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• We investigated future changes in pollut-
ant concentrations and attributable pre-
mature mortality in Korea.

• SSP1 (strong emissions control) and SSP3
(mild emissions control) scenarios were
considered for future simulations.

• O3 will decrease in a NOx-limited regime
under SSP1, but increase in a VOC-
limited regime under SSP3.

• NO2, SO2, PM2.5 and its components will
generally decrease under SSP1 and SSP3.

• BSOA contribution to total PM2.5 will in-
crease in the future.

• Premature mortality due to air pollutants
will decrease by 95 % and 22 % under
SSP1 and SSP3, respectively.
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We simulate air quality in Korea for the present, the near-term, and the long-term future conditions under the Shared
Socioeconomic Pathways (SSP1: most sustainable pathway with strong emissions control, SSP3: most challenging
pathway with mild emissions control) using a chemical transport model. Simulated future concentrations of NO2,
SO2, and fine particulate matter (PM2.5), show, in general, lower values compared to the present with varying degrees
depending on SSP scenarios. Significant reductions in precursor emissions result in a decrease in O3 concentrations
under a NOx-limited environment in the long-term future under SSP1. Under SSP3, O3 increases in the future under
a VOC-limited regime, driven by increased CH4 levels and biogenic VOC emissions under the warming climate. Con-
centrations of PM2.5 and its components, including sulfate, nitrate, ammonium, and organic aerosols (OA), generally
decrease in the long-term future under both scenarios. However, the contribution of biogenic secondary OA (BSOA)
to PM2.5 will increase in the future. Simulated results are used to estimate cardiorespiratory mortality changes with
concentration-response factors from epidemiologic studies in Korea based on national health surveys and Korean co-
horts, using projected population structures from the SSP database. The cardiorespiratory health burden of long-term
exposure to O3, NO2, SO2, and PM2.5 is estimated to be 10,419 (95 % confidence interval: 1271–17,142), 8630
(0–18,713), 3958 (0–9272), and 10,431 (1411–20,643) deaths in 2019.We find that the total cardiorespiratory excess
mortality due to air pollutants under SSP1 decreases by 8 % and 95 % in 2045 and 2095, respectively. Under SSP3,
excess mortality increases by 80 % in 2045, and decreases by 22 % in 2095, resulting in a substantial difference in
the health outcomes depending on the emission scenario. We also find that the BSOA contribution to total PM2.5

will differ by region, emphasizing the potential health impact of BSOA on a local scale in the future.
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1. Introduction

Adverse health effects of long-term exposure to surface air pollutants,
including gas phase ozone (O3), nitrogen dioxide (NO2), sulfur dioxide
(SO2), and particulate matter (PM; PM10 and PM2.5) on the human cardio-
vascular and respiratory systems have been widely addressed by epidemio-
logic (Crouse et al., 2015; Faustini et al., 2014; Hoek et al., 2013; Huangfu
and Atkinson, 2020; Soares and Silva, 2022) and air quality modeling stud-
ies (Anenberg et al., 2010; Silva et al., 2016; Xu et al., 2021). The
concentration-response factor (CRF) represents the relationship between
pollutant exposure and health outcomes, and using an appropriate CRF is
essential in estimating the health burden attributable to exposure to air pol-
lutants. Systematic reviews on long-term exposure to pollutants including
O3, NO2, and PM identified clear evidence of positive associations with car-
diorespiratory mortality but also reported large heterogeneities of the CRFs
of O3 and NO2 identified from various studies across the United States,
Europe, Canada, China, and Japan (Chen and Hoek, 2020; Huangfu and
Atkinson, 2020).

Despite the high levels of heterogeneity, previous studies have com-
monly applied CRFs that were mainly based on North American or
European cohorts to estimate the health outcomes in other global regions
(Park et al., 2020; Silva et al., 2017), including Korea (Kim et al., 2019a;
Kim et al., 2019b). Bae and Kwon (2019) reviewed 27 published epidemi-
ologic studies in Korea for the past two decades (1999 to 2018), which re-
ported significant associations between long-term exposure to air pollution
and mortality quantified by the relative risks (RR), hazard ratios (HR), and
odds ratios (OR), but emphasized the necessity of additional cohort-based
studies that can provide amore robust concentration-response relationship.
As a follow-up, recent studies (Byun et al., 2021, 2022; Kim et al., 2021)
based on Korean cohorts and health surveys have estimated age, cause,
and region-specific RRs for use in the estimation of the health burden attrib-
utable to long-term exposure to O3, NO2, SO2, and PM in Korea.

While global climate change, associated with changes in both meteoro-
logical variables and emissions, is expected to alter surface air quality in the
future, most studies found that pollutant level changes in the future are
mainly driven by the changes in precursor emissions (Kim et al., 2015;
Shim et al., 2020; Thornhill et al., 2021). Several studies have also investi-
gated the impact of future air quality change on global premature mortality
(Park et al., 2020; Silva et al., 2017), including in Europe (Orru et al., 2012),
the United States (Fann et al., 2014; Tagaris et al., 2009), China (Xu et al.,
2021), and India (Chowdhury et al., 2018). Shim et al. (2020) analyzed
near-term and long-term future changes in PM2.5 concentrations in Korea
under the Shared Socioeconomic Pathways (SSPs) simulated by an Earth
SystemModel (UKESM1) and found that PM2.5 levels will decrease in all fu-
ture scenarios except for the SSP3 scenario, which assumes the highest chal-
lenges in terms of climate mitigation and adaptation with low priorities in
reducing anthropogenic emissions. Kim et al. (2020) investigated the O3

and PM2.5 related health benefits of climate mitigation in 2050 under
SSP2 (moderate socioeconomic growth and challenges) and SSP3 in
Korea using a regional model (WRF/CMAQ) and CRFs from European
(Amann et al., 2008) and American (Jerrett et al., 2009) epidemiological
studies. They found that future changes in O3 and PM2.5 attributable mor-
tality relative to 2005 will decrease in both scenarios, but the magnitude
of reduction under SSP2 will be larger than that under SSP3 by a factor of
two.

Not only the changes in single pollutant concentrations but also the
changes in the chemical composition of trace gases and particles in the at-
mosphere can affect future health outcomes. However, several Earth system
models (ESM) used in previous studies and future experiments therein often
implemented simplified chemistry schemes for efficiency (Kim et al., 2015;
Lee et al., 2022; Thornhill et al., 2021). Therefore, despite its computational
cost, a more complex air quality model that can reflect both the anthropo-
genic and natural formation and degradation processes of secondary pollut-
ants is necessary for more accurate estimations of future pollutant levels
and for understanding the chemical regimes and mechanisms that drive
the changes.
2

In this study, we simulate air quality in Korea for the present (2019) and
near-term (2045) and long-term (2095) future conditions under two SSP
scenarios (SSP1: the most sustainable pathway with strong emissions con-
trol, SSP3: the most challenging pathway with mild emissions control)
using GEOS-Chem, a 3-D global chemical transport model (CTM) which
simulates the primary and secondary formation and transport of gases
and aerosols in the atmosphere. In particular, we use the most suitable ap-
proach to simulate gas and particle phase organic chemistry in Korea. Sim-
ulated results are used to estimate municipal-level O3, NO2, SO2, and PM2.5

attributable cardiorespiratory mortality changes using the CRFs based on
recent Korean cohorts and health surveys. We consider future anthropo-
genic and natural emissions changes under each scenario based on the
Coupled Model Intercomparison Project Phase 6 (CMIP6) experiments
and Korea's future population and age structures from the SSP database.
However, we do not take into account the direct effect of meteorological
variables (e.g., wet and dry deposition, wind speed, temperature, humidity,
etc.) due to climate change. We first compare future changes in surface O3,
NO2, SO2, and PM2.5 and its chemical components and quantify the effect of
anthropogenic emission reductions and changes in natural emissions on fu-
ture air quality. We then compare future changes in premature mortality
caused by each pollutant and quantify the effect of pollutant concentration
change and population structure change on total excess mortality attribut-
able to air pollution, which can provide insight into the health benefits of
future regulation policies.

2. Methods

2.1. Air quality simulations

We use a 3-D global CTM, GEOS-Chem version 13.3.4 (Park et al., 2003,
2004), to simulate surface concentrations of air pollutants, including O3, ni-
trogen oxides (NOx ≡ NO + NO2), volatile organic compounds (VOCs),
SO2, and PM2.5 in Korea. GEOS-Chem is driven by the NASA Goddard
Earth Observing System-forward processing (GEOS-FP) assimilated meteo-
rology provided by the NASA Global Modeling Assimilation Office
(GMAO). Global simulations using a 2° latitude by 2.5° longitude horizontal
resolution were used to provide boundary and initial conditions for the
nested simulations, which cover the East Asian domain (15–55°N,
70–140°E). The nested simulations have a 0.25° latitude by 0.3125° longi-
tude horizontal resolution (Fig. 1) and 47 vertical layers using the hybrid
pressure-sigma coordinate system (1013.25–0.010 hPa).

GEOS-Chem simulates >300 chemical species using a detailed
tropospheric-stratospheric photochemical mechanism, incorporating sev-
eral heterogeneous reactions (e.g., HO2 and O3 uptake by aerosols),
which is coupled with black carbon (BC), primary organic aerosol (POA),
secondary inorganic aerosol (SIA≡ SO4

2−+NO3
−+NH4

+), and secondary
organic aerosol (SOA) simulations (Park et al., 2003, 2004). SIA thermody-
namics associated with aerosol liquid water content, acidity, relative hu-
midity, etc., is computed using the ISORROPIA II thermodynamic
equilibriummodel (Fountoukis and Nenes, 2007). A full description of car-
bonaceous aerosol (BC, POA, SOA) simulations can be found in Oak et al.
(2022) and Pai et al. (2019).

For SOA simulations, we use the “Hodzic” SOA scheme, which uses the
volatility basis set (VBS) method with six bins and updated yield parame-
ters that simulate high-NOx and low-NOx pathways of SOA formation
(Hodzic et al., 2016), and SOA aging to simulate functionalization (Jo
et al., 2013), which was found to be the most suitable approach in repro-
ducing the formation and photochemical processing of observed SOA in
Korea (Oak et al., 2022). This SOA scheme simulates SOA formation from
aromatic VOCs (AVOCs), semi/intermediate VOCs (S/IVOCs), and ter-
penes. We estimate S/IVOCs emissions by summing up 50 % of primary
OC (POC) and 20 % of non-methane volatile organic compounds
(NMVOCs) emissions from anthropogenic and biomass burning sources,
as traditional inventories do not include these emissions (Jathar et al.,
2014). We use an explicit mechanism for SOA derived by isoprene
(Marais et al., 2016) instead of the VBS based method by Hodzic et al.



Fig. 1.Map ofmunicipal-level divisions of Koreawith geographic locations ofmajor
cities denoted in black, AirKorea monitoring stations in black open circles, and six
PM2.5 ground sites denoted in red. Themodel grid box size is shown for comparison.
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(2016) and Pye et al. (2010). This method explicitly simulates the forma-
tion of low-volatility organics, including isoprene epoxydiol (IEPOX),
which undergo irreversible aqueous-phase processes that occur more effi-
ciently on acidic aerosol surfaces (Marais et al., 2016). We define biogenic
SOA (BSOA) as the sum of SOA derived by terpenes, simulated using the
VBS approach, and by isoprene, simulated using the explicit aqueous-
phase mechanism.

We first conduct the baseline simulation for 2019, representing present-
day conditions. We use 2019 emissions from the Community Emissions
Data System (CEDS) version 2 inventory for anthropogenic emissions
(McDuffie et al., 2020), the Model of Emissions of Gases and Aerosols
from Nature (MEGAN) version 2.1 for biogenic emissions (Guenther
et al., 2012), and the Quick Fire Emissions Dataset (QFED) version 2.5 for
biomass burning emissions (Darmenov and da Silva, 2015).

We conduct four additional simulations to compare the near-term and
long-term changes under two SSP scenarios: SSP1, the most sustainable
pathway with strong emissions control, and SSP3, the least sustainable sce-
nario with mild regulations on anthropogenic emissions. We set the target
years for the near-term and long-term future conditions to 2045 and
Table 1
Annual emission totals in Northeast Asia and global CH4 concentrations.

Category Species Present (2019)

Anthropogenic emissions [Tg] CO 156
NOx 14.1
SO2 14.0
POA 2.64
NMVOCs 23.4

Biomass burning emissions [Tg] CO 0.19
POA 0.048
NMVOCs 0.0014

Biogenic emissions [Tg] a 21.8
Global CH4 [ppbv] b 1850

a Cao et al. (2021).
b Saunois et al. (2020), Turnock et al. (2020).
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2095, respectively (Table 1). We fix the meteorological fields to those of
2019 to eliminate the direct effect of meteorological change on pollutants
such as wet and dry deposition, wind speed, temperature, humidity, etc.,
and focus on the changes in emissions and chemical formation. Future
changes in land surface types and land use are also fixed to those of 2019.
However, we account for future changes in biogenic emissions, which
change from the vegetation response to temperature stress and CO2 inhibi-
tion (Cao et al., 2021), and changes inmethane (CH4) concentrations due to
climate change by applying scale factors to the present-day biogenic emis-
sions and CH4 levels based on previous studies (Cao et al., 2021; Saunois
et al., 2020; Turnock et al., 2020). For future anthropogenic and biomass
burning emissions, we use projected emissions in the CMIP6 and BB4CMIP
experiments (Gidden et al., 2019; vanMarle et al., 2017). Emission totals of
anthropogenic and biomass burning CO, NOx, SO2, POA, NMVOCs, and
BVOCs (isoprene, monoterpenes, acetone, acetaldehyde, ethene, propene,
ethanol, methanol) emissions in Northeast Asia (20–50°N, 100–140°E),
and global CH4 concentrations are summarized in Table 1.

2.2. Premature mortality estimation

Fig. 1 shows each geographical region in Korea. We use provincial-level
(Korean; Si-Do) age-specific and cause-specific baseline mortality rates and
municipal-level (Korean; Si-Gun-Gu) adult population in Korea for 2019 ob-
tained from the Korean Statistical Information Service (KOSIS) portal
(https://kosis.kr/eng/).We select two cardiovascular disease categories: is-
chemic heart disease (IHD; KCD I20-I25) and other heart diseases (KCD I26-
I51), and three respiratory disease categories: acute lower respiratory infec-
tion (ALRI; KCD J20-J22, U04), chronic obstructive pulmonary disease
(COPD; KCD J40-J47), and other respiratory diseases (KCD J00-J98) for
the calculation of premature deaths caused by air pollution.

We assume a log-linear relationship between the RR and long-term ex-
posure to a pollutant, following thework by Anenberg et al. (2010). The rel-
ative risk per Δx increase of pollutant concentration is an exponential
function, as shown in Eq. (1), where β is the CRF, defined by the slope of
the log-linear relation between the RR and pollutant concentration. The
health outcome (Mort) is estimated using Eq. (2), where Mortbase indicates
the baseline mortality rate, Pop indicates the exposed adult (≥25 years)
population, and AF is the attributable fraction of the pollutant. If the pollut-
ant concentration (C) is below the threshold (Cthres), the AF is set to 0, but if
C ≥ Cthres, then the AF is defined as Eq. (3). The threshold values of each
pollutant are summarized in Table 2.

RR ¼ eβΔx (1)

Mort ¼ Mortbase � Pop� AF (2)

AF ¼ RR � 1
RR

¼ 1 � exp � βΔCð Þ, whereΔC ¼ C � Cthres (3)

To obtain the CRFs, i.e., β, we use Eq. (1) and RRs from recent epidemi-
ologic studies in Korea, which estimated the association between long-term
SSP1 (2045) SSP1 (2095) SSP3 (2045) SSP3 (2095)

71 25 145 72
6.9 1.9 17.2 9.7
3.0 0.3 15.6 11.2
1.06 0.82 2.87 1.78
10.0 6.1 23.1 21.8
0.21 0.18 0.32 0.48
0.061 0.056 0.088 0.122
0.0016 0.0014 0.0021 0.0028
24.4 23.6 24.6 29.1
1580 2400 1080 3300

https://kosis.kr/eng/


Table 2
RRs with 95 % confidence intervals (95 % CI) for cardiovascular and respiratory mortality per Δx increase of pollutants in Korea.

Pollutant Threshold Δx Cardiovascular disease Respiratory disease Region Reference

Annual mean MDA8a O3 33.3 ppbv (Anenberg et al., 2010) 10 ppbv 1.27 (1.04–1.55) 1.43 (1.04–1.96) Nationwide Byun et al. (2022)
Annual mean NO2 5.3 ppbv (10 μg m−3; WHO guideline) 11.41 ppbv 1.312 (0.949–1.814) 0.903 (0.625–1.303) Nationwide Kim et al. (2021)
Annual mean SO2 2 ppbv (Kim et al., 2021) 2.09 ppbv 1.200 (0.960–1.500) 0.817 (0.589–1.133) Nationwide Kim et al. (2021)
Annual mean PM2.5 5 μg m−3 (WHO guideline) 10 μg m−3 1.244 (1.041–1.487) 1.166 (0.943–1.440) Seoul metropolitanb Byun et al. (2021)

1.211 (0.952–1.540) 1.466 (1.125–1.912) Centralc

0.840 (0.511–1.382) 0.905 (0.524–1.561) Southernd

1.053 (0.927–1.195) 1.171 (0.993–1.382) Southeasterne

1.136 (0.739–1.746) 1.118 (0.705–1.774) Northeasternf

a Daily maximum 8-hour average.
b Seoul, Incheon, Gyeonggi province.
c Daejeon, Sejong, North Chungcheong province, South Chungcheong province, North Jeolla province.
d Gwangju, South Jeolla province, Jeju.
e Busan, Ulsan, Daegu, North Gyeongsang province, South Gyeongsang province.
f Gangwon province.
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exposure to O3, NO2, SO2, PM10, and cardiorespiratory mortality using the
Korean National Health and Nutritional Examination Survey (KNHANES)
(Kim et al., 2021) and the National Health Insurance Service-National Sam-
ple Cohort database (Byun et al., 2021, 2022) along with air quality obser-
vations. Table 2 summarizes the cause and region-specific RRs and
corresponding Δx of each pollutant used in this study.

The RRs of peak O3 levels in a global meta-analysis review by Huangfu
and Atkinson (2020) were 1.10 (95 % CI: 1.03–1.18) and 1.02 (0.99–1.05)
for ALRI and respiratorymortality, respectively. The results fromByun et al.
(2022), which are used in this study, show larger RRs of 8-hour O3 in Korea
(Table 2). The RRs of NO2 in the global meta-analysis were 1.03
(1.01–1.04), 1.06 (1.02–1.10), and 1.03 (1.00–1.05) for COPD, ALRI, and
respiratory diseases. However, Table 2 shows that long-term exposure to
NO2 has a negative relationship with respiratory mortality in Korea. Ac-
cording to an ecological analysis of long-term exposure to air pollutants
and cardiopulmonarymortality in Korea (Hwang et al., 2020), NO2 showed
negative associations with pneumonia, 0.893 (0.861–0.923), and chronic
lower respiratory disease, 0.822 (0.780–0.865). Hwang et al. (2020) re-
ported significant associations between cardiovascular diseases and long-
term exposure to SO2, with 1.09 (1.05–1.12) for IHD, but negative associa-
tions between respiratory diseases and SO2, with 0.968 (0.943–0.994) for
pneumonia, in Korea, which is consistent with the results from Kim et al.
(2021), which are used in this study.

For calculating PM2.5-attributable prematuremortality, we use RRs esti-
mated for PM10 due to the limited amount of long-term PM2.5 observations
in Korea (Byun et al., 2021). The combined RRs of PM10 and PM2.5 in a
meta-analysis review of approximately 20 studies on various global regions
(Chen and Hoek, 2020) were 1.04 (0.99–1.10) and 1.11 (1.09–1.14), re-
spectively, for circulatory diseases. For respiratory diseases, the RRs of
PM10 and PM2.5 were 1.12 (1.06–1.19) and 1.10 (1.03–1.18), respectively.
Byun et al. (2021) noted that the RRs obtained from the Korean data are
consistentwith studies conducted in different countries. However, by incor-
porating Korean cohorts and PM data, the RRs of PM2.5 used in this study
represent the local characteristics and differences in PM levels, domestic
population, and confounders, including income, drinking, smoking status,
physical activity, and obesity.

For the estimation of future premature mortality under the SSPs, we use
the 2019 baseline mortality rates. Assuming that the spatial distribution of
the municipal-level population in the future is identical to that of 2019, we
apply age-specific scale factors provided by the International Institute for
Applied Systems Analysis (IIASA) SSP database (https://tntcat.iiasa.ac.at/
SspDb) to the 2019 population data for each future scenario and year (KC
and Lutz, 2017). Therefore, although future changes in the baseline mortal-
ity rates are neglected, we consider the changes in the total population and
age structure. Fig. S1 compares the adult population of 25 years and older
and the age structure in the present and future scenarios. Population
aging will be a common phenomenon under both scenarios, and the adult
population will fall dramatically by 2095 under SSP3.
4

3. Model evaluation for present-day (2019) conditions

In this section, we evaluate GEOS-Chems performance in simulating
present-day conditions using hourly surface observations of O3, NO2, SO2,
and PM2.5 at 419 AirKorea surface monitoring stations (https://www.
airkorea.or.kr/eng/) during 2019. As the AirKorea network does not pro-
vide speciated PM2.5 observations, we compare observed and simulated
PM2.5 chemical compositions at six supersites (Seoul, Daejeon, Gwangju,
Ulsan, Baengnyeong, Jeju), which were provided by the National Institute
of Environmental Research (NIER). However, as continuous chemical com-
position observations at the six ground sites for 2019 were unavailable in
this study, we compare the seven-year averaged observations conducted
from2012 to 2018with 2019 simulations. Locations of the ground observa-
tion sites are shown in Fig. 1.

Fig. 2 compares observed and simulatedMDA8 (daily maximum 8-hour
average) O3, daytime (06:00–18:00 local time) NO2, SO2, and PM2.5 at
AirKorea stations during 2019. We compare the daytime levels of NO2,
SO2, and PM2.5 to minimize the model-observation bias caused by the shal-
low nighttime planetary boundary (PBL) height in the model. While Oak
et al. (2019) showed that GEOS-Chem underestimates the nighttime PBL
by more than a factor of two compared to lidar-derived observations in
Korea, this causes a rapid increase in simulated surface pollutant levels
after sunset and a sharp decrease after sunrise. Therefore, we select the
06:00–18:00 local time (KST; Korea Standard Time = UTC + 9 h) data
for our analysis of NO2, SO2, and PM2.5 below.

We use the normalized mean bias (NMB), Pearson correlation coeffi-
cient (R), and reduced-major-axis (RMA) regression between the observa-
tion and model to evaluate model performance. Fig. 2a compares the
monthly mean surface timeseries averaged over all AirKorea stations dur-
ing 2019. The comparison shows that the model-observation biases for
O3, SO2, and PM2.5 are <10 %, but a relatively large bias of −30 % is
shown in simulated NO2 levels. This discrepancy may be attributable to in-
terferences by non-NOx reactive nitrogen species (NOz) in the chemilumi-
nescence monitors with molybdenum oxide converters that were used for
measuring NO2 (Dunlea et al., 2007; Reed et al., 2016). Although this inter-
ference is difficult to quantify using the available observations in this study,
we find that simulated NOz species, including PANs (peroxy acyl nitrates),
nAPNs (non-acyl peroxy nitrates), N2O5, HNO3, HONO, NO3, and ANs
(alkyl nitrates), especially NO3, show non-negligible surface concentrations
during the daytime in Korea. Comparison of the simulated sum of NO2 and
non-NOx NOz to measured NO2 shows a model-observation bias of +16 %.
Therefore, we speculate that the magnitude of the bias for simulated NO2

should lie within the range of −30 % to +16 %. While the model repro-
duces observed monthly variations of O3, NO2, and PM2.5, with R ≥ 0.7,
wefind that themonthly variation of anthropogenic SO2 emissions strongly
resembles the simulated SO2 timeseries, resulting in a relatively weak (R=
0.59) temporal correlation between observed and simulated monthly mean
SO2 compared to other species. The model generally captures the total

https://tntcat.iiasa.ac.at/SspDb
https://tntcat.iiasa.ac.at/SspDb
https://www.airkorea.or.kr/eng/
https://www.airkorea.or.kr/eng/


Fig. 2. Observed and simulated a) monthly mean timeseries, b) annual mean spatial distribution and scatterplot comparison of MDA8 O3, NO2, SO2, and PM2.5 at AirKorea
stations during 2019. Statistics (NMB, R) of model performance are denoted in the upper-left corners. Error bars indicate the 10th and 90th percentile values. Simulated NOz

species and chemical components of PM2.5 in column a) are shown in different shades. Overlayed circles in column b) indicate the AirKorea observations regridded and
interpolated to the model grid resolution.
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amount and monthly variation of observed PM2.5, with nitrate aerosols
making up the largest portion among the simulated PM2.5 components.

Fig. 2b compares the spatial distributions of observed and simulated an-
nual mean surface concentrations of air pollutants. AirKorea observations
were regridded and interpolated tomatch the 0.25° latitude by 0.3125° lon-
gitude horizontal resolution for comparison with the model. The simulated
spatial distribution of O3 shows a weak correlation with observations com-
pared to other species.Wefind that themodel overestimates O3 in the Seoul
metropolitan area, which is partly responsible for the RMA regression slope
of 0.4. A sensitivity test using different horizontal resolutions in the model
showed that simulated surface daytimeO3 decreases by~2%when using a
finer model (9 km versus 3 km horizontal resolution) in Seoul (Hyeonmin
Kim, personal communication, November 13, 2022), implying that the spa-
tial resolution of the model can affect O3 chemistry. The spatial correlation
between observed and simulated SO2 concentrations is lower (R = 0.46)
compared to previous model simulations in Korea (R = 0.74) (Park et al.,
2021). A comparison of the KORUSv5 2016 emissions inventory used in
Park et al. (2021) and CEDSv2 2019, which was used in this study, implies
that the inaccurate representation of power plants and petrochemical com-
plexes located along the western and southern coasts of the Korean penin-
sula, which serve as large point sources of SO2 emissions in Korea (Chong
et al., 2020), is the main contributor to the discrepancy. The spatial distri-
butions of observed NO2 and PM2.5 are well captured by the model, show-
ing high values in urban and industrial regions.

Fig. 3 compares observed (2012–2018 mean) and simulated (2019)
monthly mean surface timeseries of the major PM2.5 chemical components:
SIA, BC or elemental carbon (EC), and organic aerosols (OA) at six ground
sites. As the model simulates POC, we multiply an organic aerosol to or-
ganic carbon ratio (OA/OC) of 1.3 for the conversion of POC to POA
5

based on observations in East Asia (Kim et al., 2017; Kim et al., 2018a;
Philip et al., 2014), and define modeled OA as the sum of POA and SOA
(Oak et al., 2022). We apply an OA/OC of 1.67 for January and October
(Kim et al., 2017), and 1.82 for April and July (Kim et al., 2018a) to the ob-
served OC concentrations for comparison with the model.

We find that simulated SIA is overestimated compared to the seven-year
average observations, especially during spring, due to the model's large ni-
trate (NO3

−) composition (Fig. 2a). Nitrate overestimation in East Asia has
been commonly reported by air quality modeling studies (Choi et al.,
2019; Luo et al., 2020; Park et al., 2021; Travis et al., 2022; Zhai et al.,
2022). These studies suggest several missing sinks of nitrate and nitric
acid (HNO3) in the model, including photolysis, dry and wet deposition,
and uptake on anthropogenic coarse PM. We find that the model-
observation bias for monthly mean BC is 10 %, and the model successfully
simulates the monthly variation of observed BC. Simulated OA averaged at
the six sites overestimates observations by 20%, and the model fails to cap-
ture the seasonal variation of observedOA (R=−0.63). This is mainly due
to the high bias of SOA during summer, likely caused by overestimated SOA
aging (Oak et al., 2022) and BSOA formation in the model. The conversion
of measured OC to OA using constant OA/OC values may also serve as un-
certainty that causes the bias.

4. Future changes in air pollutants under the SSPs

4.1. Gas species

Table 3 compares simulated annual mean pollutant concentrations in
2019 and the near-term and long-term future under the SSP1 and SSP3
scenarios. Fig. 4a compares the relative difference in annual mean



Fig. 3.Observed (2012–2018mean) and simulated (2019) monthly mean timeseries of major PM2.5 chemical components at six supersites (Seoul, Daejeon, Gwangju, Ulsan,
Baengnyeong, Jeju). The timeseries compare observed and simulated monthly mean values averaged at the six sites and error bars indicate the observed minimum and
maximum values. The scatterplots compare observed and simulated monthly mean values at all of the six sites.
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concentrations of gas phase chemical species, including the hydroxyl radi-
cal (OH), formaldehyde (HCHO), AVOCs, and BVOCs.

We find that near-term changes in O3, NO2, and SO2 concentrations in
Korea under the SSP1 scenario are −9 %, −42 %, and − 52 %, respec-
tively. Under SSP3, pollutant concentrations change by +1 %, +4 %,
and + 22 % in 2045. Long-term changes under the SSP1 scenario are
−25%,−85%, and− 85%, respectively, and under SSP3, concentrations
change by +9 %, −36 %, and + 7 % in 2095, respectively. We find that
noticeable changes in gas phase pollutants are primarily located in urban
areas with large anthropogenic sources (Fig. S2).

O3 change is mainly associated with decreases in precursor concentra-
tions due to strong regulations on anthropogenic emissions under SSP1
(Fig. 4b). However, O3 is sensitive to increased biogenic emissions in
warmer climates and higher CH4 levels under SSP3 (Fig. 4c). We find that
O3 formation in Korea occurs in a NOx-limited regime (VOCs/NOx > 10
ppbC/ppbv) in 2095 under SSP1, with significant increases in VOCs/NOx

ratios (Fig. S3) in the regions where O3 levels decrease. Under SSP3,
VOCs/NOx ratios indicate that most regions in the country will be VOC-
limited (VOCs/NOx ≈ 10 ppbC/ppbv) in 2095. NO2 levels decrease in
2095 regardless of scenarios due to changes in primary emissions, but the
magnitude of emissions reduction is a factor of three higher in SSP1, result-
ing in lower surface concentrations by a factor of four than in SSP3. Simi-
larly, SO2 decreases in 2095 by >50 % compared to the present under
SSP1. However, SO2 increases as SO2 emissions remain nearly unchanged,
Table 3
Simulated annual mean O3, NO2, SO2, PM2.5, SIA, and SOA (aromatic and biogenic) conc
scenarios. Relative changes ((future−present)/present) are denoted in parentheses.

Species Present (2019) SSP1 (2045)

O3 [ppbv] 44.9 41.0 (−9 %)
NO2 [ppbv] 12.3 7.1 (−42 %)
SO2 [ppbv] 2.7 1.3 (−52 %)
PM2.5 [μg m−3] 21.7 11.1 (−49 %)
SIA [μg m−3] 14.3 6.9 (−52 %)
ASOA [μg m−3] 2.7 1.6 (−41 %)
BSOA [μg m−3] 1.9 1.6 (−16 %)
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and oxidant (OH) levels decrease due to the chemical loss by CH4 (Fig. 4a
and Fig. S3) under SSP3.

Kim et al. (2015) used a coupled chemistry-climate model and simu-
lated an increase in surface O3 in East Asia in 2050 relative to 2000 under
the Representative Concentration Pathway (RCP) 8.5 scenario and O3 de-
creases in all other RCP scenarios. The multi-model mean of six CMIP6
models estimated a decrease by ~15 ppbv and an increase by ~6 ppbv in
annual O3 concentrations in East Asia in 2100 relative to the 2005–2014
mean value (Turnock et al., 2020), displaying similar tendencies with our
future simulations.

4.2. Aerosol species

Simulated annual mean aerosol concentrations, including PM2.5, SIA,
and SOA from AVOCs (ASOA) and BVOCs (BSOA), are summarized in
Table 3. PM2.5 concentrations change by −49 % and + 7 % in 2045
under SSP1 and SSP3, respectively, but eventually decrease by 72 % and
17 % in both scenarios. Simulated results suggest that under the SSP1 sce-
nario, Korea will meet close to the WHO annual mean PM2.5 standard of
5 μg m−3 in 2095. The relative difference in annual mean concentrations
of the chemical components of PM2.5 is shown in Fig. 4a.

As most anthropogenic emissions decrease in future scenarios, primary
aerosols (BC, POA) and SIA concentrations decrease in the long-term under
both SSP1 and SSP3. Future SOA concentrations decrease compared to
entrations in 2019 and the near-term and long-term future under the SSP1 and SSP3

SSP1 (2095) SSP3 (2045) SSP3 (2095)

33.8 (−25 %) 45.5 (+1 %) 49.0 (+9 %)
1.8 (−85 %) 12.8 (+4 %) 7.9 (−36 %)
0.4 (−85 %) 3.3 (+22 %) 2.9 (+7 %)
6.1 (−72 %) 23.3 (+7 %) 18.1 (−17 %)
1.9 (−87 %) 15.6 (+9 %) 12.5 (−13 %)
0.7 (−74 %) 2.4 (−11 %) 2.1 (−22 %)
1.5 (−21 %) 2.1 (+11 %) 2.3 (+21 %)



Fig. 4. Comparison of a) present (2019) to future relative changes ((future−present)/present) in simulated gas and aerosol species in Korea, and present to long-term future
(2095) relative changes under b) SSP1 and c) SSP3. Each bar in different shades indicates a) changes under each scenario and year, and b− c) the future changes in response
to anthropogenic emissions change, natural (biogenic and biomass burning) emissions, and CH4 level change due to climate change, and the net effect.

Fig. 5. Simulated annual mean SIA, ASOA, BSOA, and BC+ POA+ etc. to total PM2.5 ratios in the present, near-term, long-term future under SSP1 and SSP3 in Korea. The
average values (Avg.) are denoted in the lower-right corners.
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present-day levels, but the contribution of BSOA to total PM2.5 increases, es-
pecially along the middle parts of the country (Fig. 5), where most biogenic
sources are located. Figs. 4b−c show that the anthropogenic emissions de-
crease contributes to the decrease in the major PM2.5 components, includ-
ing SIA, ASOA, and BSOA.

OH,O3 andNO3 are themajor oxidants that react with BVOCs (isoprene
and monoterpenes), and their SOA yields are sensitive to NOx levels (Pye
et al., 2010). Significant reductions in NOx emissions in 2095 under SSP1
substantially decrease O3 and NO3 levels by up to−90 % (Fig. S3), result-
ing in higher BVOC concentrations compared to 2019. Similar results were
reported by Jo et al. (2019), where they found an increase in isoprene
under a 50 % decrease in NOx and SO2 emissions. Despite the increase in
BVOC levels under SSP1, the reduction of NOx and SO2 decreases sulfate
aerosol levels, increases aerosol pH, and decreases BSOA formation. Our re-
sults are consistent with the previous studies (Dong et al., 2022; Jo et al.,
2019),which found suppressed aqueous phase formation of BSOAunder re-
duced anthropogenic emissions.Wefind that the change in BSOA is approx-
imately proportional to the change in SIA concentrations under SSP1.
Under SSP3, we find that the effect of increased BVOC emissions and CH4

levels on BSOA formation is more significant than anthropogenic emissions
reduction, resulting in a net increase in BSOA in 2095.

We find that estimated future changes in PM2.5 concentrations simu-
lated by a fully-coupled ESM (Sellar et al., 2019) are consistent with the re-
sults presented in Table 3. Shim et al. (2020) show that the annual mean
PM2.5 concentration in East Asia will drop to 10 μgm−3 in 2035 and remain
at approximately 6 μg m−3 between 2081 and 2100 under SSP1. Under
SSP3, PM2.5 will reach up to 25 μg m−3 around 2050 and slowly decrease
to 18 μg m−3 in 2100. Our results showing a decrease in SOA concentra-
tions by 2.4 and 0.2 μg m−3 in 2095 relative to 2019 under SSP1 and
SSP3, respectively, are also comparable to the results by Lin et al. (2016),
where they estimated an SOA decrease of ~1 μg m−3 in Northeast Asia in
2100 relative to 2000 under the RCP8.5 scenario using the Community
Earth System Model (CESM).

5. Future changes in premature mortality under the SSPs

Herewepresent estimated prematuremortality attributable to each pol-
lutant using individual RRs, but it should be noted that it is difficult to sep-
arate the independent health impact of each pollutant. As people are
Fig. 6. Spatial distributions of a) O3, NO2, SO2, and PM2.5 attributable mortality and b)
and simulated surface concentrations, sampled coherently in time and space in Korea
parentheses are denoted in the lower-right corners.
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exposed to a mixture of pollutants in the real atmosphere, the combined ef-
fect of unknown chemicals that are co-emitted may be included in our re-
sults (Kim et al., 2021).

The cardiovascular and respiratory mortality estimations with 95 %
confidence interval RRs due to long-term exposure to O3, NO2, SO2, and
PM2.5 in Korea based on the AirKorea observations, are estimated to be
10,419 (1271–17,142), 8630 (0–18,713), 3958 (0–9272), and 10,431
(1411–20,643) deaths in 2019 (Fig. 6a). We find that the spatial distribu-
tion of O3-attributable deaths is relatively homogeneous compared to
those of NO2, SO2, and PM2.5, where the majority of deaths are located in
the urban and industrial regions. Previous studies in Korea estimated
17,224 (11056–22,772) and 11,924 (11649–12,198) nationwide deaths at-
tributable to PM2.5 in 2013 (Kim et al., 2018b) and 2015 (Han et al., 2018),
when using RRs from North American cohorts and integrated exposure-
response (IER) functions from Burnett et al. (2014). These estimates are
higher than our results, as they included lung cancer mortality, which ac-
counted for approximately 20 % of total PM2.5-attributable deaths.

The four air pollutants result in 26,034 (1808–48,316) cardiovascular and
7404 (874–17,454) respiratory mortalities (Fig. 6b), and a total of 33,438
(2682–65,770) deaths.Wefind similar estimates using simulated surface con-
centrations, sampled coherently in time and spacewith the observations,with
31,151 (2887–60,265) deaths. Kim et al. (2020) estimated a total of 25,400
(23400–56,600) O3 and PM2.5 attributable to premature mortality in Korea
in 2005, comparable to our estimation of 20,850. They estimated a future de-
crease of 20,000 annual deaths in 2050 under the SSP2 scenario, which as-
sumes moderate socioeconomic growth and lies in between the SSP1 and
SSP3 pathways, and 10,100 deaths under the SSP3 scenario. In the following
subsections, we discuss estimated future changes in premature mortality
under the SSP1 and SSP3 scenarios using our future simulation results.

5.1. Future changes in nationwide total premature mortality

We use future air quality simulations to estimate attributable cardiore-
spiratory mortality changes using the methodology described in
Section 2.2. Fig. 7a compares the nationwide total premature mortality
due to O3, NO2, SO2, and PM2.5 (≡ SIA + ASOA + BSOA + BC + POA
+ etc.) exposure under present and future conditions in Korea. As the fu-
ture population and age structure change differently under each scenario
(Fig. S1), this effect is reflected in the estimated mortality as expressed in
total attributable cardiovascular and respiratory mortality estimated using observed
during 2019. Total deaths with estimations using 95 % confidence interval RRs in



Fig. 7. Estimated a) premature mortality due to O3, NO2, SO2, and PM2.5 long-term exposure, and b) present to future relative changes ((future−present)/present) in total
premature mortality due to O3, NO2, SO2, and PM2.5 under the SSPs in Korea. In panel a), each bar in different shades indicates the mortality attributable to each pollutant,
and the error bars indicate estimations of total mortality using 95% confidence interval RRs. In panel b), each bar in different shades indicates the future changes in response
to pollutant concentration change, population and age structure change, and the net effect.
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Eq. (2). Fig. 7b quantifies the different effects of pollutant concentration
change and population change on future changes in premature mortality.

Estimated total cardiorespiratory excess mortality due to air pollutants
shows a slight decrease (−8 %) under SSP1 for the near-term future but
eventually decreases by 95 % in 2095. Fig. 7b shows that the effects of pol-
lutant level decrease and population structure change are comparable, but
the pollutant effect outweighs the population effect, resulting in a net de-
crease in premature mortality in the near-term future under SSP1. In the
long-term future, a successful reduction in pollutant levels results in a de-
crease in premature mortality.

Under SSP3, estimated excess mortality increases by 80 % in 2045, and
decreases by 22% in 2095, compared to the present. As the future pollution
levels will be similar to or slightly lower than that of the present, the aging
population under SSP3 will be the leading cause of increased premature
deaths in the near-term future (Fig. S4). Fig. 7b shows that Korea will ben-
efit from improved air quality in the long-term under both the SSP1 and
SSP3 scenarios, but the effect of pollutant level decrease greatly differs de-
pending on the future scenario (−96 % versus −2 %).
Table 4
Estimated premature mortality due to O3, NO2, SO2, and PM2.5 exposure in each region
scenarios. Estimations using 95 % confidence interval RRs are denoted in parentheses.

Species Region Present (2019) SSP1 (2045)

O3 Seoul metropolitan 3902 (473–6562) 5610 (751–9572)
Central 2074 (249–3422) 2780 (363–4773)
Southern 1094 (135–1782) 1417 (183–2423)
Southeastern 3486 (413–5774) 4296 (572–7461)
Northeastern 537 (62–901) 731 (90–1250)
Total 11,093 (1332–18,441) 14,834 (1959–25,47

NO2 Seoul metropolitan 3162 (0–7015) 2468 (0–6076)
Central 639 (0–1674) 277 (0–777)
Southern 141 (0–378) 34 (0–108)
Southeastern 1434 (0–3445) 744 (0–1927)
Northeastern 84 (0−213) 30 (0–80)
Total 5460 (0–12,725) 3553 (0–8968)

SO2 Seoul metropolitan 3073 (0–6561) 1429 (0–3449)
Central 31 (0–94) 0 (0–0)
Southern 7 (0–18) 0 (0–0)
Southeastern 454 (0–1063) 0 (0–0)
Northeastern 4 (0–9) 0 (0–0)
Total 3569 (0–7745) 1429 (0–3449)

PM2.5 Seoul metropolitan 6067 (977–9859) 5063 (703–9150)
Central 2520 (420–4217) 1841 (282–3468)
Southern 0 (0–1290) 0 (0–827)
Southeastern 1311 (0–3565) 910 (0–2520)
Northeastern 263 (0–1014) 196 (0–883)
Total 10,161 (1397–19,945) 8010 (985–16,848)
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5.2. Regional changes in future premature mortality

Table 4 compares the present and future premature mortality due to
each pollutant estimated using simulated concentrations in each region
(Fig. 1) in Korea. As described in Section 2.2 and Table 2, provincial-level
baseline mortality rates, municipal-level population data, and region-
specific RRs were used to estimate premature mortality. O3-attributable
mortality increases homogeneously (Fig. S5) in all future simulations in
general, except for in 2095 under SSP1, where decreases in prematuremor-
tality are shown in all regions. Under SSP1, we find that the Northeastern
region will benefit most in terms of relative changes (−98 %) in the long-
term future O3-attributable mortality.

Changes in NO2 and SO2 attributable mortality in the future are notice-
able in the Seoul metropolitan and Southeastern regions. In 2095, NO2 and
SO2 levels will remain below the concentration-response thresholds of 5.3
and 2 ppbv (Table 2) in all regions under the SSP1 scenario. Under SSP3,
NO2 and SO2 related mortality will increase in all regions in the near-
term future. While NO2-attributable premature deaths will decrease in all
in Korea in 2019, the near-term, and the long-term future under the SSP1 and SSP3

SSP1 (2095) SSP3 (2045) SSP3 (2095)

378 (13–778) 6502 (928–10,806) 4331 (639–6925)
62 (0−120) 3796 (566–6185) 2239 (325–3531)
27 (1–55) 2029 (291–3225) 1126 (164–1770)
156 (5–320) 5968 (862–9834) 3632 (524–5816)
10 (0–19) 1020 (155–1625) 544 (78–867)

9) 633 (19–1292) 19,315 (2802–31,675) 11,872 (1730–18,909)
0 (0–0) 5096 (0–11,483) 1308 (0–3252)
0 (0–0) 1172 (0–3007) 144 (0–403)
0 (0–0) 290 (0–766) 25 (0–66)
0 (0–0) 2561 (0–6070) 423 (0, −1074)
0 (0–0) 160 (0–399) 16 (0–46)
0 (0–0) 9279 (0–21,725) 1916 (0–4841)
0 (0–0) 6462 (0–13,247) 2676 (0–5665)
0 (0–0) 143 (0–383) 38 (0–99)
0 (0–0) 23 (0–56) 8 (0–19)
0 (0–0) 1076 (0–2478) 389 (0–930)
0 (0–0) 41 (0−102) 5 (0−12)
0 (0–0) 7745 (0–16,266) 3116 (0–6725)
704 (81–1440) 10,472 (1733–16,738) 4033 (600–6746)
200 (20–422) 4635 (810–7590) 1655 (265–2903)
0 (0–40) 0 (0–2460) 0 (0–848)
73 (0–280) 2619 (0–6553) 841 (0–2266)
15 (0–85) 543 (0–1876) 189 (0–744)
992 (101–2267) 18,269 (2543–35,217) 6718 (865–13,507)
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regions in the long-term future, the Seoul metropolitan area and Southeast-
ern regions will be the only regions experiencing a decrease in SO2-
attributable premature deaths in 2095.

PM2.5-attributable mortality generally decreases in all future simula-
tions except for 2045under SSP3,where themortality doubles in the South-
eastern and Northeastern regions compared to the present. While the
Southern region showed the lowest simulated annual mean PM2.5 of 18.4
μg m−3 in 2019, Byun et al. (2021) found weak associations between PM
and cardiorespiratory mortality (RR < 1), which resulted in no excess
deaths due to PM2.5 in this region. The Seoul metropolitan area shows the
highest PM2.5 levels (7.7 and 24.0 μg m−3 under SSP1 and SSP3, respec-
tively) among the five regions in 2095. Although the number of deaths
avoided from future PM2.5 air quality improvement is the largest in this re-
gion, the relative changes are the largest in the eastern areas (Southeast and
Northeast).

The long-term health burden of chemical components comprising PM2.5

may differ, but it is difficult to quantify due to the lack of long-term obser-
vations. Therefore, most epidemiologic studies estimated the association
between total PM mass and premature mortality in Korea (Byun et al.,
2021). While Pye et al. (2021) found significant associations between
SOA and cardiorespiratory mortality in the US, Nault et al. (2021) and
Ridley et al. (2017) estimated the potential health impacts of ASOA and
OA using CTM simulations by multiplying the mass fraction of the compo-
nent to PM2.5 to the estimated PM2.5-attributable mortality. In a similar
matter, as the relative abundance of simulated BSOA among themajor com-
ponents increases by at least a factor of ~2.5 in 2095 under SSP1 (Fig. 5),
especially in the Northeastern region, this emphasizes the potential health
burden of BSOA on a local scale in the future. Under SSP3, SIA comprises
more than half of the total PM2.5 mass, with a relatively homogeneous spa-
tial distribution.

6. Conclusions

We analyzed near-term (2045) and long-term (2095) future changes in
O3, NO2, SO2, and PM2.5 concentrations and their cardiorespiratory health
burden relative to the present (2019) in Korea by using the GEOS-Chem3-D
CTM and CRFs based on Korean cohorts and health surveys. We considered
future changes in anthropogenic and natural emissions under SSP1 and
SSP3 based on CMIP6 experiments, and the future population and age
structures in Korea from the SSP database.

Significant reductions in precursor emissions under the SSP1 scenario
will decrease future concentrations of most gas and aerosol species com-
pared to the present. The improvement in air quality will eventually lead
to a large decrease (−94%) in prematuremortality in 2095. Despite the de-
crease in premature mortality, the relative abundance of BSOA among the
major components of PM2.5 emphasizes the need to consider BSOA and
its health impact on a local scale in the future.

Under the SSP3 scenario, O3 will increase in the future, mainly driven
by increased biogenic emissions under the warming climate. Concentra-
tions of NO2, SO2, SIA, POA, and ASOA generally follow the trends in an-
thropogenic emissions change. In the long-term future, overall pollutant
concentrations will be similar to or slightly lower than that of the present,
with decreases in NO2 and PM2.5 and increases in O3 and SO2. The aging
population under SSP3 will cause increased premature deaths in the near
future, but an overall decrease in the total adult population will decrease
(−3 %) in premature mortality in 2095.

A few assumptions and uncertainties serve as limitations of this study.
First, as we fixed the meteorological fields to those of 2019, we cannot
quantify the meteorological impact of climate change on air quality and
the chemistry-climate feedback of air pollutants (Kim et al., 2015). Kim
et al. (2020) considered both the emissions control and the change in radi-
ative forcing under the SSP scenarios and simulated a decrease in O3 levels
and an increase in PM2.5 in 2050 relative to 2005 under the SSP3 scenario,
and estimated a 40 % decrease in premature deaths in Korea. These results
are contrary to our results which showed increased O3 and PM2.5

levels in 2045 relative to 2019. As the anthropogenic emissions in 2005
10
were ~ 10 % lower than those in 2019 (https://www.air.go.kr/eng/aps/
emission/year.do?menuId=98), it is difficult for an apples-to-apples com-
parison. However, Kim et al. (2020) shows that the future health burden
benefit (−40%) is the net effect of a 3 % increase due to emissions control,
and a 43 % decrease due to climate mitigation by stabilizing the radiative
forcing level at 3.4 W m−2. Therefore, a fully coupled chemistry-climate
model would be required for further analysis.

Second, we applied the RR estimated for PM10 to calculate premature
mortality attributable to PM2.5. However, PM2.5 is more likely to reach
deeper into the circulatory or respiratory system (Oberdörster et al.,
2005) with larger toxicity than PM10 (Kelly and Fussell, 2012), which
may imply a larger RR for PM2.5 (Yorifuji et al., 2015). Also, we presented
estimated premature mortality attributable to each pollutant using individ-
ual RRs, but exposure to a mixture of pollutants that are co-emitted can si-
multaneously affect the human cardiovascular and respiratory system (Kim
et al., 2021). Therefore, uncertainties should be noted when interpreting
the estimated health impact of each pollutant. Nonetheless, as the first
study to use area-specific CRFs based on Korean cohorts and municipal-
level mortality rates to estimate future mortality changes in Korea, our re-
sults imply a substantial difference in the long-term health outcomes in
Korea depending on the future emission and population scenario and pro-
vide insight into the efficacy of future regulation policies.
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The authors regret that the wrong supplementary file has been 
uploaded. Here we provide the supplementary figures (Fig. S1-S4). The 

authors would like to apologize for any inconvenience caused.

Fig. S1. Age structure of total adult (25 ≥ years) population in Korea in 2019, and projected age structures for 2045 and 2095 under SSP1 and SSP3. Total adult 
population sizes are denoted in the lower-right corners.
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Fig. S2. Future changes in simulated annual mean concentrations of gas (O3, NO2, SO2) and aerosol (PM2.5, SIA, ASOA, BSOA) species in Korea. The average 
concentrations (Avg.) under each scenario and changes (Δ) relative to present conditions are denoted in the lower-right corners.
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Fig. S3. Simulated annual mean VOCs/NOx ratios in the present, near-term, long-term future under SSP1 and SSP3 in Korea. The average values (Avg.) are denoted 
in the lower-right corners.

Fig. S4. Future changes in estimated premature mortality due to O3, NO2, SO2, PM2.5, SIA, ASOA, and BSOA exposure in Korea. The changes in total deaths (ΔDeath) 
relative to present conditions are denoted in the lower-right corners.
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