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HIGHLIGHTS

e We present an airborne observational SO, dataset from large industrial point sources in Taean, South Korea.

e We calculated SO, emission to verify bottom-up emission inventories and the continuous emission monitoring dataset.
e The comparison illustrates ~40 % SO, emission reduction from policy implementation between 2018 and 2020.
e We found no noticeable trend in SO, emissions from industrial facilities before and after the COVID-19 pandemic.

ABSTRACT

We present top-down SO emission estimates from four large point sources, including two power plants, a steel mill, and a petrochemical industrial facility in Taean,
South Korea. The airborne observations were conducted over two years, with three intensive observations in Fall 2019, Fall 2020, and Spring 2021. During this
period, an active policy implementation to reduce air pollutant emissions from large industrial point sources in the region had been exercised, in addition to activity
disruptions from the global COVID-19 pandemic. We quantify the observed SO3 emission reduction over the time period resulting from the policy implementation.
The Continuous Emission Monitoring System (CEMS) datasets from the coal power plants were 1) validated by comparing them with emissions calculated using a top-
down airborne mass balance method and 2) compared with the annual bottom-up national SO, emission inventory. The comparisons illustrate that the policy
implementation resulted in a 35% reduction in SO emissions from increased implementation of SO, reduction technologies such as scrubbers. Finally, the COVID-19
pandemic did not cause a meaningful disruption in SO, emissions from industrial sectors, such as steel mills and petrochemical manufacturing facilities.

1. Introduction

Accurate inventories of anthropogenic trace gas emissions are
essential for effective environmental management. These inventories
become the basis for planning mitigation strategies, evaluating progress
toward reduction targets, and forecasting air quality. National compi-
lation of anthropogenic gas emissions typically relies on bottom-up (BU)
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approaches, which estimate emissions using reported activity levels and
emission factors associated with individual sources. However, chal-
lenges arise in accurately identifying emission sources, their activity
factors, and capturing their temporal variability (Lopez-Aparicio et al.,
2017; Qu et al., 2022; Zavala-Araiza et al., 2015). Therefore, indepen-
dent top-down estimates derived from atmospheric measurements are
valuable tools for validating inventories and ensuring compliance with
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mitigation agreements (Nisbet and Weiss, 2010; Turnbull et al., 2011).

Continuous Emission Monitoring Systems (CEMS) directly measure
concentrations of air pollutants such as NOy and SOy and flow rate at
stack exhaust, enabling the calculation of emission rates on an ongoing
basis. The high frequency of CEMS measurements of industrial emissions
provides the crucial data needed to characterize the temporal variability
of emissions (Tang et al., 2020; Wang et al., 2022). Data from the CEMS
has been utilized for real-time, site-specific monitoring of emissions,
enabling the tracking of the impact of emission standards policies on
emissions at individual facilities (Tang et al., 2019; Wang et al., 2022).
As the utilization of CEMS data continues to expand to monitor emis-
sions and enforce air pollutant standards in various countries, the
quality and reliability of CEMS data become increasingly crucial and
require a systematic evaluation.

While the effectiveness of CEMS in the US has been validated
through independent measurements, there has been limited research
attention on the assessment of CEMS systems in other countries,
particularly those suffering from air pollution problems (Frost et al.,
2006; Peischl et al., 2010; Ryerson et al., 1998; Trainer et al., 1995).
Several studies have identified various technical and management
challenges associated with the CEMS system in China. Xu (2011) inter-
viewed managers and engineers at coal power plants in China, who
expressed concerns about the trustworthiness of CEMS data, citing issues
with sensor location impacting readings and the potential for data
manipulation. Zhang and Schreifels (2011) highlighted the need for a
national standard of CEMS, including inconsistent installation certifi-
cation, lack of inspections, incomplete plant monitoring, and limited
quality control. Karplus et al. (2018) compared the decline in SOy
concentrations between CEMS and satellite data following the imple-
mentation of stringent SO, emission standards. While the satellite data
corroborated the emission reductions in areas with more lenient stan-
dards, key areas with stricter standards had larger declines in the CEMS
data. This may imply possible misreporting or data manipulation when
compliance was more challenging or costly, requiring substantial tech-
nological or operational changes. Therefore, a consistent and indepen-
dent evaluation process is required to validate the CEMS dataset.

A range of top-down approaches has been employed to verify emis-
sion inventories of point sources, utilizing satellites (Liu et al., 2018; F.
Liu et al., 2020; Wren et al., 2023) and conducting aircraft measure-
ments (Karion et al., 2013; Liggio et al., 2019; Wren et al., 2023).
However, fundamental differences in temporal coverages should be
highlighted as bottom-up emissions are usually assessed in total annual
emissions. On the other hand, observation efforts are limited to a much
shorter time frame. Previous studies have relied on the assumption of
temporal constancy in yearly emissions from the inventories (Baray
et al., 2018; Fiehn et al., 2020; Turnbull et al., 2011), which cannot be
well justified.

The Taean region is situated in the South Chungcheong Province on
the west coast of South Korea with four major industrial facilities:
Dangjin Powerplant, Taean Powerplant, Hyundai Steel Mill, and Daesan
Petrochemical Facility. Dangjin and Taean Powerplants were ranked as
the third and fourth largest coal power plants, respectively, as of 2018
(Grant et al., 2021). The petrochemical facility, conversely, encom-
passes a large-scale operation with multiple intricate sources such as
steam cracking, polymer production, and refining. Similarly, the steel
mill is engaged in various processes, including blast furnaces, steel-
making, ironmaking, and coking. Estimating the significant SO, emis-
sions from both facilities using bottom-up approaches poses a significant
challenge due to the complexity and substantial size of these facilities.

This study aims to obtain instantaneous emission estimates for the
industrial facilities in the Taean region using aircraft-based measure-
ments of SOz to compare with emissions from the South Korean national
inventory and evaluate the effect of SOy reduction efforts in South
Korea. We present our results over a two-year period from an intensive
field campaign from Oct 2019 to June 2021. The emission estimates for
the individual facilities are calculated by applying a top-down mass
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balance (MB) method to 92 facility flight examples. A comprehensive
description of the MB method and its associated uncertainties can be
found in a recently published companion paper (Wong et al., 2024). The
MB emissions are compared to emissions reported by a CEMS that
directly captures average SO, emissions from the powerplant stacks in
30-min intervals for the entire year of 2020. This comparison provides
an independent assessment of the accuracy of CEMS data in South Korea.
Additionally, we evaluate the emission trends over the 3 campaign pe-
riods, Fall 2019, Fall 2020, and Spring 2021, performing a comparative
analysis between MB-based emissions and the BU national inventory.
Our assessment delves into the impact of changes in activities and
mitigation measured within South Korea’s industrial facilities and their
implications in the context of the COVID-19 pandemic and evolving
policy measures.

2. Methods

Airborne atmospheric chemistry and meteorology observations were
conducted aboard the Hanseo B-1900D aircraft during an intensive two-
year-long field campaign from Oct 2019 to June 2021. Aircraft flights
from 3 seasons within this campaign are included in this analysis: Fall
2019, Fall 2020, and Spring 2021. The primary objective of the field
campaign was to monitor seasonal variations in air pollutant concen-
trations and emissions at industrial facilities located in Taean, South
Korea, during both Fall and Spring seasons. The Spring 2020 campaign
could not sample over the industrial facilities due to the COVID-19
pandemic. The flights encompassed navigation around four key indus-
trial sites: Dangjin Powerplant, Taean Powerplant, Hyundai Steel Mill,
and Daesan Petrochemical Facility (Fig. 1). SO and CO5 was measured
from the aircraft by a quadrupole chemical ionization mass spectrometer
(CIMS-QMS) (Kim et al., 2007; Park et al., 2020) and cavity enhanced
direct-absorption spectroscopy analyzer (CEAS, Los Gatos Research Ltd.,
CA) respectively. The AIMMS-30 (Aircraft Integrated Meteorological
Measurement System; Aventech Research Inc., Ontario, Canada) was
installed to measure meteorological parameters such as the
three-dimensional field (wind directions and speed), humidity, tem-
perature, and pressure. A detailed description of the observational sys-
tem is described by (Park et al., 2020).

The flights were designed to quantify the hourly air pollutant emis-
sions within the industrial facility area using an aircraft mass balance
(MB) method that is modified from the top-down emission rate retrieval
algorithm (TERRA) (Gordon et al., 2015). The aircraft flew in a circular
pattern surrounding each facility at 3-8 altitudes ranging from 400 m to
1000 m above ground level (a.g.l.). The flight duration around a single
facility ranges from 30 to 60 min. The stacked flight tracks form a virtual
box around the facility where the pollutant mass flux through the sur-
faces of the box describes the total emission coming from within the box.
The measurements are interpolated between the sampled altitudes
(~400 m-1000 m) using radial basis function interpolation at 40 m x
20 m resolution. Mixing ratios are extrapolated from the lowest sampled
altitude (~400 m a.g.1.) to the ground surface using a linear fit between
the concentration sampled at the lowest altitude to a background value
at the ground. A detailed methodological description can be found in
(Wong et al., 2024). We refer to this method as the mass balance method
(MB).

The background levels of CO, exhibited variability across each flight,
with concentrations ranging from 408 ppm to 444 ppm. Acknowledging
the impact of these background levels on emission rate calculations
using the mass balance method, we opted against assuming a standard
CO9 background level of 420 ppm for all flights. Instead, individual
background levels of CO, were determined for each instance. A histo-
gram was made from the concentration of the sampled points where the
air flux is negative, indicating an influx to the facility. The normal dis-
tribution of each histogram was assessed, and any significant outliers,
possibly originating from an external source, were eliminated. The
average CO; concentration derived from the histogram then served as
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Fig. 1. Map of Taean County and the four industrial facilities examined during the three-year aircraft campaign in this study. The outlines define the areas associated

with each facility. Map image provided by Google Earth.

the background concentration for the respective flight example. Since a
substantial SO, background concentration was not detected during the
flights, a value of 0 ppb was assigned as the background value for SOs.

Uncertainty estimates presented in Table S1 in our study are based
on ground extrapolation and background determination methodology.
The uncertainty stemming from ground extrapolation was evaluated by
examining two extreme scenarios: constant extrapolation and back-
ground extrapolation from the lowest sampled altitude to the ground. In
the constant extrapolation scenario, we assumed that the concentration
sampled at the lowest altitude remains constant to the ground surface,
providing an upper limit for emissions. Conversely, in the background
extrapolation scenario, we considered the concentration below the
lowest altitude sampled as the determined background value, estab-
lishing a lower limit for emissions. We quantified the uncertainty
resulting from the ground extrapolation technique by comparing the
percentage change in emission rates between these extreme scenarios
and the default extrapolation method, a linear constant-to-background
scheme. For the uncertainty associated with CO, background determi-
nation, we utilized the average CO2 background value derived from the
histogram constructed from measured CO; concentrations in the
inflowing air towards the facility as the baseline. The minimum and
maximum CO, background values were determined as one standard
deviation away from the average. To quantify the uncertainty arising
from background determination, we compared the percentage change in
emission rates when utilizing the minimum or maximum CO2 back-
ground values compared to the baseline CO5 background value. Other
sources of uncertainty, such as the effect of deposition, measurement
error, box-height sensitivity, and box-top emission, were determined to
contribute <1% to the total uncertainty and were excluded from this
analysis. The flights used in this study were chosen based on the avail-
ability of multiple sampling altitudes, the continuity of directionally
consistent winds over the sampling duration, and visual confirmation of
plume enhancement primarily occurring within the sampled altitudes,
as observed through the interpolated mixing ratio screen. A total of 92
individual facility examples were found to be suitable for identifying
and quantifying emissions of the facilities (Table S1).

To compare our mass balance-based emissions (Eyg) with the
emissions reported by the CEMS (Ecgms), we utilize CEMS data from
2020 for Dangjin Powerplant, and Taean Powerplant. The CEMS records
provide measurements of SO, in 30-min intervals for the entire year of
2020.

3. Results and discussion

The temporal variations of instantaneous SO emissions from CEMS
(Ecgms) and airborne mass balance (Eyp) for Dangjin and Taean pow-
erplants are presented in Fig. 2 and Table 1. Generally, the emission
rates assessed by two independent methodologies illustrate a reasonable
level of agreement, with average Eyp/Ecgms emission ratios of 0.85 for
Dangjin and 1.29 for Taean. The agreement is observed over three weeks
for nine flights. Notably, Eyp from the three facility flights in December
(one at Dangjin and two at Taean) are significantly higher than the
corresponding Ecgys. This may suggest the presence of an additional
source of SO, within these facilities that is not captured by the CEMS
installed on the stacks during the winter month of December. Alterna-
tively, the mass balance (MB) methodology may be less suitable for
quantifying emissions during winter months due to differences in
meteorological conditions, such as windspeed or boundary layer height.
However, our examination of these three flights to identify any differ-
ences in meteorological conditions compared to those conducted in
October and November concluded that there are no notable differences,
which requires follow-up studies. Nonetheless, to our best knowledge,
this is the first attempt to assess the CEMS emission rates using the
airborne observational dataset in a meaningfully extended period.

As discussed, validating official emission inventories that present
annual emission rates with independent top-down emission estimates is
particularly important. We obtained the latest bottom-up emission in-
ventory for SOz from the facilities examined in this study, encompassing
emissions from 2018. It has been observed that SO, emissions have been
steadily declining every year. To compare the inventory with our top-
down emission estimates from 2020, we adjust the 2018 emissions to
reflect the year 2020 using reported KEPCO coal power generation data
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Fig. 2. (left panel) SO, emissions for the powerplant facilities derived from each flight using the mass balance method (Eyp) and from CEMS data (Ecgyms) in kg hrt

CEMS data is collected every half hour in grams and scaled to kg hr~" for comparison to Eyp. Error bars on Eyp represent the propagated SO, emission change from
different ground extrapolation techniques. (right panel) Average emissions during the timeframe of the flights from the CEMS (Ecgums) and mass balance method
(Emp). Error bars denote the range in emissions among all the flights. Eyp/Ecgms for each powerplant represents the ratio of the average Eyp and Ecgys values.

to account for changes in activity (Table 2) (KEPCO, 2022). Electricity
generation decreased in 2020 by 15 % and 24 % when compared to

Table 1 2018 at Dangjin and Taean Powerplants, respectively.
Hourly top-down SO, emission estimates for 2020 using top-down aircraft mass Additionally, we attempt to account for the difference in 2020
balance (Eyg) and CEMS (Ecgyms). Mean Eyp/Ecgys is calculated from the mean annual average emission rates with those during our sampling period in
Enp and Ecgs values. Fall 2020. For both Dangjin and Taean Powerplants, the average hourly
Flight # Date Ems Ecems Eme/Ecems CEMS SO, emission rates conducted during our Fall 2020 campaign
(kg h~1) (kg h~h) (Ecems) was consistently 3% lower than the average annual SOy emis-
Dangjin Powerplant sion rates reported by CEMS (Ecgms, annual) (Table 3). We adjust the
F62 7-Oct-20 523 524 1.00 average annual BU inventory emissions to average emissions during our
F63 8-Oct-20 150 491 0.30 measurements during the Fall 2020 campaign using this 3% adjustment.
F67 11-Oct-20 185 426 0.43
F68 13-Oct-20 320 475 0.67
F69 15-Oct-20 379 435 0.87 Table 3
F70 19-Oct-20 279 361 0.77 Comparison of average hourly SO, emissions rates from facilities in Taean. The
F72 27-0ct-20 260 421 062 2018 annual BU inventory emission rates were reported as a baseline. 2020 BU
F74 31-Oct-20 142 418 0.34 tivi diusted les the 2018 baseli . 1 tion trend
76 4-Nov-20 536 462 116 activity adjusted scales the baseline using coal power generation trends
F78 9-Dec-20 1088 542 2.01 from KEPCO. 2020 BU scrubber adjusted accounts for the average 35% decrease
Mean 386 455 0.85 in SO, emissions as a result of increased scrubber enforcement. 2020 Fall BU
Taean Powerplant adjusted scaled the annual emission rates to average emission rates during the
F63 8-Oct-20 542 408 1.33 sampling timeframe of the campaign. 2020 Fall Mass balance is the average SO
F67 11-Oct-20 263 326 0.81 emissions from the 2020 flights. Ecgms, annual is the average emissions from CEMS
F68 13-Oct-20 510 378 1.35 over the entire year of 2020. Ecgys is the average emissions from CEMS during
F70 19-Oct-20 400 397 101 the corresponding mass-balance flight sampling periods.
F72 27-Oct-20 558 468 1.19
F73 30-Oct-20 425 471 0.90 SO, emissions (kg h™)
11:;2 ill;IOCt-zzoo 24113 fég i gg Dangjin Taean Hyundai Daesan
F78 9'D°V'20 8 385 1‘50 2018 annual BU baseline 620 1120 1770 1606
£79 1_7 ;C' 20 602 236 2'55 2020 BU activity adjusted 530 854 n/a n/a
o -oee a4 ot Lo 2020 BU scrubber adjusted n/a n/a 1151 1044
ean : 2020 Fall BU adjusted 513 828 n/a n/a
The uncertainties of Eyyg are presented in Table S1. 2020 Fall Mass balance 386 444 1056 523
Ecims, annual 470 356 n/a n/a
Ecems 455 345 n/a n/a
Table 2

Coal power generation from Dangjin and Taean Powerplants in MWh retrieved from KEPCO, 2022. Bottom-up (BU) inventory SO, emissions are presented with 2018
values reported from CAPSS inventory. 2019-2021 values are scaled using the annual percent change trends in KEPCO coal power generation.

KEPCO coal power generation (MWh) BU inventory SO, emissions (kg Y

2018 2019 2020 2021 2018 2019 2020 2021
Dangjin 3.44E+07 3.37E+07 2.94E+07 2.74E+07 620 607 530 494
Taean 3.69E+07 3.34E+07 2.81E+07 3.00E+07 1120 1013 854 908
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The results allow us to quantitatively compare SO, emission rates from
the Clean Air Policy Support System (CAPSS), an official emission in-
ventory in South Korea assessed by a bottom-up (BU) methodology, to
those from the airborne mass balance method for both power plants
(Fig. 3 and Table 3). The results clearly illustrate a meaningful decrease
(25 % and 46% for Dangjin and Taean powerplants, respectively) in SO2
emissions rates from the adjusted 2020 Fall BU emission inventory that
is independent of activity change and temporal adjustment.

Given the absence of reported changes in industrial combustion
processes, such as equipment upgrades, since the 2018 reporting of
recent CAPSS emission rates, we assume that the change in electricity
generation reflects the SO, emission activity change. The additional SO,
reduction we observe aligns with policy initiatives of both the South
Korean Federal Government and the municipal authorities to reduce air
pollutants from major emission sources over this period. Due to concerns
regarding air pollution and international commitments for emissions
reduction, the South Korean government has implemented policies to
shift away from coal. The 9th Basic Plan for Power Supply and Demand,
introduced in 2020, aimed to mitigate SO pollution through a series of
measures (Republic of Korea, 2020). In addition to suppressing elec-
tricity generation from coal power plants, the governments imple-
mented ‘the best available technologies’ to prevent the release of SOy
into the atmosphere, such as scrubbing technologies.

At these facilities, SOy and CO are co-emitted from coal burning.
Hence, analyzing the trends of these emissions can provide valuable
insights into regional activity changes. It is particularly notable that no
known scrubbing technology has been applied in contrast to SO,.
Therefore, the comparisons of temporal changes in CO5 and SO, emis-
sion provide key empirical constraints to assess SO, emission reduction
efforts. We compare the average hourly SO, and CO2 emission rates
retrieved using the aircraft mass balance method at Dangjin and Taean
Powerplants during the 3 different sampling periods: Fall 2019, Fall
2020, and Spring 2021 (Fig. 4). At Dangjin Powerplant, we observed a
45% reduction in SO, emissions between Fall 2019 and Fall 2020.

1600 —
2018 annual BU base
1400 — 2020 BU activity adjusted
2020 Fall BU adjusted
~ 1200 — 20?0 Fall Mass balance
= ‘
g 1000 —
o -46%
s 80 . A7
‘®? -25%
2
§ 600
N\ N7 aeepmm-——-ba--
3 1
@ 400
200 -
(=

|
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Fig. 3. Average hourly SO, emission comparison between the 2018 annual
bottom-up baseline inventory (blue striped) and the 2020 Fall mass balance
flights (solid orange). The 2018 annual inventory is adjusted to 2020 based on
activity trends in coal power generation reported by KEPCO (orange striped).
The 2020 annual bottom-up emissions are adjusted to the average emissions
during the timeframe of the mass balance flight campaign in Fall 2020 (dotted
orange) using the ratio between the average CEMS emissions for the entire year
and during the campaign. The arrows and percentages represent the estimated
change in emissions due to increased enforcement of SO, control factors at the
powerplants such as scrubbers. Error bars represent the standard deviation of
the emission rates from the flights.
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However, during the same period, there was only a 9% reduction in CO,
emissions. This confirms significant SOz reduction efforts in the time
frame. Between Fall 2020 and Spring 2021, Both SO, and CO; emissions
increased by 55%. The concurrent and equal increase in emissions for
both species suggests that no additional measures were implemented to
mitigate SOy emissions during this period. This is consistent with the
policy implementation, mostly exercised before 2020.

At Taean Powerplant, we observed a 47% increase in CO, emissions
between Fall 2019 and Fall 2020, indicating increased activity.
Conversely, SO, emissions decreased by 19% during this period, sug-
gesting that an expanded implementation of SO, reduction measures led
to a reduction in SO, emissions even as activity levels contributing to
emissions rose. Subsequently, observed consistent SO, and CO, emission
increases by 72% and 42%, respectively, indicate a resurgence in ac-
tivity in 2021. The difference in the amount of reduction can be
accounted for within one standard deviation, illustrated by the error
bars.

In summary, the decline in SO, emissions in 2020 at these two
powerplants can be attributed to the implementation of scrubber tech-
nology, as it specifically targets SO, reduction, leaving CO, emissions
unchanged. This suggests that additional SO, reduction technology was
adopted between 2019 and 2020. Thus, the assessed reduction in SO5
emissions, as quantified by the airborne observational dataset, can be
attributed to the effective implementation of policies that led to the SO,
emission reduction at these facilities. The 9% decrease in CO2 emissions
at Dangjin Powerplant and the 47% increase in CO2 emissions at Taean
Powerplant in 2020 suggest that the COVID-19 pandemic did not
significantly suppress activity at these facilities between Fall 2019 and
Fall 2020, and, on average, activity increased. While it’s possible that
activity might have been affected earlier in the year when the pandemic
began in Spring 2020, our findings indicate that activity had normalized
mainly by the time of our sampling period in Fall 2020. Our study un-
derscores a noteworthy average SO reduction of 35% resulting from
enhanced emission reduction technology enforcement measures at these
facilities in South Korea (Fig. 3).

Hyundai Steel Mill and Daesan Petrochemical Facility last provided
emissions or activity reports in 2018. Consequently, we rely on our
observations and the assessed 35% reduction in SO, emissions from
scrubber implementation in the region to monitor activity trends over
the three-year period from 2019 to 2021. This methodology can be
justified because consistent SO, reduction efforts were exercised during
the time frame to all the regional large point sources. This specific time
frame is particularly interesting as it offers valuable insights into in-
dustrial SO, emissions before and after the global COVID-19 pandemic.
Notably, previous studies, particularly to investigate COy emission
changes during the pandemic, suggested that industrial CO, emissions
quickly bounced back after an initial decrease in the first few months of
the pandemic (e.g. March to May 2020, Z. Liu et al., 2020). Fig. 5 and
Table S1 illustrate the SO, emission rates observed in the three sampling
periods of the campaign from 2019 to 2021 Hyundai Steel Mill and
Daesan Petrochemical Facility. Additionally, both facilities’ 2018
baseline CAPSS SO2 emission rates are denoted in striped-blue. We
apply the 35% SO, reduction observed from 2018 to 2020 due to
scrubber implementation to the 2018 bottom-up inventory emission
rates to estimate the 2020 bottom-up emission rates, assuming activity
remains unchanged (striped-orange).

The SO; emissions from the 2018 BU emission inventory fell within
the uncertainty of our 2019 Fall emissions from the mass balance flights.
A substantial decrease of 50% in SO, emissions was observed at Hyundai
Steel Mill between 2019 and 2020 from the mass balance flights. This
reduction coincided with the implementation of the government’s SO»
emission reduction policy, making it challenging to definitively attribute
the observed decline from 2020 and onwards to a single cause. However,
we see that the 2020 inventory emissions, which have been adjusted
assuming a 35% SOz reduction, are within the uncertainty of our
observed 2020 emission rates. The average observed emissions in 2020
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Fig. 5. Hourly SO, emissions from the national bottom-up inventory (striped)
and from the mass balance flights (solid). The 2020 BU emissions are estimated
by applying an average 35% decrease from scrubber control efficiency to the
2018 baseline bottom-up inventory. The arrow percentages represent the esti-
mated difference in SO, emissions compared to the 2020 scrubber adjusted
emissions. Error bars are expressed as the standard deviation for multiple flights
over a single facility.

and 2021 are 7% and 14% lower than the adjusted 2020 inventory
emissions. Thus, we presume that the decrease in SO, emissions in 2020
at Hyundai Steel Mill is primarily due to the implementation of the SO2
reduction policy.

At Daesan Petrochemical Facility, our analysis also assesses a sub-
stantial 49% decrease in average SO emissions between 2019 and 2020
from the mass balance flights. This reduction exceeded the expected
35% decrease attributed to increased scrubber implementation. This
leads us to infer that decreased operational activity may have resulted in
reduced SO, emissions. Notably, the SO, emissions observed in Fall
2020 were 49% lower than the adjusted 2020 inventory. This variance
could, in part, be due to an overestimation in the inventory, as evidenced
by the average BU inventory emission rates from 2018 being 56% higher
than our observed emission rates from 2019.

The SO5 emissions in 2021 from the petrochemical industrial facility
rebounded to be 9% lower than the adjusted 2020 emission inventory.
This suggests that activity at this site experienced a temporary decrease
in 2020 and returned to normal in 2021. In contrast, the SO, emissions
from Hyundai Steel Mill continued to decrease in 2021 compared to the
values observed in 2020.

These observations lead to two key conclusions: First, industrial
pollutant emissions over the global pandemic may not exhibit a
consistent downward trend, contrary to the CO, emission trend noted in
other studies (Liu et al., 2020). Second, while bottom-up trace gas
emission inventories provide a general overview of large industrial fa-
cilities” emission capacities, the emission intensities primarily hinge on
the specific industrial activities of each facility. It is also worth noting
that South Korea did not implement mandatory lockdown during the
COVID-19 pandemic, allowing uninterrupted industrial activities, which
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may explain the absence of a distinct SO, signature in the SO, emission
change before and during the pandemic.

4. Summary and conclusions

The multiyear airborne observational campaign allows us to compile
temporal variations of top-down SO5 emission estimates from Fall 2019
to Spring 2021 for four major industrial facilities in Taean, South Korea.
Our evaluation results for the performance of CEMS of two of the largest
power plants in the world demonstrate an acceptable agreement be-
tween airborne assessed SO3 and CEMS-reported SO emission rates. The
verification provides us the confidence to use an annual CEMS dataset to
scale the annual-based national emission inventory estimated by a
bottom-up methodology to our hourly aircraft mass balance emission
estimates for comparison. The quantitative analysis illustrates that the
studied coal-burning power plants increased scrubber efficiency in 2020
which reduced SO, emissions by an average of 35%. This analysis allows
us to quantitatively evaluate changes in SO, emission from Hyundai
Steel Mill and Daesan Petrochemical Industrial Facility. The analysis
results suggest that SOy emissions from the industrial sector did not
illustrate any consistent trend. Instead, they are determined by indus-
trial activities of each individual facility. This study demonstrates a
prudent methodology to verify emission changes from policy imple-
mentation and societal interruption, such as the global pandemic, using
existing observational datasets and emission inventories.
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