Atmospheric Research 261 (2021) 105756

Contents lists available at ScienceDirect

Atmospheric Research

journal homepage: www.elsevier.com/locate/atmosres

ELSEVIER

Check for

The mechanism of the formation of high sulfate concentrations over the e
Yellow Sea during the KORUS-AQ period: The effect of transport/
atmospheric chemistry and ocean emissions

Wonbae Jeon ™", Jaehyeong Park ¢, Yunsoo Choi %", Jeonghyeok Mun ", Dongjin Kim "¢,
Cheol-Hee Kim ', Hyo-Jung Lee , Juseon Bak “, Hyun-Young Jo ©

& Department of Atmospheric Sciences, Pusan National University, Busan 46241, South Korea

b BK21 School of Earth and Environmental System, Pusan National University, Busan 46241, South Korea
¢ Division of Earth Environmental System, Pusan National University, Busan 46241, South Korea

9 Department of Earth and Atmospheric Sciences, University of Houston, Houston, TX 77204, USA

€ Institute of Environmental Studies, Pusan National University, Busan 46241, South Korea

ARTICLE INFO ABSTRACT

Keywords: This study investigates the chemical properties of high-concentration sulfate (SO3 ") that appeared on the surface
Sulfate of the Yellow Sea during the KORUS-AQ period (April-June 2016). For quantitative analysis, we carry out nu-
Iésligs'AQ merical simulation using the Community Multi-scale Air Quality (CMAQ) model for the KORUS-AQ period (the

BASE case) and another simulation of ocean emissions (the OCEAN case) that determines the effect of including
ocean emissions on the results of the analysis. CMAQ-simulated (the BASE case) sulfate (SO?{), nitrate (NO3),
ammonium (NHJ), elemental carbon (EC), and organic carbon (OC) show high concentrations of these con-
stituents centering around eastern China, the Liaodong Peninsula, and the western inland area of the Korean
Peninsula. SOF, unlike the other particulate matter constituents, shows high concentrations (up to 14.44 pg/m>)
at the surface of the Yellow Sea. Results of the Integrated Process Rate (IPR) analysis show that the chemical
production of SO~ over the Yellow Sea can primarily be attributed to the “aerosol process”, which is mainly
dependent on weather conditions (e.g., temperature and wind speed) and concentrations of precursors such as
SO, and OH. The results of the analysis of the mechanism of SO~ formation using the Sulfur Tracking Model
(STM) show that most chemical SO?{ production (79.12%) on the surface of the Yellow Sea is the result of the
aqueous-phase chemical reactions following the SO5 oxidation reaction (OH + SOz — H2SO4 + HO3). Comparing
the results of the OCEAN and BASE cases, we find that the primary mechanism of SOF~ formation over the Yellow
Sea shows no significant change with regard to ocean emissions. These results also confirm that increases in SO~
concentrations (up to 4.79 pg/m®) on the surface of the sea are not proportional to the distribution and amounts
of ocean emissions, and in some areas, concentrations could decrease (up to —2.65 pg/m>) as a result of complex
non-linear chemical reactions.

Process analysis
Ocean emissions

1. Introduction

A major component of particulate matter (PMy 5), sulfate (SO?{) (Ho
et al., 2003; Liu et al., 2020a, 2020b), accounts for the highest ratio of
South Korean PM; 5 among single components (Lee et al., 1999; Lee and
Kang, 2001; Park et al., 2018). Concentrations of SO7~ in South Korea
are affected by not only domestic air pollutant emissions but also the
effects of transport from other countries (Kim et al., 2001; Lee et al.,
2015; Bae et al., 2020a). Since ascertaining the transport mode is a
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complex task, accurately analyzing the characteristics of SO3~ and
predicting changes in its concentrations are challenging. In South Korea,
doing so requires an in-depth understanding of the complicated process
of the chemical changes taking place when SOF~ and its precursors are
transported from other counties to South Korea; hence, a number of
researchers have actively studied the process in recent years.

Several studies (Lee et al., 2002; Kim et al., 2012; Cha et al., 2020; Jo
etal., 2020) have reported that the measured SO?( in a particular area of
South Korea did not originate from domestic emission sources but
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instead from the long-range transport of air pollutants from eastern
China. This finding was confirmed by Kim et al. (2001) in a study in
which they analyzed aircraft measurement data and found that sulfur
dioxide (SO) was converted into SO%~ during the long-range transport
of air pollutants. Another study by Lee et al. (2015) identified a rela-
tionship between high-concentrations of SO3~ and SO, emitted from
eastern China based on SO, nitrate (NO3), ammonium (NH), and
organic matter data observed over Baengnyeongdo Island in South
Korea from May to November 2011. Using the Aerodyne High-
Resolution Time of Flight Aerosol Mass Spectrometer (HR-ToF-AMS),
the authors of the study analyzed case studies on the potential source
contribution function. A multi-year study of South Korean metropolitan
areas by Bae et al. (2020a) analyzed the characteristics of changes in the
concentrations of major PMy 5 constituents, including SO?(, quantita-
tively confirmed the effect of the long-range transport of air pollutants
from China. A numerical study by Jung et al. (2021) reported that the
concentrations of SO7~ and NHJ on the Yellow Sea could increase due to
aqueous chemistry when a temperature inversion layer is formed on
foggy days.

Although these studies have significance, as they enabled researchers
to estimate the contribution of external emission sources to domestic
SO%~ concentrations through analyses focusing on a receptor, they did
not elucidate the process of chemical changes that took place while the
pollutants flowed from other countries into South Korea. To tackle these
challenges, Jeon et al. (2018) analyzed the characteristics of the
chemical reaction that occurs when SO, in the eastern China region is
transported to South Korea over the Yellow Sea and quantitatively
explained the mechanism of SO~ formation over the Yellow Sea. The
significance of this study is that it concretely explains why concentra-
tions of SOF~ increase when it is transported from China to South Korea.
This study, however, contains several limitations that preclude the ac-
curate verification of simulated SO~ concentrations over certain areas
of the sea, and it does not account for ocean emissions in the analysis of
the results.

In general, as observation sites over the sea surface are sparsely
distributed, obtaining meaningful air quality measurement data (e.g.,
concentrations of each PMy 5 component) is challenging. However, a
joint air quality survey study by the South Korean Ministry of Envi-
ronment and the U.S. National Aeronautics and Space Administration
(Korea-United States Air Quality; KORUS-AQ) performed in 2016
enabled us to secure airborne observation data pertaining to PMj 5
components of some areas of the Yellow Sea, located between China and
South Korea. Accordingly, we were able to use the observation data to
objectively evaluate the numerical simulation results of SO7~ concen-
trations on the surface of the Yellow Sea. Furthermore, we accessed
information about marine pollutants in South Korean territorial waters
from recent emissions data from South Korea; thus, we were able to
account for ocean emissions in our air quality models, which indicates
the possibility of the objective verification and additional analysis of the
results of existing studies that relate to the characteristics of SOF~ for-
mation and reduction over the sea surface.

With the data mentioned above, we numerically simulated the
chemical changes that occur when SO~ is transported from China to
South Korea through the Yellow Sea. To that end, we use PM, 5 surface
observation data that cover all regions of China and South Korea, along
with airborne observation data of the Yellow Sea, to achieve sufficient
reliability of the SO7~ simulation results from the Community Multi-
scale Air Quality (CMAQ) model (Byun and Schere, 2006). Then we
analyze the mechanism of the formation of high SO~ concentrations on
the surface of the Yellow Sea that appeared during the KORUS-AQ
period from April to June 2016 and investigate the difference between
the mechanisms reported by previous studies and those found in this
study. We also examine the effect of ocean emissions on changes in the
characteristics of SO5~ production and loss. Ultimately, we interpret
these results comprehensively and offer more objective explanations for
changes in SO3~ concentrations change over the Yellow Sea.
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2. Methodology
2.1. Modeling system and data

This study applied the CMAQ (v5.0.2), a three-dimensional photo-
chemical transport model developed by the U.S. Environmental Pro-
tection Agency (EPA) for air quality numerical simulation. The
simulation domains were Domain 1 (D1), which includes East Asia, with
a 27 km grid resolution (178 x 142), and Domain 2 (D2), which includes
eastern China, the Yellow Sea, and South Korea (Fig. 1), with a 9 km grid
resolution (166 x 199). We investigated the phenomenon in which air
pollutants emitted from eastern China regions are transported to the
Yellow Sea in these domains. After conducting the modeling of D1, we
used the results as initial and boundary fields for the modeling of D2.
The vertical grid for the simulation consisted of 35 layers, and the top
layer on which was set to 100 hPa. For the meteorological input field for
the CMAQ simulation, we carried out Weather Research and Forecasting
(WRF, v3.8.1) (Skamarock and Klemp, 2008) simulation and used the
Meteorology Chemistry Interface Processor (MCIP) to convert results
into input data for CMAQ. Then we used 0.25° x 0.25° Final Operation
Global Analysis (FNL) data by the National Centers for Environmental
Prediction (NCEP) as initial and boundary data for the WRF simulation.
The numerical simulation covered the period between 09:00 LST, April
30, 2016, and 09:00 LST, June 14, 2016, the KORUS-AQ period. The
detailed settings applied to the meteorology and air quality modeling
are presented in Tables S1 and S2 (in the supplement).

For the emissions of the CMAQ model, we used the Mosaic Asian
anthropogenic emission inventory (MIX) 2010 (Kim et al., 2017; Liet al.,
2017; Souri et al., 2017a, 2017b), emissions data for the Asia region, and
Clean Air Policy Support System (CAPSS) 2016 (National Institute of
Environmental Research (NIER), 2019), national emissions data of
South Korea. MIX is the emission data used for the development of MICS-
Asia emissions and designed to support the Model Inter-Comparison
Study for an Asia (MICS-Asia) model comparative study and the Task
Force on the Hemispheric Transport of Air Pollution (TF HTAP) project.
MIX provides information on the emissions of SO, nitrogen oxide (NOy),
carbon monoxide (CO), non-methane volatile organic compounds
(NMVOC), ammonia (NH3), PM;y, PM3 s, black carbon (BC), organic
carbon (OC), and carbon dioxide (CO5) at a 0.25° x 0.25° resolution.
CAPSS, used with MIX, is emission data produced by the National
Institute of Environmental Research (NIER) in South Korea to identify
the effects of improvements in air quality resulting from air pollution-
related policies. It estimates and provides annual information about
the emissions of eight air pollutants—carbon monoxide (CO), NOx,
sulfur oxides (SOy), total suspended particles (TSP), PM1q, PM3 5, VOCs,
and NHs—emitted from the point, area, mobile, and ocean pollution
sources. The ocean emissions in the CAPSS emissions data include the
information of emission sources from both areas near trading ports, with
frequent arrival and departure of ships and all South Korean territorial
waters apart from automobiles, railways, and aircraft. The ocean emis-
sions of SO (i.e., a major precursor of SO%’) account for an estimated
3.3% (Table S3) of all South Korean emissions. For this study, we con-
ducted the CMAQ simulation on the BASE case, in which we did not
account for ocean emissions in the CAPSS 2016 emissions data, and the
OCEAN case, in which we did account for the data. Once we identified
the difference between the concentrations of SO of the two cases from
the results of the simulation, we analyzed the characteristics of changes
in the concentrations of SO3~.

2.2. Surface and airborne measurements

For the quantitative evaluation of the CMAQ modeling results, we
collected data from 408 sites at Air Quality Monitoring Stations (AQMS),
provided by NIER in South Korea, and air quality observation data from
1433 sites provided by the Ministry of Environmental Protection in
China (Fig. 1). The AQMS of South Korea provides measured
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Fig. 1. The distribution of air quality observation points within the numerical simulation domain and the simulated area of the WRF and CMAQ models (blue dots).
The lines in the right panel present the DC-8 aeronautical observation pathways on May 24 (red) and May 30 (green) during the KORUS-AQ period. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

concentrations of PMjg, PMjy 5, ozone (O3), SO3, NO,, and CO on the
surface at a one-hour time interval, and the air quality observation data
of China provides concentrations of PM;, PM3 5, O3, SO3, NO3, and CO
on the surface along with daily average air quality index values also at a
one-hour time interval. In this study, we used the hourly PM; 5 con-
centration observation data of South Korea and China to evaluate the
simulation results of surface PM, 5. In addition, we used DC-8 aircraft
observation data during the KORUS-AQ period to evaluate the simula-
tion results of the SO~ concentrations over the Yellow Sea. The DC-8 is
a research aircraft of NASA in the United States and observes aerosols,
water vapor, and winds with a mounted weather environment sensor. It
provided 22 separate measurements over the Yellow Sea from May 2 to
June 10 during the KORUS-AQ period (Peterson et al., 2019; Simpson
et al., 2020). We used the DC-8 measurement data on May 24 and May
30, when flights over the Yellow Sea took place, to evaluate the results of
the CMAQ simulation of SO3~.

2.3. Quantitative analysis based on IPR and STM

To analyze the processes that contributed to high concentrations of
SO~ that occurred on the surface of the Yellow Sea, we used the inte-
grated process rate (IPR) module, provided in the CMAQ model, and the
sulfur tracking model (STM) (Li et al., 2014; Fan et al., 2015; Pan et al.,
2015, 2017; Itahashi et al., 2018; Jeon et al., 2018). The IPR estimates
the relative contributions of individual physical and chemical processes
to each type of process (e.g., transport, emission, deposition, cloud, and
aerosol process) of pollutants. The STM is a selective diagnostic model
included in CMAQ v5.0.2 that quantitatively estimates the contributions
of the chemical reaction of the gas- and aqueous-phases to the total
amount of SO3~, along with emissions, initial conditions, and boundary
conditions. A summary of the total number of reactions that contribute
to the formation of SO3~is listed in Table 1. For this study, we compared
the concentrations of each reaction to the total amount of SO~ and
analyzed the contribution of each reaction.

Table 1
Chemical reactions related to the formation of SO~ simulated by the CMAQ-
STM model.

Reaction

Description

OH + SO; — HyS04
+ HO,

H,0, + SAV) - S
(VD) + H20

O3 + S(IV) — S(VD)
+ Oz

Oz + S(IV) — S(VD)

MHP + S(IV) — S(VI)

PAA + S(IV) — S(VD)

S03 production by nucleation and/or condensation
following the SO, oxidation reaction (OH + SO, — H2SO4 +
HOy)

S03~ production by an aqueous-phase H,0, oxidation
reaction

SOZ~ production by an aqueous-phase O3 oxidation reaction

S03~ production by an aqueous-phase O, oxidation reaction
SOZ~ production by an aqueous-phase MHP oxidation
reaction

S03~ production by an aqueous-phase PAA oxidation

reaction

*MHP: methyl hydrogen peroxide; **PAA: peroxyacetic acid.
2.4. Statistical parameters

In this study, we referred to the statistical indices proposed in various
previous studies, such as the index of agreement (IOA), the mean bias
error (MBE), the normalized mean bias error (NBE), and the mean
fractional bias (MFB) (Willmott et al., 1985; Hurley et al., 2001; Boylan
and Russell, 2006; Emery et al., 2017) to quantitatively evaluate the
results of the air quality simulation. The definition of each index is
tabulated in Table 2. According to previous studies that assess the ac-
curacy of a PMy 5 simulation by the air quality model, if the NMB is
+30% (Emery et al., 2016) and the IOA is exceeding 0.5 (Hurley et al.,
2001; Willmott et al., 1985), the modeling results are determined to
appropriately explain the phenomenon; and if the NMB is within +10%,
they are determined to show superior performance (Emery et al., 2016).

In terms of the MFB, we used the goal (< 1.7¢-2C + 0.3) value and

criteria (< 1.4¢-2C + 0.6) value proposed by Boylan and Russell (2006)
to determine if the simulated results satisfy the standard values.
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Table 2

Statistical parameters and calculation formulas used for the quantitative eval-
uation of the meteorology and air quality simulation. N is the number of total
compared points, P; is the CMAQ simulated value, P is the CMAQ simulation

mean, O; is the observed value, O is the observation mean, and C is (1_9 +5) / 2.

Statistical parameter Formula
Index of Agreement (IOA) N _(p, — 0;)
g oA -1 N®-0P
N — —
(-7 +Jo 0]
Mean Bias Error (MBE) MBE — Zfil (P; — 0y)
N
Normalized Mean Bias (NMB) N (p. — 0O
NMB = 721:15,1’ =9, 100
2i=1(0)
Mean Fractional Bias (MFB) 2 N P, —O;
MFB = —
N Zi:l P; + O;

[MFB (goals) | < 1.7¢72€ 4 0.3
[MFB (criteria) | < 1.4¢ %€ + 0.6

3. Results and discussion
3.1. Model performance evaluation

3.1.1. Air quality simulation evaluation based on the surface observation
data

Using the statistical parameters shown in Section 2.4, we evaluated
the results of the surface PMy 5 concentration simulation from April 30,
2016 to June 14, 2016. Fig. 2-(a) shows the scatterplot of PM; 5 simu-
lated concentrations (BASE case) and surface observation data and sta-
tistical analysis results. Although the results of the CMAQ simulation,
compared with the observed values, slightly under-estimated concen-
trations(MBE: —2.72), they showed an IOA exceeding 0.7 (IOA: 0.72)
and an NMB within +10% (NMB: —7.59%), suggesting that the simu-
lated results could reproduce the temporal variation of PMj 5; further-
more, the deviation of the results was not significant. The MFB value of
the PM, 5 simulation results of the CMAQ was 0.245 (Fig. 2-(b)), which

satisfies the goal standard ( <1.7¢ 2% +0.3) proposed by Boylan and
Russell (2006), indicating that the results of the PMj 5 simulation results
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were very close to the observed values.

Fig. 3 presents the horizontal distribution of the mean PMj 5 simu-
lation and observation results during the simulation period. As shown in
the figure, the CMAQ simulation expresses the distribution of high
concentrations of PM; 5 centering around eastern China and several
areas in South Korea, along with the distribution of relatively low

10 20 30 40 50

Fig. 3. The horizontal distribution of surface PM, 5 concentrations simulated
by CMAQ (the BASE case) and the PM, s observation concentrations of all
surface observation sites in the domain (colored circles). Each value represents
the mean of the entire simulation period.

(b)

MEFB:-0.245

Mean Fractional Bias
<

-2 T T T T T
10 20 30 40 50 60

Average PM>s Concentration [pg/ m’)

Fig. 2. (a) Scatter plot of CMAQ-simulated PM, 5 concentrations (BASE case) and surface observation concentrations and (b) the results of the mean fractional bias
(MFB) analysis of the entire simulation period (April 30-June 14, 2016). The lines presented in the MFB analysis results are the standards suggested by Boylan and
Russell (2006); the solid lines represent the criteria and the dotted lines the standard of the goal.
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concentrations of PMj 5 in northeastern China and areas near Mongolia
close to the observed values.

3.1.2. Validation of the SO~ simulation results using DC-8 aircraft
measurement data

For the quantitative evaluation of SO3~ concentrations on the surface
of the Yellow Sea simulated by CMAQ, we used the DC-8 aircraft mea-
surement data to carry out an additional verification. The DC-8 aircraft
measured SOF~ concentrations on two days (May 24 and May 30), when
the south-north directional flight over the eastern part of the Yellow Sea
(Fig. 1) occurred during the KORUS-AQ period, and we compared them
with the CMAQ simulation results.

As presented in Fig. 4, the two cases from May 24 and 30 and the
CMAQ simulation results close agreed with the observation results. The
variation among the SO7 concentrations with changes in the time and
the altitude was also successfully simulated. The results from May 30
(Fig. 4-(b)) indicate that the SO%_ concentration near the surface at
13:00-15:00 LST, when the flight path of the DC-8 was above the
southeastern coast of South Korea, was over-estimated by CMAQ
(Fig. 1). Because ports are densely located and the movement of ships is
considerable in this region, the distribution of ship emissions is signifi-
cant. Owing to the uncertainty of these ship emissions (mostly the pre-
cursor of SO%’, i.e., SO3), we analyzed them to determine whether they
led to the difference between the CMAQ simulation results and the
observed values. The CMAQ simulation results, however, were similar to
the observed values in general, indicating that the results of the SO7™
simulation were reliable. Thus, we deemed the results of the model
suitable for the analysis of the SO~ production, loss, and transport
processes over the Yellow Sea during the KORUS-AQ period.

3.2. Increase in SO3~ concentrations at the sea surface during transport

On the basis of the validated CMAQ simulation results, we investi-
gated the characteristics of the distribution of SO~ concentrations over

(a)
40 14
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» 0 Altitude ]
2 10 =
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o
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Fig. 4. Time series of SO3~ concentrations measured by DC-8 aircraft mea-
surements performed on (a) May 24 and (b) May 30 (gray shade) and the CMAQ
S02%~ simulation concentration (blue line). The gray dotted line shows changes
in the altitude of the DC-8 aircraft each hour. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)
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the Yellow Sea during the KORUS-AQ period and then compared them
with other PM; 5 constituents. Fig. 5 shows the mean distribution of
SO%’ concentrations over the Yellow Sea (during the KORUS-AQ period)
and surrounding areas. The figure also presents a comparison of con-
centrations of other PM, 5 constituents; NO3, NHj, elemental carbon
(EC), primary organic carbon (POC), and secondary organic carbon
(SOQ).

In terms of the distribution of the above constituents, we found high
concentrations centering around eastern China, the Liaodong Peninsula,
and the west inland area of the Korean Peninsula. Because of the dis-
tribution of a large number of emissions in the regions, this finding is
understandable (Guan et al., 2014; Bae et al., 2020b). Interestingly,
however, the distribution of SO3~ concentrations at the surface of the
Yellow Sea showed distinct characteristics from those of the other
constituents. Although concentrations of pollutants on the sea surface
are generally lower than those on inland area surfaces because of the
more limited distribution of emissions on the sea surface (Pozzoli et al.,
2011), SO%’ concentrations at the surface of the Yellow Sea during the
simulation period were as high as 14.44 pg/m°,exceeding concentra-
tions over inland areas of the Korean Peninsula and northeastern China.
The high concentrations in the Yellow Sea were found only in the results
of SO%’, and not in the results of other substances such as NO3, NH3, EC,
and OC (POC + SOC). The results of this study confirm the occurrence of
the phenomenon of high SO~ concentrations at the surface of the Yel-
low Sea reported in several previous studies (Itahashi et al., 2012; Jeon
et al., 2018) during the KORUS-AQ period.

To identify the characteristics of high SO3~ concentrations at the
surface of the Yellow Sea, we conducted a comparative analysis of the
distribution of daily SO~ concentrations during the entire simulation
period. Based on the results of the analysis results, we confirmed that
high concentrations of S0%~ appeared at the sea surface on most simu-
lation days, in particular, from May 29 to June 1, when SO~ concen-
trations were higher than those in most inland areas. This phenomenon,
however, was not captured for the other constituents (Fig. 6-(a)).
Therefore, we selected the May 29 to June 1 period (Episode Period;
“EP”) for intensive, detailed analysis of the formation process of high-
concentration SO3 ™ at the surface of the Yellow Sea.

3.3. Analysis of the SO3™ high-concentration mechanism at the surface of
the Yellow Sea

To investigate the mechanism of high-concentration SOZ~ formation
during the EP (May 29-June 1), we conducted a quantitative analysis
using the IPR and the STM. During the EP period, we analyzed and
averaged the concentrations at an altitude below 1 km, where SO~ was
mostly distributed at the surface of the Yellow Sea (Fig. S1).

Fig. 7 shows the results of the IPR analysis of the EP and presents
changes in the SO3~ concentrations on each day of the EP and the
concentrations contributed by each process in the region where changes
in SO3~ concentrations at the surface of the Yellow Sea were most
distinctly captured (hereafter, “YS”) (Fig. 6). The results of May 29 (Day
1) (i.e., the first day of the EP) show increases in SO%_ concentrations
from 09:00 LST, when the contribution of “horizontal transport” be-
comes apparent (up to 0.17 pg/m>/h). That is, the high concentration of
SO~ that appeared on Day 1 was mainly attributed to horizontal
transport. The analysis showed that SOZ~ over eastern China (mostly
near the Shandong Peninsula) was introduced to the Yellow Sea in a
clockwise direction following the Gulf of Pohai and the western area of
the Korean Peninsula (Fig. S2), causing the high concentrations of SO?(;
hence, the effect of chemical formation on high concentrations of SO%~
on Day 1 is limited.

On May 30 (Day 2), SO3~ concentrations increased from 08:00 LST
(right after sunrise), and unlike on Day 1, the increase in the “aerosol
process” became noticeable (up to 0.12 pg/m>/h). This finding suggests
that the high concentration of SO3~ on Day 2 could not simply be
attributed to horizontal transport but to chemical formation at the
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Fig. 5. The horizontal distribution of the concentration of S03~, NO3, NHJ, EC, POC, and SOC simulated by CMAQ. Each value represents the average of the grid

values with an altitude of below 1 km during the entire simulation period.

surface of the sea. The increase in SO~ concentrations on Day 2 was
mainly due to chemical SO3~ production by aerosol process and its
vertical mixing resulting from thermal and mechanical momentum
transport.

To investigate the detailed chemical mechanism causing the increase
in SO3~ concentrations on Day 2, we carried out an STM analysis. As
presented in Table 3, most of the chemical S0%~ production on Day 2
(4.16 pg/m°, 79.07%) was attributed to the aqueous-phase chemical
reactions following the SO, oxidation reaction by OH (i.e., OH + SO, —
H2SO4 + HOy) (Table 1). This finding is consistent with that by Jeon
et al. (2018), who provided an explanation for the high concentrations
of SO~ on the Yellow Sea during the winter. The finding also shows that
during the KORUS-AQ period, which corresponds to the spring, the
phenomenon of high-concentration SO~ resulted from the chemical
reaction of SO, transported to the Yellow Sea. In the case mentioned
above, however, Jeon et al. (2018) reported that SO, was directly
introduced to the Yellow Sea from eastern China, while our study found
that it was introduced to the western area of the Korean Peninsula
following its flow in a clockwise direction. This difference suggests that
SO, emissions from not only eastern China but also inland areas of the
Korean Peninsula could contribute to the production of high-
concentration SO~ at the surface of the Yellow Sea.

On May 31 (Day 3), similar to Day 2, the concentrations of SO3~
increased from 08:00 LST (right after the sunrise) on and the analysis
showed that the increase was mainly due to the “aerosol process” (up to
0.08 pg/m>/h). The concentration was higher on Day 3 (5.47 pg/m>)

than it was on Day 2 (4.16 pg/m>) because concentrations produced on
Day 2 continued to increase in the YS region. Most production of the
chemical SO%‘ on Day 3 (85.95%) was also attributed to the SO,
oxidation reaction by OH, similar to the findings on Day 2. The con-
centration of SO~ produced by the “aerosol process” on Day 3 (up to
0.08 pg/m>/h), however, was lower than that on Day 2 (up to 0.12 pg/
m®/h). To explain this finding, we compared the weather conditions on
the two case days (Days 2 and 3). When the temperature was high and
the radiation strong, SO?{ was well-formed (Requia et al., 2019); and as
less dispersion and transport took place when the wind speed was low,
conditions for the formation of SOF~ were ideal. Table 4 presents the
temperature and the wind speed, the major meteorological factors
related to the production of chemical SO~ on each case day. The table
shows that the temperature on Day 3, which was higher than it was on
Day 2, and the wind speed, which was lower, were relatively more
favorable to the production of SO7 . Despite the relatively favorable
weather conditions, the SO~ produced by the “aerosol process” on Day
3 was lower than that on Day 2. This finding implies that the differences
between the results of the two case days cannot simply be attributed to
the difference in weather conditions.

In addition to comparing weather conditions, we compared the
concentrations of the major precursors of SO?{ (i.e., SO, and OH). As
shown in Table 3, most of the SO~ production over the Yellow Sea was
due to the SO, oxidation reaction by OH; hence, we compared the
concentrations of SO and OH on the two days (Days 2 and 3) to the
concentrations of SOF ~ of those days. As can be seen in Fig. 8, while the
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mean concentration of SOz on Day 3 was 9% higher than it was on Day 2,
the concentration of OH was 74% lower on Day 3 than on Day 2. This
finding indicates that the lower production of SOF~ attributed to the
“aerosol process” on Day 3 than on Day 2 was the result of the lower OH
concentrations (which are directly related to the oxidation reaction of
SOy). In their study, Jeon et al. (2018) asserted that the chemical pro-
duction of SOF~ at the surface of the Yellow Sea is mainly dependent on
weather conditions. According to the findings of this study, however,
concentrations of SO5 and OH required for the SO oxidation reaction,
together with weather conditions, are responsible for the production of
SO‘Z( over the Yellow Sea.

Unlike on the previous days, on the last day, June 1 (Day 4), the
concentration of SO3~ decreased because of the “cloud process”. On Day
4, a monsoon front that had settled in the East China Sea moved north to
the Yellow Sea, resulting in an increase in the cloud cover and the
introduction of a large amount of water vapor (Fig. S3). As a result, the
wet scavenging of SO~ increased and the concentration decreased as
much as —0.44 pg/m°/h.

These results imply that water vapor in the atmosphere may promote
SO3~ production by chemical reactions but may also reduce SO~ con-
centration by wet scavenging. To compare the difference in SO~ con-
centration according to changes in water vapor mixing ratio (QV),
additional CMAQ simulations were performed. Table 5 shows the
change in SO~ concentration with increasing QV. When QV increased
by 10% (i.e., QV_1.1), the concentration of SO‘Z( increased by 3.71%,
and the more QV increased, the larger the increase in SO%

concentration. However, when QV increased by more than 60% (i.e.,
QV_1.6), the increase in SO?{ concentration no longer increased but
rather decreased. This result reveals that water vapor in the atmosphere
can enhance the chemical production of SO~ by promoting its hygro-
scopic growth, but water vapor above a certain level might lead to
reduced SO%~ concentration by wet deposition rather than chemical
production. However, the effect of water vapor on SO~ formation at sea
could depend on the concentration of background substances, weather
conditions, and so on. Also, since various processes affecting the
chemical formation of SO?{ have been introduced in recent studies (Liu
etal., 2020a, 2020b; Zhang et al., 2021; Wang et al., 2021), it is believed
that continuous follow-up studies considering these factors will be
required to fully understand the mechanism of sulfate production/loss at
the Yellow Sea.

In summary, the production of chemical SOF~ on the surface of the
Yellow Sea resulting from the SO2 oxidation reaction takes place not
only in the winter but also in the spring (the KORUS-AQ period).
Furthermore, it is expected that the pathways to which SO is introduced
to the Yellow Sea are not always consistent but instead are dependent on
the differences in seasonal pressure patterns. Generalizing these results,
however, will entail additional analysis of a variety of cases, including
those during the summer and the fall.

3.4. Effect of ocean emissions

On the basis of the previous analysis, we have determined that the
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Table 3

Contributions of each chemical reaction to concentrations of SO3~ in the YS

region on Day 2 (May 29) and Day 3(May 30), which are calculated by the STM.
Each concentration value is the daily mean in the unit of pg/m?>; the value in

parentheses indicates the percentage (%) of the total.

Day 2 Day 3
BASE OCEAN BASE OCEAN
OH + SOz — H2S04 + 4.16 4.19 5.47 5.51
HO, (79.07) (79.16) (85.86) (85.94)
H,0, + SAV) — S(VI) 1.05 1.06 0.86 0.86
+ Hx0 (20.03) (19.95) (13.45) (13.38)
O3 + S(IV) - S(VI) + 0.00(0.08)  0.00(0.07)  0.00(0.07)  0.00 (0.07)
0,
Oy + S(IV) — S(VD) 0.00 (0.08)  0.00 (0.07)  0.00(0.06)  0.00 (0.05)
*MHP + S(IV) — S(VI) 0.01(0.10)  0.01 (0.10)  0.01(0.08)  0.01 (0.08)
**PAA + S(IV) — S(VD) 0.03 (0.65)  0.03(0.64) 0.03(0.49)  0.03(0.48)

*MHP: methyl hydrogen peroxide; **PAA: peroxyacetic acid.

Table 4

Daily average temperature and wind speed in the YS region during the EP (i.e.,
May 29 (Day 1)-June 1 (Day 4)).

Day 1 Day 2 Day 3 Day 4
Temperature (°C) 9.08 9.21 9.49 9.49
Wind speed (m/s) 2.05 2.00 1.25 2.03

chemical production and loss of SOF~ over the Yellow Sea are mostly
determined by the oxidation reaction of SO5 and cloud process and that
concentrations of SO3~ depends on the weather conditions on a partic-
ular case day and the concentration of precursors. However, we have
based these research results assuming a complete lack of ocean emis-
sions, which requires an additional analysis of how the mechanism of
SO%~ formation over the Yellow Sea changes when ocean emissions are
included. To this end, we set up an OCEAN case by adding ocean
emissions to the BASE case, conducted an additional simulation using
the CMAQ model, and analyzed the difference between the results of the
two cases.

<Day 1> <Day 2> <Day 3> <Day 4>
15 0ls 1 200
= Aerosol process 1
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Fig. 8. Time series of the concentrations of SO, and OH and the rate of SO%’
production resulting from the “aerosol process” for the EP (May 29-June 1).

Fig. 9 presents the results of the IPR analysis of the OCEAN case. On
May 29 (Day 1), the first day of the EP, SO~ concentrations increased
because of the “horizontal transport” process, similar to the BASE case
(by as much as 0.17 pg/ms/h). We attribute this increase to that the
transport of pollutants emitted from eastern China and the western area
of the Korean Peninsula to the YS region following a clockwise flow, as
analyzed in Section 3.3. Results of the IPR analysis of May 30 and May
31 (Days 2 and 3) also indicate that the SO%_ concentration increased
because of the “aerosol process”, similar to the BASE case. From the
results of the quantitative analysis of the difference between the con-
centrations formed through the “aerosol process” of the two cases
(within the YS region), we identified the formation of more SO%’ in the
OCEAN case from sunrise to sunset (Fig. 10). The difference between the
concentrations of the two cases (the OCEAN case minus the BASE case)
was likely due to the increase in SO, emissions among the constituents
that comprise ocean emissions.

To investigate which chemical reaction mainly contributes to the
increase in SO%’ concentrations by ocean emissions, we conducted an
STM analysis on the OCEAN case. As presented in Table 3, of the total
production of chemical SO7~ in the OCEAN case on Days 2 and 3, we
found that the SO, oxidation reaction by OH (i.e., OH + SO2 — HSO4 +
HO3) to be the highest at 79.16% (Day 2), and 85.94% (Day3). In other
words, the formation of SO?{ was mainly the result of the SO, oxidation
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Table 5
Changes in the simulated SO3~ concentration according to differences in water vapor mixing ratio (QV). The values are average in the YS region during the EP (May
29-June 1).
BASE QV_1.1 QV_1.2 QV_1.3 QV_1.4 QV_1.5 QV_1.6
S03~ concentration (pg/m>) 5.93 6.15 8.40 9.46 9.74 9.74 9.70
Rate of SO%’ increase (%) - 3.71 41.65 59.53 64.25 64.25 63.58
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Fig. 9. The same as in Fig. 7, but for the OCEAN case.
would mainly be attributed to the increased chemical production by the
<Day 2> <Day 3> « » P .

0.005 : : aerosol process” because of the added ocean emissions, particularly
mg [ —— Aerosol process SOs. As seen in Fig. 11, the increased SO%’ concentrations and their
g W distributions on each case day were not constant, but they varied,
= F implying that increases in SO3~ concentrations caused by ocean emis-
20003 . L. . . .

g 000 F sions depend on the weather conditions associated with the chemical

E_ 000 E production, dispersion, and transport (especially wind speed and wind

8 direction) of SO?( and its precursors.

é 0.001 | We wish to note here that the addition of ocean emissions does not

F simply lead to an increase in SO%~ concentrations. From the distribution

LAty of concentrations shown in Fig. 12, the difference between the results of
00:00 00:00 00:00 ) - . . ,

05/30 05731 06/01 the OCEAN and BASE case simulations showed increases in SO~ con-

Time (LST) centrations (up to 4.79 pg/m?’) in most ocean areas circumjacent to

Fig. 10. Time series of differences between SO concentrations on Day 2 (May
29) and Day 3 (May 30), when sulfate (SO?{) concentrations increased because
of the “aerosol process” in the YS region (the OCEAN case minus the BASE
case). More SO3~ formed in the YS region in the OCEAN case because of ma-
rine emissions.

reaction by OH, similar to the findings in the BASE case, suggesting that
even if ocean emissions are included, the mechanism of SOF~ formation
over the Yellow Sea does not significantly change and that concentra-
tions of SO3~ are subject to change, depending on changes in the
amounts of emissions.

Fig. 11 shows the distributions of SOF~ concentrations that changed
as a result of ocean emissions during the EP. On all case days (Days 1-4),
SOZ~ concentrations appeared to increase (0.25 pg/m3 t0 0.70 pg/m3) in
the sea area around South Korea. The difference between the results of
the IPR analyses of the OCEAN and BASE cases and those of the STM
analyses (not shown) indicated that the increases in SO‘Z;’ concentrations

South Korea, but decreases (up to —2.65 pg/m3) in some areas of the
South Sea and the East Sea. In regions where ocean emissions increased
but SO3~ concentrations decreased, elucidating its mechanism is diffi-
cult. SOy could oxidize in the atmosphere and form sulfuric acid
(H2S04), and H2SO4 could react with NH3 to form ammonium sulfate
((NH4)2SO4). The NOy could also oxidize in the atmosphere and generate
nitric acid (HNO3), and HNOj3 could react with NH3 to form ammonium
nitrate (NH4NOs3). During this process, HySO4 and HNOj are in a
competitive relationship for NHs; hence, the ratio among the three
constituents is crucial to determining concentrations of S0%~,NO%, and
NHJ. Ocean emissions include those of not only SO, but also various
substances such as NOy and NHgs, and the type and amounts of air pol-
lutants transported from the inland areas of South Korea to the ocean are
not consistent. Furthermore, some substances contained in ocean
emissions may affect the reduction of OH concentrations, which in turn
may inhibit the chemical production of SO3~.

Thus, to accurately interpret changes in SO3~ concentrations that
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Fig. 11. The distribution of differences between SO3~ concentrations of OCEAN case and those of the BASE case during the EP (May 29-June 1). Each value

represents the daily average of the grid values.

account for ocean emission will require an accurate analysis of the non-
linear chemical reactions among these constituents. As such a process
would entail a complicated and time-consuming effort, it should be
investigated as an independent research topic in future work. The results
of this study have confirmed that concentrations of SO~ on the sea
surface do not increase simply proportional to the amounts and the
distribution of ocean emissions. In fact, because of complicated non-
linear chemical reactions, concentrations could decrease in some areas.

On the basis of the analytical results presented above, the primary

10

mechanism of SO~ formation over the Yellow Sea (i.e., OH + SOy —
H2S04 + HO3) changed only slightly when we accounted for ocean
emissions; nevertheless, we identified both increases and decreases in
SO3~ concentrations depending on changes in emissions. Unfortunately,
the range of ocean emissions data analyzed in this study was limited to
the ocean circumjacent to South Korea. That is, the study did not analyze
ocean emissions over the entirety of the Yellow Sea. An investigation of
the ocean emissions data covering the entire Yellow Sea, including
marine areas circumjacent to China, would more precisely explain the
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Fig. 12. Horizontal distributions of difference between SO~ concentrations of the OCEAN case and those of the BASE case at 12:00 and 15:00 LST 26 May.

mechanism of SOF~ formation over the Yellow Sea. Furthermore, this
study found regions where SO3~ concentrations decreased despite the
addition of ocean emissions, which calls for further research that
comprehensively interprets changes in aerosol concentrations at the sea
surface due to ocean emissions.

4. Summary and conclusion

This study quantitatively analyzed chemical changes taking place in
the high-concentration SO~ phenomenon that occurred at the surface
of the Yellow Sea caused by the long-range transport of air pollutants.
For the analysis, we applied a three-dimensional photochemical model,
the Community Multi-scale Air Quality (CMAQ), to carry out an air
quality simulation during the 2016 Korea-United States Air Quality
(KORUS-AQ) period. Using surface PM; 5 observation data from China
and South Korea together with the DC-8 aircraft measurement data of
some areas of the Yellow Sea, we extensively evaluated CMAQ simula-
tion results.

From the distribution of concentrations of PMs 5 constituents (i.e.,
SO?{, NO3, NOZ, elemental carbon, primary organic carbon, and sec-
ondary organic carbon) simulated by CMAQ, we identified high con-
centrations of these constituents centering around eastern China, the
Liaodong Peninsula, and the western inland areas of the Korean Penin-
sula. Interestingly, however, the distribution of SO%~ concentrations as
high as (14.44 pg/m®) showed characteristics that distinctly differed
from those of the other constituents. Although emissions at the surface of
the Yellow Sea are limited compared to those over land, the simulation
showed high concentrations of SOF~ over the sea. To analyze this phe-
nomenon in detail, we selected the period from May 29 to June 1, when
high concentrations of SO~ over the Yellow Sea were most apparent
and identified the production and loss processes of chemical SO~ in the
Yellow Sea region (YS), in which the formation of the high concentration
SOZZf occurred.

From the results of the IPR analysis, on May 29 (Day 1, the first case
day), we found an increased concentration of SO~ resulting from
“horizontal transport” over the Yellow Sea; and on May 30 and 31 (Days
2 and 3, the second and third case days), we found an increase resulting

from the “aerosol process”. The formation of SOF~ resulting from the
“aerosol process” was the result of the oxidation of SO2 transported
through eastern China, the Liaodong Peninsula, and the western area of
the Korean Peninsula by OH on the sea surface. We found that the for-
mation of SOF~ on each case day differed depending on both weather
conditions and the distribution of SO, and OH concentrations.

To investigate changes in the production and loss of SO~ over the
Yellow Sea when we accounted for ocean emissions, we conducted
additional modeling that accounted for ocean emissions (the OCEAN
case) and compared the results with those of the BASE case. From the
results of the IPR analysis of the OCEAN case, we confirmed that the
mechanism of SOF~ formation over the Yellow Sea was not significantly
affected by the addition of ocean emissions. We also found that the in-
creases and decreases in SO~ concentrations depended on whether or
not ocean emissions were taken into account. When they were, con-
centrations of SO3~ increased in most marine areas circumjacent to
South Korea but decreased in some areas. These results indicate that
concentrations of SO~ do not increase simply proportional to the
amounts and distribution of ocean emissions but that they could
decrease in some regions because of complex non-linear chemical
reactions.

From the results of this study, we found that the formation of
chemical SO3~ over the Yellow Sea occurs not only in the winter but also
in the spring (KORUS-AQ period) and that the inflow path of SO to the
Yellow Sea is not always constant but instead differs according to sea-
sonal pressure patterns. When we accounted for ocean emissions, we
identified only a slight change in the mechanism of SO~ formation over
the Yellow Sea; on the other hand, we found an increase in SO‘Z;’ con-
centrations at the sea surface owing to an increase of emissions. Despite
the addition of ocean emissions in this study, concentrations of SO3~
decreased in some regions, which calls for additional research that
accurately interprets this phenomenon.
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