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a b s t r a c t

Ammonia (NH3) is an important precursor for forming PM2.5. In this study, we estimated the impact of
upwind transboundary and local downwind NH3 emissions on PM2.5 and its inorganic components via
photochemical grid model simulations. Nine sensitivity scenarios with ±50% perturbations of upwind
(China) and/or downwind (South Korea) NH3 emissions were simulated for the year 2016 over Northeast
Asia. The annual mean PM2.5 concentrations in the downwind area were predicted to change from �3.3
(�18%) to 2.4 mg=m3(13%) when the NH3 emissions in the upwind and downwind areas were perturbed
by -50% to þ50%. The change in PM2.5 concentrations in the downwind area depending on the change in
NH3 emissions in the upwind area was the highest in spring, followed by winter. This was mainly
attributed to the change in nitrate (NO3

- ), a secondary inorganic aerosol (SIA) that is a predominant
constituent of PM2.5. Since NH3 is mainly emitted near the surface and vertical mixing is limited during
the night, it was modeled that the aloft nitric acid (HNO3)-to-NO3

- conversion in the morning hours was
increased when the NH3 accumulated near the surface during nighttime begins to mix up within the
Planetary Boundary Layer (PBL) as it develops after sunrise. This implies that the control of upwind and/
or downwind NH3 emissions is effective at reducing PM2.5 concentrations in the downwind area even
under NH3 rich conditions in Northeast Asia.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In many countries, emission control policies have been imple-
mented to reduce PM2.5 (particulate matter with an aerodynamic
diameter smaller than 2.5 mm) due to its adverse effect on public
health. In Northeast Asia, known for frequent events of high PM2.5
concentration, policies for reducing PM2.5 have been focused on the
reduction of sulfur dioxide (SO2) and nitrogen oxides (NOx; pre-
cursors of secondary inorganic aerosols (SIAs)) emissions because
the fraction of SIAs is large during high PM2.5 events (Bae et al.,
2019; Huang et al., 2014; Itahashi et al., 2017; Kim et al., 2017a;
Zhang et al., 2012). Until recently, tangible achievements as a result
of these policies have been reported; for example, Chinese SO2
emissions decreased by 62% between 2010 and 2017 (Lachatre et al.,
e by Pavlos Kassomenos.
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2019; Sun et al., 2018; Zheng et al., 2018). However, advanced
emission controls, such as flue gas desulfurization (FGD), will likely
be required to further reduce SO2 emissions in the future, and these
advanced emission controls can result in significant increases in
capital and operating costs for businesses (Zhang et al., 2017).

Some studies have reported that the management of ammonia
(NH3) emissions could be cost-effective for reducing SIA concen-
trations (Gu et al., 2014; Pinder et al., 2007), although they focused
on estimating the impact of NH3 emission reductions on local PM2.5
concentrations (Supplementary Table 1 and references therein).
Considering the lifetime and long-range transportation of PM2.5
and its precursors (Itahashi et al., 2017; Pinder et al., 2008; Seinfeld
and Pandis, 2006), changes in NH3 emissions in upwind areas could
affect concentrations of air pollutants in downwind areas. Once
released into the atmosphere, NH3 can be converted into ammo-
nium (NH4

þ) depending on the atmospheric conditions, e.g. tem-
perature, relative humidity, atmospheric pressure, and availability
of other chemicals (Seinfeld and Pandis, 2006). Thus, to estimate
the effects of upwind NH3 changes on downwind air quality, it is
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1
Upwind and downwind NH3 emission scenarios.

Case Upwind (China) Downwind (South Korea)

C50K50 50% 50%
C50 50% 100%
C50K150 50% 150%
Base 100% 100%
K50 100% 50%
K150 100% 150%
C150K50 150% 50%
C150 150% 100%
C150K150 150% 150%

The simulation period is 1 year (2016).
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necessary to understand the fate of atmospheric NHx
(¼NH3 þ NH4

þ) during the long-range transport in lieu of NH3
(Gilliland et al., 2006). Surface measurements, satellite observa-
tions, and air quality model simulation can be used to understand
the fate of NHx. A challenge is that current surface observation data
for Northeast Asia are available only for very limited spatiotem-
poral coverage of ambient concentrations and deposition with no
vertical distribution information. Space- and airborne measure-
ments can be used to estimate NH3 vertical distribution, but they
exhibit low spatial and temporal resolution over limited spatial and
temporal coverage. On the other hand, a three-dimensional
photochemical transport model covering a wide range of time
and space can be used to explain the emission, transport, and
transformation of NHx. Nevertheless, results from modeling often
have high uncertainty due to difficulties in acquiring accurate NH3
emission data (Gilliland et al., 2006; Pinder et al., 2008) in
conjunction with insufficient data to verify them. Thus, it is often
indispensable to conduct a series of simulations to address un-
certainties in the model inputs, such as emissions.

In this study, we attempted to investigate the impact of regional
NH3 emissions on downwind PM2.5 concentrations in Northeast
Asia using air quality simulations with all available observational
data. First, we compared the observed and simulated NH3, SIA, and
PM2.5 levels to evaluate the model performance. Second, we
examined the sensitivity of the downwind PM2.5 concentration to
both upwind and downwind NH3 emissions by using a set of sim-
ulations. Third, we analyzed the modeled vertical profiles of NH3
and NH4

þ to explain how the upwind NH3 emission controls can
affect downwind areas. Last, we evaluated the effectiveness of
future NH3 emission controls on PM2.5 improvements in downwind
areas in terms of NH3 emission uncertainty.

2. Research methods

2.1. Measurement data

We used ground-based observations, including an acid deposi-
tionmonitoring network (Fig.1) to examine the concentration of air
pollutants in Northeast Asia and verify the simulated concentra-
tions. For China, we used hourly surface PM2.5 observations from
1347 sites of the China National Environmental Monitoring Center
(CNEMC). For South Korea, we used hourly surface PM2.5 and its
constituents (including sulfate, nitrate, and ammonium) observa-
tions from two supersites, Baengnyeongdo (BR) and Seoul (SD),
managed by the National Institute of Environmental Research
(NIER). Furthermore, we used gaseous NH3 observations that were
obtained via the filter pack method adopted by the Acid Deposition
Monitoring Network in East Asia (EANET) (2016a). Although the
original sampling for the EANET data was scheduled daily, we only
used the monthly average values due to intermittently available
measurements. In addition, our model performance evaluationwas
2

limited due to the sparsity of the observation sites (one site located
in China, three located in South Korea, and 12 located in Japan).
More details about EANET observations can be found in EANET
reports (EANET, 2016b).

2.2. Study area and period

Air pollutants can be transported over long distances by west-
erly winds in Northeast Asia (Itahashi et al., 2017; Li et al., 2007),
thus China was set as the upwind area and South Korea as the
downwind area. To examine the impact of NH3 emission changes in
the upwind and downwind areas on PM2.5 concentrations, the
study area covers Northeast Asia (Fig. 1). Specifically, the focus of
this study was on the changes in PM2.5 and SIA concentrations at
the two supersites, BR and SD, in South Korea. The Seoul Metro-
politan Area (SMA) represented by SD is a densely populated region
with large local emissions. The Chinese contribution to PM2.5
concentrations in the SMA has been reported to account for
30e70% (Choi et al., 2019; Kim et al., 2017b), which suggests that
the impact of NH3 emission changes in China and South Korea on
PM2.5 concentration could be interwoven at SD. On the other hand,
BR is located on a small island (~51 km2) at westernmost South
Korea approximately 200 km east of the Shandong Peninsula,
China, that has low local emissions of PM2.5 and its precursors and
is in the pathway of air pollutant transport from China to South
Korea throughout the year. For this reason, BR is suitable for
examining the transported PM2.5 and its precursors from China to
South Korea (Jo et al., 2020). The study period was set to the year
2016, and monthly variations of PM2.5 and its constituents were
analyzed to consider seasonal variability of synoptic meteorology
and emissions in Northeast Asia.

2.3. Air quality simulation

For the air quality simulation, a Eulerian photochemical model,
Community Multi-scale Air Quality (CMAQ) v4.7.1 was used with a
27-km horizontal resolution over the study area. Furthermore,
Process Analysis (PA), which is a probing tool provided by CMAQ,
was applied for comprehensive understanding: it enables quanti-
tative evaluation of the physical and chemical processes of air
pollutants (Gipson, 1999; Liu et al., 2010). The processes are
calculated by applying several terms, such as emissions, advection,
diffusion, aerosols, chemistry, clouds, deposition, etc. (Gipson,
1999).

Meteorological input data for CMAQ were prepared by pro-
cessing the output from the Weather Research and Forecasting
(WRF; Skamarock et al., 2008) v3.5.1 simulation using initial/
boundary conditions from the Final Operational Global Analysis
data (FNL) of the National Centers for Environmental Prediction
(NCEP). The number of vertical layers used for our CMAQ model
was 22 with the top of the vertical layers located at 50 hPa. The first
layer corresponds to approximately 32 m above ground level (AGL).
For anthropogenic emissions, the input emission inventories used
for this study were the Comprehensive Regional Emissions in-
ventory for Atmospheric Transport Experiment (CREATE) 2015
(Woo et al., 2020) for Northeast Asia excluding South Korea and the
Clean Air Policy Support System (CAPSS) 2013 (National Institute of
Environmental Research (NIER), 2016) for South Korea; these were
processed using the Sparse Matrix Operator Kernel Emission
(SMOKE) version 3.1(Benjey et al., 2001). The biogenic emissions
were processed using theModel of Emissions of Gases and Aerosols
from Nature (MEGAN; Guenther et al., 2006) version 2.04. Further
details on the configurations of the simulations can be found in Kim
et al., 2021.

One of the study goals was to examine the sensitivity of PM2.5



Fig. 1. The modeling domain in this study. The blue and red triangles indicate the locations of the China National Environmental Monitoring Center (CNEMC) sites and South Korean
supersites, respectively. Black circles indicate locations of the Acid Deposition Monitoring Network in East Asia (EANET) sites. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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and SIA concentrations in South Korea to NH3 emission changes in
China and South Korea. Therefore, we designed a series of sensi-
tivity tests to understand the dependency of PM2.5 concentration
on regional (i.e. China and South Korea) and directional (i.e.
increasing or decreasing) NH3 emission changes. We performed a
total of 9 simulations, the details of which are reported in Table 1. To
clearly identify each sensitivity simulation throughout this manu-
script, we applied labels for the sensitivity tests in Table 1 using
alphanumeric combinations. The first character of each label rep-
resents the region of NH3 emission changes (“C” for China and “K”
for South Korea), while each number following the first character
represents the percentage reduction of NH3 emission compared to
the base simulation. For example, C50 denotes a 50% reduction in
NH3 emission in China while K150 means a 50% increase in NH3
emission in South Korea compared to the base simulation. We used
two alphanumeric labels back-to-back to signify that the NH3
emissions in the two regions were changed simultaneously. For
example, C50K150 means a 50% reduction in Chinese NH3 emission
as well as a 50% increase in South Korean NH3 emission. The base
simulation was used to examine the monthly variations in PM2.5
and SIA concentration sensitivities to regional NH3 emissions in
2016.

To evaluate how uncertainties in NH3 emissions significantly
affect PM2.5 changes, an additional 16 cases with ±25% perturba-
tions of the NH3 emissions in China and South Korea
(Supplementary Table 2) were modeled for January, April, July, and
October.
3. Results

3.1. Model performance evaluation

3.1.1. Surface PM2.5 and SIA
In 2016, the annual average observed PM2.5 concentrations in
3

China and South Korea were 49 and 26 mg=m3 (Supplementary
Table 3) while the simulated concentrations were 51 and 25
mg=m3, respectively. That is to say, the modeled concentrations
were overestimated by 4% in China and underestimated by 4% in
South Korea. In both China and South Korea, the observed con-
centrations during the cold seasons (spring and winter) were
higher than those during the warm season (summer). The simu-
lated PM2.5 concentrations closely followed the observed seasonal
variabilities of PM2.5 concentrations on average across all moni-
toring stations (Supplementary Fig. 1). The same seasonal vari-
abilities of PM2.5 concentrations were observed at BR (12.4e31.3
mg=m3) and SD (15.9e35.3 mg=m3) (Supplementary Fig. 2 and
Supplementary Table 4). Nitrate (NO3

- ; 0.2e3.6 mg=m3 at BR and
1.0e8.2 mg=m3 at SD) is one of the key components driving PM2.5
changes in the region, suggesting that the seasonal variability of
PM2.5 concentration depends on NO3

- variability which, in turn,
depends on the temperature and humidity (Morino et al., 2006). On
the other hand, sulfate (SO4

2-; BR: 1.8e8.4 mg=m3 and SD: 3.2e7.4
mg=m3Þ showed the opposite seasonal variability (the concentra-
tion being higher in summer and lower in spring and winter) (Bae
et al., 2019), which suggests that its variation is due to the oxidation
of SO2 to SO4

2- in summer (Seinfeld and Pandis, 2006). The SO4
2�

concentrations at BR and SD were similar while the NO3
� concen-

tration was higher at SD than at BR, which likely indicates that NO3
-

in the downwind area is affected not only by the upwind emissions
but also the downwind emissions (Kim et al., 2021).
3.1.2. Surface NH3

The NH3 concentrations observed by EANET and predicted by
the simulation over Northeast Asia were compared before exam-
ining the sensitivity of PM2.5 and SIA concentrations under various
upwind and downwind NH3 emission conditions (Supplementary
Fig. 3). The observations during the study period show that NH3
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concentration was the highest in China (10.7 ppb), followed by
South Korea (3.0 ppb), and Japan (1.0 ppb). Similarly, the simulated
NH3 concentration was the highest in China, followed by South
Korea, and Japan. On average across all monitors, the simulated NH3
concentration was overestimated by 0.2 ppb compared to the
observed concentration in South Korea and was underestimated by
6.1 and 0.5 ppb in China and Japan, respectively. It should be noted
that there is only one EANET observation station in China (Fig. 1),
thus the observed NH3 concentrations may not be representative
over all of China.

In South Korea, the highest NH3 concentration was observed at
Imsil, which is located inland, while the lowest NH3 concentration
was observed at Kanghwa, which is located approximately 150 km
away from BR and where NH3 observations are not available (Fig. 1
and Supplementary Fig. 4). Both the observed and simulated con-
centrations of NH3 at Kanghwa were around 0.8 ppb. Since the
simulated NH3 concentration at BR was lower than that at
Kanghwa, which is located closer to the inland area of South Korea,
it was assumed that the NH3 concentration at BR was as low as that
at Kanghwa (Supplementary Fig. 5).

The spatiotemporal distributions of the simulated NH3, SIA, and
PM2.5 concentrations showed good agreement with those of the
observed concentrations (as discussed in Section 3.1), so the sim-
ulations in this study can be used confidently to explain PM2.5
sensitivity to NH3 emissions, as discussed in the next section.
Fig. 2. Spatial plots of relative annual PM2.5 changes between the base and sensitivity
simulation cases for Korea. The square is the location of the Baengnyeongdo (BR)
supersite, and the triangle is that of the Seoul (SD) supersite. BR and SD showed
opposite signs for PM2.5 sensitivity to NH3 in C150K150.
3.2. PM2.5 sensitivity to NH3 emissions

3.2.1. Annual mean PM2.5

NH3 sensitivity simulations show that the changes in the annual
average PM2.5 concentrations according to the NH3 emission
changes in China and/or South Korea ranged from �3.9 (�16%;
C50K50) to 2.2 mg=m3 (9%; C150K150) in China and
from �3.3ðe18%; C50K50) to 2.4 mg=m3(13%; C150K150) in South
Korea when compared to the base simulation (Supplementary
Fig. 6). In South Korea, the PM2.5 concentration decreased as NH3
emissions decreased (�9% in both C50 and K50). A similar decrease
in PM2.5 concentration in South Korea according to NH3 emission
reduction in both China and South Korea suggests that the NH3
emission changes not only in the downwind area but also in the
upwind areas are important for determining the PM2.5 concentra-
tion in the downwind area.

When the directions of the NH3 emission changes are opposite
for China and South Korea (such as in C50K150 and C150K50), the
PM2.5 sensitivity of South Korea to NH3 emissions varied depending
on the region (Fig. 2 and Supplementary Fig. 7). In general, the NH3
emission change in South Korea had a dominant impact on the
annual average PM2.5 concentration in South Korea, including SD.
Meanwhile, the NH3 emission change in China had a dominant
impact on the PM2.5 concentration changes in the South Korean
regions close to China, such as BR.
3.2.2. Monthly concentration variation of PM2.5 and its components
PM2.5 concentration has seasonal variability in South Korea and

its main components, sulfate, nitrate, and ammonium, vary
depending on the season (Bae et al., 2019; Choi et al., 2012; Lee
et al., 1999). Hence, we examined the monthly concentration vari-
ations of PM2.5 and its components according to NH3 emission
changes.

As shown in Fig. 3, the change in PM2.5 concentrations was high
during the cold season, ranging from �29% to 17% at BR. This is
because, during the cold season, (1) NH3 emissions were high in
China, especially in March and April (Supplementary Table 5)
(Zheng et al., 2018b); (2) meteorological conditions such as
4

temperature and relative humidity were suitable for secondary
aerosol formation (Seinfeld and Pandis, 2006); and (3) long-range
transport from China to South Korea became more frequent via
the continental outflow during the season (Lin et al., 2010).
Meanwhile, changes in PM2.5 concentration were relatively low in
July and August, which can be attributed to the frequent precipi-
tation that occurred during these months (Supplementary Fig. 8)
because more precipitation increased the wash-out and resulted in
a weak influence by the long-range transportation (Li et al., 2007).
Furthermore, under the high-temperature conditions in July and
August, NO3

� (the main component of PM2.5) was easily converted
back into nitric acid (HNO3) (Seinfeld and Pandis, 2006). The
change in PM2.5 concentration at SD was also large in the cold
season (�17%e12%), which is similar to the results at BR.
3.2.3. Daily mean PM2.5 concentration sensitivity
Considering that the purpose of PM2.5 management is to protect

against its adverse health effects, the reduction of short-term PM2.5
concentration, as well as long-term PM2.5 concentration, is



Fig. 3. Bubble charts of PM2.5 sensitivity to ammonia (NH3) emission perturbations at the Baengnyeongdo (BR; top) and Seoul (SD; bottom) supersites under various scenarios
(Table 1). The diameter for each circle signifies the magnitude of PM2.5 sensitivity. Red means an increase in PM2.5 concentration while blue means a decrease because of NH3

emission changes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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important because the former can cause acute health effects.
In this study, the sensitivity of daily PM2.5 concentrations to NH3

emission changes was evaluated in the short-term. Fig. 4 shows
changes in the simulated daily mean PM2.5 concentrations at BR
and SD according to NH3 emission changes in China and South
Korea.When the simulated daily mean PM2.5 concentration (x-axis)
was higher, the change in PM2.5 concentration (y-axis) according to
NH3 emission change was higher. When a concentration of 50 mg=
m3 or higher occurred, the change in PM2.5 concentration ranged
from �17.83(e27%; C50K50) to 11.34 mg=m3(17%; C150K150) at BR
and from �15.12(e24%; C50K50) to 9.02 mg=m3(14%; C150K150) at
SD. These results imply that reducing NH3 emissions can effectively
reduce the PM2.5 concentration, especially when a high PM2.5
concentration occurs in South Korea where the daily PM2.5 stan-
dard is frequently exceeded.

The absolute values of the slope of the regression lines are
presented to compare the magnitude of PM2.5 sensitivity to NH3
emission change in terms of PM2.5 level. At BR, the values are high
in the order of NH3 emission reduction in China (C50; 0.29), NH3
emission increase in China (C150; 0.20), and NH3 emission reduc-
tion in South Korea (K50; 0.09). This result indicates that the PM2.5

concentration at BR is generally more sensitive to NH3 emission
change in China than in South Korea.
3.3. Inorganic aerosols and ammonia

3.3.1. Sulfate and nitrate
Since PM2.5 changes are mainly driven by changes in NO3

� and
NH4

þ concentrations (Supplementary Fig. 9), the sensitivity of SIAs
to NH3 emissions was evaluated. In Fig. 5, the maximum simulated
changes of monthly SO4

2� concentrations according to changes in
NH3 emissions in March were 0.71 and 0.69 mg=m3 at BR and SD,
respectively. However, these changes are small compared to the
changes in NO3

� concentration because NH3 emission changes have
a bigger impact on the conversion of HNO3 to NO3

� than sulfuric acid
(H2SO4) to SO4

2-2- (Pinder et al., 2008). HNO3 and H2SO4, which are
the oxidized forms of NOx and SO2, respectively, are neutralized by
NH3 and then converted to ammonium nitrate (NH4NO3) and
ammonium sulfate ((NH4)2SO4), respectively (Seinfeld and Pandis,
Fig. 4. Scatter plots of paired PM2.5 concentrations and PM2.5 concentration changes at the B
NH3 emission perturbation (Table 1).

6

2006). SO2 is oxidized by either gaseous-phase oxidation or
aqueous-phase oxidation involving oxidants such as hydrogen
peroxide (H2O2) and ozone (O3). Gaseous-phase oxidation is rarely
affected by NH3 concentration, and although the latter changes the
pH, which can affect the aqueous-phase equilibrium concentrations
(especially for the reactionwith O3), the solubility of H2O2, which is
abundant in clouds and fog, is hardly affected by pH changes
(Seinfeld and Pandis, 2006). Therefore, the SO4

2- concentration is
not very sensitive to NH3 or NH4

þ concentration changes (Itahashi
et al., 2019; Wang et al., 2013). That is why the change of SO4

2�

concentration was not significant in this study even if the NH3
concentration falls to half that of the base simulation in China and
South Korea.

Meanwhile, HNO3 in the gaseous phase is transferred to the
aqueous phase and then converted to NO3

- . This as an aerosol can be
partly partitioned to gaseous HNO3 depending on the environ-
mental conditions, including the pH of the liquid phase. As shown
in Fig. 5, the maximum changes in monthly NO3

� concentrations
according to NH3 emission changes at SD in September were 4.72
.(58% of the NO3

� concentration) at BR inMarch and 2.51 mg=m3(27%
of the NO3

� concentration). In addition to NO3
� transported from

China, NO3
� at SD is formed from the reaction between the inter-

mediate species (i.e. HNO3), which are domestically emitted or
transported from the upwind area, and NH3 occurring in South
Korea (Chen et al., 2014; Kim et al., 2021), which is one of the
reasons why the NO3

� changes at SD is smaller than those at BR
according to NH3 emission changes. This is discussed in detail in
Section 3.3.2.
3.3.2. NH3 and NH4
þ

The NH3 concentrations and the NH4
þ/NHx ratio were examined

to understand the form of NHx (NH3 and NH4
þ) during long-range

transport (which is important for forming NO3
�). As shown in

Fig. 5, the simulated surface NH3 concentration at SD showed
monthly variability ranging from 5.9 to 10.6 ppb, while the NH3
concentration at BR was lower than 1 ppb due to low emissions
from the surrounding area. Thus, the conversion of HNO3 to
NH4NO3 at BR was limited by the low NH3 concentration.

NH3 concentration changes at SD were from �0.9 (C50) to
aengnyeongdo (BR; left) and Seoul (SD; right) supersites in 2016 for various scenarios of



Fig. 5. Monthly variations in sulfate (SO4
2�), nitrate (NO3

�), ammonium (NH4
þ), PM2.5, and ammonia (NH3) concentrations and the NH4

þ/NHx ratio at the Baengnyeongdo (BR; left) and
Seoul (SD; right) supersites. Base; C150, a 50% Chinese NH3 emission increase; C50, a 50% Chinese NH3 emission decrease, K150, a 50% Korean NH3 emission increase; K50, a 50%
Korean NH3 emission decrease.
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0.9 ppb (C150) and from �5.7 (K50) to 5.9 ppb (K150) when the
NH3 emissions were changed in China and South Korea, respec-
tively. At BR, the simulated ratio of NH4

þ to NHx can reach 0.9 or
more in most seasons, which suggests that NHx transported from
China to South Korea is mostly NH4

þ.
On the contrary, the ratio of NH4

þ to NHx at SD was much lower
than at BR, which suggests that free NH3 exists without being
converted to NH4

þ since a large amount of NH3 is emitted in and
around the SD. The NH3 conditions (rich or poor) was estimated via
the Adjusted Gas Ratio (AdjGR) at BR and SD (Supplementary
Figs. 10 and 11), which is the molar ratio of free ammonia to total
nitrate concentration (Pinder et al., 2008) as follows:

AdjGR¼ ½Free ammonia�
½total nitrate� ¼ ½NH3� þ

�
NO�

3

�
�
NO�

3

�þ ½HNO3�
(1)

An AdjGR value of less than 1 is an indication of NH3-poor
conditions, while an AdjGR value of greater than 1 indicates the
opposite. Most simulations in this study (except for C50K150, C150,
and C150K150 for March, April, and May) showed NH3-poor con-
ditions at BR, which suggests that most of the NH3 had already been
converted to NH4

þ upwind. This is consistent with the results pre-
sented in Fig. 5. Since the available NH3 was limited at BR, it is
difficult for the intermediate species transported from China (such
as HNO3) to form NO3

� at and around BR. On the other hand,
transported HNO3 is likely to be converted into NO3

� in and around
SD because the areas near SD are NH3-rich (Kim et al., 2021).

3.4. Long-range transport and vertical mixing

Surface NO3
- concentration is affected by aloft chemical reactants

due to vertical mixing (Kim et al., 2021; Lee et al., 2019). Thus, it is
important to understand vertical distributions of the chemical re-
actants when estimating the sensitivity of surface NO3

- to NH3
emission, and so we estimated the dynamics of the vertical distri-
butions of NH3, HNO3, and NO3

- that depend on the change in
Planetary Boundary Layer (PBL) between daytime and nighttime
(Zhao et al., 2016).

During the night when vertical mixing is limited, the trans-
ported HNO3 above the PBL at 1e2 km increased (Supplementary
Fig. 12 (middle)) whereas the transported NO3

- decreased
(Supplementary Fig. 13 (middle)) when NH3 emission from China
was decreased (the C50 scenario). However, during the daytime
when the PBL becomes higher, the decrease in NO3

- impacts on the
surface via vertical mixing because air pollutants are vertically well
mixed within the PBL (Supplementary Fig. 13 (middle)). Thus, a
decrease in NH3 emission from China caused a decrease in surface
NO3

- concentration at SD.
When NH3 emissions in South Korea were decreased (K50), the

HNO3 and NO3
- concentration changes at the surface were small

during the nighttime (Supplementary Figs. 12 (bottom) and 13
(bottom)). This is because the NH3 at SDwas still abundant near the
surface despite a 50% reduction in NH3 emissions in South Korea
(Supplementary Figs. 11 and 14 (bottom). Meanwhile, the surface
NO3

- decreased during the daytime (Supplementary Fig. 13 (bot-
tom)). Although NH3 was abundant at the surface, this was not the
case in the upper layer (Supplementary Fig. 15). Therefore, the
decrease in NH3 emission limited the formation of NO3

- in the upper
layer, which then caused the decrease in surface NO3

- concentration
by vertical mixing during the daytime.

To support this reasoning, the physical processes of forming the
base NH3, HNO3, and NO3

- concentrations by using PA for April as a
representative month of spring when the NO3

- concentration was
high and the long-range transport was frequent (Bae et al., 2019). In
Fig. 6, the NO3

� concentration aloft has a positive sign whereas the
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HNO3 concentration aloft has a negative sign during the daytime by
particle formation process, which means that much of the HNO3
was converted to NO3

- . This is possible because the NH3 was mixed
up as a result of the PBL increase, which converted HNO3 aloft to
NO3

- . Since surface NH3, which can convert HNO3 to NO3
- , is abun-

dant at SD, we suppose that the HNO3 aloft was transported in the
upper air. Meanwhile, the increase in HNO3 concentration near the
surface during the daytime was because of the partitioning of NO3

�

and HNO3 (Fig. 6), which can be attributed to an increase in tem-
perature during the daytime. However, aircraft-based observations
for NH3, HNO3, and NO3

- are required in the future to verify these
assumptions.

Fig. 7 shows a summary of the fate of NH3, HNO3, and NO3
�

during the daytime and nighttime regardless of NH3 emission
change. NH3 concentrations were high below the PBL, particularly
near the surface at night (the left panel in Fig. 7 and Supplementary
Fig. 14 (top)) because the PBL was low during the night and the
vertical mixing was limited. Thus, NH3 mainly accumulated at the
surface during the night. In contrast to NH3, the HNO3 concentra-
tion was low at the surface during the night (the left panel in Fig. 7
and Supplementary Fig. 12 (top)) because HNO3 was converted to
NO3

� by NH3, the concentration of which was high at the surface. As
the PBL grew during the daytime (right panel in Fig. 7), NH3 at the
surface was mixed up, thereby enabling it to convert aloft HNO3 to
NO3

�. The converted NO3
� aloft can be mixed down by vertical

mixing, which then increased the NO3
� concentration at the surface.

3.5. Sensitivity to NH3 emission uncertainty

We estimated the changes in PM2.5 concentration at SD ac-
cording to NH3 emission changes in China and South Korea by
considering the NH3 emission uncertainties. Fig. 8 shows the
impact of NH3 emission reduction on PM2.5 concentration in April
2016. We assumed that PM2.5 concentrations in the real world
ranged from “a” to “i” in Fig. 8 by simulations with 25% NH3
emission uncertainties in China and South Korea.

The PM2.5 concentration denoted as “e” in Fig. 8 is the simulated
concentration with no NH3 emission change from the emissions
inventory; it decreased by 1.5 mg=m3 under a 25% NH3 emission
reduction in China (e to h) and by 1.0 mg=m3 under a 25% NH3
emission reduction in South Korea (e to d). The PM2.5 concentration
at SD decreased by 1.6 mg=m3 during the 25% NH3 emission
reduction in China (c to c’) and by 0:9 mg=m3 during the 25% NH3
emission reduction in South Korea (c to c”) under “c”, assuming that
the real NH3 emissions were 25% higher than the base simulation in
both China and South Korea (the NH3 emission reduction rate
corresponding to 20% from “c” was converted to 25%). Under “g”,
the PM2.5 concentrations at SD decreased by 1.1 (g to g’) and 1:1 mg=
m3 (g to g’’), respectively, assuming that the real NH3 emissions
were 25% lower than the base simulation in both China and South
Korea (the NH3 emission reduction rate corresponding to 33% from
“g” was converted to 25%). These can be mainly attributed to the
nitrate level in PM2.5 (Supplementary Fig. 16).

We found that the NH3 emission reductions both upwind and
downwind effectively reduced the PM2.5 concentrations in the
downwind area (Supplementary Table 6) and the effects of
decreased PM2.5 or NO3- were similar among the cases even though
there were NH3 emission uncertainties both upwind and down-
wind. Moreover, as shown in Supplementary Fig. 17, NH3 emission
reduction in China was more effective in January and April when
PM2.5 concentrations over the downwind area were higher than
those in other months because the concentration of NH3 decreased
as the SIA concentration increased (Lachatre et al., 2019) when
there was a high PM2.5 concentration at SD.



Fig. 6. Vertical distributions of the formation of nitric acid (HNO3; top) and nitrate (NO3
�; bottom) at the Seoul (SD) supersite in April 2016. The gray line represents the Planetary

Boundary Layer (PBL) height.

Fig. 7. A schematic of the fate of ammonia (NH3), nitrogen oxides (NOx), nitric acid (HNO3), and nitrate (NO3
�) during nighttime (left) and daytime (right) in the downwind area.
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Fig. 8. PM2.5 isopleths for China and South Korea’s ammonia (NH3) emission changes
at Seoul (SD) in April 2016. Each alphabet character represents the uncertainty of NH3

emissions: (‘) means a 25% reduction in the Chinese NH3 emission and (’‘) means a 25%
reduction in the South Korean NH3 emission.
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4. Conclusions

We investigated regional-scale spatiotemporal variations of
downwind PM2.5 sensitivity to changes in upwind (China) and
downwind (South Korea) NH3 emissions in Northeast Asia using a
series of simulations for the year 2016. The annual average PM2.5

concentration changes in South Korea varied from �1.6 (�9%) to
1.4 mg=m3 (8%) when the relative NH3 emission changes in China
were varied from�50% to þ50%. For relative NH3 emission changes
ranging from �50% to þ50% in South Korea, the annual average
PM2.5 concentration changes in South Korea ranged from �1.7
(�9%) to 1.1 mg=m3 (6%). The impact of NH3 emission changes in the
upwind area on PM2.5 concentrations in the downwind area
showed seasonal variations: the highest in spring followed by
winter. These changes were mainly attributed to NO3

- , which is one
of the PM2.5 constituents.

The vertical structure of NO3
- concentration over the downwind

area was examined to understand the fate and formation of NO3
- in

downwind areas in relation to PM2.5 precursor (e.g. NOx and NH3)
emissions and their intermediate reaction products (e.g. HNO3) in
Northeast Asia. Our simulation results show that NH3 emitted from
surface-level sources (i.e. agriculture and automobiles) in the
downwind area accumulated during nighttime when deep vertical
mixing was limited. When the PBL started to grow in the morning,
accumulated NH3 near the ground could mix well within PBL. Most
NOx is converted to HNO3, which is emitted in downwind areas and
converted to NH4NO3 because NH3 is abundant at the surface.
Meanwhile, the HNO3 transported from the upwind area through
the free atmosphere often stays in the residual layer during
nighttime over the downwind area. Eventually, the vertically well-
mixed NH3 reacts with the locally available and transported HNO3
and forms NH4NO3. In addition, at the downwind area, the NO3

-

formed in the upwind area or during transportation is mixed with
local air parcels when the PBL grows in the downwind area, which
results in an increase in the surface NO3

- concentration.
Meanwhile, the PM2.5 sensitivity to NH3 emissions was similar
10
among the simulations when assuming an NH3 emission uncer-
tainty. Thus, decreasing the PM2.5 concentration by controlling the
NH3 emissions can be assumed even though there are uncertainties
in the NH3 emissions both upwind and downwind.

Traditionally, emission control policies to reduce secondary air
pollutants, including PM2.5, have focused on managing species that
are apparently reaction-limiting, i.e. a less abundant precursor
based on emissions. However, our study results show that con-
trolling the emission of NH3, the most abundant PM2.5 precursor
emitted in Northeast Asia, can be effective for decreasing the PM2.5
concentration in South Korea, the downwind area in the region. We
suggest that a paradigm shift in emission control policies should be
sought by examining the dynamics of the vertical distributions of
precursors and intermediates between the upwind and downwind
areas in the future.
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