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Substantial mitigation of air pollutants emissions has been performed since 2013 around Beijing, and changes in
the atmospheric characteristics have been expected over the downstream area of Beijing. In this study, both
WRF-Chem simulation and on-site measurements were utilized for the Baengnyeong (island) supersite, one of
the representative regional background sites located in the Yellow Sea, the entrance area of the long-range
transport process in Korea. The changes in the chemical compositions of inorganic aerosols were examined for
spring-time during the Chinese emission mitigation period from 2014 to 2016.
The measured ratio of ionic species to PM2.5 at the Baengnyeong supersite showed changes in aerosol inorganic chemical compositions from sulfate in 2014 to nitrate in 2015–2016. The modeling results also showed
that nitrate was low in 2014 and significantly increased in 2015 and 2016, and the acidic aerosol condition had
also changed toward a more neutralized status in both the simulation and the observations. The WRF-Chem
modeling study further indicated that the sulfur was not neutralized in 2014. However, in 2015 and 2016, SO2
was more sufficiently neutralized as sulfur emissions were substantially reduced in China, while at the same time
nitrate had begun to increase in such a ‘SO2–poor’ condition in Beijing area in China, and thus approaching more
enhanced neutralization over the Yellow Sea area. The causes of the higher nitrate based on the modeled
characteristics of the ammonia-sulfate-nitrate aerosol formation in response to the SO2 emissions reduction in
China are also discussed in this paper.

1. Introduction
Particulate matter (PM) is recognized to have a substantial impact
on the environment and is of concern for health-related effects
(Marcazzan et al., 2001), and climate and air quality (Fuzzi et al.,
2015). PM also has become a significant issue associated with transboundary pollution over Northeast Asia (Chiashi et al., 2019; Shapiro,
2016). In early 2013, high-emission areas such as Beijing, Hebei, and
other regions in China suffered from persistent haze (MEE, 2019), and
the Chinese government issued China's first 5-year Clean Air Action

Plan for the period 2013 to 2017 as part of the Prevention and Control
of Air Pollution (PCAP) (China State Council, 2013; http://www.
sustainabletransport.org/archives/1563; Jin et al., 2016), a crucial
strategic plan in China for comprehensive emissions control. As a result,
it was reported that the Chinese air quality had been significantly improved with a decrease in the average concentration of PM10 nationwide. Numerous space- and ground-based observations have reported
the improvement in China's air quality in response to the PCAP
(Krotkov et al., 2016; Liu et al., 2016; Zhang et al., 2017; Zhao et al.,
2017; Zheng et al., 2018a).
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Fig. 1. WRF-Chem model domain and location of the Baengnyeong supersite (refered to as ‘B-site’ in the text).

Fig. 2. Anthropogenic emissions in China and Korea from 2014 to 2016.

Despite these recent monitoring studies in China, there is little research on the changes in the response of chemical properties over
background areas, or the plan's impact on the PM over the neighboring

downstream areas over Northeast Asia. Changes in both the amount and
chemical properties of the PM, especially at background aerosol monitoring sites, were expected to be ascribed to the second generation of
2
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Table 1
Average concentrations (μg/m3) of PM2.5, non-sea-salt sulfate(nss-SO42−), and nitrate(NO3−) observed at the Baengnyeong supersite with the standard deviation and
maximum value (in brackets) and the ratio of sulfate to nitrate during “hazy” cases selected in this study. Asterisks(*) represent LRT cases, and *1), 2) and *3) denote
representative LRT cases: LRT1, LRT2, and LRT3 selected for WRF-Chem simulations of 2014, 2015, and 2016, respectively.
Year

Case

Date

2014

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

03/08
03/14
03/15
03/18
03/30
04/02
04/09
04/18
04/22
05/11
03/02
03/08
03/16
03/19
03/21
04/12
04/15
04/21
04/25
05/14
03/04
03/05
03/12
03/21
03/25
03/27
03/28
04/05
04/07
05/25

2015

2016

14LST–03/09
00LST–03/15
05LST–03/17
07LST–03/20
03LST–04/01
11LST–04/03
10LST–04/11
09LST–04/21
16LST–04/25
15LST–05/15
04LST–03/03
11LST–03/09
17LST–03/19
13LST–03/20
02LST–03/22
06LST–04/13
11LST–04/16
10LST–04/24
13LST–04/27
11LST–05/15
08LST–03/04
22LST–03/06
13LST–03/14
19LST–03/22
10LST–03/26
01LST–03/28
09LST–03/30
10LST–04/06
21LST–04/09
08LST–05/26

10LST
02LST
08LST
05LST
06LST
17LST
01LST
02LST
18LST
02LST
16LST
10LST
02LST
05LST
05LST
01LST
11LST
08LST
08LST
14LST
20LST
18LST
15LST
22LST
23LST
05LST
03LST
21LST
05LST
10LST

(21h)
(27 h)
(52 h)
(47 h)
(52 h)
(31h)
(40 h)
(66 h)
(75 h)
(84 h)
(37 h)
(24 h)
(58 h)
(17 h)
(28 h)
(20h)
(25 h)
(71 h)
(44 h)
(28 h)
(13h)
(21 h)
(51 h)
(28 h)
(38 h)
(29 h)
(43 h)
(36 h)
(33h)
(27 h)

PM2.5

nss-SO42−

NO3−

Ratio (nss-SO42− /NO3−)

47.0 ± 34.1 (136)
64.6 ± 14.8 (88)
61.2 ± 22.9 (99)
36.7 ± 18.6 (123)
50.1 ± 16.2 (97)
40.7 ± 12.5 (64)
40.2 ± 7.2 (51)
56.2 ± 13.6 (95)
77.4 ± 32.5 (155)
61.0 ± 14.7 (87)
55.7 ± 15.3 (88)
37.4 ± 11.9 (63)
49.8 ± 12.2 (74)
74.6 ± 24.0 (106)
133.9 ± 46.1 (240)
38.6 ± 5.3 (47)
61.9 ± 14.3 (82)
53.2 ± 19.8 (96)
53.6 ± 17.8 (91)
41.4 ± 6.6 (57)
37.8 ± 15.0 (57)
89.5 ± 56.2 (228)
48.3 ± 15.4 (72)
61.0 ± 12.7 (79)
36.2 ± 9.0 (55)
41.2 ± 8.2 (58)
58.1 ± 14.4 (84)
38.5 ± 16.8 (90)
43.2 ± 16.1 (72)
61.5 ± 14.2 (99)

7.5 ± 5.9 (19.6)
5.8 ± 1.9 (9.0)
8.6 ± 1.9 (13.2)
3.6 ± 1.2 (6.6)
4.0 ± 1.8 (9.3)
5.9 ± 2.9 (11.4)
11.4 ± 1.8 (15.8)
4.3 ± 1.4 (7.6)
17.0 ± 5.2 (27.7)
9.4 ± 4.2 (17.7)
8.2 ± 3.2 (16.0)
5.6 ± 1.5 (9.1)
6.7 ± 2.2 (10.1)
6.7 ± 0.8 (7.9)
14.1 ± 5.3 (22.2)
9.3 ± 1.6 (12.0)
10.6 ± 1.9 (13.0)
8.2 ± 3.4 (14.5)
11.4 ± 3.6 (20.0)
5.7 ± 0.9 (7.3)
3.4 ± 1.5 (5.9)
2.2 ± 0.3 (2.8)
7.1 ± 2.1 (12.7)
4.4 ± 1.4 (8.0)
2.4 ± 0.7 (3.6)
4.9 ± 0.8 (6.3)
8.9 ± 2.4 (13.1)
4.5 ± 1.8 (10.0)
7.1 ± 2.4 (13.2)
14.0 ± 4.3 (20.3)

3.4 ± 2.8 (10.5)
1.9 ± 0.6 (2.9)
4.0 ± 2.2 (8.9)
1.1 ± 0.5 (2.3)
1.5 ± 0.9 (5.5)
1.5 ± 1.5 (6.0)
0.4 ± 0.1 (0.9)
1.6 ± 0.6 (2.9)
3.2 ± 2.1 (9.7)
5.1 ± 4.2 (19.4)
5.3 ± 3.4 (13.2)
5.5 ± 2.4 (9.6)
6.7 ± 2.1 (9.3)
15.7 ± 8.0 (26.0)
30.0 ± 13.4 (51.2)
4.4 ± 1.8 (9.2)
10.9 ± 4.2 (16.9)
9.5 ± 4.5 (22.5)
5.8 ± 3.8 (15.1)
3.7 ± 1.3 (6.8)
6.0 ± 4.2 (14.4)
0.7 ± 0.4 (1.9)
6.8 ± 3.3 (13.3)
8.1 ± 2.4 (11.8)
5.0 ± 2.4 (10.6)
9.8 ± 3.7 (19.9)
9.9 ± 3.9 (16.4)
9.0 ± 3.9 (17.9)
8.3 ± 5.6 (21.8)
10.5 ± 6.1 (27.7)

2.2
3.1
2.1
3.3
2.8
4.1
27.6
2.8
5.3
1.9
1.6
1.0
1.0
0.4
0.5
2.1
1.0
0.9
2.0
1.6
0.6
3.1
1.0
0.5
0.5
0.5
0.9
0.5
0.9
1.3

PM. Nevertheless, secondary chemical aerosol formations during the
long-range transport (LRT) process and the general chemical composition of PM during the Chinese PCAP emission-control period are significant indicators of the impact of the changing emissions over
Northeast Asia. Additionally, little attention has been paid to the factors
determining the neutralization of acidity. Therefore, it would be vital to
diagnose the acidity of the background atmosphere in response to the
recent changes in Chinese emissions.
PM is made up of a complex mixture of organic and inorganic
substances. Sulfate, nitrate, and ammonium are the leading Secondary
Inorganic Aerosol (SIA) components in PM2.5, mainly occurring as
ammonium sulfate ((NH4)2SO4) and ammonium nitrate (NH4NO3),
which are the products of the neutralization of sulfuric acid (H2SO4)
and nitric acid (HNO3), respectively, with ammonia (Stockwell et al.,
2003; Squizzato et al., 2013). Previous studies have reported that sulfate, nitrate, and ammonium in Seoul, Capital of South Korea, accounted for 30 to 50% of PM2.5 mass concentration (Han and Kim,
2015; Kang et al., 2004; Kang et al., 2006; Kim, 2006; Kim et al., 2007;
Shon et al., 2012) and elevated SIA components contribute significantly
to the formation of extensive PM2.5 pollution in China (Guo et al., 2014;
Huang et al., 2014; Tao et al., 2017; Tian et al., 2017; Tian et al., 2019;
Wang et al., 2016a). More recent data have suggested that sulfate has
decreased, accompanied with increasing nitrate, compared to earlier
years, and consistent with the trends of their respective gaseous precursors emissions (Tian et al., 2017; Tian et al., 2019; Wang et al., 2017;
Yang et al., 2011), and high nitrate contributions were reported during
several haze episodes in China (Li et al., 2018; Tian et al., 2017; Yang
et al., 2017). The relative contributions of the chief secondary inorganic
aerosols to severe PM2.5 pollutants may have changed in recent years in
China (Tian et al., 2019), but the causes and persuasive interpretations
for the reported features during the LRT process are still lacking.
The government of South Korea manages a national air quality
forecast system of comprehensive monitoring sites for particulate

LRT case

*1)
*

*

*

*2)

*
*3)

matter (PM10, PM2.5), and the Baengnyeong (island) supersite is designed to monitor the regional background concentration and longrange transboundary air pollutants (NIER, 2015; NIER, 2017).
The primary objective of this study is to diagnose the trends of the
inorganic composition of particulate matter at the Baengnyeong supersite from 2014 to 2016 to interpret the impact of the evolutional
sulfur reduction in the Chinese anthropogenic emission sources on regional background areas. The study focused on the spring season, which
yields the highest PM levels in Korea with the higher LRT frequencies.
The study used the ground-based measurements from the Baengnyeong
supersite, which is one of the representative background areas located
between China and Korea (Lee et al., 2015).
Additionally, the WRF-Chem model (the Weather Research and
Forecasting (WRF) model coupled with Chemistry) was employed to
investigate the impacts of the Chinese emissions reduction on contributing to the inorganic aerosol components such as sulfate, nitrate,
and ammonium over the downstream area of China. Also changes in
both the chemical compositions and the aerosol acidity of the regional
background area in Northeast Asia were investigated by using the
combined results of the in-situ measurements and the modeling results.
2. Method and data
2.1. Observation site, ionic species, and instruments
The regional background observation site, the Baengnyeong supersite (37°57′52.9″N, 124°38′02.4″E) (referred to as “B-site”) is indicated
in Fig. 1. B-site is located in the Yellow Sea, west of the Korean Peninsula, and is situated approximately 180 km from the Chinese
Shandong Peninsula, and is deemed suitable for monitoring the impact
of long-range transported air pollutants from a variety of source regions
such as Eastern China. The inorganic species measured at B-site were
sulfate, nitrate, and ammonium components. Ammonium in PM exists
3
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2.2. Model and emissions of 2014–2016 over Northeast Asia
The model, WRF-Chem (ver. 3.8.1), is an online-coupled meteorology-chemistry-aerosol model, which simultaneously simulates trace
gases and aerosols with the WRF-derived meteorological fields. The
meteorological model WRF is a fully compressible and non-hydrostatic
mesoscale numerical weather prediction model (Skamarock and Klemp,
2008), and the air quality and meteorological components use the same
advection, grid, and physics schemes for sub-grid scale transport (Fast
et al., 2006; Grell et al., 2005).
In the current study, a suitable model domain and the horizontal
resolution were established for the area over Northeast Asia. The horizontal resolution of 27 km × 27 km was applied in the study domain
(Fig. 1), covering Northeast Asia (100°E–150°E longitude, 20°N–50°N
latitude) with 174 (W–E) × 128 (SeN) grid points and 15 vertical
layers (sigma levels). Initial and boundary conditions for the meteorological variables were obtained from 6-hourly 1° × 1° data from the
National Centers for Environmental Prediction (NCEP) Final Analysis
(FNL) data (NCEP, 2000). The WRF-Chem model has various chemical
mechanisms available (Lee et al., 2019), and Table S1 summarizes the
physical and chemical options for the WRF-Chem simulation.
As a basic emissions inventory, Comprehensive Regional Emissions
inventory for Atmospheric Transport Experiment for the base year of
2015 (CREATE-2015) which was employed for anthropogenic emissions data for East Asia. CREATE-2015 is based on the Multi-resolution
Emission Inventory of China (MEIC, http://www.meicmodel.org/),
Clean Air Policy Support System (CAPSS, http://airemiss.nier.go.kr),
and Regional Emission Inventory in Asia (REAS) version 2 (http://
www.jamstec.go.jp/frsgc/research/d4/emission.htm) and is also used
for both MAPS-Seoul (Megacity Air Pollution Studies-Seoul) and
KORUS-AQ (Korea-US Air Quality)-2016 campaigns (Woo et al., 2014;
Kim et al., 2018).
As this study focused on the tremendous emissions reduction period
under PCAP and the subsequent three years (from 2014 to 2016),
Chinese emissions from 2014 and 2016 were newly generated from
both CREATE-2015 and the MEIC emissions (Zheng et al., 2018b).
MEIC emissions reported the trends of Chinese anthropogenic emissions
from 2010 to 2017 on a chemical species basis (Zheng et al., 2018b),
and the total ratio of emissions in China from MEIC for each chemical
species was calculated for both 2014 and 2016 relative to 2015. We
applied these annual “scaling factors” to CREATE-2015, generated
emissions for both 2014 and 2016 years. South Korean emissions were
updated based on CAPSS data, and the data for other regions such as
Mongolia and Southern Russia were taken from CREATE-2015 with no
modifications.
The biogenic emissions were employed by using the Model of
Emissions of Gases and Aerosols from Nature (MEGAN)(version 2)
emission module (Guenther et al., 2006). Sea salt emissions and biomass burning emissions were both considered from the FINN model in
the WRF-Chem model. MEGAN has been fully coupled into WRF-Chem
to enable the online calculation of biogenic precursor emissions and
was subject to vegetation cover and meteorological conditions such as
temperature and solar radiation at the time of the calculation (Grell
et al., 2005).
Fig. 2 shows the annual trends of emissions for the three years
(2014–2016) employed in this study. As noted in Fig. 2, SO2 and NOx
emissions in 2016 had fallen by 34% and 11%, respectively, since 2014,
and NH3 emissions had fallen by 1.9%, indicating almost no inter-annual change over the three years. The SO2/NOx emission ratios for
emissions from 2014 to 2016 in China were 0.81, 0.71, and 0.60, respectively, which had decreased by approximately 26% since 2014,
implying the change into nitrate-favored formation of the secondary
inorganic aerosols.

Fig. 3. Annual trends of spring PM2.5, non-sea-salt sulfate (nss-SO42−), and
nitrate (NO3−) measured at Baengnyeong supersite. The black lines represent
the linear regression line.

as ammonium sulfate and ammonium nitrate, and its concentration is
dependent on sulfate and nitrate, respectively.
An ambient ion monitor (AIM, URG-9000D/USA) for the ionic
species present in PM2.5 was used at B-site (NIER, 2015). The AIM
monitor drew air in through the PM2.5 inlet at a controlled rate of 3 L/
min to remove the large particles from the air stream (Park et al., 2013).
The sample was then drawn through a membrane-type liquid diffusion
denuder coated with 30% H2O2, where the interfering gaseous species
were removed (Park et al., 2013). In order to achieve high collection
efficiencies, the particle-laden air stream then entered the aerosol
super-saturation steam chamber to enhance the particle growth (Park
et al., 2013). The enlarged particles (i.e., droplets) were collected every
hour by an inertial particle separator and were then injected into the
ion chromatograph (IC) (Park et al., 2013).
In the current analysis of sulfate sampling, the amount of non sea
salt sulfate (nss-SO42−) was calculated by subtracting the SO42−
amount (Carmichael et al., 1997; Finlayson-Pitts and Hemminger,
2000; Ohta and Okita, 1990) in association with sea water from total
measured particulate sulfate in PM2.5 samples.

4
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Fig. 4. Timeseries of hourly observed (gray dot) and simulated (black dot) PM2.5 mass concentrations at the Baengnyeong supersite in spring during 2014–2016.

Fig. 5. Timeseries of observed and simulated PM2.5, non-sea-salt sulfate (nss-SO42−) and nitrate (NO3−) during the selected LRT cases.

standard (35 μg/m3) for PM2.5 in South Korea. Among the selected hazy
cases (Table 1), LRT-dominant cases were selected as per Jo and Kim.
(2013), based on synoptic weather charts and air-mass trajectories (Fig.
S1 and S2). The synoptic weather charts and the meteorological data
were all obtained from the Korea Meteorological Administration (KMA)
in this study.
As an air-mass trajectory model, HYSPLIT–4 (Hybrid Single-Particle
Lagrangian Integrated Trajectory; Draxler, 1999; Draxler and Rolph,
2012; Rolph et al., 2017; Stein et al., 2015; https://ready.arl.noaa.gov/
HYSPLIT_traj.php) was utilized to compute the air pollution trajectories
for the selected LRT cases. In this study, the HYSPLIT-4 model was
employed to track the moving air masses during the computed 6-day
trajectories (3 days backward and 3 days forward from the selected
day) for the LRT case selection. For example, during the six consecutive
days, the case where both “pre-3 day backward” and “post-3 day

2.3. Case selection
According to the monthly average concentrations of the inorganic
species in Korea, nitrate was predominant in February, March, and
April because, nitrate in the fine mode tends to be volatile under hightemperature conditions (Hassan et al., 2013; Matsumoto and Tanaka,
1996), whereas, sulfate generally was predominant in February, April,
and July. With this background, the spring seasons from 2014 to 2016
were selected as the study period because both sulfate and nitrate are
high.
Table S2 summarizes the average concentrations of PM2.5, sulfate,
and nitrate observed at B-site during the spring seasons of 2014 to
2016. As the first step in case selection, the study defined a springtime
“hazy” case as a period showing considerable PM2.5 levels at B-site,
with the observed average concentration greater than the air quality
5
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Fig. 6. Scatter diagram of the ratio of non-sea-salt sulfate (nss-SO42−) to PM2.5 and nitrate (NO3−) to PM2.5 during LRT days in 2014 (blue circle) and in 2015–2016
(red triangle), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

forward” trajectories remained within the defined inner box was designated as a non-LRT case (see Jo and Kim, 2013). Otherwise, the
result was designated as an LRT case (Fig. S1).
As a result, a total of 30 hazy cases were selected for the study
period, and the detailed chemical results of measurements were analyzed (Table 1). The results were further refined, and seven representative LRT cases were selected as detailed case studies in the
model simulations: three cases in 2014, two cases in 2015, and two
cases in 2016 (also listed in Table 1). The seven selected representative
LRT cases incurred wind fields of mostly westerly, southwesterly, and
northerly winds prevailing in western coastal area, allowing the air
pollutants to be transported from China to the Korean Peninsula.

3.2. Modeling and interpretation of inter-annual trends of inorganic species
Fig. 4 shows a time series of hourly PM2.5 concentrations simulated
by WRF-Chem against observations. WRF-Chem showed general features with no significant biases: Mean Bias Error (MBE) of −7.9 and
Index of Agreement (IOA) of 0.6 in 2014. Only a few exceptional cases
of overestimations (i.e., Mar/27 – Mar/28), and underestimation (i.e.,
Apr/23) in 2014, were noted. In 2015 and 2016, the model also showed
features and general peaks with MBEs of −6.0 and − 4.8 in 2015 and
2016, respectively, and IOAs of 0.58 for both 2015 and 2016, except for
some underestimation periods such as Mar/21 in 2015 and Mar/6 in
2016.
Fig. 5 shows the time series of the three representative LRT cases
listed in Table 1: Mar/15–17/2014 (LRT 1), Apr/21–24/2015 (LRT 2),
and Mar/21–22/2016 (LRT 3). The results for the LRT 1 case show that
PM2.5 concentrations started to increase at 0700 LST on March 15 and
continued to rise until 1500 LST on March 16, reaching the maximum
concentration of 99 μg/m3, primarily contributed by sulfate. However,
LRT 2 and LRT 3 showed one or two peaks, with nitrate as the leading
contributor (e.g., 0600 LST on April 22 and 0100 LST on April 24 (for
LRT 2), and 1900 LST on March 22 (for LRT 3)). Two cases: LRT 2
(2015) and LRT 3 (2016), indicated a considerable dominance of nitrate
for both the observations and simulations.
Fig. 6 shows a scatter diagram of the ratio of SO42− to PM2.5 and
NO3− to PM2.5 for the seven hazy LRT cases (denoted with asterisks in
Table 1). The (S/N) ratios overall were higher in 2014, at 5.5 ± 7.8
(mean ± standard dev.) with a maximum of 27.6 (Table 1 and Fig. 6).
These values are significantly different from the values observed in
Korean urban areas: nitrate in Seoul, Capital of South Korea, was much
more dominant than sulfate with higher maximum concentrations by a
factor of 2.2, 2.1, and 1.4, respectively, contrasting the results from Bsite. In contrast to 2014, however, the (S/N) ratios in 2015–2016
yielded different distributions, as listed in Table 1. The (S/N) ratios in
2015 showed 1.2 ± 0.6 (mean ± standard dev.) with the maximum
of 2.1, and in 2016, it showed 1.0 ± 0.8 (mean ± standard dev.) with
the maximum of 3.1 (Table 1), showing strong nitrate dominances for
the two years, presumably due to the anthropogenic secondary inorganic aerosol formations. This tendency is also apparent in Fig. 6,
where sulfate and nitrate accounted for 9.7 to 39.8% and 2.5 to 7.1% of
the PM2.5 mass concentration, respectively, in 2014. Whereas, in 2015
and 2016, sulfate and nitrate accounted for 6.5 to 18.6% and 5.6 to
21.9% of the PM2.5 mass concentration, respectively, reiterating the
distinct increase in the contribution of nitrate to the high PM2.5 concentrations in latter two years.
This study suggests ubiquitous increases in nitrate and decreases in
sulfate under favorable LRT conditions in 2015 and 2016, compared to
2014, presumably as a chemical response to the rapid sulfur reduction

3. Results
3.1. Observed annual trends of springtime nitrate and sulfate
Table S2 shows annual mean PM2.5, sulfate, and nitrate concentrations. As indicated in Table S2 the averages of sulfate and nitrate observed at B-site in spring 2014, were 5.7 and 2.1 μg/m3, respectively,
indicating that sulfate was generally higher than nitrate in 2014.
However, as sulfate showed a small decrease, nitrate had significantly
increased by 30% (2.7 μg/m3) in 2015 and 48% (3.1 μg/m3) in 2016,
compared with 2014, denoting the considerable increase of nitrate (see
Table S2).
Table 1 summarized PM2.5, sulfate, nitrate, and sulfate/nitrate (S/
N) ratios for all ‘hazy’ cases. The asterisks denoted in Table 1 represent
the seven representative LRT cases during the study period. The observed (S/N) ratios during the hazy cases ranged from 1.9–27.6 in 2014.
However, (S/N) ratios ranged from 0.4–2.1 in 2015, and 0.5–3.1 in
2016 during the hazy cases. As a result, the concentration differences
(△C=Csulfate-Cnitrate) between two sulfate and nitrate had decreased
from 3.6 to 1.2 μg/m3 from 2014 to 2016 (see Table S2), denoting again
that the sulfate dominance in 2014 was clearly reduced, whereas nitrate
became significant for the two years:2015 and 2016.
The inter-annual trends from 2014 to 2016 (Fig. 3) reiterated that
the annual trend of PM2.5 slowly declined, and sulfate was declining, as
previously mentioned. Whereas, nitrate had steadily increased over the
period, reiterating that the relative contribution of nitrate to the PM2.5
mass concentrations was clearly on the rise throughout the study period
(2014–2016). It is suggesting again that the change in the (SO2/NOx)
emissions ratios may have been incorporated into the secondary chemical composition via complicated SIA formation pathways in the atmosphere over Northeast Asia.
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Fig. 7. Scatter plots of (a) observed and (b) simulated acid aerosol neutralization in March, April, and May, as given by the [NH4+] versus 2[nss-SO42−] + [NO3−]
relationship.

through the Chinese air action of PCAP initiated in 2013.

sulfate was neutralized, whereas fN > 1 (excess aerosol ammonium)
could not be reconciled with sulfate-nitrate-ammonium aerosol thermodynamics, except for the case of the neutralization of organic acids
with ammonia (e.g., Dinar et al., 2008; Mensah et al., 2011).
Fig. S3 shows the schematic diagram of fN, illustrating the aerosol
neutralization regimes on fN –space, and Fig. 7 shows the distributions
of fN for both observations and simulations over three years. Fig. 7 (left
panel) indicates that the observed aerosol acidity had been changing at
a slower pace in March, with the fN of 0.91, 1.02, and 1.12 for 2014,
2015, and 2016, respectively, explored the aerosol acidity toward
neutralization. In April, the change in fN was not dominant, with the fN
of 1.05, 1.03, and 1.09 for 2014, 2015, and 2016, respectively. However, in May, fN shows 0.69, 1.02, and 0.96 for 2014, 2015, and 2016,
indicating relatively more acidic conditions in 2014 and changing toward neutralized aerosols in 2015 and 2016.

3.3. Acidity of the aerosol and its annual trends over Northeast Asia
To diagnose the changing aerosol acidity over Yellow Sea Area, the
neutralization parameter, fN (=[NH4+]/ (2[SO42−] + [NO3−])) was
employed here for convenience. The study used fN, is the same as f, the
neutralization parameter, used by Zhang et al. (2007) and Fisher et al.
(2011). The parameter f was reconstructed into fN (the slope of anion
vs. cation by switching the x- and y-axis) on the same f-space, to indicate the larger fN toward greater neutralization. Here, fN = 1 implies
an (NH4)2SO4 sulfate aerosol (solid or aqueous), while fN = 0.5 indicates an NH4HSO4 sulfate aerosol in bulk (Fisher et al., 2011; Zhang
et al., 2007). All concentrations associated with fN are given in molar
units. It is recognized that observations with fN > 0.9 means that
7
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AGR = ([NH3] + [NO3−])/([HNO3] + [NO3−]), respectively. Here,
DSN was an estimate of the degree of sulfate neutralization by ammonium, and is a similar indicator to fN, as discussed in Section 3.3. DSN
has 3 degrees of sulfate neutralization; 1) DSN = 1 sulfate exists as
ammonium bisulfate (Dennis et al., 2008), 2) 1 < DSN < 2, there is a
coexistence of sulfate and bi-sulfate (Chang et al., 2018), and 3)
DSN > 2, there is sufficient ammonium to fully neutralize the sulfuric
acid (Wang et al., 2016b). Alternatively, AGR, the “adjusted” gas ratio
of free ammonia to total nitrate introduced by Pinder et al. (2008),
could be used as an indicator of aerosol nitrate sensitivity to the change
in three emissions: NH3, SO2, and NOx (Wang et al., 2016b). For example, AGR less than 1 is an “ammonia-poor” condition, and nitrate can
be increased, replacing the decreased sulfate. With an abundance of
free ammonia, AGR should be greater than 1 (“ammonia-rich” condition), and nitrate is sensitive to the changes in the total nitrate (=
[HNO3] + [NO3−]) (Dennis et al., 2008). When AGR is approaching 1,
the SIA formation is in transition regime between the non-replacement
and replacement regimes, and a nitrate response to the sulfate emissions reduction is expected (Dennis et al., 2008; Pinder et al., 2008).
Table 2 shows the summary of three indicators: fN, DSN, and AGR
for both the observations and simulations at B-site. The DSN shows
similar trends to fN over the study period. Observations showed a slow
increase of DSN from 1.83 (2014) to 2.04 and 1.96 (2015 and 2016,
respectively) with a sharp increase in May in particular. WRF-Chem
also indicated small increasing trends from 1.33 (2014) to 1.56 and
1.79 (2015 and 2016, respectively), reiterating a similar increasing
trend to fN, as listed in Table 2 and Fig. 7. This trend suggests that
fN > 1 in 2015, indicating that sulfate was fully neutralized in 2015,
whereas the modeled fN was approaching 1 from 2014 to 2016. In
comparison to 2014, the results show a nitrate-increase and sulfatedecrease at B-site in 2015 and 2016, denoting that sulfate had been
reduced entirely, directly due to the SO2-poor condition caused by
PCAP's sulfur reduction.
AGR also shows increasing inter-annual trend with the AGR < 1,
but approaching 1 (Table 2). The AGRs were determined from modeling
only because of the lack of adequate or quantitative measurements of
the HNO3 and NH3 species. The simulated AGR shows an overall steady
increase from 0.62 (2014) to 0.78 and 0.79 (2015 and 2016, respectively) in Spring (Table 2). In previous studies, the AGR was generally
higher than 1 over most inland areas, and less than 1 over marine areas
over Northeast Asia (Wang et al., 2016b). In this study, AGR < 1 was
found at B-site. Therefore, the WRF-Chem simulations with the
AGR < 1 (= 0.62–0.79) corresponds to the results of Wang et al.
(2016b), considering that B-site (Fig. 1) is background site located in
the Yellow Sea (marine area).
The increasing AGR approaching 1 indicates the transition from
SO2-rich to SO2-poor conditions, suggesting that nitrate would not directly respond to the reduction of SO2 emissions in 2014. However, in
2015 and 2016, the modeling results of AGR approaching 1 signifies
that the ammonia response to SO2-poor condition (i.e., DSN > 1 in
Table 2), but still had a limited capacity to fully form nitrate as AGR
approaches 1: the transition occurred from SO2-rich to SO2-poor condition over the study period. The abundant SO2 emission and its incompletion of neutralization in SO2–rich condition in 2014 was evidenced by high proportion of both gaseous sulfur and nitric acid
(DSNs < 2 and AGR < 1 in 2014), signifying that the amount of SO2
was sufficient and needed more time to be fully neutralized even
though Beijing and surrounding areas are characterized by high concentration levels of atmospheric NH3. However, as atmospheric condition had become relatively more SO2-poor condition in 2015, SO2 became fully neutralized (DSN > 2 and AGR~1 in Table 2) in response
to the SO2 emission reduction. Ammonia was nevertheless sufficient in
China to neutralize particulate sulfate and nitrate in Beijing (i.e.,
AGR~1) through the study period, more active nitrate formation occurred in SO2-poor condition in 2015 and 2016, compared with that in
SO2-rich condition in 2014.

Table 2
Inter-annual variations of three SIA (Secondary Inorganic Aerosol) formation
parameters: neutralization fraction of aerosol (fN), degree of sulfate neutralization (DSN), and adjusted gas ratio (AGR); simulation by the WRF-Chem
model.
Year

fN (Neutralization Parameter,
2014
0.84
2015
1.03
2016
1.01
2014
0.74
2015
0.85
2016
0.95

Observation
Simulation

Observation
Simulation

Spring

March

April

May

Zhang et al., 2007)
0.91
1.05
1.02
1.03
1.12
1.09
0.80
0.83
0.87
0.94
0.90
0.94

0.69
1.02
0.96
0.61
0.68
0.99

DSN (Degree of Sulfate Neutralization, Pinder et al., 2008)
2014
1.83
1.84
2.13
2015
2.04
2.12
2.01
2016
1.96
2.40
2.19
2014
1.33
1.50
1.45
2015
1.56
1.67
1.73
2016
1.79
1.70
1.79

Observation
Simulation

AGR (Adjusted Gas Ratio, Wang et al., 2016b)
2014
N/A
N/A
N/A
2015
N/A
N/A
N/A
2016
N/A
N/A
N/A
2014
0.62
0.86
0.75
2015
0.78
0.75
0.91
2016
0.79
1.08
0.82

1.18
1.92
1.85
1.05
1.23
1.87
N/A
N/A
N/A
0.47
0.51
0.76

In the WRF-Chem model, as indicated in Fig. 7 (right panel), the
simulated fN was simulated with the predominant changes in aerosol
acidity over the years. The simulated aerosol in March in 2014 was
acidic, with the fN of 0.80, and steadily changed to a more neutralized
aerosol with the fN of 0.87 and 0.90 in 2015 and 2016. In April, the
model simulated the gradual change in acidity toward neutralization
with the fN of 0.83 (2014), 0.94 (2015), and 0.94 (2016), respectively,
showing slight change to neutralization annually. In May, the fN shows
0.61, 0.68, and 0.99 for the three years, indicating acidic aerosol in
both 2014 and 2015, but jumps toward neutralization in 2016. Overall,
WRF-Chem model simulations also showed similar trends to observations, although the model slightly underestimates the neutralization for
all three months.
4. Discussion
SO2 is recognized to be a more substantial transboundary air pollutant over Northeast Asia in the 1990s and 2000s (Carmichael et al.,
2002; Kim et al., 2001; Park and Lee, 2003; Wang et al., 2008). Generally, sulfate can be transported further than nitrate because nitrogenrelated atmospheric chemistry is more active than that of SO2 (Zhang
et al., 2012), and thus, sulfate has a longer atmospheric lifetime
(1–2 weeks) than nitrate (Lin et al., 2008), and sulfur takes more time
to be fully neutralized than nitrogen. On the other hand, Lin et al.
(2008) discussed the roles of NOx emissions emitted from transportation sources in Japan and South Korea and suggested the significant
local contribution from nitrogen (Lin et al., 2008; Streets et al., 2013).
Relatively strong local NOx emissions periodically led to local contributions to nitrate, resulting in higher levels than sulfate.
The observed concentration differences between sulfate, nitrate,
and their ratios may be attributable to their ability of neutralization in
Northeast Asia, depending on ‘ammonia-poor’ or ‘ammonia-rich’ conditions, and ‘SO2-poor condition’ in China due to the decrease in the
(SO2/NOx) emissions ratios provide further insight into nitrate peaks
over Yellow Sea area.
Together with fN, we introduced two more indicators: the degree of
sulfate neutralization (DSN) and “adjusted” gas ratio (AGR), as employed by Pinder et al. (2008) and Wang et al. (2016b). DSN and AGR
were defined as DSN = ([NH4+] - [NO3−])/[SO42−], and
8
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Ammonia emissions, which are currently one of the most important
model inputs, are mainly originating from agricultural sectors.
Ammonia measurement data is also not available over Northeast Asia,
especially over Yellow Sea. Therefore, the role of ammonia in the
Yellow Sea should be identified from the detailed measurements in
association with the long-range transport process over the marine atmosphere. In this study, we employed both model results mainly and
limited measurements: additional modeling and comprehensive observational studies would be necessary to improve the understanding of
nitrate and SIA formation mechanisms under various atmospheric SIA
conditions. More recently, data from the April 2016 KORUS-AQ aircraft
campaigns based in South Korea and the Yellow Sea could provide
unprecedented information on the vertical distribution of sulfate-ammonium aerosols throughout the depth of the boundary layer in
Northeast Asia. The current study will continue using the same KORUSAQ data sets observed as well as WRF-Chem to investigate the implications for aerosol acidity over Northeast Asia.
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