figure 1. Inputs for the Gaussian plume model (GPM). Dotted lines: Connections between inputs used in the
existing studies and inputs for the GPM. Bold solid lines: Connections between newly used sources in this study and
inputs for the GPM.
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where DH is the plume rise (m), uh is the wind speed at
stack height (m s�1), Vs indicates the emitting velocity, ds
represents the diameters of each stack (m), Pa is the ambi-
ent pressure (millibar), Ts is the stack gas temperature (K),
and Ta indicates the ambient air temperature (K)

DH ¼ Vsds

uh
1:5þ 2:68� 10�3 � Pa

Ts � Ta

Ts

� �� �
: ð2Þ

Equation 3 was applied to convert airborne wind speed
measurements into wind speed at the stack height. In this
equation, U indicates velocity at stack height (m s�1), Uref

denotes the velocity measured by the aircraft (m s�1), Z
represents the stack height (m), Zref is the aircraft altitude
(m), and the coefficient n shows the stability of the atmo-
sphere (Davenport, 1961; Touma, 1977)

U ¼ Uref �
Z

Zref

� �n

: ð3Þ

3.3. Dispersion coefficient

In the Gaussian dispersion model, the dispersion coeffi-
cient is a measure of the extent to which the emissions
from the source are diffused along their path to the mea-
surement point. In this study, the dispersion coefficients
of the LPSs were extracted from the KORUS-AQ air pollu-
tion measurement data.

The scheme suggested by Martin (1976) was used to
calculate the dispersion coefficients according to the
atmospheric stability and distance of each LPS target
source. The related variables are shown in Table S1.

4. Data analysis
4.1. Study sites

The KORUS-AQ campaign was jointly conducted by the
NIER in Korea and the NASA in the United States, in 2016.
One of the purposes of this campaign was to better under-
stand the factors controlling air quality and to provide guid-
ance on measures to improve air quality in Korea (NASA,
2017). As stated in Section 2, this campaign was conducted
between April and June 2016 and measured pollutant
concentrations using research aircraft (DC-8 and B-200),
ground sites, ships, and satellites (NASA, 2020).

During the KORUS-AQ campaign, 23 flights were con-
ducted in total, each with a different goal, such as mea-
suring the concentration of air pollutants arriving from
China by intensively flying over the West Sea or checking
the magnitude of emissions from traffic and other sources
by intensively measuring emissions over SMAs. One of the
mission goals was evaluating emission inventories for
some LPSs, employing the flight tracks over the mid-
west coast of Korea, as shown in Figure 2. While the
DC-8 repeatedly flew over the facilities in circular patterns,
atmospheric sampling and meteorological data measure-
ments near the LPS were performed. The concentrations of
pollutants measured by the DC-8 on June 5, 2016, when
the mission goal was evaluating LPSs emission, were used
to validate the emission inventory. In this study, we
focused on to use June 5 flight data, because there are
little and short measured data from other flights that

passed through selected LPSs. The triangular symbols in
red in Figure 2 show the locations of selected LPSs, such
as large industrial complexes and coal-fired PPs.

As shown in Figure 2, the selected LPSs are the Dang-
jin, Seocheon, Boryeong PPs, the Hyundai Steel, and the
Gunsan Industrial Complex (GIC) HanGlas. The sampling
locations and time periods for each LPS are listed in Table
S2. All times in this article refer to local times.

Figure 3 contains the satellite images of the 5 LPSs,
which shows the locations of stacks in each LPS. It was
assumed that the point source emissions were at the loca-
tions of the corresponding stacks. By checking the locations
of visible stacks and flight paths of each LPS, the “effective
stacks” that affect the concentrations captured by the air-
plane were defined. The stack, which was judged not to
influence the airplane measurement, was marked with an
“X” symbol in (A) and (C) panels of Figure 3.

A brief description of each LPS is as follows:

– (A) Hyundai Steel: It is one of the largest steel mills
in South Korea and the 13th largest in the world.
About 1 min of data extracted from the DC-8 at
11:27 AM was used for the following analyses. We
only used a portion of circular measurements
because we ran a plume model. So, only enhanced
concentration of measurement in the downwind
part was used for intercomparison. Hyundai Steel’s
stacks are distributed irregularly, while the stacks of
other coal-fired PPs are gathered in one place. There-
fore, the uncertainty of the modeled plume concen-
tration is expected to increase.

Figure 2. Flight path of the DC-8 on June 5, 2016, and
selected large point sources. (A) Hyundai steel mill, (B)
Dangjin power plant (PP), (C) Boryeong PP, (D) Seocheon
PP, and (E) Gunsan Industrial Complex (HanGlas).
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– (B) Dangjin PP: It is the third largest coal-fired PP in the
world and the second largest in South Korea. Concen-
tration comparisons between the modeled values and
the measured values were conducted using the col-
lected data from 3 flight paths. Figure 4 depicts the
location of the 3 measured points (BF1, BF2, and BF3).
There are multiple stacks in Dangjin PP, but distances
from stacks are averaged in this figure. Measured data
at 2:45 PM were used for BF1 (Dangjin Flight 1) and
BF2, and data at 2:50 PM were used for BF3.

– (C) Boryeong PP: It is Korea’s largest PP and the
second largest coal-fired PP in the world in 2016.
This coal-powered generator provides about 6% of
all domestic power in South Korea. The DC-8 flew
directly above the stack of the Boryeong PP, and
about 1 min of data collected at 2:03 PM was used.

– (D) Seocheon PP: It is a relatively small PP with only
2 small power generators and a capacity of 200 MW.
The DC-8 flew around the PP twice. The inner circle
flight was selected to minimize uncertainty because
the outer flight path was about 1.7 km away from
the stacks. From this flight, about 1 min of data at
1:47 PM was taken.

– (E) GIC (HanGlas): It is located in the Jeollabuk-do
province. In the past, concentrations measured at
the ambient air quality monitoring stations in this
area have not matched well with the emissions

inventory-driven modeled concentrations. However,
the measurements of the fine particle gauges often
show “bad” levels (36*75 mg m�3 day�1; AirKorea,
2020), suggesting that Jeollabuk-do emissions might
be underestimated. This could be, however, due to
external factors, such as transboundary influences
from China or unidentified local emission activities
(Kim et al., 2021b). In any event, the emissions of the
largest emitter in Jeollabuk-do area, the Gunsan
Industrial Complex (E), are in need of evaluation.
Roughly 1 min of data at 10:24 AM was used.

Blue squares in Figure 3 indicate the locations of other
emission sources besides the selected LPSs, including area
and mobile sources such as fugitive emissions from ships
or construction machinery. Although it cannot be said that
these sources did not affect the measured concentration,
they are not included in emission estimations in this
study. As shown in Table S3, the average altitude of the
DC-8 flying around the stacks was about 350 m for all 5
LPSs. It was expected that emissions plumes rising from
the area and mobile sources could not reach that height
(Brunner et al., 2019).

4.2. Emission inventory and emission adjustment

CAPSS provides an annual emissions inventory, and the
CleanSYS continuously measures stack emissions data 24

Figure 3. Aerial photography of the 5 large point sources. The red dots mark the large stacks seen from the satellite
images. Satellite image source; Google Earth Pro 7.3.4.8248. (A) Hyundai steel, (B) Dangjin power palnt, (C) Boryeong
power plant, (D) Seocheon power plant, (E) Gunsan industrial complex.
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h a day, every day. Therefore, CleanSYS data were appro-
priate to acquire the emissions of the selected LPSs for the
time point of the DC-8 flight on June 5.

NOx and SO2 emissions of the sampling time points for
each LPS were collected from the CleansSYS. The CleanSYS
provides emissions for individual stacks, but not the loca-
tion of each stack. Therefore, some efforts to estimate
emissions from effective stacks were required. First, effec-
tive stacks need to be defined. In Figure 3, the red dots
presented visible large stacks. Among those, effective
stacks are what directly affect the concentrations along
the flight paths. By checking the locations of visible stacks
and flight paths of each LPS, the effective stacks were
defined, which are summarized in Table 1. Second, the
emissions of each LPS could be adjusted by considering
fuel types used in effective stacks. It was possible to guess
the fuel types in effective stacks by checking the facility
information. The annual emissions for each LPS from the
CAPSS were provided by combustion source type and
industrial process types. This information such as ratios
by source classification code types was used for emission
adjustment. The adjusted NOx and SO2 emissions for each
LPS are also summarized in Table 1.

According to the specific characteristics of facilities,
NOx and SO2 emissions for the 5 LPSs are calculated.
Modifications are described in detail in the following:

� (A) Hyundai Steel: It is spatially divided into (A-1)
shaft furnace area and (A-2) electric furnace area as
shown in Figure 5A. Facilities for making iron and
steel and so on are located in the A-1 area. Facilities
for making alloy steel and rebar making and so on
are in A-2. Because 6 effective stacks are in the (A-1)
shaft furnace area, emissions from bituminous coal
and liquefied natural gas (LNG) usage were included.
The emissions from (A-1) area accounted for 97% of
NOx and 95% of SO2 of all Hyundai Steel emissions.
The ratios were acquired from the CAPSS inventory
and applied to modify the emission input from the
CleanSYS emissions.

� (B) Dangjin PP: In December 2015, the construction
of new coal power facilities (9th and 10th) of the
Dangjin PP was completed. The year 2016 was the
period for stabilization of the new facilities, to solve
the initial operational problems, and commercial
operations started in January 2017. During this sta-
bilization period in 2016, KORUS-AQ proceeded to
measure the emissions of Dangjin PP. Emissions
from the pilot operations were measured but not
reported to the CleanSYS. This situation was han-
dled by adding the possible emissions from the
pilot operations from Facilities 9 and 10 and
excluding emissions from Facility 1, which has been
shut down since May 2016. All emissions from the
Dangjin PP assume that the existing Units 2–10
were operational (Korea East-West Power Company,
2020). Emissions of the added Facilities 9 and 10
were calculated in proportion to the plant capaci-
ties, which are 500 MW (Facilities 2–8) and 1,020
MW (Facilities 9 and 10). Therefore, in this study,
the evaluation of Dangjin PP emissions was divided
into 2 scenarios:

– Scenario 1: Using only the official CleanSYS data,
that is, using emissions from Units 2–8.

– Scenario 2: Adding emissions from generating
Units 9 and 10 pilot operations, that is, Scenario
1 plus emissions from Units 9 and 10.

There are 10 coal power facilities in Dangjin PP, as
shown in Figure 5B. Six stacks are visible since some
facilities share stacks. In Scenario 1, 4 stacks were con-
sidered as effective stacks in assessment. In Scenario 2,
2 more effective stacks were added for modeling.

� (C) Boryeong PP: Since the DC-8 flew over the top of
the stacks, only the emissions of stacks in the
upwind side were used, considering wind direction
and effective stack heights. In consideration of the
effective stack height, only 3 of the 8 stacks were
expected to influence the pollution measurements
and were used in our analysis. In this plant, LNG
and bituminous coal were used as fuel. As shown

Figure 4. Dangjin PP flight position on plume centerline. x ¼ Downwind distance from stack, y ¼ horizontal
distance from center line, and z ¼ flight altitude of aircraft.
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in Figure 5C, Boryeong PP is divided into a boiler area
using bituminous coal and a gas turbine area using
LNG as fuel. Because the 3 effective stacks are located
in the boiler area, emissions from bituminous coal
were considered.The emission ratio of bituminous coal
accounted for 98% and 99% for NOx and SO2 of the
total emission of Boryoeng PP in the CAPSS inventory,
which was used to modify the CleanSYS emission.

� (D) Seocheon PP: Because this facility has 1 visible
stack and it is an effective stack, emissions did not
need to be adjusted.

� (E) GIC (HanGlas): This facility has 3 visible stacks,
and also, effective stacks are 3. Those did not need to
be adjusted.

4.3. Meteorological data and flight altitude from

DC-8 data

Each point along the DC-8 flight path has meteorological
measurement data and flight altitude. Meteorological
parameters such as temperature, wind direction, and
wind speed were measured from the DC-8 aircraft with
flight altitude during the flight around the 5 LPSs. By
averaging the measurements near each stack, the para-
meters for the plume model were calculated, which are
included in Table S3.

4.4. Stack parameters

Stack parameters such as gas exit velocity, stack gas exit
temperature, stack diameter, stack height, and so on for

each LPSs were acquired from the CAPSS 2016. If the sizes
of the stacks could be ascertained, such as those in a ther-
mal PP, stack parameters were obtained according to the
height of each stack. In cases where the stack height could
not be specified, such as Dangjin Hyundai Steel or GIC
(HanGlas), all stack information on the site was obtained
and averaged, and then, the stack parameters were calcu-
lated accordingly. Since the new stacks of the Dangjin
thermal PP have different emission conditions from the
existing old stacks, the stack parameters were obtained by
separating them into old and new. The height of plume
rise, DH, and effective stack height were calculated using
the Holland equation described in Section 3.2.3. based on
the above input parameters. All stack parameters for each
LPSs are summarized in Table S3.

4.5. Concentrations of pollutants measured from

DC-8 aircraft

Pollution measurement data of NO, NO2, and SO2 were
employed in our analysis. NO and NO2 were measured by
the “National Center for Atmospheric Research (NCAR) 4-
channel chemiluminescence instrument” from the NCAR
and SO2 was measured by the “Georgia Tech-Chemical
ionization Mass Spectrometer” from the Georgia Institute
of Technology (Weinheimer et al., 1994; Huey et al., 2004;
Crawford et al., 2021). Calibration information about NO
and NO2 are in Ryerson et al. (1999) and Ryerson et al.
(2000). Those of SO2 can be found in Chen (2016) and Kim
et al. (2007). The reported measurement accuracy for NO

Figure 5. Target sources requiring emission recalculation. White line shows the detail facilities of each selected
large point sources, and yellow line shows the DC-8 flight path (June 5). (A) Hyundai steel, (B) Dangjin power palnt,
and (C) Boryeong power plant.
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and NO2 by Ryerson et al. (1999) and Ryerson et al. (2000)
was 5%. Kim et al. (2007) reported that the measurement
accuracy of SO2 was 10%. NO and NO2 values were added
to determine NOx concentrations. The influence of back-
ground concentration was removed by subtracting the
average concentration of measured data, which were not
influenced by the designated stack emissions. This method
allows a direct comparison of emissions and measured
values. The measured concentration data during the flight
time period at each LPS are summarized in Table S4.

4.6. Dispersion coefficients

In the Gaussian dispersion model, the dispersion coefficient
is a measure of the extent to which the emissions from the
source are diffused along their path to the measurement
point. The DC-8 measured pollutant concentrations were
also used to estimate dispersion coefficients, sy and sz. The
estimation method was described as follows along with the
data of Seocheon PP. Figure 6 shows the NOx concentra-
tions measured by the DC-8 near the Seocheon PP. The high
concentrations of NOx downwind of the Seocheon PP are
located inside the white rectangle of Figure 6 due to the
northeast wind blowing around the stack.

The measured concentration data in the red circle
shown in Figure 6 are plotted by the measurement point
number in Figure 7. The concentration distributions of
NOx and SO2 from the DC-8 aircraft show normal distribu-
tions. To obtain the dispersion coefficient, the actual
atmospheric dispersion coefficient of the Seocheon PP,
at the time of the KORUS-AQ measurements, was inversely
calculated using this graph (Figure 7). It was assumed that
most of the pollutants from the stack are included in the
range represented by the widest double-headed horizontal
arrow in Figure 7 along with the normal distribution with
a reliability of 3s (99.7%). Because the aircraft transit

speed was approximately 100 m s�1 and captured mea-
surements by each 1 second, the points in Figure 6 were
converted into 100-m distances. The atmospheric stability
at each source was determined by using the formula to
estimate the dispersion coefficient that was shown in
Table S1. sz was calculated by using the confirmed atmo-
spheric stability for each source, distance from each stack,
and the factors in Table S1. Estimated sy and sz values by
stability categories A–F for (B) Dangjin PP are shown in
Table S5. Values for (A) Hyundai steel mill, (C) Boryeong
PP, (D) Seocheon PP, and (E) GIC (HanGlas) are shown in
Table S6.

5. Comparisons between measurement and
modeled concentration estimates
5.1. Analysis results for PPs: Dangjin, Boryeong,

and Seocheon PP

Figure 8 and Table 2 present the emission estimation
results for Dangjin PP. The results from the 2 scenarios at
3 flight points are included. The ratios in Table 2 are cal-
culated by dividing the sum of the modeled concentrations
by the sum of the in-flight measured concentrations. The
sum of modeled concentrations was calculated by integrat-
ing the area under each curve in Figure 9. The closer the
ratio is to 1, the better the model results can be judged.

As shown in Table 2, the modeled/measured ratios of
NOx and SO2 in Scenario 1 are less than 1 at BF1, BF2,
and BF3 (refer Figure 4), which means modeled NOx and
SO2 emissions were underestimated in this scenario. In
Scenario 1, the old 4 stacks were included in the assess-
ment. Two new stacks were added for modeling in Sce-
nario 2. The treatment in Scenario 2 could reduce the
bias in the ratio due to the exclusion of pilot operation
emissions. As described in the sections above, 2 new
facilities in the Dangjin PP complex, which started com-
mercial operation in January 2017, had been in opera-
tional testing in mid-2016 during the KORUS-AQ

Figure 6. High NOx concentration area downwind of
the Seocheon power plant (PP). The red triangular
symbol indicates the location of the Seocheon PP. The
red circle indicates data highlighted in Figure 8.

Figure 7. Seocheon power plant NOx concentrations
and dispersion coefficient sy. x-axis: time since
entering the plume; y-axis: NOx concentration.
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Figure 8. Concentration comparisons in graph between model outcomes and measurements for Dangjin
power plant. x-axis: time since entering the plume; y-axis: concentration. (a) BF1-NOx, (b) BF1-SO2, (c) BF2-NOx,
(d) BF2-SO2, (e) BF3-NOx, and (f) BF3-SO2.

Table 2. The ratios of the sum of the modeling concentrations and the sum of the actual concentrations for
Dangjin power plant

Measured Point BF1 BF2 BF3

Scenario Scenario 1 Scenario 2 Scenario 1 Scenario 2 Scenario 1 Scenario 2

Modeled/measured (NOx) 0.85 1.22 0.85 1.09 0.59 0.82

Modeled/measured (SO2) 0.61 0.87 0.71 0.90 0.56 0.79
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measurement campaign. The modeled/measured ratios
of NOx and SO2 in Scenario 2 are increased and are closer
to 1 (Table 2). This means that Scenario 2 performed
better emission estimations.

Figure 8e and f depicts the estimated NOx and SO2

results from the D3 point. These figures present that the
modeled concentrations graph of Scenario 2 has one more
peak than those in Scenario 1 due to adding 2 more
stacks. In Scenario 1, modeled concentrations at D3 point
were estimated to be 0.59 (0.56) times for NOx (SO2) com-
pared with in-flight concentration measurements, as

shown in Table 2. When the aircraft flew around the
Dangjin PP, the modeled concentration measurements
obtained were approximately 60% lower than the in-
flight measurements, suggesting the possibility of
significant underestimations in the vertically upward
emission inventory figures. In Scenario 2, the modeled
Dangjin PP concentrations were estimated to be 0.82
(0.79) times for NOx (SO2) than those captured in-flight,
as shown in Table 2. The emission adjustment in Sce-
nario 2 improved the agreement not only for the
amounts but the timing and shapes. Emissions from

Figure 9. Concentration comparisons in graph between model outcomes and measurements of NOx and SO2

for the rest power plant large point sources: (a and b) Boryeong power plant; (c and d) Seocheon power
plant. x-axis: time since entering the plume; y-axis: concentration.
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the 2 additional stacks were captured by the measure-
ments, and thus, Scenario 2 is considered the more
realistic scenario.

Boryeong and Seocheon PP are showing similar results
with Dangjing PP. Figure 9 and Table 3 show the con-
centration comparisons results for Boryeong and Seo-
cheon PP. The model-estimated values for NOx (SO2)
concentrations were 1.11 (0.85) times the measured
values for Boryeong PP, where the DC-8 flew over the
top of the stack, meaning that the distance between the
stack and the measurements was the shortest in this

Table 3. The ratios of the sum of the modeling con-
centrations and the sum of the actual concentrations
for the rest power plant (PP) large point sources
(LPS): Boryeong PP and Seocheon PP

LPS
Boryeong

PP
Seocheon

PP

Modeled/measured (NOx) 1.11 1.30

Modeled/measured (SO2) 0.85 1.01

Figure 10. Concentration comparisons in graph between model outcomes and measurements of NOx and SO2

for industrial large point sources: (a and b) Hyundai Steel and (c and d) GIC (HanGlas). x-axis: time since
entering the plume; y-axis: concentration.
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study. This characteristic means that the Boryeong PP
modeled results could be the best match with the mea-
surements. The Seocheon PP was the smallest source
evaluated in this study and had just one stack. The mod-
eled Seocheon PP concentrations were estimated to be
1.30 (1.01) times for NOx (SO2) compared to the in-flight
measurements.

5.2. Industrial sources: Hyundai Steel and Gunsan

Industrial Complex (HanGlas)

Air pollutant concentrations (NOx and SO2) from the
bottom-up emissions driven by the Gaussian plume
dispersion model and DC-8 measurement data at each
of the remaining industrial LPSs are presented in Fig-
ure 10. Concentration comparisons for these industrial
LPSs are listed in Table 4. These results are estimated
by the same methodology with other PP sources in
Section 5.1.

The model-estimated values for NOx (SO2) concentra-
tions were 0.82 (0.51) times the measured values for
Hyundai Steel. For GIC (HanGlas), the modeled concentra-
tion estimates were 0.42 (0.39) times for NOx (SO2) than
the values obtained during flight.

As shown in Table 4, the matching rates of these 2
sites are lower than those of the PPs shown in Tables 2
and 3. As described in Section 4.2, in the concentration
modeling of Hyundai Steel and GIC (HanGlas), only the
emissions of LPSs whose locations could be identified on
satellite maps were used for the input emissions. As
described in Section 4.5, emissions from the area sources
were attempted to be eliminated because those were con-
sidered as background concentrations, but it did not seem
to work. The reason seems to be that the flight radius of
DC-8 at these sites was so large that it was almost a straight
line. As a result, the downwind concentration was mea-
sured well, but the upwind concentration was not, and
eventually, the flux around the target emission sources
could not be fully calculated.

In particular, considering the case of Hyundai Steel,
area source emissions account for a large portion of the
total emissions from the industrial complex due to the
nature of the steel industry. In addition, as shown in Fig-
ure S2, the area in which the emission sources are distrib-
uted is large. Therefore, when estimating the background
concentration at this site, a method that can include the
influence of area sources is needed. Considering that the
distance between the stacks of point sources and the flight

path was close (about 1 km) and the wind direction, in the
SO2 concentration distribution graph of Figure 10b, the
largest peak in the center can be thought of as the over-
lapping effect of point source and area source, and it can
be thought that only area source emission affected the
low peaks on both sides of the graph. Based on this point,
the time windows for the background concentration cal-
culation were adjusted (see Figure S2). The background
concentration was calculated by averaging the concentra-
tions of the time windows on both sides. As a result of
comparing the measured concentration corrected with the
recalculated background concentration and the modeled
concentration, the values in Table 4 were changed from
0.82 to 1.23 for NOx and from 0.51 to 0.81 for SO2, which
shows an improvement compared to the results of the
previous analysis.

However, as can be seen in Figure 10, the measured
concentration graph of GIC (HanGlas) shows a strong
peak, which is similar to the measured concentration dis-
tribution from the LPSs. Therefore, the measured concen-
tration seems to be mainly affected by point sources. In
addition, since area source emissions are not significant, it
was decided not to correct the effect from the area source
emissions. Under this condition, the modeled concentra-
tions appear to be much smaller than the measured con-
centrations. It could be thought that GIC (HanGlas)’s point
source emissions in our national inventory were under-
estimated than their actual values.

6. Conclusions
In this study, the bottom-up emissions inventory of the
LPSs over the mid-west coast of Korea was evaluated for
NOx and SO2, which cause high levels of PM. Concentra-
tions from a Gaussian plume dispersion model driven by
the best available bottom-up emissions and measured
meteorological data were intercompared with DC-8 air-
craft measurements from circular flights around the emis-
sion sources during the KORUS-AQ field campaign. Five
LPSs over the mid-west coast of Korea, which are impor-
tant to improve our understanding of Korean pollution
emission sources, were selected for this evaluation.

The input parameters of the GPM were derived from
the CAPSS inventory and meteorological measurements
on the DC-8 aircraft. Both annual emissions in the inven-
tory and the CleanSYS stack emission measurement data
were used to estimate emissions of the selected LPSs to
acquire more accurate emissions. The stack parameters
such as exit diameter, exit velocity, and exit temperature
from the CAPSS point source inventory, and meteorolog-
ical parameters measured from DC-8, were used to derive
the plume rise and dispersion coefficients for the model.

The agreement between modeled and measured con-
centrations ranged between 0.42 and 1.30 and 0.39 and
1.01 for NOx and SO2, respectively. NOx is overestimated
by 4%–30% compared to the DMeasurements, which is
excluded background concentration at Dangjin PP (BF1
and BF2), Boryeong PP, and Seocheon PP. NOx at the Hyun-
dai steel, Dangjin PP (BF3), and HanGlas is underestimated
by 18%–58% compared to the DMeasurements. SO2 is
underestimated by 10%–61% compared to the

Table 4. The ratios of the sum of the modeling concen-
trations and the sum of the actual concentrations for
the rest power plant large point sources (LPS): Hyundai
Steel and GIC (HanGlas)

LPS
Hyundai
Steel

GIC
(HanGlas)

Modeled/measured (NOx) 0.82 0.42

Modeled/measured (SO2) 0.51 0.39
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DMeasurements. SO2 at Seocheon PP is overestimated by
1%. Overall, the NOx emissions are both underestimated
and overestimated for different stacks, whereas the SO2

emissions are consistently biased low, except for Seocheon
PP. These levels of disagreement are, however, not unex-
pected considering that the modeling results are based on
less-than-a-minute measurement snapshots of emissions
from the DC-8 compared with 30 min averaged emissions
from the CleanSYS.

The possible sources of error in our GPM results are as
follows. First, the distance between the stack and the
measurements affects the level of agreement. The uncer-
tainty in the model concentrations could decrease as the
distance from the stack to the measurements is reduced,
as indicated by the best agreement between modeled and
measured concentration values from the Boryeong PP
where this distance was minimized. The second factor is
the complex fuel mix in each facility. In the emissions
inventory, complex fuels can cause high variation in the
amounts of the emissions. The complex fuels mix, there-
fore, may cause high model-measurement disagreements.
This might be the case with the Seocheon PP, which
showed lower agreement. Finally, measurements by the
CleanSYS may not reflect additional emissions from the
processes in steel mills. In the case of Hyundai Steel,
which includes furnace processes for melting iron ore,
sintering, and cokes oven, the modeled concentration
ratios to the measured values are not in agreement.

Uncertainties in the evaluation could be reduced by
adding more detail and realistic emissions. For Dangjin
PP, when the emissions were recalculated by adding new
facility effects (Scenario 2), modeled concentrations of
NOx and SO2 were better matched with DC-8 measure-
ment concentrations. The test operations of the newly
constructed facility stacks 9 and 10 were underway during
KORUS-AQ, and during such a testing period, it could be
assumed that these stacks emitted significantly higher
pollutant concentrations than during normal commercial
operations.

Based on our analysis, the uncertainty of LPS emissions,
at least for NOx and SO2, appears to be small, which means
point sources inventory emissions in CAPSS seem reason-
able. The agreement for the Boryeong PP lends confidence
to this conclusion because the measured versus modeled
values were 1.11 and 0.85 for NOx and SO2, respectively.
Dangjin PP’s analysis, however, informs that the more
actual and sophisticated emissions should be considered
in addition to “the official” amounts to reduce emission
uncertainty.

This detailed comparative analysis not only helped in
the verification of the national point source emissions
inventory for these 2 pollutants (NOx and SO2) but also
helped in the verification of the method used for this
study.

The main purpose of this study was to identify and
quantify the problems of the emission inventory by com-
paring the 2 results from the independent methods,
which are observation and Plume modeling. In other
words, although the modeled concentration was esti-
mated to describe the measured concentration as

accurately as possible, increasing the agreement rate was
not the main purpose of this study. For the purpose of this
study, therefore, firstly, in the modeling process, we tried
to minimize the uncertainty of plume modeling by calcu-
lating the input variables of the plume model and the
effective stack heights of point sources by using in situ
measured meteorological data. Secondly, in the cases
where the target point sources are located in the center
of the circular flight path, the effect other than the target
pollutant source was removed by deducting the upwind
observed concentration from the downwind observed con-
centration. Through this process, we tried to evaluate the
accuracy of the LPS emissions. Third, additionally, based
on the understanding of the measured concentration dis-
tribution graph, DC-8 flight path, and wind direction, it
was attempted to correct and improve the measured con-
centration of point source emissions from industries such
as Hyundai Steel and GCI (HanGlas), where the modeled
concentrations were significantly lower than the mea-
sured concentration.

The modeled concentrations and measured concentra-
tions of the coal-fired PPs, where most of the emissions
are concentrated in LPSs, presented high agreement. This
indicates that the verification method proposed in this
study was robust and that the inventory emissions of the
coal-fired PPs were relatively accurate. In the case of Hyun-
dai Steel, the measured concentration distribution graphs
of NOx and SO2 were not steep and had a wide peak
compared to the graphs of other LPSs. Considering that
this is because the influence of area sources was included,
the background concentration was recalculated taking into
account the measurement time points affected by area
sources. As a result, it was possible to sufficiently remove
the influence of area source emissions, and it was found
that the agreement rates between modeled concentrations
and measured concentrations of NOx and SO2 were
improved by about 20%p and 12%p, respectively. In the
case of GIC (HanGlas), the measured concentration distri-
bution graph showed a strong peak which can be seen in
the other LPSs, so it needs to be interpreted differently
from the case of Hyundai Steel, and it was decided not to
correct the effect from the area source emissions since area
source emissions are not significant. Therefore, it seemed
that GIC (HanGlas)’s point source emissions in our national
inventory were underestimated than their actual values.

Inventory assessments using flight measurements will
be conducted in the future. The following 2 points are
suggested for better analysis in future studies. First, it
would be important if the data from the CleanSYS could
provide more clear information about the locations of
measured stacks. Although there were measured emis-
sions and stack parameters for each stack in the raw data
of the CleanSYS, because only the data combined into one
location can be received, it was difficult to estimate the
exact amount of emissions from each stack. In the case of
Hyundai Steel, where the workplace is spatially wide and
has various facilities, the sizes of stacks and the amounts
of emissions vary. If the location information for each
stack in the CleansSYS was provided, better estimation
results could have been made. Second, it is expected that
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better analysis results will be obtained if the flight mea-
surement time is longer and the flight position and alti-
tude are varied. Except for the Dangjin PP, the number of
measurement samples was insufficient. As in the case of
the Dangjin PP, it is expected that dispersion coefficients
can be estimated better if measurement data are obtained
by flying several times at different distances from stacks
and flight altitudes. Pollutant concentrations measured at
various flight altitudes will provide a better estimate of
the centerline of the captured plume. A more comprehen-
sive assumption of the vertical and horizontal distribu-
tions of the pollutants will help GPM compute better
simulation results. Furthermore, flight measurements
over multiple days with various meteorological conditions
allow us to verify the accuracy and sensitivity of GPM
simulation results by comparing the results of GPM esti-
mations for various conditions.

The experience and findings of this study may help to
conduct better inventory assessments in the future. With
improved LPS emission inventories through accurate eva-
luations, it will be possible to accurately predict the occur-
rence of high concentrations of air pollutants. This leads to
implementing appropriate countermeasures, for instance,
reducing emissions from some LPSs by adjusting opera-
tion time. As a result, public health can be improved by
reducing the duration of people’s exposure time to haz-
ardous situations.
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