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Abstract
Climate change modulates the concentration of fine particulate matter (PM2.5) via modifying atmospheric circulation, temper-
ature, and the hydrological cycle. Furthermore, PM2.5 is associated with cardiopulmonary diseases and premature mortality. Here,
we use seven models to assess the response of PM2.5 to end of the twenty-first century climate change under Representative
Concentration Pathway 8.5, and the corresponding impact on premature mortality. The majority of models yield an increase in
both PM2.5 and premature mortality associated with lung cancer and cardiopulmonary disease in all world regions except Africa.
These results are robust across five different future population projections, although the magnitude of premature deaths can vary
by up to a factor of two. Much larger uncertainty is related to uncertainty in model physics and the representation of aerosol
processes. Although our analysis requires several assumptions related to future population estimates, as well as the concentration-
response function, results suggest that future emission reductions are necessary to avoid the likely health risks associated with
increasing PM2.5 in a warmer world.
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Introduction

Air pollutant concentrations vary depending on diverse factors
including emissions, weather, and climate change (Jacob and
Winner 2009; Mickley et al. 2004;Westervelt et al. 2016). It is
important to understand how aerosol burden changes in the
future under diverse emission scenarios to improve air pollu-
tion policy decision-making. Recent studies suggest that fu-
ture climate change related to continued greenhouse gas

(GHGs) emissions has significant effects on aerosol burden
and air pollutant concentration, independent of any change in
emissions (Allen et al. 2016; Shen et al. 2016;Westervelt et al.
2016).

Westervelt et al. (2016) finds that climate change yields an
increase in PM2.5 in all but one of the Representative
Concentration Pathways (RCPs), and relates this to local tem-
perature increases. Similarly, Allen et al. (2016) shows that
GHG-induced warming yields increases in surface concentra-
tion and burden of both anthropogenic and natural aerosols,
and this is related to enhanced land-warming and continental
aridity (Allen et al. 2019). Anthropogenic aerosols, including
black carbon (BC), primary organic matter (POM), and sulfate
(SO4), generally increase more than natural aerosols, such as
dust and sea salt. In addition, the increase in anthropogenic
aerosols primarily occurs over the Northern Hemisphere mid-
latitude continents during summertime, which they relate to a
corresponding decrease in aerosol wet removal driven by a
reduction in large-scale precipitation.

An increase in air pollutant concentration, especially fine
particulate matter (PM2.5), is associated with an increase in
premature mortality (Lelieveld et al. 2015; Nawahda et al.
2012; Silva et al. 2013). Hence, previous studies have focused
on how future climate change affects PM2.5 concentrations,
and the corresponding impacts on mortality (Fang et al. 2013;

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11869-019-00785-7) contains supplementary
material, which is available to authorized users.

* S. Park
spark092@snu.ac.kr

* R. J. Allen
robert.allen@ucr.edu

1 School of Earth and Environmental Sciences, Seoul National
University, Seoul 08826, Republic of Korea

2 Department of Earth and Planetary Sciences, University of
California, Riverside, Riverside, CA 92521, USA

3 Department of Environmental Science and Ecological Engineering,
Korea University, Seoul 02841, Republic of Korea

Air Quality, Atmosphere & Health (2020) 13:143–151
https://doi.org/10.1007/s11869-019-00785-7

The Author(s) 2020

http://crossmark.crossref.org/dialog/?doi=10.1007/s11869-019-00785-7&domain=pdf
http://orcid.org/0000-0002-9610-8133
https://doi.org/10.1007/s11869-019-00785-7
mailto:spark092@snu.ac.kr
mailto:robert.allen@ucr.edu


Silva et al. 2017). Fang et al. (2013) examines the effects of
climate change due to GHGs on PM2.5 air quality over the
twenty-first century using a global coupled chemistry-
climate model. The results show that global annual premature
mortality increases by almost 100,000 deaths. Silva et al.
(2017) estimates premature mortality related to four diseases
under future climate change using an ensemble of global
chemistry climate models. Their multi-model average results
indicate an increase in global premature mortality in both
2030 and 2100 at 55,600 (− 34,300 to 164,000) and 215,000
(− 76,100 to 595,000) deaths/year, respectively. In addition,
all world regions yield an increase in premature deaths, except
Africa.

Here we assess changes in PM2.5 concentration due to cli-
mate change derived from a business-as-usual scenario
(RCP8.5), with large twenty-first century warming (e.g.,
Moss et al. 2010), using five state-of-the-art chemistry-
climate models that participated in the Atmospheric
Chemistry and Climate Model Inter-comparison Project
(ACCMIP) and in-house Community AtmosphereModel ver-
sions 4 and 5 (CAM4/5) simulations. In addition, premature
mortality related to lung cancer (LC) and cardiopulmonary
disease (CPD) is estimated using PM2.5 changes and five dif-
ferent future population projections for the end of the twenty-
first century.

To quantify robust changes (i.e., consistent changes over
multiple models), our study uses several different global
chemistry-climate models. Post et al. (2012) and Silva et al.
(2013) suggest that using a single model may yield significant
uncertainty; therefore, multiple models are required to deter-
mine how robust the effects of climate change are on PM2.5

concentration. Therefore, in this study, we emphasize model
agreement, and focus on changes in which the majority of
models agree (i.e., at least four of the seven models).
Although our analysis is similar to Silva et al. (2017), includ-
ing the evaluation of ACCMIP models, three major distinc-
tions include the following: (1) we focus on archived PM2.5

from all ACCMIP models, except HadGEM2 (which lacks
archived PM2.5); (2) we use five different estimates of future
population to quantify uncertainty in premature deaths due to
uncertainty in future population projections; and (3) we con-
duct our own in-house CAM4/5 simulations using an experi-
mental design analogous to that used in ACCMIP, and evalu-
ate the corresponding changes in PM2.5 and premature deaths.

Methods

We use PM2.5 mass mixing ratio from the Atmospheric
Chemistry and Climate Model Intercomparison Project
(ACCMIP) (Lamarque et al. 2013) and CAM4/5 simulations
to evaluate changes in PM2.5 concentration due to GHG-
induced climate change at the end of the twenty-first century.

Two time-slice experiments, representing climate in the year
2000 and 2100, are used. In most cases, 10 years is available
for both the preset-day and the future simulation (Table S1).
Both experiments feature identical anthropogenic aerosol
emissions from the year 2000; the end of the twenty-first cen-
tury simulation uses sea surface temperatures, sea-ice concen-
trations, and GHGs based on RCP8.5, a business-as-usual
scenario with maximum warming. RCP8.5 is the only future
scenario ACCMIPmodels used to perform these experiments.
These simulations also use prescribed biomass burning emis-
sions and account for climate-induced changes in natural aero-
sol emissions (dust and sea salt) (Lamarque et al. 2010, 2013).
Biogenic emissions vary depending on the model (see
Lamarque et al. 2013). CAM4/5 simulations are conducted
using an analogous experimental design as ACCMIP, with
sea surface temperature and sea-ice concentration anomalies
f rom the ensemble mean of 18 Coupled Model
Intercomparison Project version 5 (CMIP5) RCP8.5 models
(2090–2099 relative to 2006–2015) and RCP8.5 GHGs based
on the 2090–2099 mean.

We calculate annual mean PM2.5 values using monthly
average data from each model. Comparison of the two exper-
iments (2100 minus 2000) yields the change in PM2.5 concen-
tration at the end of the twenty-first century under GHG-
induced climate change. We use each model’s lowest vertical
level to represent surface concentration.

Five ACCMIP models (Table S1) archived the necessary
data, including archived PM2.5 mass mixing ratios, or individ-
ual aerosol species’ mass mixing ratios that can be used to
approximate PM2.5. Since the Hadley Centre Global
Environmental Model version 2 (HadGEM2) (Collins et al.
2011) lacks archived PM2.5, we estimate it using Eq. [1] (Silva
et al. 2013) and six reported aerosol species: black carbon
(BC), organic aerosol (OA), sulfate (SO4), secondary organic
aerosol (SOA), sea salt (SS), and dust. CAM4/5 PM2.5 mass
mixing ratio is obtained by summing all non-coarse mode
aerosol species. For CAM5, this includes the non-coarsemode
components of the six aerosol species above; for CAM4, five
of the six species are used, as CAM4 lacks SOA. Note that
these models, in general, are not chemistry-climate models,
and therefore contain a simplified representation of aerosols.

Estimated PM2:5 ¼ BCþ OAþ SO4 þ SOAþ 0:25*SS

þ 0:1*Dust ð1Þ
Thus, in most models, PM2.5 is based on six species.

However, in CAM4, no SOA is included, so PM2.5 is based
on five species. In GFDL-AM3 and GISS-E2-R, ammonium
sulfate (NH4) and nitrate (NO3) are also included, so PM2.5 is
based on eight species. This implies differences in the compo-
sition of PM2.5 across some models. We prefer to focus on
actual PM2.5, as opposed to the alternative approach whereby
PM2.5 is approximated by Eq. [1] for all models (e.g., Silva
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et al. 2017). Although the use of Eq. [1] supplies PM2.5 with
uniform composition across all models, it is an approximation
to the actual PM2.5, and as such, differences can arise.We find,
for example, that this approximation can affect the PM2.5 re-
sponse, and the corresponding model agreement (“Changes in
surface PM2.5 concentration”).

We estimate premature mortality associated with changes
in PM2.5 concentration due to climate change using health
impact functions Eq. [2] (Anenberg et al. 2010; Silva et al.
2013).

ΔMort ¼ Mortbase 1−e−βΔχ
� �

Pop ð2Þ

where Mortbase is the baseline mortality rate, β is
concentration-response factor (CRF), Δx is the change in
PM2.5 concentration between the present and future climate,
and Pop is the exposed population age 30 and above in the
year 2100 (Fig. S1). Baseline mortality rate and β values are
obtained from Silva et al. (2013), the latter of which is based
on the American Cancer Society (ACS; Krewski et al. 2009).
β is estimated from the slope of the log linear relation between
PM2.5 concentration and relative risk (RR) (i.e., RR = eβΔχ)
(Anenberg et al. 2010; Krewski et al. 2009; Silva et al. 2013).

A recent study (Burnett et al. 2014) developed another
health impact assessment method, calculating RR using the
integrated exposure-response (IER) relationship. The IER
function compiles cohort studies of ambient air pollution
and tobacco smoke activities to better quantify exposure-
response relation, particularly at higher PM2.5 concentrations
(~ > 100 μg/m3, where the curve flattens out). Thus, it may
better estimate RR in extremely polluted regions, including
China and India. In this study, however, the American
Cancer Society’s CRF is used because this cohort includes
the largest population of the available long-term PM2.5 studies
(Hoek et al. 2002; Lepeule et al. 2012). Studies on the effects
of PM2.5 on premature mortality are generally consistent
across different countries (Hoek et al. 2002; Health Effects
Institute 2004; 2010), and CRFs are not a strong function of
sex, age, or race (Krewski et al. 2009; Jerrett et al. 2009).
Thus, we apply our CRF globally. In addition, our study in-
volves changes in PM2.5 concentration that are relatively low
(< 100 μg/m3) over most of the world. We note that differ-
ences in the composition of pollution, susceptibility, and un-
derlying health may lead to differences in the response to
PM2.5. Furthermore, the CRF used in this study is based on
the present day and this does not account for possible changes
in the CRF (e.g., changes in susceptibility). These factors con-
tribute to additional uncertainty in our future premature mor-
tality projections.

To calculate premature mortality associated with future
changes in PM2.5, an estimate of future (year 2100) population
age 30 and above is required. Three datasets are used to esti-
mate this quantity: present-day (2014) population for all ages

from LandScan (Bhaduri et al. 2002); country-level present-
day total population age 30 and over from United Nation’s
(UN) Department of Economic and Social Affairs (United
Nation, data available at https://esa.un.org/unpd/wpp/
Download/Standard/Population/); and country-level projected
(year 2100) total population age 30 and over from the Shared
Socioeconomic Pathways (SSPs) scenario database.
LandScan present-day population for all ages is provided at
< 1 km2 spatial resolution. However, the UN and SSP popu-
lation datasets provide country-level estimates. Therefore, we
unify all population datasets to a spatial resolution of 0.5° by
0.5° using ArcGIS 10.3 resample tool.

The SSPs characterize five possible future development
pathways derived from different assumptions on society’s ca-
pability to mitigate and/or adapt to climate change (O’Neill
et al. 2014; Riahi et al. 2017; Samir and Wolfgang 2017).
These include sustainability (SSP1), middle of the road
(SSP2), fragmentation (SSP3), inequality (SSP4), and con-
ventional development (SSP5). The SSP5 scenario represents
the development of fossil fuels, which is similar to RCP8.5.
The SSP populations are projected with alternative fertility,
mortality, migration, and education levels, which is dependent
on the country (Samir and Wolfgang 2017).

Our approach has two assumptions: (1) the ratio of popu-
lation age 30 and above to total population is uniformly dis-
tributed within each country, and (2) the spatial distribution of
future population is identical to the present-day spatial distri-
bution within each country. We note that these assumptions
are over simplifications, and contribute additional uncertainty
to our analysis. For example, world population forecasts indi-
cate an increase in the percentage of urban population (i.e., the
spatial distribution of future population in urban areas will be
larger than in present-day).

We first calculate the country-level ratio of population 30
and above in the present-day, by dividing population age 30
and above by the total population within each country. This
ratio is multiplied by the present-day all ages population in
each grid box for each country (first assumption), yielding the
present-day population age 30 and above in each grid box
using ArcGIS 10.3 raster calculator tools. We obtain the ratio
of population age 30 and above in the present-day for each
grid box by dividing population age 30 and above in each grid
box by the total population age 30 and above within each
country. Finally, we multiply the ratio to the projected future
population age 30 and above to quantify the future population
age 30 and above in each grid box (second assumption). We
show the estimated future spatial distribution of population
age 30 and above based on SSP5 (Fig. S1). Note that the
increase in population implies more people will be exposed
to PM2.5.

Across scenarios, we find projected population age 30 and
above ranges from ~ 6.1 to 7.9 billion in SSP1 and SSP3,
respectively (Table S2). Moreover, among ten world regions,
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the largest (smallest) increase in future population age 30 and
above, averaged over the five scenarios, occurs in India
(Australia) at 1.76 (0.03 billion) (Table S2). Notable popula-
tion increases exist in all SSPs in several regions, including
western/central Africa and India. In contrast, Eastern Europe
and China show decreases in future population age 30 and
above. Furthermore, the largest population increase occurs
over India, particularly based on SSP3 (Fig. S2).

Results

Changes in surface PM2.5 concentration

Figure 1 shows regions where the majority (at least 4 out of 7)
agree on an increase or decrease in continental annual mean
PM2.5 concentration at the end of the twenty-first century under
RCP8.5. Most land areas show at least four models agree on an
increase in PM2.5. Moreover, at least five models agree on ele-
vated PM2.5 over many locations, such as northern India,
Western Europe, Australia, and the eastern/western United
States. Only a few regions show model agreement on a decrease
in PM2.5 concentration, including central Africa, Greenland, and
Northwestern China.

Similar to the regional agreement, the majority of models also
yield an increase in global annual mean PM2.5 attributable to
GHG-induced warming (Table S3). In fact, six of the seven
models yield an increase in global mean PM2.5, with a model
mean increase of 0.43 μg/m3 and a range from − 0.25 μg/m3

(CAM4) to 1.71 μg/m3 (MIROC-CHEM).Moreover, five of the
seven models indicate an increase in PM2.5 in nine of the ten
world regions (Africa being the exception). The largest increase
in PM2.5, averaged over the seven models, occurs over India at
1.5μg/m3, with six of the sevenmodels agreeing on the increase.
Similarly, the largest decrease in PM2.5 occurs over Africa at −
0.9 μg/m3, with five of the seven models agreeing on the

decrease. These results suggest that business-as-usual GHG-
induced warming is likely associated with an increase in surface
PM2.5 concentration over most land regions. Similar results are
obtained by Silva et al. (2017), including a global mean model
mean PM2.5 increase of 0.54 μg/m

3 and a range from − 0.4 μg/
m3 to 1.5 μg/m3. Note that Silva et al.’s (2017) changes are
weighted by exposed population (adults aged 25 and older), as
they did not include raw PM2.5 responses.

A relatively large increase in PM2.5 (more than 3 μg/m3)
occurs over several areas (Fig. S3), including western
Australia, northern Africa, North America, India, and East
China. Most of the decrease in PM2.5 concentration occurs
over the oceans and parts of Africa—particularly in five
models including GISS-E2-R, NCAR-CAM3.5, HadGEM2,
CAM4, and CAM5.

Although our PM2.5 results are similar to Silva et al. (2017),
subtle differences do exist, including a slight reduction in model
agreement based on our analysis, relative to Silva et al. (2017).
Part of this difference is due to our use of two additional models
(CAM4/5). CAM5, for example, yields decreases in PM2.5 over
several regions, including North America, Africa, East Asia,
Southeast Asia, and Australia (Table S3). Another source of the
difference between these two analyses appears to be related to the
definition of PM2.5. As previously noted, we use actual (i.e.,
archived) PM2.5 in all but one model. The exception is
HadGEM2 (which lacks archived PM2.5), where Eq. [1] is used
to approximate PM2.5. Silva et al. (2017) use Eq. [1], with the
addition of ammonium sulfate, for all five ACCMIPmodels. We
reproduce PM2.5 model agreement—using only the ACCMIP
models that Silva et al. (2017) use—based on approximating
PM2.5 as the sum of six species [Eq. 1] (ammonium sulfate is
not included, despite its inclusion in Silva et al. (2017), since this
data is not publically available for all models). When approxi-
mated as the sum of six species, we find that more ACCMIP
models agree on an increase in PM2.5 over several regions, in-
cluding North America, western and central Africa, and Europe

-7 7-6 -5 -4 4 5 6

Fig. 1 Model agreement on
increased (red color) or decreased
(blue color) continental annual
mean PM2.5 concentration at the
end of the twenty-first century
under RCP8.5. Colors show
where the majority of models
agree (i.e., at least 4 out of 7)
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(Fig. S4). We note that Silva et al. (2017) also attempts to quan-
tify the effect of approximating PM2.5 as the sum of species
relative to actual PM2.5, and they too find some differences.

Amore like for like comparison is obtained by approximating
PM2.5 with Eq. [1] using the exact same aerosol species that
constitute archived PM2.5 (i.e., 8 species for GFDL-AM3 and
GISS-E2-R and 6 species for the other models, except CAM4
which is based on 5 species).When PM2.5 is approximated as the
sum of individual aerosol species, most regions yield discrepan-
cies in the PM2.5 response, relative to actual PM2.5 (Fig. S5).
Despite these differences, however, our results are very similar
to Silva et al. (2017)—the majority of models yield a PM2.5

increase in all world regions except Africa.

Effects of PM2.5 changes on premature mortality

Estimated premature mortality due to lung cancer (LC) and car-
diopulmonary disease (CPD) associated with the change in
PM2.5 indicates a robust increase. Figure 2 shows elevated pre-
mature mortality in the majority of models (four of the seven)
within nine of the ten world regions (Table S4). Moreover, stron-
ger inter-model agreement (at least fivemodels) occurs over eight
of the ten regions (Africa andAustralia are the exceptions). These
results are consistent with the strong inter-model agreement that
surface PM2.5 concentrations will increase in these regions
(Fig. 1; Table S3). On the contrary, all models indicate a decrease
in premature deaths over Africa across all future population sce-
narios (Table S4). Figure 3 shows the spatial distribution of pre-
mature mortality for each of the seven models. The majority of
models yield a decrease in premature deaths over central and
western Africa, and increases in premature deaths over the east-
ern United States, southwestern Europe, northern India,
Australia, and east China.

Averaged over the seven models, the global average prema-
ture mortality increases in all future-population scenarios, with a
model mean increase of 194,448 deaths/year. However, the

magnitude varies depending on the SSP, ranging by a factor of
~ 2: from 143,704 deaths/year in SSP4 to 265,112 deaths/year in
SSP3 (Fig. 4). This range of future premature mortality due to
GHG-induced changes in PM2.5 covers the corresponding esti-
mate of 215,000 deaths/year (based on four diseases) using
future-population projections from the International Futures
(IFs) integratedmodeling system (Silva et al. 2017).We note that
model uncertainty, relative to future population uncertainty, is the
dominant source of ambiguity in premature deaths. Compared
with the factor of ~ 2 uncertainty due to SSP (143,704 versus
265,112 global deaths/year), the uncertainty due to the model
ranges from − 249,976 deaths/year in HadGEM2 to 1,043,850
million deaths/year in MIROC-CHEM (averaged over SSP for
each model). This is qualitatively similar to Silva et al. [2017],
although they find a smaller range inmodel uncertainty for global
premature deaths (based on four diseases and IF future popula-
tion) at − 76,100 to 595,000.

Similar conclusions exist for regional annual mean premature
mortality, which spans a large range across the SSPs and, in
particular, the models (Fig. S6; Table S5). In many regions, in-
cluding Africa, India, East Asia, and the Middle East, the mag-
nitude of premature mortality is heavily modulated by themodel,
as opposed to the SSP. For example, except for HadGEM2,
models show a large increase in premature deaths over India with
SSP3, with a range from 60,176 (CAM5) to 931,800 (MIROC-
CHEM) deaths/year. HadGEM2 yields a decrease of − 172,866
deaths/year. In contrast, the range of premature deaths due to
SSP, for a given region and model, is generally much smaller,
but can still be factor of ~ 2. In MIROC-CHEM, for example,
premature mortality over India ranges from 571,016 in SSP4 to
931,800 in SSP3. These results imply that much of the uncer-
tainty in future premature deaths due to GHG-induced climate
change is due to uncertainty in model physics and the represen-
tation of aerosol processes. However, although future population
is a smaller component of the uncertainty, it still contributes a
factor of ~ 2 to the uncertainty in future premature deaths.

0 1 2 3 4 5 6 7

Fig. 2 Number of models that
yield an increase in premature
mortality at the end of the twenty-
first century (SSP5 scenario)
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Conclusion and discussion

We assess how business-as-usual GHG-induced climate change
influences PM2.5 concentration at the end of the twenty-first cen-
tury using sevenmodels, including five ACCMIPmodels and in-
house simulations with CAM4/5. Both lung cancer (LC) and
cardiopulmonary disease (CPD) premature mortality due to fu-
ture PM2.5 concentration changes are also evaluated. The results
indicate that climate change has a significant impact on surface
PM2.5 concentration. Globally, six of seven models yield an in-
crease in annual mean PM2.5, with a model mean increase of
0.43 μg/m3 (− 0.25 to 1.71 μg/m3). Furthermore, at least five
of seven models yield a PM2.5 increase in nine of ten world
regions, with Africa the exception. These results are similar to
those obtained by Silva et al. (2017), who focused on the
ACCMIP models.

Consistent with the GHG-induced increase in PM2.5, five of
seven models indicate an increase in premature mortality based
on LC and CPD in eight of the ten world regions (Australia and
Africa the lone exceptions). Furthermore, the majority of models
yield an increase in global mean premature mortality. Although
the model mean global average premature mortality increases in
all future-population scenarios, the magnitude varies by a factor
of ~ 2 depending on the SSP, ranging from 143,704 deaths/year

in SSP4 to 265,112 deaths/year in SSP3. This range of future
premature mortality covers the corresponding estimate of
215,000 deaths/year using future-population projections from
the International Futures (IFs) integrated modeling system with
four diseases (Silva et al. 2017).

We also note that this increase in PM2.5 and associated pre-
mature deaths likely represent an upper bound, since future
projected decreases in aerosol emissions will counter the increase
in PM2.5 due to climate change alone (Silva et al. 2016).
Furthermore, our results are based on a business-as-usual
warming scenario. To the extent that the increase in PM2.5 scales
with warming, our results likely represent an upper bound.

Although our analysis implies GHG-induced climate change
is likely to yield an increase in PM2.5 and associated premature
mortality, several sources of uncertainties exist. Much of this
uncertainty is related to model physics and the representation of
aerosol processes (Regayre et al. 2018;Myhre et al. 2013). There
is also uncertainty related to processes not included in our
models, including vegetation (e.g., changes in biogenic emis-
sions) and changes in the frequency and intensity of wildfire
emissions. Previous studies indicate that climate change is ex-
pected to increase wildfires (Kasischke and Turetsky 2006;
Wotton et al. 2017), resulting in more biomass burning PM2.5.
This implies possible underestimation of the increase in PM2.5

and the associated premature mortality shown here.
Another source of uncertainty is that we assume our CRF,

which is based on epidemiological studies in North America,
applies globally. This is despite differences in health status, life-
style, medical care, and make-up of PM2.5. Furthermore, our
CRF is based on present-day conditions, but is assumed to be
valid through this century. This assumption does not account for

Fig. 4 Global premature mortality based on future projected population (SSPs) by seven models

�Fig. 3 Annual premature mortality (SSP5 scenario) due to both LC and
CPD in the year 2100 due to changes in PM2.5 concentration from a
GFDL-AM3, b MIROC-CHEM, c GISS-E2-R, d NCAR-CAM3.5, e
HadGEM2, f CAM4, and g CAM5 (units: deaths/10,000 km2). The
other SSPs yield a similar spatial mortality distribution, but with
different magnitudes (Table S4-S5). White land areas indicate no
exposed population
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possible adaptation, including changes in susceptibility.
Although these assumptions are necessary due to limited data,
we caution that they may have significant impacts on our
conclusions.

Uncertainty associated with future population is assessed
from the five SSPs population scenarios (Supplementary in-
formation). Each future population is estimated by different
assumptions related to education level, fertility, and migra-
tion (Riahi et al. 2017). We have also assumed (1) the ratio
of population age 30 and above to total population is uni-
formly distributed within each country, and (2) the spatial
distribution of future population is identical to the present-
day spatial distribution within each country. However, world
population forecasts indicate an increase in life expectancy
and median age, implying a larger proportion of people age
30 and above in the future, relative to the present-day.
Moreover, world population forecasts indicate an increase
in the percentage of urban population, and this is also where
the bulk of anthropogenic aerosol emissions occur. Both of
these factors likely imply that we may underestimate the
human health risks associated with future changes in PM2.5

in a warmer world.
Our results indicate that the model mean estimate of global

premature deaths, averaged over five future population pro-
jections, is 194,448 deaths/year (− 249,976 to 1,043,850
deaths/year). Thus, although future population projections
contribute some uncertainty, differences in model physics lead
to the large range of PM2.5-associated premature deaths.
Moreover, this study indicates that future increases in PM2.5

due to GHG-induced warming are likely associated with hu-
man health risks, including premature mortality. Despite the
limitations of our study, our results support the need for strict
reductions in air pollution emissions, to avoid the possible
adverse health effects of elevated PM2.5 concentration in a
warmer world.
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