
Contents lists available at ScienceDirect

Atmospheric Environment

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

Behavior of sulfate on the sea surface during its transport from Eastern
China to South Korea

Wonbae Jeona,b, Yunsoo Choib, Jeonghyeok Munc, Soon-Hwan Leed, Hyun-Jeong Choie,
Jung-Woo Yooc, Hyo-Jung Leea, Hwa Woon Leef,∗

a Institute of Environmental Studies, Pusan National University, Busan 46241, South Korea
bDepartment of Earth and Atmospheric Sciences, University of Houston, Houston, TX 77204, USA
c Division of Earth Environmental System, Pusan National University, Busan 46241, South Korea
d Department of Earth Science Education, Pusan National University, Busan 46241, South Korea
e Department of Physics and Earth Science, Korea Science Academy of KAIST, Busan 47162, South Korea
fDepartment of Atmospheric Sciences, Pusan National University, Busan 46241, South Korea

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Sulfate
Long-range transport
CMAQ
Process analysis

A B S T R A C T

This study investigates the production/loss of sulfate on the sea surface during its transport from Eastern China
to South Korea (Korea). We use the Community Multi-scale Air Quality (CMAQ) model to simulate sulfate
concentrations in February 2015 and to examine the changes in them. Results of the CMAQ simulation show
high sulfate concentrations over the sea surface areas between Eastern China and Korea despite nearly zero
emissions. Their concentrations gradually increased (from 0.371 to 0.581㎍/m3/h) as they passed through the
East China Sea, the Yellow Sea, and the Korea Strait. The results from a quantitative analysis using the integrated
process rate (IPR) in CMAQ suggest that increasing sulfate concentrations during the transport was mainly
attributable to chemical sulfate productions by the aerosol process (up to 0.866㎍/m3/h) and vertical transport
(up to 0.994㎍/m3/h) of chemically produced sulfate, resulting from vertical momentum transport caused by
vertical wind shear and temperature gradient. The results of the sulfur tracking model (STM) in CMAQ verify
that the OH + SO2 → H2SO4 + HO2 reaction was the largest contributor (82.31%) to the production of sulfate
over the sea surface areas during its transport. Surplus SO2 in the transporting plume reacted to abundant OH
over the sea surface, formed H2SO4, and contributed to the consequently increased sulfate concentrations. The
observed sulfate data in Korea confirm that sulfate concentrations over the sea surface areas enhanced sulfate
concentrations in Korea (from 12.27 to 13.74㎍/m3). The sulfate, however, was not directly transported from
upwind regions but chemically produced during the transport. The results of several sensitivity simulations with
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varied meteorology revealed that the changes in chemical sulfate production rates during the transport of sulfate
were mainly affected by temperature.

1. Introduction

A major inorganic species in particulate matter (PM), sulfate, affects
the radiative balance of the Earth and exerts adverse effects on human
health (Son et al., 2012; Lin et al., 2017). Sulfate is primarily produced
through the gas-phase oxidation and aqueous reactions of sulfur dioxide
(SO2) (Seinfeld and Pandis, 2006; Park et al., 2016). SO2 is one of the
major precursors of sulfate emitted from the combustion of fossil fuel
(Kim et al., 2016; Paulot et al., 2017). The largest contributor to global
anthropogenic SO2 emissions is China (Li et al., 2017). These emissions,
which are often transported to downwind regions such as South Korea
(Korea, hereafter), Japan, and the western United States (Itahashi et al.,
2012; Lin et al., 2017), leading to high sulfate formation in these re-
gions. In particular, air pollution in Korea is strongly influenced by
long-range transported foreign emissions from the upwind countries
(e.g., China and Mongolia) because of the source-receptor relationship
between the countries (Han et al., 2005, 2006; Kim et al., 2010; Choi
et al., 2014; Jeon et al., 2014a). Kim et al. (2017a) reported that over
70% of PM in Korea during the cold season (December–March) in 2014
was attributable to Chinese and Mongolian emissions. Also, several
other studies (Park et al., 2016; Shin et al., 2016; Kim et al., 2017b)
reported noticeably large sulfate concentration in Korea during the
period of long-range transport from upwind source regions. As sulfate,
during periods of high PM concentrations, is a substantial contributor of
PM constituents in Korea, enhancing our understanding of the me-
chanism of high PM formation in Korea demands a more comprehensive
knowledge of sulfate transport (He et al., 2014; Huang et al., 2014).

According to several previous studies, an understanding of the

chemical processes that take place during the transport of pollutants
from a source to a receptor region is crucial to identifying the exact
mechanism of the local air pollution phenomenon (Heo et al., 2009;
Jeon et al., 2012, 2014b; 2018; Park et al., 2016). Since long-range
transported sulfate and its precursors from China to Korea frequently
results in high sulfate concentrations in Korea (Itahashi et al., 2012;
Kim et al., 2016), investigating their behavior during the transport
could help us identify the mechanism that contributes to high PM in
Korea (Shin et al., 2016; Kim et al., 2017b).

Despite the previous studies that have examined sulfate transport,
the detailed behavior of sulfate in transporting PM plumes is not fully
understood. Although several studies (Heo et al., 2009; Zhang et al.,
2012; Choi et al., 2013; Kim et al., 2017a, 2017b) have investigated the
source apportionment of PM in Korea, few studies have quantitatively
examined chemical changes in sulfate transport. Thus, this study in-
vestigates the chemistry associated with sulfate production and loss
during its transport from Eastern China to Korea. As highly polluted air
over Eastern China frequently passes over sea surface areas (e.g., the
East China Sea and the Yellow Sea) before reaching Korea (Heo et al.,
2009; Kim et al., 2017a), we examine chemical changes in sulfate on
the sea surface. We use the Community Multi-scale Air Quality (CMAQ)
(Byun and Schere, 2006) in simulations of sulfate concentrations in
February 2015, from which our modeling system reasonably re-
produced PM in Korea (Jeon et al., 2016). To evaluate the performance
of the CMAQ simulations, we compare the results with corresponding
in-situ measurements and investigate the feature of sulfate transport
from Eastern China to Korea. Here, we employ the integrated process
rate (IPR) (Gipson and Young, 1999) and the sulfur tracking model in

Fig. 1. Domains for WRF and CMAQ modeling, and the detailed topographic features in the vicinity of Korea. The right panel presents the locations of 75 ASOS, 106
AQMS, and 3 PM2.5 measuring sites used in this study.
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CMAQ (STM, hereafter) to quantitatively analyze chemical changes that
occur during the transport of sulfate over the sea surface. Ultimately,
we will identify the mechanism of high sulfate transport in Korea
during the period of long-range transport from Eastern China to Korea.

2. Methodology

2.1. Modeling system and data

This study applies the United States Environmental Protection
Agency (USEPA)'s CMAQ (v5.0.2) model. We configured the CMAQ
domain, covering Northeast Asia that includes China, Korea, and Japan
(Fig. 1), with a grid resolution of 15 km (267×218) and 27 vertical
layers extending from the surface to 100 hPa. Carbon Bond 5 (CB05;
Yarwood et al., 2005) and AERO6 (Nolte et al., 2015) were used for the
gas-phase and aerosol chemical mechanisms. We acquired anthro-
pogenic emissions for the CMAQ domain from the MIX emissions in-
ventory in 2010 (Jeon et al., 2016; Kim et al., 2017a; Li et al., 2017;
Souri et al., 2017) (Fig. S1). The inventory contains gridded
(0.25°× 0.25°) emissions information for black carbon (BC), carbon
monoxide (CO), carbon dioxide (CO2), niterogen oxide (NOx), ammonia
(NH3), organic carbon (OC), particulate matter (PM2.5 and PM10), SO2,
and non-methane volatile organic compounds (NMVOC). The biogenic
emissions for the CMAQ domain were prepared by the Model of
Emissions of Gases and Aerosols from Nature (MEGAN, v2.1) (Guenther
et al., 2012). We obtained the meteorology for the CMAQ simulation
from a Weather Research and Forecast (WRF, v3.7) (Skamarock et al.,
2008) simulation, whose initial and boundary conditions came from the
1°× 1° Final Operational Global Analysis (FNL) data of the National
Centers for Environmental Prediction (NCEP). WSM 3-class simple ice
microphysics scheme, RRTM long-wave radiation scheme, Dudhia
short-wave radiation scheme, Monin-Obukhov (Janic Eta) surface layer
scheme, Unified Noah land-surface scheme, YSU PBL scheme, and Kain-
Fritsch (new Eta) scheme were used for the WRF simulation. To im-
prove the accuracy of the meteorology, we adopted optimized grid
analysis nudging options reported by Jeon et al. (2015) and Souri et al.
(2017). The Meteorology Chemistry Interface Processor (MCIP, v4.1)
was used to provide the CMAQ-ready meteorology from the WRF si-
mulation. The period for the WRF and CMAQ simulations was January
21 to February 28, 2015 (the first ten days for spin-up), previously si-
mulated and comprehensively evaluated by a PM10 modeling study
(Jeon et al., 2016). The detailed options used for the WRF and CMAQ
simulations are listed in Tables S1 and S2.

2.2. IPR and STM

In this study, we employed the IPR module (in the CMAQ model),
used for some researchers in their air quality studies (Li et al., 2014; Fan
et al., 2015; Pan et al., 2015, 2017; Jeon et al., 2018). The module
provides quantified contributions of individual processes (e.g., trans-
port, chemistry, emissions, deposition, cloud process) to pollutant
concentrations. We used the IPR to calculate the respective contribu-
tions of horizontal/vertical transport, gas- and aqueous-phase chem-
istry, the cloud process, dry deposition, and emissions to simulated
sulfate concentrations. In addition, this study applied the STM, which
tracked the budget of simulated sulfate concentration. It quantifies the
contributions of individual chemical reactions, direct emissions, and
initial and boundary conditions to the total sulfate production. It works
with the standard CMAQ model and requires no additional input data.
Table 1 summarizes the respective contributors to sulfate production
calculated by the STM.

2.3. In-situ measurements

We used surface observational data from the air quality monitoring
station (AQMS) network, operated by the National Institute of

Environmental Research (NIER) in Korea. The network measures real-
time air pollutant concentrations and provides hourly concentrations
for CO, NO2, O3, PM2.5, PM10, and SO2. We obtained meteorological
data from the Automated Surface Observing System (ASOS) network,
operated by the Korea Meteorological Administration (KMA) and
gathered the measured surface temperature, the wind speed, and PM2.5

data for the episode period of this study (February 2015) from 75 ASOS
and 106 AQMS sites (Fig. 1) to evaluate the results from WRF and
CMAQ simulations. To further evaluate the accuracy of the CMAQ si-
mulation, we acquired observed hourly PM2.5 speciation data (i.e.,
sulfate, nitrate, ammonium, OC, and elemental carbon (EC)) from three
observation sites in Korea (Fig. 1).

2.4. Statistical parameters

To evaluate model performance, we used several statistical para-
meters such as the index of agreement (IOA), the mean bias error
(MBE), the normalized root mean square error (NRMSE), and the mean
fractional bias (MFB), all of which are defined as follows:
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where N is the number of data points and Pi and Oi denote CMAQ-
simulated and observed concentrations, respectively. With regard to the
MFB, we used the performance goals and criteria proposed by Boylan
and Russell (2006) to determine if our CMAQ simulation meets the
reference values defined as follows:

≤ +−eMFB (goals) 1.7 0.3C2

≤ +−eMFB (criteria) 1.4 0.6C2

where C is +P O( )/2, and P and O are the mean CMAQ-simulated and
observed values, respectively.

3. Results and discussion

3.1. Evaluation of simulated concentrations of PM2.5 constituents

As mentioned in Section 2.1, Jeon et al. (2016) simulated PM10

concentrations over Northeast Asia in February 2015 using the same
modeling system used in this study and evaluated the model perfor-
mance. They reported that CMAQ reasonably reproduced variations in
PM10 in February 2015, except for the period of the Asian dust events
(22–24 February). To validate these findings, we further evaluated the
simulated PM2.5 and each component (i.e., sulfate, nitrate, ammonium,

Table 1
Individual chemical reactions and factors contributing to sulfate production
appearing in the STM. “MHP” and “PAA” denote methyl hydrogen peroxide and
peroxyacetic acid, respectively.

Individual contributors to sulfate production

[1] OH + SO2 → H2SO4 + HO2 [2] H2O2 + S(IV) → S(VI) + H2O
[3] O3 + S(IV) → S(VI) + O2 [4] O2 + S(IV) → S(VI)
[5] MHP + S(IV) → S(VI) [6] PAA + S(IV) → S(VI)
[7] Emissions [8] Initial and boundary conditions
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OC, and EC), which the previous study had not done. As seen in Fig. 2,
the WRF-simulated temperature was close to observations with high
IOA (0.91) and low NRMSE (7.58%) and MBE (−1.29 °C). The simu-
lated wind speed also closely agreed with the observations (IOA: 0.78,
NRMSE: 10.68%, MBE: 1.29m/s), indicating the reasonable accuracy of
the WRF-simulated meteorology.

The CMAQ-simulated PM2.5 closely matched corresponding ob-
servations as shown in Fig. 3-(a). CMAQ reasonably reproduced tem-
poral variations in PM2.5 (IOA: 0.75), but slightly underestimated PM2.5

concentration (NRMSE: 10.86%, MBE: −4.30㎍/m3), likely due to the
underestimated sulfate and OC, which accounted for the large portions
of total PM2.5 in Korea; sulfate 18.62% and OC 15.70% (Fig. S2). Unlike
sulfate and OC, nitrate was overestimated, and ammonia and EC
showed reasonable agreement with observations. The underestimation
of sulfate and overestimation of nitrate are well-known issues in PM
modeling in East Asia (Park and Kim, 2014; Ghim et al., 2017), attri-
butable to uncertainties in emissions and inaccuracies of meteorology
(e.g., Jeon et al., 2015; Chang et al., 2016). According to previous
studies (Krotkov et al., 2016; van der A et al., 2017; Itahashi et al.,
2018), the amount of SO2 emissions over China indicates a decreasing
trend after 2010, revealing the discrepancy of emissions between the
two years (2010 and 2015). Since we used 2010 emissions data for the
simulation in February 2015, the uncertainty in emissions might have
caused the model-measurement error in this study.

The calculated MFB for PM2.5, sulfate, nitrate, ammonium, OC, and
EC were 0.40, −0.80, 0.70, 0.10, −1.10, and −0.10, respectively
(Fig. 4). These results are similar to those found by a previous study
(Ghim et al., 2017). All of the MFB values, except for that of OC, met
the performance criteria proposed by Boylan and Russell (2006). Thus,
we conclude that the simulation results are reliable and acceptable for
application of the standard model, which allows for the under-
estimation of OC.

3.2. Features of simulated PM2.5, sulfate, nitrate, and ammonium

We analyzed the transporting pathways of the high PM2.5 plume in
the modeling domain (Fig. 1) during the entire period of the CMAQ
simulation and selected a partial period for intensive analysis on sulfate
changes. On 13–15 February 2015, high PM2.5 plumes over Eastern

China and the East China Sea were transported to the Shandong Pe-
ninsula, the Bohai Sea, the Yellow Sea, and the Korean Peninsula (Fig.
S3). During this period, the plumes notably passed over the East China
Sea, the Yellow Sea, and the Korea Strait before reaching Korea.
Therefore, we selected the three days (13–15 February 2015) as the
partial period to further investigate the transporting features of the si-
mulated sulfate.

Fig. 5 indicates the averaged concentrations of sulfate, nitrate, and
ammonium around the Yellow Sea on 13–15 February 2015. Because of
their dense emissions, their peaks equally appeared in Eastern China (Li
et al., 2017). Interestingly, sulfate concentrations over the Yellow Sea
and some areas of the East China Sea and the Korea Strait (Fig. 6) were
noticeably high despite an absence of anthropogenic emissions, im-
plying that sulfate featured a unique horizontal distribution compared
to those of nitrate (Fig. S4) and ammonium (Fig. S5). To clarify the high
sulfate concentration over the sea surface, we analyzed the variation of
sulfate distribution around the Yellow Sea over time. At 00:00 LST on
13 February, a high concentration of sulfate appeared in the East China
Sea and gradually moved to the west and north along with the wind
blowing clockwise, which was caused by high pressure centered in the
Yellow Sea. The high concentrations of sulfate continued to move and
spread out over the Yellow Sea, some reaching the southwestern part of
the Korean Peninsula at 00:00 LST on 15 February. It is worth noting
that the sulfate concentration gradually increased during its transport
from the East China Sea to Korea and was higher in the vicinity of Korea
than it was near the East China Sea on 15 February.

3.3. Process analysis of the simulated sulfate concentration

As described in the previous section, sulfate was transported from
the East China Sea to Korea on 13–15 February 2015, and its con-
centration increased. To quantitatively investigate the mechanism that
led to the increase in sulfate concentrations over the sea surface areas
(i.e., East China Sea, the Yellow Sea, and the Korea Strait), we con-
ducted process analysis using the IPR. In the analysis, we separated the
sea surface areas between Eastern China and Korea into three sub-areas,
shown in Fig. 7. The areas present the locations of the transporting
sulfate stayed on 13 (A1), 14 (A2), and 15 (A3) February, respectively.
To determine the locations, we averaged the sulfate concentrations in

Fig. 2. Comparisons between the WRF-simulated (a) temperature, (b) wind speed, and corresponding observations (Fig. 1) during the entire period of simulation
(February 2015).
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the planetary boundary layer (PBL) height on these three days.

3.3.1. Sulfate changes in the early stage of transport (13 February 2015)
Fig. 8 presents the rates of the contribution of individual processes

to the modeled sulfate concentrations in A1-A3 on 13–15 February

2015 and their diurnal variations. On 13 February, in the early stage of
transport, sulfate concentrations were mainly distributed in A1. Be-
cause of a gradual decrease in upwind transport (i.e., aggregation of
horizontal and vertical transport) from regions near the Shandong Pe-
ninsula, concentrations decreased until 09:00 LST (−0.493㎍/m3/h)

Fig. 3. Comparisons between the CMAQ-simulated (a) PM2.5, (b) sulfate (SO4
2−), (c) nitrate (NO3

−), (d) ammonium (NH4
+), (e) OC, and (f) EC, and corresponding

observations (Fig. 1) during the entire period of simulation (February 2015).

Fig. 4. Comparisons between the CMAQ-simulated and observed concentrations of PM2.5 and its constituents at three measuring sites (Fig. 1) during the entire period
of simulation (February 2015).
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and then began to increase in A1 around 09:00 LST. It should be noted
that the increase was not due to upwind transport, but instead, to other
processes. Fig. 8-(a) show that the sulfate concentration in A1 was af-
fected by vertical transport (0.374–0.994㎍/m3/h), the aerosol process
(i.e., gas-to-particle conversion and coagulation) (0–0.239㎍/m3/h),
and horizontal transport (−1.688 to −0.200㎍/m3/h). These findings
indicate that the increasing sulfate in A1 after 09:00 LST (0.373㎍/m3/
h) was mostly due to sulfate production by the aerosol process and its
vertical mixing resulting from momentum transport caused by vertical
wind shear and temperature gradient. The chemically produced sulfate
by aerosol process, particularly during the daytime, was vertically
mixed and consequently led to the increased vertical transport rate of
sulfate, attributable to the increase in sulfate concentration in A1.
Table 2 lists all of the contributors to total sulfate productions in A1-A3
on 13–15 February 2015, calculated by the STM. The table shows that
82.31% of sulfate concentrations over the sea surface areas (A1-A3)
were produced by the OH + SO2 → H2SO4 + HO2 reaction, implying
that SO2 oxidation by OH was a predominant contributor to sulfate
production during its transport from the East China Sea to Korea. The
transported SO2 from upwind source regions (e.g., the Shandong Pe-
ninsula) reacted to abundant OH over the sea surface and formed sul-
furic acid (H2SO4), which was then converted to sulfate (He et al.,
2014). The contributions of the H2O2 + S(IV) → S(VI) + H2O reaction
(3.72%), sulfate emission transported from upwind source regions
(6.59%), and other contributors (7.12%) (e.g., initial and boundary
conditions) to total sulfate concentrations in A1-A3 were relatively
minimal compared to that of the OH + SO2 → H2SO4 + HO2 reaction
(82.31%). The significant contribution of Chinese SO2 to sulfate pro-
duction in downwind areas (e.g., the Yellow Sea and the Korea Strait) is
consistent with findings by Itahashi et al. (2012).

The primary contributor to sulfate loss in A1 after 09:00 LST on 13
February was horizontal transport (Fig. 8-(a)). Sulfate was dispersed
and deposited during its transport toward the downwind regions (the
Yellow Sea and the Korea Strait) along with the prevailing southerly
wind. These processes, however, did not cause the decrease in sulfate
concentration because the total sulfate loss rate by horizontal transport
and dry deposition was lower than the total production rate by the
aerosol process and vertical transport. Consequently, the net rate of the
sulfate change in A1 (09:00–24:00 LST) increased (from 0.012 to 0.555
㎍/m3/h), elevating the sulfate concentration in A1 on 13 February.

3.3.2. Sulfate changes in the middle stage of transport (14 February 2015)
In the middle stage of sulfate transport (14 February 2015), the high

concentrations of sulfate were mainly distributed in A2 (Fig. 7). They
continued to increase because of the combined effect of upwind
transport and chemical production. Before the sun rose (00:00–09:00
LST), sulfate concentration in A2 increased (0.615㎍/m3/h) without
chemical production by the aerosol process, attributable to the in-
creased rate (from 0.291 to 0.866㎍/m3/h) of net transport (i.e., the
aggregation of horizontal and vertical transport). It continued to in-
crease until 12:00 LST, but kept almost same during the daytime
(12:00–18:00 LST) despite the positive chemical production by the
aerosol process (from 0 to 0.301㎍/m3/h). During the morning time
(00:00–12:00 LST) on February 14, sulfate decrease by horizontal
transport in A2 was minimal because of the wind flow in clockwise
direction over A2 (Fig. 6), resulting in hovering of sulfate over A2.
During the daytime (12:00–18:00 LST), however, northwestward wind
blew over A2 and it resulted in strong horizontal transport of sulfate
from A2 to the Shandong Peninsula. The negative horizontal transport
contributed to the decrease in sulfate concentration in A2, canceling out
the increase in sulfate by aerosol process and its vertical transport. The
combined effect of them led to the nearly constant sulfate concentra-
tions in A2 during the daytime. The decrease in sulfate concentration by
negative horizontal transport was mitigated gradually as the wind di-
rection in A2 turned to be north/northeastward after 18:00 LST, and the
sulfate concentration in A2 increased again. After 19:00 LST, sulfate
production by the aerosol process fell to nearly zero because of the
absence of solar radiation, indicating that the increase in sulfate was
solely affected by upwind transport. The sulfate concentration in A2
continued to increase and peaked (14.379㎍/m3) around midnight on
14 February.

3.3.3. Sulfate changes in the latter stage of transport (15 February 2015)
The IPR analysis results in the latter stage of sulfate transport (15

February 2015) (Fig. 8-(c)) indicated a clear difference from those on
13–14 February. At 00:00–09:00 LST, the sulfate concentration re-
mained almost the same (≈13.496㎍/m3/h) due to balanced rates of
positive upwind and negative downwind transport, but it began to
decrease around 10:00 LST. The dramatic decrease was due to minimal
sulfate production by the aerosol process (from 0 to 0.055㎍/m3/h) and
significant loss by the cloud process (i.e., cloud attenuation of photo-
lytic rates, mixing and scavenging by clouds, the chemistry of the
aqueous phase, and wet deposition) (from−1.160 to−0.221㎍/m3/h).

Fig. 5. Distributions of the CMAQ-simulated sulfate, nitrate, and ammonium concentrations over Eastern China and Korea. The values are averages in the PBL height
during 13–15 February 2015.
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The minimal chemical sulfate production in A3 on 15 February was
likely due to the relatively low concentration of surplus SO2 in the
transporting PM plumes. Participating in chemical reactions associated
with sulfate production, SO2 concentrations gradually decreased during
the transport from A1 to A3 (Table 3).

The significant sulfate loss by the cloud process on 15 February
(from −1.160 to −0.221 ㎍/m3/h) was distinguishable from that oc-
curring on 13–14 February (0㎍/m3/h), attributable to the difference in
meteorology. Fig. S6 and Table 4 illustrate synoptic weather patterns
over Northeast Asia and observed meteorological factors in Korea on 15
February, which differed from those on 13–14 February. The observed
cloud fraction on 15 February (82.28%) was much higher than the
fractions on 13 (6.69%) and 14 February (32.43%). Corresponding to
the high cloud fraction on 15 February, the amount of solar radiation
was smaller than on 13 and 14 February. Moreover, relative humidity
on 15 February (76.52%) was higher than on 13 (55.49%) and 14
February (75.84%) despite the relatively higher temperature, indicating
that 15 February was relatively humid compared to 13 and 14 Feb-
ruary. Because of the cloudy and humid meteorological conditions on
15 February, the sulfate loss rate by the cloud process (particularly wet
scavenging) (from −1.160 to −0.221㎍/m3/h) was much higher than

on 13–14 February (0㎍/m3/h), causing the steep decrease in sulfate in
A3, which began around 10:00 LST on 15 February.

Another reason for the decreasing sulfate in A3 on 15 February,
compared to the previous days, was the minimal sulfate production rate
by the aerosol process (from 0 to 0.055㎍/m3/h), the result of the re-
latively lower SO2 concentrations in A3 (1.62㎍/m3) than those in A1
and A2 (4.19 and 4.11㎍/m3, respectively). Since the surplus SO2 in the
transporting PM plumes was continuously used for sulfate production in
A1-A2, its concentrations in A3 were smaller than those in A1-A2. As a
result of the significant sulfate loss by the cloud process and minimal
sulfate production by the aerosol process, sulfate concentration in A3
on February 15 began to decrease around 10:00 LST.

3.3.4. Sulfate enhancement in Korea due to the transport
Although the results from CMAQ simulation indicated a clear in-

crease in sulfate on the sea surface areas (i.e., the East China Sea,
Yellow Sea, Korea Strait), its impact on the enhanced sulfate in Korea
need to be verified. Thus we analyzed the variations in the observed
sulfate concentrations at three sites in Korea (i.e., Jeju, Ulasn, Seoul,
and Baekyrongdo) on 13–15 February. The CMAQ-simulated sulfate
concentrations did not perfectly match the corresponding observations,

Fig. 6. Horizontal distributions of the CMAQ-simulated sulfate concentrations over the sea surface areas between Eastern China and Korea on 13–15 February. The
values are averages in the PBL height.

W. Jeon et al. Atmospheric Environment 186 (2018) 102–112

108



attributable to uncertainties in emissions and meteorology, but rea-
sonably reproduced their diurnal variations (Fig. S7). It implies that the
model results based on IPR and STM analysis are reliable hence they
can be used to interpret the variations in the observed sulfate con-
centrations at the three sites.

As shown in Fig. 9, the observed sulfate concentration at the Jeju
site (Fig. 1) on 13 February was low (up to 1.81㎍/m3) with minimal
variation, but began to increase around 00:00 LST on 14 February in
response to arrival of upwind transport of sulfate from A1-A2. It in-
creased gradually and peaked (13.07㎍/m3) around 22:00 LST, de-
monstrating that upwind transport was responsible for the sulfate en-
hancement in Jeju. It is important to note that the sulfate was not
directly transported from source regions (e.g., Eastern China), but it
was chemically produced primarily through SO2 oxidation over the sea
surface (A1-A2) during transport. The observed sulfate concentrations
at the Ulsan and Baekryongdo sites (Fig. 1) show a clear increase on 15
February, implying that the enhanced sulfate over the sea surface areas
(A1-A3) contributed to the high sulfate concentrations in Korea. The
observed sulfate concentration in Ulsan reached a peak (13.74㎍/m3)
around 18:00 LST on 15 February, which was later than in Jeju (22:00
LST on 14 February) because of the relatively late arrival of the upwind
transport of sulfate from A1-A3. By the same token, the observed sulfate
at the Baekryongdo site reached a peak (12.27㎍/m3) around 24:00 LST
on 15 February, later than that it did at the Ulsan site. The observed
sulfate data support the strong impact of upwind transport of sulfate on
enhancement in the observed sulfate concentrations in Korea, but the
respective contributions of local production and upwind transport to
the enhanced sulfate still remain unclear. Therefore, it need to be
clarified by conducting several sensitivity simulations based on Brute
Force Method (BFM) and/or Decoupled Direct Method (DDM) in the
future study.

3.4. Sensitivity of increasing sulfate to meteorology

As demonstrated in the previous sections, sulfate production on the
sea surface during its transport from Eastern China to Korea dominantly
occurred under the clear weather condition (13–14 February).
However, it remains unclear which meteorological factor is the most
important for the sulfate production. Hence we conducted several
sensitivity simulations on 13–14 February with increased temperature

(5 °C: TEMP_5D, 10 °C: TEMP_10D), cloud fraction (10%: CFRAC_10P,
20%: CFRAC_20P), and the water vapor mixing ratio (10%: QV_10P,
20%: QV_20P) to quantitatively investigate the sensitivity of sulfate
production/loss to the variations in meteorology.

Table 5 summarizes the results of each sensitivity run. It shows that
the sulfate production rate by an aerosol process in A1-A2 on 13–14
February was proportional to increases in the temperature. The sulfate
production rate resulting from the aerosol process increased by roughly
0.006㎍/m3/h in response to a temperature increase of 5 °C. This in-
crease was likely due to more activated SO2 oxidation in A1-A2 cor-
responding to the increased temperature. The impact of the increased
cloud fraction led to negligible changes in sulfate production/loss rates,
consistent with the results presented in a previous study (Liu et al.,
2011). The increased water vapor mixing ratio resulted in increased
production rates by the cloud process (0.026㎍/m3/h per 10%); how-
ever, this finding is not easy to be explained because of the complexity
and non-linearity in the aqueous phase chemistry of sulfate linked to
those of other species (e.g., ammonium and nitrate) (Binkowsky and
Roselle, 2003; Liu et al., 2011; Huang et al., 2014; Li et al., 2014; Lin
et al., 2017).

Those results implies that temperature is the most important me-
teorological factor affecting the sulfate production on the sea surface
during its transport from Eastern China to Korea. It suggests that each
transport event with the same pathway could differently affect the
sulfate concentrations in downwind regions, depending on meteor-
ological conditions, particularly temperature. Validation of these find-
ings, however, requires more sensitivity testing and detailed analyses.

4. Summary and conclusions

This study investigated changes in the concentrations of sulfate over
sea surface areas during its transport from Eastern China and Korea. We
used CMAQ to simulate sulfate concentrations over Northeast Asia in
February 2015. Results of the evaluation indicated the reasonable ac-
curacy of simulated concentrations of PM2.5 and its constituents with
high IOA values (from 0.63 to 0.85) and low biases (from−4.30 to 4.84
㎍/m3). To examine the behavior of sulfate during transport in detail,
we selected a partial period (13–15 February 2015) in which long-range
transport of highly polluted air from Eastern China to Korea occurred.
On 13–15 February, compared to simulated nitrate and ammonium, the

Fig. 7. Daily mean sulfate concentrations (in the PBL height) over the sea surface areas between Eastern China and Korea on 13–15 February. The three areas A1, A2,
and A3 are the locations where the transporting sulfate remained on 13, 14, and 15 February, respectively.
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simulated sulfate featured a distinct spatial distribution, indicating high
concentrations near the western part of the East China Sea (A1) on 13
February, the central/southern parts of the Yellow Sea (A2) on 14
February, and the northern/eastern parts of the Yellow Sea and the
Korea Strait (A3) on 15 February. Interestingly, despite nearly zero

Fig. 8. Diurnal variations of the contribution rates of each process to modeled sulfate concentrations in (a)–(c) A1-A3 on 13–15 February 2015.

Table 2
Contributions (%) of individual chemical reactions, emissions, and other factors
to total sulfate productions in A1-A3 on 13–15 February. The values are
averages in the PBL height.

A1 (%) A2 (%) A3 (%) A1-A3 (%)

OH + SO2 → H2SO4 + HO2 82.11 84.24 80.57 82.31
H2O2 + S(IV) → S(VI) + H2O 0.88 2.50 7.78 3.72
O3 + S(IV) → S(VI) + O2 0.01 0.01 0.20 0.07
O2 + S(IV) → S(VI) 0.06 0.10 0.13 0.10
MHP + S(IV) → S(VI) 0.01 0.01 0.04 0.02
PAA + S(IV) → S(VI) 0.02 0.05 0.14 0.07
Emissions 8.64 6.43 4.70 6.59
Others 8.28 6.66 6.44 7.12

Table 3
The CMAQ-simulated mean SO2 concentrations (㎍/m3) in A1-A3 on 13–15
February 2015. The values are averages in the PBL height.

A1 (13 Feb) A2 (14 Feb) A3 (15 Feb)

SO2 concentration (㎍/m3) 4.19 4.11 1.62

Table 4
Observed meteorological factors obtained from ASOS data on 13–15 February
2015. The values are the averages of 18 coastal sites located in the western and
southern regions of Korea, which face the Yellow Sea and the Korea Strait.

13 February 14 February 15 February

Cloud fraction (%) 6.69 33.43 82.28
Solar radiation (Wh−1m2) 323.61 224.13 109.03
Temperature (°C) −1.18 2.10 7.48
Wind speed (ms−1) 2.60 2.04 2.64
Relative humidity (%) 55.49 75.84 76.52
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anthropogenic emissions in these areas, the concentrations of sulfate
gradually increased while it passed over sea surface areas (A1-A3).

To further investigate the increasing amount of sulfate on the sea
surface, we conducted a quantitative analysis using the IPR module in
CMAQ. It indicated that the aerosol process and vertical transport
played a crucial role in increasing concentrations of sulfate over the sea
surface during transport. In the early (13 February) and middle (14
February) stages of sulfate transport, concentrations continued to in-
crease. We attribute the sustaining increase in sulfate to the chemical
production of sulfate by the aerosol process (up to 0.866㎍/m3/h) and
vertical transport (up to 0.994㎍/m3/h), particularly during the day-
time. Results from STM simulations indicated that the OH + SO2 →
H2SO4 + HO2 reaction was the largest contributor (82.31%) to the
production of sulfate over the sea surface areas (A1-A3) during its
transport, implying that the increased concentrations of sulfate pri-
marily resulted from SO2 oxidation by OH. Surplus SO2 in the trans-
porting plume reacted to abundant OH over the sea surface and formed
H2SO4, which was converted to sulfate, the primary reason for the in-
creasing concentrations of sulfate during its transport from Eastern
China to Korea. The increase in sulfate concentrations during the
transport, however, was not sustained in the latter stage of transport
(15 February). On 15 February, the net rate of change in the sulfate was
negative because of predominant sulfate loss by cloud scavenging, at-
tributable to cloudy and humid meteorological conditions. Moreover,
sulfate production by the aerosol process on 15 February, compared to
that on 13–14 February, was relatively minimal. The significant cloud
scavenging and minimal chemical production led to a decrease in sul-
fate concentrations on 15 February. Observed sulfate concentrations at
three measuring sites in Korea (Jeju, Ulsan, and Baekryongdo) ex-
hibited dramatic increases in sulfate concentrations on 14–15 February.

These findings indicate that sulfate over the sea surface areas between
the East China Sea and Korea enhanced sulfate concentrations in Korea
(12.27–13.74㎍/m3). It should be noted, however, that sulfate was not
directly transported from upwind regions, but it was chemically pro-
duced during transport.

The results generated by several sensitivity simulations with varied
meteorology revealed that chemical sulfate production/loss rates
during transport from Eastern China to Korea depend on meteorological
conditions, particularly temperature. These results, along with those
above, identify the mechanism of increasing concentrations of sulfate
during its transport from Eastern China to Korea and its impact on high
sulfate concentrations in Korea. However, further case studies that
analyze other time periods using updated emissions and large-scale
observations (e.g., remote sensing and aircraft measurements) need to
be conducted for the better model evaluations, making those results
more reliable. They will be helpful to verify the exact mechanisms of
high PM events in the downwind regions of pollutants sources, parti-
cularly in Korea.
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