npj | climate and atmospheric science

Article

Published in partnership with CECCR at King Abdulaziz University

https://doi.org/10.1038/s41612-024-00603-7

Anthropogenic warming degrades spring
air quality in Northeast Asia by enhancing
atmospheric stability and transboundary

transport

R Check for updates

Young-Hee Ryu®' & Seung-Ki Min ®%°

Air pollutants can travel long distances from their sources, often causing severe particulate matter
(PM) pollution in downwind regions. This transboundary pollution is largely influenced by meteorology
and hence its changes associated with climate change. However, the effects of anthropogenic
warming on transboundary pollution remain unclear. We show that springtime PM pollution can
worsen with anthropogenic warming not only in the upwind region (northern China) but also in the
downwind regions (South Korea and southern Japan). The worse air quality in northern China is
attributed to a shallower boundary layer due to warmer air advection in the upper levels from high-
latitude Eurasia and thus increased atmospheric stability. In the downwind regions, enhanced
westerly/southwesterly anomalies induced by anthropogenic warming strengthen transboundary
transport. The increase in primary aerosol concentrations due to the shallower boundary layer and/or
enhanced transboundary transport is ~14% in northern China, ~13% in South Korea, and ~17% in
southern Japan. The elevated relative humidity due to enhanced moisture transport by the wind
anomalies promotes secondary aerosol formation, which further degrades the air quality in the
downwind regions. The enhancement ratio of secondary aerosols relative to changes in primary
aerosols is ~1 in northern China, ~1.12 in South Korea, and ~1.18 in southern Japan due to

anthropogenic warming.

Particulate matter (PM) pollution poses a serious threat to public health,
particularly to 1.6 billion people in Northeast Asia' ™. It is also associated
with degraded visibility"’, reduced solar radiation®’, and enhanced acid
deposition in ocean and soil*’. The primary cause of PM pollution has
been the tremendous increase in anthropogenic emissions since the
mid-20th century'’. To mitigate PM pollution, countries in Northeast
Asia, namely China, South Korea, and Japan, have made significant
efforts to reduce anthropogenic pollutant emissions in recent decades'.
As a result, the annual mean PM concentrations have shown noticeable
decreasing trends, particularly in the last decade (Fig. 1). For example,
annual mean PM,s (PM with an aerodynamic diameter less than
2.5um) concentrations in northern China (Beijing-Tianjin-Hebei
region, BTH region hereafter) reveal substantial decreases from

105.3 ugm™ in 2013 to 36.6 ugm™ in 2022 as a result of the China’s
clean air action plan since 2013 (Fig. 1a).

Unlike annual mean PM concentrations, however, springtime PM
concentrations under high relative humidity (RH) conditions show less
clear trends especially in the Seoul metropolitan area, South Korea (Fig. 1b)
and southern Japan (Fig. 1c), which draws our attention. The mean PM, s or
PM;o (PM with an aerodynamic diameter less than 10 pm) concentrations
under high RH conditions are generally much higher than their annual
means, reaching almost double of the annual means. More importantly, the
mean PM concentrations under high RH conditions relative to their annual
mean values show increasing trends over the three regions. This implies that
even though annual mean PM concentrations have decreased due to
reduced emissions in recent years, PM can reach high levels under favorable
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Fig. 1 | Annual mean PM concentrations, high-RH-condition PM concentrations
in spring, and their ratio. Time series of annual mean PM concentration (light
green bars) and springtime mean PM concentration under high RH conditions (light
blue bars) in a the Beijing-Tianjin-Hebei region, b the Seoul metropolitan area, and
¢ southern Japan. PM, 5 concentrations are shown in (a), and PM;, concentrations
are shown in (b, ¢) due to short-term data availability of PM, 5 in the two regions (see
text for details). The lines with markers indicate the ratio of mean PM, 5 or PM,,
concentrations under high RH conditions in spring to their annual means. The
dashed lines are the linear regression lines of the ratios.

meteorological conditions. Here, the high RH conditions indicate days with
a daily mean RH exceeding the 80th percentile of the seasonal mean. Note
that observed PM;, concentrations are analyzed for South Korea and
southern Japan in Fig. 1 because of the short-term PM, 5 data availabilities in
the regions (see details in Methods).

Regarding worsening trends in PM pollution, several previous studies
have suggested that frequency of meteorological conditions conducive to
severe PM pollution, such as stagnant weather, shallow atmospheric
boundary layer, and weak winds, can increase due to climate change (or
anthropogenic warming)'*'>". Most of previous studies, however, have
focused on PM pollution in winter when anthropogenic emissions are high
due to large heating/energy demands'*", and springtime PM pollution has
received relatively less attention. Severe PM pollution has been frequently
reported not only in winter but also in spring across Northeast Asia'’. Along
these lines, our study is motivated by the increasing trends in PM con-
centrations under high RH conditions in spring relative to the annual means
(Fig. 1), and we aim to investigate if anthropogenic warming can be
responsible for such increasing trends, which has not been previously
answered.

Some studies have shown that the contributions of regional transport
to PM pollution are large in spring as well as in winter in northern China"/,
South Korea'® and southern Japan". Transboundary or long-range trans-
ported pollution frequently occurs over Northeast Asia during spring, and is
often accompanied by cold fronts or migratory anticyclones™. In addition,
elevated RH during transboundary pollution is often observed in spring”,

which likely explains the large deviations in PM;  concentrations from their
annual means under high RH conditions (Fig. 1b, ¢).

To examine the influence of anthropogenic warming on spring PM
pollution with a special focus on transboundary pollution, we employ the
pseudo-global-warming (PGW) strategy in which selected changes in a
climate system (e.g., temperature changes) are added to or subtracted from
historical climate simulations by modifying the initial and boundary
conditions™. The PGW methods have been increasingly applied to many
phenomena such as tropical cyclones™, windstorms”, runoff *, and
extreme snow events” in recent years, but to the authors’ best knowledge few
studies have applied the PGW approach to the influence of anthropogenic
warming on spring PM pollution over Northeast Asia. To consider
meteorological changes associated with anthropogenic warming from the
past to the present, 50-year changes in meteorological variables (tempera-
ture, RH, wind, and geopotential height) estimated from reanalysis data are
removed from the current meteorological fields similar to our previous
study **. The simulations that assume 50-year ago meteorology are referred
to as PAST simulations, and the baseline simulations are referred to as
PRESENT simulations (Methods). We examine a total of 24 pollution
episodes in spring (see Methods) displaying high PM, 5 concentrations and
high RH conditions, using the Weather Research and Forecasting model
coupled with chemistry (WRF-Chem model). The selected pollution epi-
sodes are categorized into three weather types (Supplementary Fig. 1), which
is similar to the classifications reported in previous studies™™".

The PGW WREF-Chem simulations for 24 pollution episodes enable us
to unravel the underlying mechanisms responsible for changes in spring PM
pollution due to anthropogenic warming, including the influence of sec-
ondary aerosol formation. This contrasts with previous studies that used
historical observational, reanalysis, and/or satellite data®’; examined only
changes in meteorological conditions relevant to air quality **; or analyzed
global climate model simulations with no or simplified atmospheric
chemistry processes'****.

Results

Changes in PM, 5 due to meteorological changes

During the 50-year period, an increase in temperature is the most distinctive
meteorological change reflecting global warming (Fig. 2a). Changes in low-
level circulation are also observed, including anomalous southwesterly over
inland southern China, East China Sea, and southern Japan, and anomalous
northeasterly over the western North Pacific. The changes in winds at 850
hPa indicate enhanced westerly flows over South Korea (SKR) or southern
Japan (SJP) (Supplementary Fig. 2). Based on the enhanced westerlies, the
northern China or BTH region is defined as an upwind region and the SKR
and SJP regions as downwind regions in this study. These changes in cir-
culation delineate a previously reported”® anomalous anticyclonic circula-
tion centered around 25°N and 126°E. This circulation is induced by a
greater temperature increase in northwestern Mongolia than in the western
North Pacific*®. Because the overall air temperature increases during the 50-
year period, RH decreases over most of the regions, except for the Yellow
Sea, South Korea, East Sea, and part of southern Japan (Fig. 2b). The
increases in RH in these regions are attributed to enhanced water vapor
transport by the enhanced westerlies in these regions during the selected
episodes (Supplementary Fig. 2).

The PRESENT simulations show that the concentrations of surface
PM, 5 (Fig. 2¢) and individual PM, 5 species (Fig. 2e, g, i) increase over the
BTH, SKR, and SJP regions compared to the PAST simulations. Here, we
present the maximum 2-day averaged PM, 5 concentrations because the
pollution episodes generally last for ~2 days, and it is noteworthy that the
results with the maximum daily PM, 5 concentrations are consistent with
those presented here. The composite time series of PM, 5 also show higher
PM, 5 concentrations in the three regions in the PRESENT simulations than
in the PAST simulations (Fig. 2d, f, h), although the maximum PM, 5
concentrations in the SKR region tend to be overestimated in the PRESENT
simulations. The maximum increase and relative increase in median PM, 5
are 14.9 ygm™> and 34.3% in the BTH, 17.0 uyg m~> and 41.2% in the SKR,
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Fig. 2 | Differences in temperature, RH, and PM, 5 concentration (PRESENT
minus PAST). a Differences in temperature at 2 m and horizontal winds at 10 m,
b relative humidity (RH) at 2 m and horizontal winds at 925 hPa, and ¢ maximum
2-day average PM), s near the surface between the PRESENT and PAST simulations
(PRESENT minus PAST) averaged for the 24 episodes. Three regions are highlighted
by thick lines in (c): Beijing-Tianjin-Hebei (BTH), South Korea (SKR), and southern
Japan (SJP). The slanted lines in (c) indicate that the changes in PM, 5 at least for 17
episodes (70% of the total 24 episodes) are in agreement (either positive or negative
changes). d, f, h Composite time series of PM, 5 averaged over the observation
stations in the BTH, SKR, and SJP regions, respectively. The zero hour in the x-axis

represents the time of maximum PM, 5 concentration in the SKR region (4 pu, . )-
The solid (dashed) lines indicate the median PM, 5 for the 24 episodes in the
PRESENT (PAST) simulations; shadings indicate the interquartile ranges (25th and
75th percentiles); markers indicate the median values of observed PM, s5; and the
vertical lines show the interquartile ranges for the observations. e, g, i The maximum
2-day average PM, 5 concentration and their composition in the PAST (dotted bar)
and PRESENT (slanted bar) simulations in the BTH, SKR, and SJP regions,
respectively. The numbers next to the bars indicate the differences in individual
PM, 5 species between the two simulations. The abbreviation “BC + POC” stands
for the black carbon and primary organic carbon aerosol.

and 9.72 ygm™ and 54.7% in the SJP regions, respectively. For the max-
imum 2-day averaged primary aerosols, black carbon (BC) and primary
organic carbon (POC) aerosols, the increases in BC + POC concentrations
in the PRESENT simulations relative to those in the PAST simulations are
14.1% in the BTH, 12.9% in the SKR, and 17.0% in the SKR regions (Fig. 2e,
g, 1). In both the PRESENT and PAST simulations, the median PM, 5 for the

24 episodes shows that PM, 5 concentrations are first elevated in the BTH
region at around f,,,.py, _—-39h; a finding consistent with the results
reported in previous studies™”. Here, £, py;, . indicates the time of max-
imum PM, 5 concentration in the SKR region. The SKR region exhibits its
maximum PM, 5 concentration around 1.5 days later, and finally PM, 5 in
the SJP region reaches its peak about 15h after ¢, py, - These results
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Fig. 3 | Differences in boundary layer height and lower- and upper-level tem-
perature. a Differential boundary layer height, b temperature at the lowest model
level, and ¢ temperature at 700 hPa between the PRESENT and PAST simulations
averaged for the 24 episodes. The vectors in (c) indicate the mean wind fields at 700
hPa averaged for the 24 episodes. d—f Vertical profiles of potential temperature (K) at
03 UTC averaged over all episodes in the PRESENT (solid line) and in the PAST
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(dashed line) simulations in the Beijing-Tianjin-Hebei (BTH), South Korea (SKR),
and Southern Japan (SJP), respectively. The gray lines attached to the vertical profiles
of potential temperature indicate the vertical profiles of differential potential tem-
perature (PRESENT minus PAST). The horizontal lines in (d-f) are the mean
boundary layer heights for the 24 episodes in the two simulations.

indicate antecedent PM pollution in the BTH region and transboundary
pollution in the downwind regions during the selected episodes. In other
words, PM, 5 concentrations are first elevated in the BTH region and then
pollutants are subsequently transported to the downwind regions.

Shallower boundary layer and higher PM, 5

The increase in PM, 5 concentrations in the BTH region is attributed to the
shallower boundary layer in the PRESENT simulation compared to the
PAST simulation (Fig. 3a). The shallower boundary layer is most significant
in the BTH region because of the advection of warm air in the upper levels
from Eurasia (e.g., at the 700 hPa level, Fig. 3¢), and the degree of warming is
larger in the upper levels than near the surface (cf. Fig. 3b, ¢). Following the
northwesterly (prevailing mean flow at 700 hPa for the selected episodes),
the warmed air originating from high-latitude Eurasia is advected to East
Asia during the selected episodes. This warmed air is potentially related to
the accelerated snowmelt in spring due to anthropogenic warming*”. The
differences in the vertical profiles of potential temperature between the two
simulations indicate that the largest increase in potential temperature in the
upper levels is observed in the BTH region (Fig. 3d), followed by the SKR
region (Fig. 3e) and then the SJP region (Fig. 3f). The warmer air in the upper
levels in the PRESENT simulations compared to the PAST simulations

inhibits the growth of the daytime boundary layer owing to increased sta-
bility. In the PRESENT simulations, the height of the daytime boundary
layer at 03 UTC (around noon in local time) is lower by 155.4 m in the BTH,
101.7 m in the SKR, and 15.3 m in the SJP compared to the PAST simula-
tions. In addition to our model simulations, the ERA5 boundary layer height
under high RH conditions exhibits a decreasing trend in the BTH region in
contrast to the weakly increasing trend in its spring mean values (Supple-
mentary Fig. 3). Thus, human-induced warming is expected to degrade air
quality in northern China where the shallow boundary layer due to warm air
advection above the boundary layer is a primary driver of severe PM pol-
lution in this region'**.

Budget analysis for BC 4+ POC aerosols is performed, and the differ-
ences between the PAST (represented by dotted bars) and PRESENT
(represented by slanted bars) simulations are analyzed (Fig. 4; also see
Methods). The BC and POC aerosols can be regarded as tracers because they
are chemically inert in the model. The budget analysis using primary
aerosols provides an insight into the role of physical processes (not chemical
processes) in PM, 5 changes between the two simulations. The PM, 5 con-
centration includes both primary and secondary aerosol concentrations, so
it is hard to identify the role of physical processes such as mixing, transport,
and deposition in changes in aerosol concentration when using PM, 5
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Fig. 4 | Contributions of physical processes to aerosols in the PRESENT and
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aerosols (BC 4+ POC). Note that the y-axis scale in the left (for BTH) is different from
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PAST). b Enhancement ratio of SNA aerosols relative to BC 4+ POC aerosols in the
PRESENT simulations to that in the PAST simulation. Here, C in the y-axis indicates
the concentration of sulfate, nitrate, or ammonium aerosols. The vertical lines
indicate the 25th and 75th percentiles of the 24 episodes.

concentration. The role of secondary aerosol formation by chemical pro-
cesses is then identified by taking the ratio of secondary aerosol con-
centrations to primary aerosol concentrations in a later section.

In both the simulations, the dilution effect, defined as the emission rate
divided by the boundary layer height, shows the largest positive contribution
to the BC + POC budget in the BTH region. Most of the increases in the
BC + POC concentrations in the heavily polluted BT H region are attributed
to the difference in the dilution effect between the two simulations (indi-
cated by the number in blue to the right of the bar in Fig. 4a). This finding
confirms that the shallower boundary layer is the primary mechanism
influencing the increase in BC + POC concentrations. In addition, it plays a
major role in all three weather types (Supplementary Fig. 4).

Enhanced horizontal advection is the second contributing factor to the
increase in BC + POC in the BTH region (Fig. 4a), particularly under type-2
and type-3 conditions (Supplementary Fig. 4e, f respectively). In
Central-Eastern China, the prevailing southerly (type-2, Supplementary
Fig. le), or southwesterly (type-3, Supplementary Fig. 1f) is reinforced by
enhanced southwesterly anomalies due to the circulation change (Fig. 1a),
resulting in an enhanced contribution of horizontal advection. The increase
in the BC + POC concentration in the PRESENT simulation is compen-
sated by the enhanced dry deposition and residual term in magnitude (Fig.
4a). In the PRESENT simulation, the increased contribution of dry
deposition is attributed to the increased surface concentration of BC +
POC. The residual term contributes negatively to both the simulations,
indicating that aerosols are diffused upward from the surface layer to the
upper layers in the BTH region**.

Enhanced transboundary pollution

The residual terms in the SKR and SJP regions exhibit positive contributions
to the BC + POC budgets, unlike in the BTH region, indicating that aerosols
in the upper levels are transported and diffused downward in these regions.
The positive contribution of vertical diffusion, that is, the residual term,
implies that the aerosols are transported from upwind regions. Examples of
the enhanced transboundary transport are shown in Supplementary Fig. 5
for the SKR region and in Supplementary Fig. 6 for the SJP region. In the
PRESENT simulation, lots of aerosols are transported above boundary layer
(boundary layer top is denoted by the thick-black line in Supplementary Fig.
5). At 21 UTC on 25 May 2016, the difference in BC 4+ POC concentration
near the surface over South Korea (beyond ~126.90°E, highlighted by the
brown box) between the two simulations is very small and even shows
negative values (Supplementary Fig. 5d). As the boundary layer grows in the
daytime (00 UTC and 03 UTC), aerosols with high concentration in the free
atmosphere are entrained and so aerosol concentration within the boundary
layer increases in the PRESENT simulation. The increase in PM,s

concentration via vertical diffusion of elevated aerosol layers in the free
atmosphere is consistent with previous findings*. Supplementary Fig. 6 also
illustrates a similar mechanism of the enhanced transboundary transport in
the SJP region in the PRESENT simulation compared to the PAST
simulation.

The increased contribution of vertical diffusion in the PRESENT
simulation (positive values in purple in Fig. 4a) explains most of the
increases in BC 4+ POC, not only in the SKR but also in the farther down-
wind SJP region where local emissions are low. Enhanced aerosol transport
to the SKR (Supplementary Fig. 2h) and SJP (Supplementary Fig. 2i) regions
are supported by the strengthened westerlies at 850 hPa from the ERA5
trends on Day-1 and Day +1, respectively (see Methods for a detailed
description of the pollution episode day). The stronger PM, 5 flux in the free
atmosphere in the PRESENT simulations compared to the PAST simula-
tions also confirms the enhanced upper-level transport (Supplementary Fig.
7a—c). Interestingly, the horizontal advection near the surface does not
contribute to the increased BC 4- POC concentrations in the two downwind
regions (negative values in orange in Fig. 4a). In addition, the boundary
layer-integrated PM, 5 fluxes also exhibit small differences between the two
simulations (Supplementary Fig. 7d-f). These results suggest that the
enhanced upper-level transport of aerosols from the upwind regions con-
tributes to the increase in PM, 5 concentrations in the SKR and SJP regions,
indicating the enhanced transboundary pollution due to anthropogenic
warming.

Enhanced secondary aerosol formation

To examine how much secondary aerosol formation can be enhanced
relative to the changes in primary aerosols (e.g., BC + POC) in the PRE-
SENT simulations, the sulfate, nitrate, and ammonium (SNA) aerosol
concentrations are normalized by the BC 4+ POC aerosol concentrations
and the ratio in the PRESENT simulation is divided by the ratio in the PAST
simulation. This ratio is called the enhancement ratio; for sulfate aerosol as
([804]/ [BC+P OC])PRFSF.NT

([804]/[BC+POC])PAST

physical processes (transport, mixing, and deposition, and others) on sec-
ondary aerosols can be ruled out by normalizing it to the concentrations of
primary aerosols. An enhancement ratio larger than 1 indicates that sec-
ondary aerosols are chemically more produced in the PRESENT simula-
tions than in the PAST simulations. Figure 4b compares the enhancement
ratios averaged over 24 episodes in the three regions. The BTH region
exhibits the enhancement ratios of ~1, meaning little change in chemical
production of SNA aerosols between the PRESENT and PAST simulations.
The mean enhancement ratios for sulfate, nitrate, and ammonium aerosols
in the SKR region are 1.18, 1.06, and 1.13, respectively. A simple average of

an example, it is . The assumption is that the impacts of
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Fig. 5 | Comparison of PM, 5, boundary layer height, and PM, 5 convergence
between two simulations. Histogram of maximum 2-day average PM, s for the 24
episodes in the PRESENT and PAST simulations in the a Beijing-Tianjin-Hebei,

b South Korea, and ¢ southern Japan regions. The thick lines indicate the fitted

PM, flux convergence (g m?s’™)

PM, s flux convergence (g m”s™)

probability density functions. The mean and median values are presented and rr
indicates the risk ratio. d—f are the same as in (a—c), respectively but for boundary
layer height. g-i are the same as in (a-c), respectively but for vertically-integrated
PM, 5 flux convergence in the free atmosphere.

these ratios is 1.12, indicating that SNA aerosols are 12% more increased
relative to primary aerosols due to anthropogenic warming in the SKR
region. Similarly, in the SJP region, the simple average of the enhancement
ratios for SNA aerosols is 1.18.

The changes in primary aerosol concentrations between the PRESENT
and PAST simulations can be regarded as due to the enhanced atmospheric
stability and/or the enhanced transboundary transport. Given that the
primary aerosol concentrations are increased by ~14% in the BTH, ~13% in
the SKR, and ~17% in the SJP regions in the PRESENT simulations relative
to those in the PAST simulations (Fig. 2e, g, i), the secondary aerosol for-
mation is enhanced by a factor of 1.12 in the SKR region and of 1.18 in the
SJP region on average compared to the change in primary aerosol con-
centrations. The larger secondary aerosol formation in the SKR and SJP
regions than in the BTH region can be attributed the larger increases in RH
in the SKR and SJP regions (Fig. 2b and Supplementary Fig. 8), which
promotes the formation of secondary inorganic aerosols***. So, it can be
concluded that the enhanced moisture transport (Supplementary Fig. 2g—i)
and elevated RH contribute to an increase in the secondary aerosols during
transboundary pollution events.

Discussion

The present study highlights that anthropogenic warming can worsen
springtime PM pollution across Northeast Asia, not only in the upwind
region (BTH region) but also in the downwind regions (SKR and SJP
regions). Histograms of PM, s concentrations in the three regions show
increased frequencies of high PM pollution levels as well as increased mean

and median values (Fig. 5a—c). For example, in the BTH region, the risk ratio
of severe PM,s pollution with a maximum 2-day average
PM, 5 > 100 pg m~ is 1.5 times higher in the PRESENT simulation than in
the PAST simulation. Similarly, the risk ratio of PM,5 > 75 ugm " in the
SKR region is doubled. The mechanisms responsible for the worsening PM
pollution differ between the upwind (BTH) and downwind regions (SKR
and SJP). In the heavily polluted northern China, the primary mechanism is
areduction in the boundary layer height due to the warmed-air advection in
the upper levels from high-latitude Eurasia, thereby increasing atmospheric
stability. The histogram of the boundary layer height exhibits a significant
leftward shift, with a decrease in the mean value of 98.5 m in the BTH region
(Fig. 5d). In the downwind regions, enhanced long-range transport of
pollutants and entrainment of aloft-polluted air masses increase PM, 5
concentrations near the surface. The enhanced transboundary pollution in
the downwind regions, particularly in the far-downwind region (SJP), is
supported by the rightward shifts of the histograms for PM, 5 flux con-
vergence in the free atmosphere (Fig. 5h, i). However, such an increase is not
observed in the upwind region (Fig. 5g). Considerable increases in RH are
also found in the downwind regions owing to enhanced water vapor
transport during transboundary pollution episodes. Consequently, the
formation of secondary inorganic aerosols is enhanced, exacerbating PM
pollution in downwind regions.

This study identifies the distinct physical and chemical processes
responsible for the elevated PM levels in the upwind and downwind regions
during springtime transboundary pollution events, thus providing insights
into the influence of global warming on air quality over Northeast Asia. The
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results suggest that despite reduced emissions, poorer air quality that
deviates from the overall conditions can occur under more conducive
meteorological conditions owing to global warming. Therefore, our findings
underscore the need for effective and proactive international cooperation to
reduce the air pollution exacerbated by anthropogenic warming. In this
study, we focus on the influence of anthropogenic warming on air quality
using PGW simulations. There can be other mechanisms or processes that
worsen PM pollution, such as aerosol-cloud interactions and aerosol-
boundary layer interactions. Further studies are required to elucidate other
relevant mechanisms and the potential interplay between them.

Methods

Reanalysis data and trend computation for WRF-Chem
simulations

The ERAS5 reanalysis data® have been used to compute changes in the
meteorological variables over the last 50 years and to drive WRF-Chem
simulations. We calculate the linear trends of various meteorological vari-
ables for high RH days (Supplementary Fig. 2) using the 42-year ERA5
reanalysis data (1979-2020) at a resolution of 0.25° x 0.25°. The variables
considered are temperature, sea surface temperature, RH, horizontal wind,
and geopotential height. The linear trends in meteorological variables cal-
culated using the ERA5 data are assumed to be largely attributable to
anthropogenic warming, considering that the recent observed trend can be
reproduced by climate models only when including greenhouse gas
increases™”". High RH days were selected when the daily mean RH is >65%
and the daily precipitation is <1 mm day " over the Seoul metropolitan area,
SMA (36.75°-38.5°N, 125.25°-128°E). The average values of the individual
variables on the selected high RH days (referred to as Day + 0) for each year
(42 data points) are used to compute their linear trends at each model level
and grid. Linear trends are then used to compute the 50-year changes in the
individual variables. In the PAST simulations, the sensitivity simulations
and individual meteorological variables at each grid are altered as follows.

Voast = Vieresent — Va 1

Where, V indicates the meteorological variables (e.g., temperature, RH, and
winds) in the PAST and PRESENT climates (denoted as subscripts) and V',
is the change in each variable during the 50-year period. Linear trends for the
days prior to or after Day + 0 are also computed separately. For example, all
fields three days prior to Day + 0 are averaged for each year, and their trends
are referred to as the trends of Day-3. The ERA5 trends of temperature, RH,
water vapor mixing ratio, and horizontal winds at 850 hPa on Day-3,
Day-1, and Day + 1 are shown as examples in Supplementary Fig. 2. In the
PAST simulations, the computed changes in individual meteorological
variables (ie., V,) on Day-3 through Day + 3 are subtracted from the
current meteorological variables on the corresponding days.

Surface observation data

The PM, 5 observation data in South Korea since 2015 are obtained from Air
Korea (https://www.airkorea.or.kr/). We select inland stations (total: 111)
having at least 70% data availability since 2015 for model evaluation. The
station-wide averaged PM, s is presented in Fig. 2f. Note that episodes since
2015 are shown in Fig. 2f for South Korea because PM, 5 observations have
been available only since 2015. For the long-term trend of PM;  since 2001
(Fig. 1), we use PM,, because it is only available for a long-term period. In
Fig. 1, the days influenced by Yellow Dust are excluded. Supplementary Fig.
9 shows the ratio of mean PM, 5 concentrations under high RH conditions
to the annual mean since 2015 when PM, 5 data are available. The corre-
lation coefficient between the ratios using PM, 5 and PM;, over the Seoul
metropolitan area is 0.95.

Full-year PM, 5 data for the BTH region (77 stations) since 2015 are
acquired from https://quotsoft.net/air/ (originally operated by the China
National Environmental Monitoring Centre). We utilized PM, 5 observa-
tion data in Beijing (39.95°N, 116.47°E) measured and operated by the U.S.
Embassy (http://www.stateair.net/web/historical/1/1.html) for the years

2013 and 2014. We compared the hourly PM, 5 data at the U.S. Embassy
Beijing station with the station-wide averaged PM, 5 data in the BTH region
from environmental monitoring stations in China (77 stations) to estimate
hourly PM, 5 concentrations in the BTH region for 2013 and 2014. Linear
regression for the year 2016 shows a relatively high correlation coefficient
(0.821) between PM, 5 at the Beijing station and the station-wide averaged
PM, 5 in the BTH region. The slope and intercept values of the linear
regression are used to estimate the BTH-averaged PM, s, for 2013 and 2014.
For the long-term trend shown in Fig. 1, we use daily PM, 5, that are
estimated by a machine learning model*’, which are originally available at
6-h intervals (https://doi.org/10.5281/zenodo.6372847).

The Japanese PM, 5 data are obtained from the National Institute for
Environmental Studies (https://www.nies.go.jp), and the data for 252 sta-
tions located in southern Japan are used for the model evaluation. For the
long-term trends, PM;, data are also used for Japan because of the short-
term availability of PM, 5 over Japan. Days influenced by Yellow Dust are
also excluded for the computation of PM,, averages. The ratio of mean
PM, 5 under high RH conditions to the annual mean is also shown in
Supplementary Fig. 9c since 2011 when PM, 5 data are available. The cor-
relation coefficient between the ratios using PM, s and PM;, over the
southern Japan is 0.97.

WRF-Chem simulations

We use the recently updated WRF-Chem model™, and the model config-
uration is identical to that used in a previous study *, except for the initial
and boundary meteorological conditions for the PAST simulations. The
essential model configuration is described below in brief: meteorological
initial and boundary conditions are provided from the ERA5 reanalysis data
at 3 hintervals, chemical boundary conditions are provided from the CAMS
reanalysis™, anthropogenic emissions used are REASv3.2*, biogenic emis-
sions are computed by the MEGAN v2.04™ implemented in the WREF-
Chem model, biomass burning emissions used are GFASv1.2”"*, the gas-
aerosol chemistry mechanism is MOZART-MOSAIC™®, and the hor-
izontal resolution is 20 km. Altered variables in the PAST simulations are
used as the initial and boundary conditions for the meteorology, and four-
dimensional data assimilation analysis nudging is used above the boundary
layer. Most of the simulations start four days prior to Day + 0 and end two
or three days after Day3 + 0.

To select pollution episodes in spring (March-May), we use long-term
WREF-Chem simulations from 2013 to 2019. Pollution episodes refer to days
with high RH and high PM, 5 concentrations obtained either in the simu-
lations or surface observations. These episodes are classified into three
weather types. Type-1 is influenced by a high-pressure system that is initially
centers in northern China and then slowly moves eastward to the Korean
Peninsula. Under the influence of this lingering high-pressure system, type-
1 is characterized by high PM, s concentrations over both the BTH and
SMA regions (Supplementary Fig. 1a, d). The criteria for type-1 episodes are
provided as follows: (1) Either simulated or observed daily PM, 5 averaged
over the SMA for a 3-day period (including two days prior to Day + 0) is
greater than its seasonal mean + 0.75 x standard deviation, (2) Daily RH
over the SMA or aerosol water content is greater than 54.9% or 10 ugm >,
respectively at least once during the 3-day period, (3) Wind speed at 925 hPa
is smaller than 7 ms™", (4) Either simulated or observed daily PM, 5 aver-
aged over the BTH is greater than its seasonal mean plus 0.75 x standard
deviation for at least once during the 3-day period, and (5) Daily RH over the
BTH is greater than 50% at least once during the 3-day period. Type-2
episodes are influenced by an extended western North Pacific subtropical
high (Supplementary Fig. 1b), causing southwesterly that bring in moist and
polluted air from southern and eastern China. This results in high RH and
PM, 5 concentrations over South Korea. The criteria for type-2 episodes are
as follows: (1) Either simulated or observed daily PM, 5 averaged over the
SMA for the 3-day period (including the two days prior to Day + 0) is
greater than a threshold (= seasonal mean + 0.75 x standard deviation), (2)
Daily RH over the SMA or aerosol water content is greater than 54.9% or
10 pg m™, respectively at least once during the 3-day period, (3) Wind speed
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at 925 hPais greater than 7.5 m s, (4) Daily RH over east China (29°-35°N,
115°-122°E) is greater than 60%, and (5) Daily PM, 5 over east China is
greater than its seasonal mean. Both type-1 and type-2 episodes typically last
for several days. In comparison, type-3 episodes are characterized by strong
westerly lasting for short durations (~1-2 d). The criteria for type-3 episodes
are as follows: (1) Daily PM, 5 over the SMA on Day + 0 is greater than the
seasonal mean + 0.75 x standard deviation, (2) Daily RH over the SMA or
aerosol water content is greater than 54.9% or greater than 10 ugm™,
respectively on Day + 0, and (3) Wind speed at 925 hPa is greater than
7.5ms . The weather patterns of the three episodes in our study are
qualitatively similar to those classified as synoptic weather patterns 1, 2, and
4 in a previous study”. Selected cases are presented in Supplementary
Table 1.

Budget analysis

Aerosol budget analyses are conducted for primary carbon (BC + POC)
aerosols in the lowest model layer. It is to be noted that other inorganic
(OIN) aerosol budgets are not analyzed because both anthropogenic and
natural (dust) sources contribute to OIN aerosols in the WRF-Chem model.
The directly computed budget terms include the aerosol concentration (and
so the tendency), dilution, dry deposition, wet deposition, and horizontal
advection. The dilution term is calculated by dividing the emission rate by
the boundary layer height, because the budget analysis focuses on the lowest
model layer. Therefore, it represents the contribution of emissions to the
aerosol concentration near the surface, under the assumption that the
emitted aerosols are well mixed within the boundary layer. The contribu-
tions of vertical diffusion from/to the boundary layer to/from the free
atmosphere is not directly output. No chemical transformation of the pri-
mary carbon aerosols is considered in the model; thus, the residual term can
be interpreted as the contribution of vertical diffusion. Vertical diffusion has
two effects: venting and entrainment. Venting is a negative contribution that
refers to the venting of pollutants from the boundary layer into the free
atmosphere, whereas entrainment is a positive contribution that refers to the
capture of pollutants in the free atmosphere into the boundary layer.
Entrainment is associated with the horizontal transport of pollutants in the
free atmosphere and the mixing of pollutants when the boundary layer
grows during daytime.

Data availability

The ERAS5 reanalysis data can be obtained from https://cds.climate.
copernicus.eu/cdsapp#!/home. The PM, s and PM,, observation data in
South Korea can be obtained from Air Korea (https://www.airkorea.or.kr/).
Full-year hourly PM, 5 data for the BTH region since 2015 are available from
https://quotsoft.net/air/. The U.S. Embassy PM, 5 data are available from
http://www.stateair.net/web/historical/1/1.html. The long-term 6-hourly
PM,s data can be downloaded from https://doi.org/10.5281/zenodo.
6372847. Japanese PM, s are available from the National Institute for
Environmental Studies (https://www.nies.go.jp). The datasets used and/or
analyzed during the current study available from the corresponding author
on reasonable request.

Code availability
The updated WRF-Chem codes are available at https://doi.org/10.5281/
zenodo.5895233.
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