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Abstract As a case study, the fate of pollutants subjected to long‐range transport over northeast Asia was
investigated. These pollutants originated as emitted particulate pollutants from Chinese source area, moved
across the Yellow Sea (YS), and entered the Korean Peninsula (KP) during the Megacity Air Pollution
Studies Seoul (MAPS‐Seoul) 2015 aircraft field campaign. The MAPS‐Seoul campaign, designed as a
precampaign of the Korea‐United States Air Quality (KORUS‐AQ) campaign, was performed to diagnose the
air quality around the KP and YS. Of particular interest during the campaign period was the existence of the
elevated mixed layer (EML), the lofted layer of highly concentrated fine aerosols, observed in the marine
atmosphere in and around the western coast of the KP. The pollutants within EML identified with the bulk
Richardson number of 1.2–6.1, transported longer toward the downwind area than within marine boundary
layer. As a result, pollutants emitted from Chinese source areas can cross the YS due to the EML and
influence the surface air quality on downstream areas, where the inland boundary layer is sufficiently
developed. We also analyzed the vertical distribution of the simulated sulfur dioxide (SO2) and sulfate
(SO4

2−) in the EML over China‐YS‐KP belt area and found that the concentration of SO4
−2 increases

through a hygroscopic conversion process as the gas phase precursors move across the YS in an environment
full of water vapor. Therefore, the EML makes the transport of the Chinese plume possible, as it passes over
the marine boundary layer, entering downwind area over northeast Asia.

1. Introduction

Rapid industrial development in East Asia, specifically in China, has resulted in unprecedented growth in
anthropogenic emissions, inducing air quality issues over neighboring areas. In East Asia, the fate of
long‐range transported pollutants emitted from China is one of the most important issues in terms of both
scientific interest and political concern. Many studies have revealed numerically and observationally that
transboundary transport processes of the Chinese outflow are one of the most important factors in the pre-
sence of air pollutants over its neighboring countries. For example, ozone and ozone precursors emitted
from China are found to be transported to the western United States via long‐range transport (LRT) pro-
cesses over the North Pacific Ocean by taking advantage of the processes that induce the chemical transfor-
mation of ozone precursors to ozone (Liang et al., 2004; Lin et al., 2012; Liu et al., 2003; Zhang et al., 2008).

In addition to ozone, the impact of the LRT of various species such as carbon monoxide, sulfur dioxide,
anthropogenic aerosols, and natural dust from China on air quality levels over neighboring countries has
been widely examined (Carmichael et al., 2002; Li et al., 2010; Li et al., 2012; Lin et al., 2005; Park et al.,
2005; Uno et al., 2009). They showed that the LRT of pollutants plays an important and growing role in deter-
mining the atmospheric composition and air quality at populated locations remote from the sources (Holzer
et al., 2005). In particular, analysis of intensive observations during the U.S.‐China joint research project
EAST‐AIRE (East Asian Study of Tropospheric Aerosols: An International Regional Experiment) 2005 field
campaign has demonstrated that SO2 columns and aerosol optical depth (AOD) of Chinese pollutant plumes
increased during the LRT phenomena (Li et al., 2007).

The horizontal pathway and impacts of long‐range transported air pollutants have been fully examined
though various previous studies (Chun et al., 2001; Kwon et al., 2002; Park et al., 2005; Kim et al., 2008;
Choi et al., 2013; Jeong et al., 2013; Sun et al., 2013; Kim et al., 2016; Kim et al., 2017). Recent studies
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have focused on the secondary formation of aerosol components over Korean Peninsula and near Yellow
Sea, with emphasis on horizontal transport pathways of pollutants over northeast Asia (Kim et al., 2018).
On the other hand, vertical mixing structures of air pollutants and their transport downwind from major
industrial/urban areas over northeast Asia, such as Shanghai and Shandong in China, were not well stu-
died, but only a few studies have associated with vertical structures of transported air pollutants
(Dickerson et al., 2007; Li et al., 2010; Miao et al., 2018). At present, the lack of in situ vertical measurements
may be the biggest hurdle at present, and therefore, the chemical transformation of Chinese air pollutants
across the ocean remains a crucial part of the phenomenal analysis in northeast Asia.

It has been widely known that the local planetary boundary layer (PBL) is one of the major uncertainty
factors in predicting local air quality, particularly in stagnant meteorological conditions, whereas special
attention has not been paid to the LRT process. However, our air quality analysis showed that uncertainties
remain as to whether the local PBL in the source region can have an important bearing on a receptor's air
quality, even for LRT cases. Therefore, attention should be given to reduce uncertainties about how the
PBL in the source regions can affect the air quality level in the receptor regions, given the favorable meteor-
ological conditions of LRT situated over northeast Asia.

From May to June 2015, an intensive field campaign—MAPS‐Seoul (Megacity Air Pollution Studies‐Seoul)
2015 research project, a pre‐campaign of the Korea‐United States Air Quality (KORUS‐AQ) campaign—has
been conducted by the Korean Environment Administration. The campaign was designed to characterize
the chemical evolution of oxidants and aerosol in and out of the Korean Peninsula, and also to diagnose
the three‐dimensional transport pathways through the source and receptor regions. Several scientific flights
were conducted around the western coastal areas in the Korean Peninsula (KP) and above the Yellow Sea
(YS), located between eastern China and the KP (Figure 1). The related comprehensive modeling studies
have also been conducted to diagnose the air quality of Seoul (the capital of South Korea), relating to the che-
mical evolution, transboundary contribution, and improvement of emission inventories.

In this study, one fate of LRT of Chinese air pollutants under a specific meteorological condition is presented
as a case study, suggesting the importance of the PBL in both source and receptor regions. In addition, the
existence of the elevated mixed layer (EML) in the marine atmosphere is characterized during the
MAPS‐Seoul 2015 campaign period, and the chemical transformation processes within the EML is revealed.
Its importance in the chemical predictions for shorter timescales, such as 2‐ or 3‐day forecasts of PM2.5

concentrations over the KP, is also discussed.

2. Methods
2.1. In Situ Measurements

The MAPS‐Seoul aircraft measurements were performed from 18 May to 13 June in 2015 over the west
coastal area of South Korea, which includes the Seoul and its surrounding cities, and coastal areas over
the YS, which is located between China and the KP. The HanSeo King‐Air aircraft (Textron Aviation
Inc.), cooperated by the University of HanSeo and the Korean Environmental Administration, was used.
The aircraft mission was conducted to study the particulate matter over Seoul and its west coastal regions
by measuring mass concentrations of particulate matter and its chemical components such as inorganic
species (including sulfate, nitrate, and ammonium) and organic aerosol (OA). There have been no aircraft
measurements for gas species such as SO2, NOx, and O3 concentrations during the MAPS‐Seoul campaign.

On board were high‐resolution time‐of‐flight aerosol mass spectrometer (HR‐ToF‐AMS) and an ultra‐high
sensitivity aerosol spectrometer for detecting organics, sulfate, nitrates, and ammonium (Lee et al., 2015).
Hereafter, HR‐ToF‐AMS was refer to as AMS in this study. The HanSeo King‐Air conducted seven science
flights over the area covering from the YS to the eastern coastal city (Kim et al., 2018). All seven flights were
equipped with the AMS onboard.

The operation of the AMS is based on ambient air pulled through a cyclone at a flow rate of 3 L/min to
remove particles with aerodynamic diameters larger than 2.5 μm in front of the AMS. Ambient air enters
the AMS through a pressure drop critical orifice 110 μm in diameter with an average inlet flow rate of
0.105 L/min. An aerodynamic lens focuses ambient particles of ~35 nm to ~1 μm into a narrow beam to
create the particle beam, which then flows into the particle time‐of‐flight region. Nonrefractory particles,
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with the aerodynamic diameter of d < 1 μm, are vaporized on impact with a resistively heated surface at
~600 °C and ionized by electron ionization at 70 eV. All these make it difficult to measure the PM2.5 with
the diameter of more than 1 μm through an aircraft inlet. The detailed operation is described elsewhere
(i.e., Canagaratna et al., 2007; DeCarlo et al., 2006; Drewnick et al., 2005; Jayne et al., 2000; Jimenez,
2003; Lee et al., 2015).

During the MAPS‐Seoul 2015 campaign period, the HR‐ToF‐AMS was operated under V‐mode, and an MS
mode of 20‐s time resolution was used to determine the compositions of nonrefractory particles including
the concentrations of organic aerosol (OA), nitrate, sulfate, ammonium, and chloride. The HR‐ToF‐AMS
was calibrated for ionization efficiency by using 350‐nm ammonium nitrate particles at a number density

Figure 1. (a) HanSeo King Air flight pathways during Megacity Air Pollution Studies‐Seoul 2015 campaign and (b) flight
path on 6 June 2015. Also shown are the geographic locations of the (c) radiosonde and (d) surface observation sites in
China and Korea, used in this study. The gray shaded area in (a) is for latitude‐averaged curtain plots in Figures 9 and 10,
and numbers in parentheses in (d) indicate numbers of surface observation sites.
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of ~300 cm−3. The values of the relative ionization efficiency for other aerosol types including organic aero-
sol, sulfate, nitrate, ammonium, and chloride were derived from default values (Lee et al., 2015).

Figure 1a presents the seven pathways of aircraft flights conducted during the MAPS‐Seoul 2015 campaign
period. We focus on the flight observations over the marine area, the YS, to identify the transport and che-
mical evolution of LRT of Chinese plumes, as indicated in Figure 1a. Aircraft flight path with flight time for 6
June 2015, employed as a LRT case in the current study, is presented in Figure 1b. The King Air aircraft mea-
sured mixing ratios of air pollutants up to 2 km above ground on 6 June 2015, starting from Taean to the
northern part of the YS, the northern ocean area located between Shandong peninsula and Seoul
(Figure 1b). Over the ocean area of the YS, we examined the detailed vertical characteristics of in situ mea-
surements together with WRF‐Chem (Weather Research and Forecasting model coupled to Chemistry)
model results to see the transport/transformation of air pollutants during the LRT processes.

For the evaluation of the WRF‐Chem model performance, additional in situ meteorological data were
employed, including rawinsonde observations of water vapor mixing ratios in Beijing (116.28°E, 39.93°N),
Qingdao (120.33°E, 36.06°N), Sheyang (120.25°E, 33.76°N), Baengnyeongdo (124.63°E, 37.97°N), Osan
(127.03°E, 37.10°N), and Gwangju (126.81°E, 35.11°N), as indicated in Figure 1c. The rawinsonde data have
been downloaded from the Upper‐Air Data Center, which operates in the Department of Atmospheric
Science at the University of Wyoming (http://weather.uwyo.edu/upperair/sounding.html). The provided
rawinsonde data were grouped into three parts: mandatory levels, significant temperatures, and significant
winds. The data used here are in the mandatory levels category, and they consist of temperature, humidity,
winds, and heights at specified pressure levels (1,000, 925, 850, 700, 500, 400, 300, 200, and 100 hPa; Lee et al.,
2014). Rawinsonde data for Gwangju and Osan stations located both in the western coastal area in South
Korea has been compiled with six‐hourly observations (00 UTC, 06 UTC, 12 UTC, and 18 UTC), while other
Chinese stations were measured twice a day (00 UTC and 12 UTC).

In situ surface measurements of both O3 and PM10 concentrations were also employed for model evalua-
tions. The measurements were collected at three urban stations and three rural sites in South Korea.
Detailed information about the in situ observation sites are presented in Figure 1d.

2.2. Satellite Observations

In order to evaluate the simulated spatial distribution, we used satellite observations fromOzoneMonitoring
Instrument (OMI) aboard Aura, which was launched in 14 July 2004 as a polar‐orbiting satellite. Aura has a
local equator‐crossing time of 13:45 in the ascending node (Lamsal et al., 2010; Levelt et al., 2006). The OMI
instrument has a 2,600‐km wide swath and a spatial footprint of 13 × 24 km2 at its nadir. In our study, the
OMI tropospheric NO2 data set retrieved by The Royal Netherlands Meteorological Institute (KNMI) was
utilized to offer a basis for a qualitative, and not quantitative, comparison against the modeled spatial distri-
bution of Chinese plumes during the study period when highly polluted plumes were located over the YS.
The tropospheric NO2 columns provided by KNMI were acquired from the website (http://www.temis.nl/
airpollution/no2.html).

2.3. Model Description

The model used here is the WRF‐Chem (version 3.8.1), three‐dimensional chemical transport model, which
was developed at the National Center for Atmospheric Research in collaboration with several research insti-
tutes. It is a comprehensive chemistry model coupled with the WRF community model, a nonhydrostatic
mesoscale numerical weather prediction model. WRF is a meteorological model with operational flexibility
and computational efficiency, and it offers advances in physics, numerical methods, and data assimilation
contributed by the research community (Skamarock et al., 2008).

TheWRF‐Chemmodel is an “online” system in the sense that all processes resulting from the gas phase and
aerosol species interact with the meteorological dynamics (Grell et al., 2005). In our WRF‐Chem modeling
study, the horizontal domain of 173 × 128 grid cells has a grid spacing of 27 km, and the vertical grid is
composed of 15 full sigma levels, which are 1.000, 0.996, 0.990, 0.980, 0.964, 0.922, 0.894, 0.860, 0.817,
0.766, 0.644, 0.507, 0.380, 0.228, 0.121, and 0.000, respectively. Meteorological initial and boundary condi-
tions were taken from 6‐hourly 1° × 1° National Centers for Environmental Prediction/Final Analysis data
(National Centers for Environmental Prediction, 2000). Due to coarse resolution (1° × 1°) of initial
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meteorological data and coarse designations of sea‐land surface over the complex coastal areas, relatively
poorer model performance has been expected against that of fine resolution model. Other physical options
for WRFmeteorological model were Mellor‐Yamada‐Janjic (MYJ) boundary layer physics (Janjic, 2002), the
NOAH land surface model (Chen &Dudhia, 2001), a Rapid Radiative Transfer Model (RRTM) longwave and
Goddard shortwave radiation schemes (Iacono et al., 2008), and the Grell‐Freitas ensemble cumulus para-
meterization with radiative feedback and shallow convection (Grell & Freitas, 2014).

The WRF‐Chem model has various chemical mechanisms available. We used a chemical scheme named
Regional Atmospheric Chemistry (RACM)‐Earth System Research Laboratory (ESRL; Kim et al., 2009) for
gas phase chemistry. RACM‐ESRL was an updated version of the Regional Acid Deposition Model
(RADM), developed based on the chemical mechanisms of RADM2 and RADM‐Mainz Isoprene
Mechanism (MIM). The RADM2 photochemical mechanism was originally developed by Stockwell et al.
(1997), and used most intensively in previous WRF‐Chem studies, and the RACM‐MIM mechanism was
updated with rate coefficients following the Jet Propulsion Laboratory 2006 report (Sander et al., 2006)
and multiple references (Orlando et al., 2002; Tyndall et al., 2001). For our aerosol chemistry, the Modal
Aerosol Dynamics model for Europe/Secondary Organic Aerosol Model (MADE/SORGAM) mechanism
(Ackermann et al., 1998; Schell et al., 2001) was applied.

The chemical boundary conditions for the main trace gases and particulate matter concentrations were
provided by simulations by the Model for Ozone and Related Chemical Tracers (MOZART) (Emmons
et al., 2010). In the chemical initial condition process, this study employed themodel containing reinitialized
National Centers for Environmental Prediction meteorological fields for each day of a 5‐day run, recognized
as sufficient for the initial conditions of chemical variables to reach equilibrium.

All of the above mechanisms were compiled using the Kinetic Preprocessor method coupled with the
WRF‐Chem model (see automatic coding of chemistry solvers in WRF‐Chem). A paper describing this
method was presented by Salzmann and Lawrence, at the 7th WRF/16th MM5 Users' Workshop, National
Center for Atmospheric Research, Boulder, Colorado, 2006, available at http://www.mmm.ucar.edu/wrf/
users/workshops/WS2006/abstracts/Session06/6_4_Salzmann.pdf.

As an emission input data set, the used anthropogenic emission inventory for East Asia, Comprehensive
Regional Emissions inventory for Atmospheric Transport Experiment (CREATE) was compiled by two
research groups: Kon‐Kuk University and the National Institute of Environmental Research, South Korea,
which was also used for both MAPS‐Seoul and KORUS‐AQ campaigns (Woo et al., 2014). The CREATE
emission inventory includes the Multi‐resolution Emission Inventory of China (MEIC) (http://www.meic-
model.org/), Clean Air Policy Support System (CAPSS) (http://airemiss.nier.go.kr), and Regional
Emission Inventory in Asia version 2 (http://www.jamstec.go.jp/frsgc/research/d4/emission.htm). The
detailed information on CREATE emission was well documented in Woo et al. (2014). The employed bio-
genic emissions were derived by using the Model of Emissions of Gases and Aerosols from Nature
(MEGAN) version 2 emission module (Guenther et al., 2006). Sea salt emission and biomass burning emis-
sion (based on FINNmodule) were both considered inWRF‐Chem simulation, whereas dust emissions were
not included here, as there were no dust reports during our case study period.

3. Results
3.1. Case Selection—Long‐Range Transport Process Case

In this study, 6 June in 2015 was chosen as a long‐range transport (LRT) case. The issue of classification:
long‐range transport versus stagnant case for seven flight days during the MAPS‐Seoul 2015 campaign
was discussed in detail by Kim et al. (2018). For the classification, they employed several synoptic variables
suggested by Jo and Kim (2013). Figure 2 depicts weather charts at two levels: 850 hPa and surface pressure
over the period from 5 to 6 June in 2015. A low‐pressure system at 850 hPa emanating from northern main-
land China stagnated over the area between the northeastern part of China and Mongolia, and another low
pressure system moved from the southeastern part of South Korea to southwestern mainland Japan.
Accordingly, westerlies prevailed all day over the YS, due to the synoptic wind direction blowing in parallel
with isobar lines on the 850‐hPa level. On surface weather charts (Figure 2a), on 5 and 6 June 2015, a low‐
pressure zone formed over the area from the Beijing‐Shandong‐Shanghai region, extending to the western
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Figure 2. Weather maps (Korean Meteorological Administration) for long‐range transport (LRT) case (6 June 2015).
Surface pressures charts are shown for (a) 12 UTC 5 on June 2015 and (b) 00 UTC on 6 June 2015, and 850‐hPa charts
are for (c) 12 UTC on June 5, and (d) 00 UTC on 6 June 2015. Here (e)–(h) are the same as (a)–(d) but forWeather Research
and Forecasting model coupled to Chemistry (WRF‐Chem)model results. Highlighted areas in green are indicating T− Td
< 3 °C in (a)–(d), and contour lines with green shadings are for depicting relative humidity in (g)–(h).
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part of South Korea with southeasterlies (or southerlies) over the area of the YS. We identified this synoptic
pressure as a well‐placed prepositioning of the LRT mechanism where Chinese outflow could influence
downwind areas from the surface to upper atmosphere.

In this study, 2 June in 2015 was also chosen as a non‐LRT case, and its synoptic charts at two levels: 850 hPa
and surface pressure were shown in Figure 3. The synoptic characteristics for this non‐LRT case was also
found in Kim et al. (2018). Figures 2, 3 illustrated the comparisons between weather charts and modeled
pressure fields (surface and 850‐hPa level) for two cases: 6 June (LRT case) and 2 June (non‐LRT case).
We identified this synoptic pressure of 6 June in 2015 as a well‐placed prepositioning of the LRT mechanism
where Chinese outflow could influence downwind areas from the surface to 850‐hPa atmosphere (Figure 2).
On the other hand, 2 June in 2015 was recognized to be non‐LRT case with relatively lower surface wind
speed over the Korean Peninsula under the presence of both broad and weak low pressure located over
North Korea and high pressure over northwest China (Figure 3). Overall, the modeled high/low pressure
pattern simulated by the WRF meteorological model also shows good agreement with the analysis of the
two weather charts, along with model performance without special biases for both cases (see Figures 2, 3).

To evaluate the simulated meteorological variables in more detail, simulated vertical profiles of wind
speed/directions were compared against rawinsonde observations over three regions: one island
(Baengnyoengdo) and two inland regions (Osan and Gwangju), during 5–6 June 2015 (Figure S1 in the sup-
portng information). Figure S1 also showed the good agreements between observations and simulations,
with no significant biases except for some surface wind speed, overall showing low root‐mean‐square error,
and index of agreement of more than 0.7 in most regions, as indicated in Table S1. The only poorer perfor-
mance with the correlation coefficient (R) of 0.46 for temperature in Baengnyoengdo would be partly caused
by the coarse resolution of initial meteorological data (section 2.3) with the poor designation of sea‐land sur-
face over the complex coastal areas, while observations are obtained at fixed point. Thus, incorporation of
more detailed surface designation might yield better wind fields with the use of finer horizontal resolution.

During the total MAPS‐2015 campaign period, observed mean levels of SO2 are less than ~10 ppb for both
Seoul and Baengnyoengdo in 2015. The observed daily mean PM10 levels during the MAPS‐Seoul campaign
period ranged between 27.0 and 53.7 μg/m3 over SeoulMetropolitan Area, which agreed well with a seasonal
average of 43.7 μg/m3 in spring (March to May). In this study, 6 June in 2015 (LRT case) yielded that daily
averages of PM10 were 30.4 (maximum 49.6) μg/m3 and 28.3 (maximum 49.2) μg/m3 in Seoul and Gwangju,
while Baengnyoengdo showed the average of 26.9 (maximum 60.0) μg/m3, respectively. It indicated no
appreciable differences among three regions, while island region, Baengnyoengdo showed relatively higher
variation compared with other two urban inland regions, Seoul and Gwangju. On 2 June 2015 (non‐LRT
case), averages of PM10 observed 35.7, 47.2, and 27.8 μg/m3 in Seoul, Gwangju, and Baengnyoengdo, respec-
tively, with the maximum of 47–58 μg/m3. It shows bigger differences among three regions in non‐LRT case.
Other detailed characteristics including seasonality of PM10 in and around Seoul Metropolitan Area were
found (Kim et al., 2017).

Model performances of PM2.5 were evaluated against aircraft measurements for 6 June in 2015 (Figure S2).
In Figure S2, observed mass concentration levels are in the range of 5–50 μg/m3 with a mean value of 19.8
μg/m3, whereas model showed higher (55 ± 10 μg/m3) than observations by a factor of approximately 2.5.
However, sulfate, which is larger portion of PM2.5 chemical components, compares well between simula-
tions and observations, and nitrate and ammonium have higher values in simulations, but no appreciable
differences were found (Figure S2).

WRF‐Chem results showed relatively higher estimation for total mass concentrations than individual sul-
fate, nitrate, and ammonium species. This is partly because model essentially calculate all of chemical com-
ponents including sea salt, elementary carbon, and other chemical components.

Figure 4 shows the horizontal distributions of three tropospheric NO2 columns: OMI satellite observations,
WRF‐Chem simulations with and without applying OMI averaging kernel toWRF‐Chemmodel simulations
for both two cases: LRT case (6 June 2015) and non‐LRT case (2 June 2015). In Figures 4b and 4d, WRF‐
Chem output was interpolated and smoothed in time and space to locations of satellite retrievals and
convolved with the OMI averaging kernels used in the satellite retrievals (Kumar et al., 2012). Scatterplot
comparisons of NO2 columns between OMI‐retrieved versus WRF‐Chem simulations by applying OMI
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Figure 3. The same as Figure 2 but for non‐LRT case (2 June 2015).
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averaging kernel for both two cases were found in Figure S3. In Figure 4 and Figure S3, although some
underestimations of WRF‐Chem simulations were found in some places, it is overall indicating that a
significant LRT process occurred on 6 June 2015, and WRF‐Chem model also captured the transported
horizontal structures of Chinese plumes over the YS more clearly than on 2 June 2015.

3.2. Horizontal Transport Pathway as Seen From Modeling and Observation

Figure 5 describes a time series of hourly measurements and simulated PM10 and O3 concentrations at the
surface in Seoul together with several rural and coastal sites near the YS, on 6 June 2015. We employed PM10

Figure 4. Tropospheric NO2 columns on 6 June 2015 (a–c) and 2 June 2015 (d–f): OMI‐Retrieved (a, d); WRF‐Chem simulations by applying OMI averaging kernel
to model profile (b, e); and WRF‐Chem simulations without applying averaging kernel (c, f).
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here because of nonavailability of PM2.5 observations for two sites: Taean and Deokjeokdo. The results show
that the model reproduces the observed diurnal variations and concentration levels of PM10 and O3 in Seoul
and Baengnyeongdo (Figure 1d), showing agreement with the range of maxima. The simulated maxima
times, recorded at 18:00–21:00 LST, were also in agreement with observations of PM10. Here LST is UTC
+09:00 and +08:00 in Korea and China, respectively. However, higher discrepancies between the observed
and simulated PM10 concentrations were found during the morning over the southern coastal sites:
Baengnyeongdo, Taean, and Deokjeokdo, as indicated in Figure 1d. However, in all regions, both modeled
and observed PM10 show enhanced surface concentrations from 11:00 LST. These might not be caused by
regional and/or local pollutant emissions. However, because local emissions are small for most coastal sites
such as Taean and Deokjeokdo, these enhancements are believed to be influenced by LRT phenomena. Over
several western coastal areas where there were no local emissions, this simultaneous increase since around
11:00 LST in both observed and simulated PM2.5 concentrations implies mesoscale phenomena (i.e., LRT) of
air mass such as a Chinese emission‐ridden air mass and its transport toward the KP.

The spatial distributions of modeled PM2.5 concentrations at both surface and 850‐hPa level on 5–6 June in
2015 are shown in Figure 6a (left panel) and Figure 6b (right panel), respectively. Differences in transport
pathways of air pollutants between surface and upper levels were clearly found over the area of the YS. In
particular, at the 850‐hPa level, the prevailing westerlies over inland areas (110–120°E, 30–40°N) in China
led to the accumulation of air pollutants in the atmosphere along the shoreline during 06:00–18:00 LST
on 5 June. On the surface, however, from 00:00 LST on 6 June, the Chinese plumes did not move across
the YS toward the KP from 00:00 LST on 6 June due to a dominant southerly flow over the subarea zone
of Shandong‐YS belt area. Hence, the northern area of the YS was weakly influenced by LRT pollutants, with
no (or only a slight) increase in PM2.5 concentrations in the lower atmosphere (Figure 6). The results are con-
sistent with no (or small) increases in PM2.5 concentrations, reflected in surface observations in
Baengnyeongdo and Seoul during themorning on 6 June as indicated in Figure 5. On the other hand, surface
PM2.5 concentrations in Incheon, Gwangju, Deokjeokdo, and Taean did not increase on that day. To inves-
tigate the discrepancies shown in the model against observations during 0:00–10:00 LST on –6 June, further
analysis of the local PM2.5 emissions at each site would be required.

Figure 5. Observed and simulated hourly O3 (left panels), and PM10 and PM2.5 concentrations (right panels) on 6 June 2015, over three western coastal cities
(Seoul, Incheon, and Gwangju) and three rural areas (Baengnyeongdo, Deokjeokdo, and Taean) in South Korea. The open red circles and closed blue triangles
indicate Weather Research and Forecasting model coupled to Chemistry simulated PM10 and PM2.5, respectively, and the black lines and gray shadings represent
the mean values and standard deviations of the observation data set.
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However, in the upper atmosphere (i.e., at 850 hPa height) on 6 June in 2015, the Chinese plume affected the
air quality over downwind areas much more considerably, as described in the spatial distributions of PM2.5

at around 850‐hPa height (Figure 6). The Chinese plume began to move from central China at 00:00 LST and
then stretched to the eastern coastlines of China at 12:00 LST on 5 June 2015. As a result, enhanced PM2.5

concentrations were found at 850‐hPa height over the Shanghai‐Shandong area with belt shape concentra-
tion features extending south and north during the early nighttime on 5 June. This pattern was formed due
to the merging of the transported plume that was lifted to upper altitudes over central China. On 6 June
2017, the model result shows Chinese plumes sweeping down eastward over the western regions of the
KP, in accordance with strong and pervasive westerlies over the YS. This implies that upstream plumes at
the higher altitude can pass through the marine atmosphere without removal process such as dry deposition
and dissolving process on the ocean surface. They can accordingly cause the prevalence of the surface PM2.5

concentrations through the entrainment at the top of the PBL and the vertical mixing process within the PBL
in the downstream atmosphere.

3.3. EML Above Marine Boundary Layer

As shown in the horizontal pathway of LRT plumes on 5–6 June, most pollutants flowed into the KP through
the upper level of the YS. As it was expected that the marine boundary layer (MBL) plays a large role in the
pollutant transport process, we analyzed the properties of the vertical structure in two separated areas: exit
(upwind) and entrance (downwind) areas. The exit area is referred to as a subregion covering the northeast

Figure 6. Horizontal distributions of modeled PM2.5 at surface (left panels) and at 850 hPa (right panels) during 5–6 June 2015.
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Chinese mainland to the YS, and the entrance area covers the northeastern YS, partly including the interior
of the KP's west coast.

The detailed vertical transport processes are examined by performing a comparative analysis of two data
sets: the amount of water vapor measured by rawinsonde and the simulated water vapor vertical profile.
As amodel validation step, we first evaluated the accuracy of theWRF‐Chem simulations of the atmospheric
PBL height and lofted (elevated) mixed layer over the exit and entrance areas: China's east coast areas and
west coast region of Korea.

Figure 7a shows the vertical distributions of the water vapor mixing ratios in Beijing, Qingdao, Sheyang, and
Shanghai, which are all located on the windward side (see Figure 1). These are good locations in mainland
China to delineate as exit areas, where pollutants would be raised to higher altitudes due to the developed
PBL in China before flowing into the marine atmosphere of the YS. In Figure 7, relatively higher mixing
ratios were observed in Beijing (exit area) at 00 UTC on 5 June and were found up to the layer near
3,000–4,000 m.We interpreted this layer formed as a result of relevant synoptic low‐pressure activities rather
than turbulent mixing process: simulated turbulence intensities were found to be extremely high with a bulk
Richardson number (RiB) of greater than 10.0 and, in some cases, greater than 100. Here bulk Richardson
number, RiB = ( gθv)(θv2 − θv1) (z2 − z1)/[(u2 − u1)

2 + (v2 − v1)
2], where g is gravity, θv is virtual potential tem-

perature, u and v are components of wind speed, and subscripts, 1 and 2, mean lower and upper altitudes,
respectively.

Figure 7. The vertical profiles of the Weather Research and Forecasting model coupled to Chemistry simulated water vapor (red lines with open circles) and
Rawinsonde observations (black lines with close circles) above upwind areas (Beijing, Qingdao, Sheyang, and Shanghai) located in the central/eastern coastal
region in China, and downwind areas (Baengnyeongdo, Osan, and Gwangju) in the Korean peninsula. Ranges of elevated mixed layers: vertical bars (black solid
lines) depict estimation from Rawinsonde observations, and gray shadings are from model simulations. Bulk Richardson number, RiB, is also denoted here.
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However, at 12 UTC on 5 June, the higher water vapor mixing ratio observed at the exit areas, Beijung and
Qingdao, showed some mixed zone from 2,000 to 3,000 m, and we interpreted this altitude as the local PBL
height because it was developed by strong turbulent kinetic energy and entrainment with a simulated RiB of
less than <5.0 up to around 2,000 m (not shown). The typical PBL structure was developed and expected to
be maintained between 12 UTC on 5 June and 00 UTC on 6 June resulting in a sharply decreased water
vapor mixing ratio up to the 2,000 m or higher in the PBL (i.e., Beijing and Qingdao), with no particular
indication of tendencies to mix moistures uniformly in the vertical, which can be referred to as EML, from
the above four sites of the exit area: Beijing, Qingdao, Sheyang, and Shanghai (Figure 7).

However, over the entrance area, the signature of the EML is found, clearly in Osan and Gwangju (Figure 7).
The lower layer, at around an altitude of 1.5 (±0.5) km above the ground level, is isolated from both the free
atmosphere (i.e., above the 3,000 m) and the lower atmosphere adjacent to the surface. We tried to find the
EML by diagnosing with the lowest RiB above local PBL. Here EML top was diagnosed in qualitative manner
as a level whose RiB starts to increase rapidly; thus, the layer is believed to act as a capping stable layer to
trap the LRT pollutants within EML. In Figure 7, the simulated bulk Richardson numbers RiB are in the
range of 1.2–6.1 within EML in the entrance area. This is indicating that atmospheric stability of EML is
near neutral (or slightly stable) condition with the RiB of ~6 in the EML, where still the turbulence is
expected to mix pollutants and moistures. However, the RiB in the upper atmosphere above EML showed
higher values by factors of 2–5 or more over the same entrance area. The detailed vertical distributions of
RiB were listed in Figure S2. Therefore, it was recognized that the EML was formed against the shallow
MBL, making the upstream plumes be transported with little deposition/dissolution that occurs near
ocean surface.

Figure 8 shows the simulated SO2 and SO4
−2 concentrations at four sites located over the exit area at

12 UTC on 5 June, and at three sites over the entrance area at both 00 UTC and 06 UTC on 6 June. In
Figure 8, EML's role in trapping air pollutants were also found. As in Figure 8, appreciable differences
were shown between two areas. Over the exit area, there was no shifted or trapped air pollution with rela-
tively higher concentrations on the surface, sharply decreasing with height up to the 4,000–3,000 m. In
contrast, over the entrance area, pollution remains trapped within the boundary layer at around the
1,500 m at 00 UTC, strongly reflecting the existence of the EML at the entrance area near the KP. At
06 UTC, however, surface concentrations were relatively higher over the entrance area, showing that the
trapped pattern existed at most sites and then gradually collapsed, at the Osan site in particular, due to local
surface emissions.

Figure 9 shows airborne observations superposed on the simulated PM2.5 over the YS for both two cases: LRT
case (6 June 2015) and non‐LRT case (2 June 2015). On 6 June 2015, both aircraft measurements and model
results over the YS indicate that an elevated layer of high PM2.5 concentration occurred at an altitude ≥1.2
km (Figure 9a), whereas there has been no particular evidence of EML over YS on 2 June 2015 (Figure 9b).
As the airborne observations have a high spatiotemporal resolution, they can be scanned and the three‐
dimensional structures can be detected in detail, providing the vertical profiles of PM2.5 concentrations over
the YS. On 6 June 2015, although the model has a relatively lower spatiotemporal resolution, Figure 8 does
exhibit an important vertical shape for the significant isolated plume when it appeared over the YS. This is
also obvious in the Figure S4, which also shows the same patterns of concentrations of chemical compo-
nents: SO4

−2, NO3
−, and NH4

+, along the flight path across the Yellow Sea for both 6 and 2 June 2015.
The high PM2.5 and high ion concentration layer at an altitude of around 1 km or higher appeared at a simi-
lar location as the independent lower layer, just as the previously examined water vapor vertical distribution
(Figures 9 and S4). The confirmation that the previously examined WRF‐Chem model results matches well
with meteorological measurements, and the distributions of aircraft measurements supports the idea that
the EML exists, into which transported pollutants are trapped as they pass from high‐emission regions to
the upper marine atmosphere.

3.4. Transport and Transformation of Chinese Emissions

As previously explained, pollutants move along the EML to the downwind region during the LRT process.
The air quality over the downwind region can be affected accordingly by the characteristics of the EML,
and chemical transformation can be processed therein. To examine this role of the EML in chemical
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Figure 8. Vertical profiles of simulated SO2 and SO4
−2 concentrations, for Beijing, Qingdao, Sheyang, and Shanghai at 12

UTC June 05 (left column), and for Baengnyeongdo, Osan, and Gwangju at 00 UTC (middle column) and 06 UTC (right
column) on 6 June.
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Figure 9. PM2.5 concentrations along the flight path across the Yellow Sea on (a) 6 June and (b) 2 June 2015. The colored
circles and shadings indicates airborne observations and model results, respectively.
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process in detail, we examined the vertical distribution of the simulated chemical components of PM2.5

within the EML above the YS at 03:00, 09:00, 15:00, and 21:00 LST on 6 June 2015.

Figure 10 shows the cross sections of PM2.5 and simulated PBL heights (black dots) at 03:00, 09:00, 15:00, and
21:00 LST for both two cases: LRT case (6 June 2015) and non‐LRT case (2 June 2015). The latitude‐averaged
area is indicated in Figure 1. It is also interesting to note that as Figure 9a demonstrates, high PM2.5 concen-
trations flowed onto the top of the MBL at 03:00 LST on 6 June 2015, originating from the high‐emission
region of the exit area in China, moved to the YS, arriving at an altitude of around 1.0 (±0.5–) km in and
around the entrance area on 6 June 2015, as indicated in Figure 10a. Consideration of the fact that the simu-
latedMBL height was less than 500m over the YS, as indicated in Figure 10a, leads to the conclusion that the
simulated plume locations are not within the MBL, but rather much above the top of the MBL, correspond-
ing well to the location of the EML described in section 3.3. Therefore, pollutants emitted from China gra-
dually flowed into the confined EML and have the capability to move further without the ocean effects of
the YS, arriving higher altitude above the west coast and the KP. Contrary to the long range transport process
of PM2.5 concentrations (Figure 10a), there has been no transboundary process of higher PM2.5 concentra-
tions on 2 June 2015, showing no transboundary process exceeding the longitude of 124°E (Figure 10b).

As the morning approached (i.e., at 09:00 LST in Figure 10a), the surface PM2.5 concentrations in LRT case
increased within the PBL over the exit area around 122–124° E due to anthropogenic air pollutants emitted
from the metropolises and industrial areas. The plume, which had already entered the top of the MBL above
the YS, continued moving eastward, with the PM2.5 concentrations gradually increasing. As daytime pro-
gressed (i.e., 15:00 LST), PM2.5 concentrations increased more in the PBL and moved over the YS, finally
arriving at the downwind region with concentrations increasing further.

Here the plume within the EML was not diluted much until it came into contact with the developed PBL
over the inland of the entrance area. It first moved on top of the PBL of the inland of entrance area, then
gradually moved to the lower altitudes below the PBL top, exhibiting the similar process of fumigation that
observed from the tall chimney stacks near the coastal‐industrial area. Therefore, there are differences in the
surface PM2.5 concentrations over the inland entrance area, depending on whether or not there is PBL devel-
opment up to the EML height. The vertical structure of the PBL against the MBL is a critical factor in pre-
dicting the surface concentration on the downwind side where the LRT process takes place.

As evening progressed (i.e., 21:00 LST), with the small and weak independent plume simulated over the exit
area, the PM2.5 concentrations within the PBL mostly decreased. It is interpreted that pollutants can move
toward the downwind side along the EML, which is located above the MBL (Figure 10a). Over the entrance
area, such as in the 126–128° E region, we observed a lowered PBL height as nighttime progressed, and thus,
pollutants existing within the EML did not flow into the PBL over the KP in the simulations, passing only
above the entrance area.

We also traced the temporal changes in the horizontal and vertical distributions of the pollutants, while the
LRT progressed. The results showed that the surface air quality of the downwind sides can be influenced by
the PBL heights over three areas: exit, marine, and entrance areas. The eastern China inland serves as an exit
area (source region and upwind side), the YS as a marine area (part of the transport path), and the KP as an
entrance area (receptor region and downwind side). Therefore, pollutants distributed at a low PBL altitude
in the exit area were unable to move a long distance and were rapidly deposited or dissolved on the ocean
surface. In contrast, pollutants mixed within the PBL at high altitudes could move along a layer that grew
into the shape of the EML, and they were able to pass over the ocean area, moving down to the downwind
region only at a time when the PBL of the entrance area developed up to high altitudes in the EML. Unless
the PBL of the entrance area develops sufficiently, the LRT pollutants have little influence on the surface,
only passing through the upper layer over the entrance area.

We also determined that there was a considerable increase in the simulated PM2.5 concentrations within the
MBL above the YS. This was due to an increase in aerosol formation processes as Chinese emissions of aero-
sol precursors moved through the YS region where water vapor is plentiful in the marine atmosphere, and
the hygroscopic growth process of PM2.5 can strongly impact the aerosol production. To identify the detailed
hygroscopic growth over the YS, gas to particle conversions were examined using the WRF‐Chem simula-
tions for SO2 and SO4

−2.
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Figure 10. Curtain plots of Weather Research and Forecasting model coupled to Chemistry (WRF‐Chem) simulated
PM2.5 concentrations averaged over areas ranging from 36° to 37°N at 03, 09, 15, 21 LST on (a) June and (b) 2 June
2015, respectively. The black dotted lines represent the planetary boundary layer height derived from WRF‐Chem model
simulations.
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Figure 11. Vertical distributions of SO2 and SO4
−2 concentrations averaged over areas ranging from 36°–37°N at 09 (left

panels) and 21 local standard time (LST; right panels) on (a) 6 June 2015 and (b) 2 June 2015, respectively.
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Figure 11 shows the vertical distribution of SO2 and SO4
−2 concentration at 09:00 and 21:00 LST, respec-

tively, on both cases: LRT case (6 June 2015) and non‐LRT case (2 June 2015). As with the similar distribu-
tions, there was little transboundary process of higher SO2 concentrations over YS on 2 June 2015
(Figure 11b). However, it is interesting to note that SO4

−2 concentrations increased at 21:00 LST up to
around 3 km above the PBL but not transported across the longitude of 124°E (Figure 10b). On the contrary,
on 6 June 2015, the SO4

−2 concentrations easily increased due to higher water vapor mixing ratios among
the components of particulate matter (Figure 10a). The SO2 concentration at 09:00 LST around the exit area
covering the 120–122° E source areas was comparatively high, showing potential for partial movement into
the PBL up to around 124°E but not flow to the YS (Figure 11a). In addition, we observed high SO2 concen-
tration in the EML above the MBL in the YS at 09:00 LST, while the SO2 concentration within the EML had
decreased at 21:00 LST on 6 June 2015. In the case of SO4

−2, however, a high concentration plume appeared
over the MBL at 09:00 LST, and the simulated SO4

−2 concentration within the PBL at the source region in
China and the EML above the MBL both increased at 21:00 LST, on 6 June 2015 (Figure 11a).

The increase in both SO2 and SO4
−2 concentrations in the emission source region can be affected by both

chemical processes and diurnal variations in local emissions. However, in the case where the plume over
the MBL had already moved to the YS, the changes in concentration were interpreted as a production via
chemical transformation. Therefore, an examination of the PM concentrations for LRT case over the period
from the nighttime on the previous day to the next morning revealed that the precursor SO2 decreased while
SO4

−2 increased as time passed. This tendency in both SO2 and SO4
−2 concentrations was due to the aerosol

nucleation process–SO2 can be transformed to SO4
−2 as SO2 passes within the EML, and SO4

−2 increases
through the hygroscopic growth process in the marine atmosphere.

In the current study, we determined that the extent that pollutant transport from exit area can affect air qual-
ity over the entrance area is dependent on the vertical atmospheric structure in both areas, and their roles of
PBL over both areas are of importance for the transport distance and mechanisms of inflow/outflow. This is
an important controlling factor for transboundary issue. In addition, as pollutants are emitted from exit area
and transported over the YS, a chemical transformation process occurs, transforming the pollutants from
gaseous precursor matter to particulate matter within the EML in the marine atmosphere. This is another
important controlling factor in air quality prediction in the area covering the Beijing‐Shandong‐YS‐KP or
Shanghai‐YS‐KP belt areas in northeast Asia.

4. Conclusions

In this study, we featured the meteorological and chemical mechanisms of LRT pollutants over northeast
Asia during theMAPS‐Seoul 2015 field campaign.We used a variety of observation data such as sonde obser-
vations, satellite image, and WRF‐Chem modeling results and interpreted the detailed structure of the LRT
mechanisms of Chinese plumes, which emit, transport, and impact on the concentrations of particulate mat-
ter in downwind regions. Our results indicate that in the prediction of the PM10 and PM2.5 inflows by LRT
process, the PBL conditions of the source area and conditions of receptor regions are both important for
determining the extent of pollutant inflow from outside.

Sonde observations and WRF‐Chem simulations show that when vertically well‐mixed pollutants arrive at
an altitude of 1–3 km in source emission regions, such as Chinese urban and industrial areas at daytime,
their concentrations remain high within the EML above the nocturnal boundary layer at nighttime. In
our study, EML observed in themarine atmosphere around the YS. The simulated bulk Richardson numbers
(RiB) within EML were in the range of 1.2–6.1 in and around the western coast of the KP, showing the atmo-
spheric stability of near‐neutral or slightly stable conditions.

The observations indicate that the synoptic weather conditions relating to horizontal wind fields in the
source and transport regions, and the PBL conditions in the receptor regions, can lead the LRT pollutants
to reach the KP and affect its surface air quality. We concluded that pollutants can travel further via EML
and, on the next day, it can influence the concentrations over the downstream region, implying that EML
plays an important role in determining the air quality of capital area and west coast regions in Korea.
However, when the PBL height in the China inland is low, Chinese emitted pollutant plumes passing
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through the YS in the lower marine atmosphere are not able to travel further but are removed over the ocean
surface, thereby having a small effect on the surface in Korea.

Notably, the model results show that as LRT pollutants pass over the YS, PM2.5 concentrations can increase
within the EML through hygroscopic process due to the plentiful water vapor in the marine atmosphere.
These results show increases in concentrations of secondary aerosols within the EML, created by precursor
matter, and enhancements in concentrations of the primary particulate matter. This secondary aerosol
undergoes chemical transformation within the EML during the LRT process, which can further worsen
the air quality in the KP located in the downwind region.

In addition, aircraft observations and model simulations showed other possible fates of LRT of PM2.5 plume
over the YS. The first is the lower PBL case over the source region, where PM2.5 plume was trapped within
the lower MBL during the LRT process. Second is a case for lower PBL in the receptor region, where LRT
pollutants only pass through approximately 1.5 km height of downstream region. Therefore, in the future,
we plan to use KORUS‐AQ airborne observation data to examine the fates of air pollutants in more quanti-
tative way. Together with those fates of air pollutants, we suggest considering the chemical transformation
processes that can occur during the LRT process in the marine atmosphere where there are greater water
vapor mixing ratios. In order to consider the complex chemical transformation processes, we plan to make
an additional analysis on various chemical species measured during the KORUS‐AQ campaign, including
ozone and nitrate, during the LRT over northeast Asia.
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