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ABSTRACT: With urbanization worldwide in recent decades,
anthropogenic dust (AD) emissions due to heavy urban construction
and off-road vehicle use have been increasing. Its perturbations on
urban air pollution at the global scale are still unclear. Based on
observations, we found that a high urban AD optical depth is often
accompanied by severe non-dust aerosol optical depth in the planetary
boundary layer (PBL), both magnitudes even comparable. To
investigate the causes, an AD emission inventory constrained by
satellite retrievals is implemented in a global climate model. The
results show that AD-induced surface radiative cooling of up to −15.9
± 4.0 W m−2 regionally leads to reduced PBL height, which
deteriorates non-dust pollution, especially over India and northern
China, in addition to the tremendous direct AD contribution to
pollutants. The estimated global total premature mortality due to AD is 0.8 million deaths per year and is more severe in populous
regions.
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■ INTRODUCTION

Dust is a suspension of tiny mineral particles in the
atmosphere, accounting for ∼70% of aerosol loading in the
atmosphere. It can absorb and reflect solar and terrestrial
radiation,1,2 and alter cloud lifetime and cloud albedo by acting
as efficient ice nuclei and cloud condensation nuclei.3−7 Dust
also contributes to air pollution. In addition to a direct
contribution to PM2.5 (particulate matter with diameters less
than 2.5 μm) concentrations and a domination of PM10
(particulate matter with diameters less than 10 μm)
concentrations,8 dust can indirectly elevate non-dust anthro-
pogenic pollutants by altering atmospheric circulation. In
recent years, the most current studies commonly focused on
the physical processes of natural dust (ND) over arid and
semiarid regions and its environmental and climatic impacts.
Numerical modeling and observations have found that natural
East Asian dust emissions intensify non-dust air pollution in
eastern China by weakening surface winds.9 Surface cooling
induced by radiative reflection and absorption of atmospheric
dust can stabilize the planetary boundary layer (PBL), thus
suppressing transboundary transport of air pollutants and
leading to an explosive rise in near-surface PM2.5 concen-
trations.10,11

In the early 1990s, Penner et al.12 and Tegen and Fung13

pointed out that it is inaccurate to merely classify dust aerosols
as natural aerosols. Dust aerosols are supposed to be

categorized into ND and anthropogenic dust (AD) according
to different source regions and emission mechanisms.14 ND is
suspended in the atmosphere by strong winds and originates
primarily from arid and semiarid regions with dry and
unvegetated soils. AD is directly emitted from human activities
in urban areas due to rapid urbanization with intense traffic,
infrastructure construction, heavy building, and road con-
struction.15,16 The urban world is experiencing a sharp rise in
PM2.5, and AD has become increasingly abundant in the
atmosphere in recent decades,17 accounting for ∼30 to 70% of
total dust concentrations in urban areas.15,18 In this regard, the
detection and quantification of AD were developed at the local
and global scales.15,19,20 However, previous studies significantly
underestimated AD emissions and their impacts on urban air
pollution, climate forcing, and human health.
Based on a linear relationship between AD emissions and

dust sources of human interference and a simplified radiative
transfer model, the global mean AD shortwave radiative effects
of −0.46 W m−2 were estimated,21 while Tegen et al.22
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estimated a global mean of 0.1 W m−2 at the top-of-
atmosphere and up to −1.0 W m−2 at the surface, which is
comparable to the magnitude of surface radiative cooling due
to ND and other anthropogenic aerosols. AD has been
seriously underestimated or ignored in global climate models
(GCMs) to date,23,24 which is probably attributed to the
immature AD emission inventory. Therefore, the global cloud
radiative effects (CRE) of AD have not been estimated, leading
to the considerable uncertainties of the radiative budget in the
Earth system. Additionally, given that anthropogenic pollutants
are mainly emitted over urban areas, whether a linkage
between urban AD and non-dust air pollutants exists remains
unclear.
In densely populated urban regions, long-term exposure to

high AD concentrations can create serious human health risks,
including chronic obstructive pulmonary disease, lung cancer,
acute lower respiratory infections, ischemic heart disease, and
cerebrovascular disease.25−28 Among the 1.1 million total
PM2.5-induced deaths in India in 2015, ∼99 900 deaths were
attributed to AD. Additionally, in future projections, the
increases in population-weighted dust concentrations and the
associated human health impact are entirely attributed to AD
changes.29 However, there are abundant studies about the
health effects related to ND rather than AD. Some studies
focused on the health risks of road dust in high urban density
areas (e.g., Guangzhou in China and Asturias in Spain) based
on the risk assessment modeling of the United States
Environmental Protection Agency or the Dutch National
Institute of Public Health and Environmental Protection. They
are considered as inducing both noncarcinogenic and
carcinogenic risks. Combined with the exposure parameters
of the local population,30,31 the bioavailability of road dust in
various particle sizes,32 and the geochemical behavior effects of
road dust,33,34 the modeling assesses the carcinogenic and
noncarcinogenic risks for children and adults exposed to road
dust from ingestion, inhalation, and dermal contact pathways.
However, to date, there are no studies quantitatively providing
evaluations on the health risks related to AD at a global scale.
The associated AD health effects, especially over medium
urban density areas and remote regions due to weaker
environmental regulations, poorer land management, and/or
more intensive construction, are still unclear.

■ METHODS
Climate Model. The climate model used in this study is

the National Center for Atmospheric Research (NCAR)
Community Earth System Model version 1.2.1 (CESM1.2.1).
The atmosphere model is the Community Atmosphere Model
version 5.3 (CAM5.3), which has a finite-volume (FV)
dynamical core35 with a default horizontal resolution of 1.9°
× 2.5° and a vertical resolution of 30 levels from the surface to
3.6 hPa. The three-mode version of the Modal Aerosol Module
(MAM3)36 is utilized to represent the properties and life cycle
of major aerosol species (e.g., mineral dust, sea salt, sulfate,
black carbon, primary organic matter, and secondary organic
aerosol). The aerosol size distributions are represented by
three log-normal modes: Aitken, accumulation, and coarse
modes. MAM3 treats aerosols in Aitken mode with a diameter
bound at 0.01−0.1 μm, accumulation mode at 0.1−1.0 μm,
and coarse mode at 1.0−10.0 μm. Different aerosol species are
internally mixed in each mode and externally mixed among
different modes. CAM5 predicts the mass mixing ratios and the
number mixing ratio of different aerosols for each mode.

The Dust Entrainment and Deposition Model (DEAD)37 is
embedded in CESM1.2.1 to parameterize mineral dust
emissions. The dust emission scheme is based on a saltation
and sandblasting process that is dependent on wind friction
velocity, soil moisture, vegetation, and snow cover, all of which
are strongly tied to the land model, Community Land Model
version 4 (CLM4). CAM5 uses a soil erodibility factor
described in Zender et al.,38 which is globally heterogeneous,
to take the susceptibility of various soil types to wind erosion
into account. For MAM3, dust aerosols are emitted into the
accumulation and coarse modes in the atmosphere with mass
fractions of 0.032 and 0.968, respectively. The two-moment
parameterization39 (MG08) scheme is used to represent large-
scale stratiform cloud microphysics.40 Aerosols acting as CCN
and IN in cirrus clouds are considered by Abdul-Razzak et al.40

and Liu et al.,41 respectively, in the MG08 scheme.
Nonetheless, heterogeneous ice nucleation in mixed-phase
clouds is not linked to aerosols and is dependent on air
temperature only.42 To consider dust and black carbon
aerosols in heterogeneous ice nucleation in mixed-phase
clouds, a classical nucleation theory-based heterogeneous ice
nucleation scheme5 is implemented (see below). Deep
convection is parameterized using the Zhang−McFarlane
(ZM) scheme,43 and shallow convection parameterization
uses the Park and Bretherton scheme.44 The treatment of
stratus−radiation−turbulence interactions is based on the
Bretherton and Park scheme.45 The radiative transfer is
calculated using the Rapid Radiative Transfer Model
(RRTM).46

Classical Nucleation Theory-Based Heterogeneous
Ice Nucleation Scheme. The heterogeneous ice nucleation
parameterization5 is based on the classical nucleation theory
(CNT), which parameterizes heterogeneous ice nucleation in
mixed-phase clouds as a function of air temperature, nucleation
time, contact angle, and the number concentrations of dust and
soot aerosols. A single contact angle model is used to represent
dust and soot aerosols participating in deposition nucleation,
immersion, condensation, and contact freezing except for dust
immersion freezing, which uses the probability density function
(PDF) of the contact angle to represent diverse ice nucleation
abilities among different dust particles. Uncertain parameters
in the scheme are constrained by laboratory measurements.
With this parameterization, the impact of AD as ice nucleating
particles on mixed-phase clouds can be quantified.

AD Emission Inventory. An urban AD emission inventory
based on a mutually developed environmental-stress model
under constraints of CALIPSO is constructed.15 To
comprehensively reflect the intensity of human activities, the
parameterization links population density, urbanization level,
production and consumption of goods, and economic
development level to AD emissions.15,47,48 The STIRPAT
(STochastic Impacts by Regression on Population, Affluence,
and Technology) model was utilized to simulate AD emissions’
inventory. The urbanization was estimated via the CNLI, and
the economic development was quantified using GDP growth
and Engel’s coefficient (EC). EC is one of the classical
parameters to measure the affluence of a region, which could
well be associated with AD emissions.47 The AD emissions in
urban areas, G (μg m−2 s−1), are given as follows
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13.25 GDP EC , 0.0
CNLI
0.1

13.33 GDP EC , 0.1
CNLI
0.3

12.79 GDP EC , 0.3
CNLI
1.0

0.12
growth
0.006 1.67

0.05
growth
0.01 1.37

0.08
growth
0.01 1.15

(1)

where P is population density, GDPgrowth is the growth of gross
domestic product reflecting the production and consumption
per capita, EC is Engel’s coefficient representing the
proportion of total food expenditure to the total amount of
consumer spending, which reveals the stage of economic
development, and CNLI is a compounded night light index to
quantify urbanization level.
Experimental Setup Based on the CALIPSO Con-

strained AD Emission. Like other anthropogenic aerosol
emissions mainly emitted over urban areas from industrial,
domestic, and agriculture activity sectors and implemented in
GCMs as emission inventories,49 an urban AD emission
inventory constructed by Chen et al.15 under constraints of
CALIPSO retrievals is introduced into the NCAR Community
Atmosphere Model version 5 (CAM5). The emitted AD mass
fractions into the accumulation and coarse modes differ from
the default MAM3 allocation (i.e., 0.032 and 0.968) because
more fine particles are expected for AD compared with natural
dust. Here, we assume that the mass fraction of AD emitted
into the accumulation mode is more than that of natural dust
by a relative increase of 20% (i.e., 0.032 × 1.2 = 0.038), based
on an approximate estimate from previous studies.50 The
simulations (ADU) with the AD emission map are conducted
to compare with control simulations (CTL), while both of
them use Atmospheric Model Intercomparison Project
(AMIP) type of configuration and are conducted at a
1.9°×2.5° horizontal resolution and a vertical resolution of
30 levels. In the ADU run, the dust optical properties for
natural and anthropogenic dust are assumed to be the same
except the particle size distribution, the uncertainty of which is
examined by conducting the sensitivity simulations (see
below). Both CTL and ADU simulations have 10 members
differing only in the initial conditions by applying random
round-off level errors (on the order of 10−14 °C) to the initial
air temperature fields.51 All simulations are forced annually by
the prescribed, seasonally varying climatological present-day
(averaged over 1982−2001) sea surface temperatures and sea
ice extent data and are run for 6 years. Other anthropogenic
aerosols and aerosol precursor emissions (e.g., sulfate and
black carbon) are fixed at climatological present-day levels
(averaged over 1982−2001) in both CTL and ADU
simulations. Therefore, the increased AOD and reduced
surface radiative fluxes are influenced by the introduction of
anthropogenic dust emissions only. The first year in each
simulation is discarded as the spin-up period. The ensemble
means of dust concentrations and optical depth in ADU
simulations minus those in the CTL simulation can
approximate AD concentrations and optical depth, especially
over AD source regions. Additionally, sensitivity tests are
performed for the AD particle size distribution. One test

follows the default MAM3 natural dust allocation (ADU−20),
and the other test has a relative 20% increase in the mass
fraction in the accumulation mode compared with the ADU
run (ADU+20). As in CTL and ADU simulations, sensitivity
tests have the same simulation setup and the same number of
ensembles. All experiments are summarized in Table S1.

AD DRF and CRF. The AD DRF is estimated as Δ(F −
Fclean), where Δ is the difference between ADU and CTL runs,
which only differs if AD emissions are considered, F is net
radiative flux (including both shortwave and longwave
components) at the TOA or the surface, and Fclean is a
diagnostic net radiative flux but neglects absorption and
scattering of radiation by aerosols. The AD CRF is calculated
as Δ(Fclean − Fclean,clear), where Fclean,clear is an additional
diagnostic net radiative flux that neglects the absorption and
scattering of radiation by both aerosols and clouds.

Health-Impact Assessment. The PM2.5-induced prema-
ture mortality (ΔM) was estimated using an epidemiological
model. We calculated the health risks (i.e., chronic obstructive
pulmonary disease, lung cancer, ischemic heart disease, and
cerebrovascular disease) of long-term exposure to PM2.5. The
change in premature deaths is calculated by eq 252

Δ = − × ×M B P
RR 1

RR (2)

where B is the cause-specific baseline mortality rate obtained
from the GBD study of the baseline death incidence of a given
health effect derived from the GBD database (http://www.
healthdata.org/gbd/data) and P is the exposed gridded
population obtained from the Gridded Population of the
World dataset version 3 (GPWv3, http://sedac.ciesin.
columbia.edu/gpw) supported by the Center for the Interna-
tional Earth Science Information Network and the Centro
International de Agricultural Tropical. RR is the relative risk for
cause-specific mortality. We used the method provided by
GBD (the Global Burden of Disease Study) to calculate the
RR on grid points from the AD25 concentrations obtained in
this work. The relevant parameters were obtained from GBD
2010 and Chen et al.48
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0 0
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where C is the annual mean simulated PM2.5 concentration; C0
is the theoretical minimum risk exposure level; and α, γ, and δ
are parameters used to describe the shape of the concentration-
response curve.53

CALIPSO ADOD. Natural dust from deserts and Gobi
deserts could be deposited to remote regions through long-
term transport. However, AD in urban areas is hard to lift to
the PBL for long-range transport. The atmospheric AD loading
is generally contributed by local AD emissions, and the
technique for distinguishing AD from natural dust is based on
CALIPSO dust, PBL height retrievals, and land-use and land-
cover data sets.18 The data of the extinction backscattering
coefficient of the Level 1 product at 532 nm, the vertical profile
of the depolarizing ratio and color ratio, and the data of the
vertical feature mask (VFM) of the Level 2 product were used
to detect AD optical depth (ADOD). In particular, a total of
four steps were used to distinguish ADOD based on CALIPSO
products in the study: obtaining the total dust optical depth
(DOD) by CALIPSO; determining the global boundary layer
height using CALIPSO retrievals; and determining the
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moderate resolution imaging spectroradiometer (MODIS)
land cover to determine the AD source area at the global
scale. Finally, according to dust optical properties, the natural
dust generated by transmission and settlement within the
boundary layer on the anthropogenic surface is removed to
obtain the ADOD. Validated by field observations, the
CALIPSO-derived ADOD well captures the global distribu-
tions of AD especially in urban areas of developing
countries.15,19,47 A detailed description of AD retrievals is
provided in Huang et al.18

■ RESULTS

Urban AD and Associated Non-dust Air Pollutants.
India, northern China, Europe, and the eastern United States
are the four main urban AD source regions (Figure 1A).
Correlation coefficients of 0.51, 0.46, 0.54, and 0.63 (all
passing the 95% confidence level using the Student’s t-test)
between anthropogenic dust optical depth (ADOD) and the
vertically integrated extinction coefficient of non-dust aerosols
in the PBL over these regions are found in the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations (CALI-
PSO) (from January 2007 to December 2010), respectively
(Figure 1F). Their optical depth anomalies are comparable.
These findings imply that heavy urban AD not only
substantially contributes to total air pollutants but also
exacerbates severe non-dust air pollutants, implying double
trouble of air pollution by AD. To determine the linkage, same
as other anthropogenic aerosol emissions mainly emitted over
urban areas from industrial, domestic, and agriculture activity
sectors and implemented in GCMs as emission inventories,49

an AD emission inventory constructed by Chen et al.15 under

constraints of CALIPSO retrievals is implemented in the
NCAR CAM5 (see the Methods section). It is the first time
that urban AD emissions are considered in a GCM. From the
two simulations with and without the AD emissions (see the
Methods section), the simulated ADOD is derived. India and
China, two major developing countries, have the largest AD
emission fluxes, showing 5.58 ± 0.03 and 4.55 ± 0.10 μg m2

s−1, respectively (Figure 1A). The AD emission fluxes in
developed regions (i.e., western Europe and the eastern US)
are considerably lower, at ∼1.21 μg m−2 s−1. For the annual
total emission, India can reach as high as 200 Tg/year, while
the eastern US just has around 5 Tg/year (Figure 1E). The
simulated ADOD is comparable with CALIPSO retrievals over
the four polluted regions (Figures 1B−D and S1).
We note that the vertical profile of the dust extinction

coefficient in the simulation with AD emissions (referred to as
ADU) agrees better with that in CALIPSO than the control
model run (referred to as CTL) (Figure S2). In the CTL run,
over the four regions, the dust extinction coefficient is
underestimated at all of the altitudes, which is effectively
increased in the ADU run closer to the observations, especially
in India, China, and Europe. Additionally, at many aerosol
robotic network (AERONET) sites over the four regions, the
underestimation of aerosol optical depth (AOD) in the CTL
run is alleviated in the ADU run (Figure S3). With a more
realistic simulation of ADOD, AOD, and the vertical profile of
dust extinction coefficient after the introduction of AD
emissions in the model, the reasons for the relationship
between AD and non-dust air pollutants in the PBL are further
investigated below.

Attribution to AD Direct Radiative Forcing and
Associated PBL Height Decrease. AD induces direct

Figure 1. AD emissions and ADOD and its relationship with non-dust air pollution. (A) Global distribution of AD emission fluxes (μg m−2 s−1).
(B−D) CALIPSO-observed and simulated ADOD over Europe (B), India (C), and North China (D). (E) Total annual mean AD emissions (Tg
year−1) over India, North China, Europe, and the eastern US. (F) Observed relationship between ADOD and vertically integrated extinction
coefficient of non-dust polluted aerosols below 500 m.
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radiative cooling at the surface over the four regions (Figure
2C), which is most significant over India by up to −15.9 ± 4.0
W m−2 (mean±one standard deviation) followed by over
China and Europe (the United States is not shown because of
the low AD emission and negligible enhancement of dust
extinction coefficient). Accordingly, the positive biases of the
simulated clear-sky surface net shortwave flux over India in the
CTL run are effectively mitigated compared with the Clouds
and the Earth’s Radiant Energy System (CERES) observations
(averaged over 2005−2015) (Figure 2A,B). At the top-of-
atmosphere (TOA), similar regional improvements are found
(Figure S4), although the global means between the two
simulations are comparable (287.9 W m−2 in ADU versus
288.0 W m−2 in CTL). The global mean direct radiative
forcing (DRF) due to AD at the surface in this study is −0.20
± 0.15 W m−2 smaller than −1.0 W m−2 estimated by Tegen et
al.22 It is because the AD particles in Tegen et al.22 include
those dust particles from disturbed soils by human activities,
some of which, to some extent, are still considered to be
natural dust particles in GCMs. The global mean AD DRF at

the surface over land is −0.40 ± 0.29 W m−2, falling into the
uncertainty range of −0.08 to −0.9 W m−2 provided by Sokolik
and Toon.21 The global mean DRF at the TOA in this study is
−0.07 ± 0.12 W m−2, agreeing well with −0.14 W m−2 in
Stanelle et al.54 and the documented value of −0.10 ± 0.20 W
m−2 in the International Panel on Climate Change Assessment
Report 5 (IPCC AR5).55 As a response to the reduced clear-
sky surface shortwave radiation, the sensible and latent heat
fluxes are substantially reduced over India (Figure S5), thus
profoundly decreasing the PBL height (Figure 2D). Besides
India, northern China and Europe also experience decreases in
the PBL height but with smaller magnitudes due to fewer AD
emissions (Figure 1A,E).

Elevated Air Pollutants and Human Health Risks. The
stabilized PBL over India traps more non-dust air pollutants in
the PBL, suppressing their transboundary transport (Figure
2F). With the smaller decreases of the PBL height, northern
China and Europe bear comparatively fewer non-dust air
pollutants. More severely, along with the direct contribution of
AD to total PM2.5 concentrations, air quality deteriorates

Figure 2. Clear-sky surface net shortwave flux, PBLH, and air pollutants. (A, B) Global distributions of biases in clear-sky surface net shortwave flux
in CTL (A) and ADU (B) compared with CERES observations. (C−F) Global distributions of differences in clear-sky surface net shortwave flux
(W m−2) (C), PBL height (m) (D), PM2.5 concentrations (μg m

−3) (E), and non-dust PM2.5 concentrations (F) between ADU and CTL. Areas
exceeding the 95% t-test confidence level in (C−F) are stippled.
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sharply in India, exceeding 100 μg m−3 (Figure 2E), and
suggesting that the direct contribution of AD to the total air
pollutants is much larger than its indirect contribution through
aerosol−radiation−PBL interactions. Note that the inclusion
of AD emissions over India makes the simulated total PM2.5
concentrations agree better with the observations (Figure S6).
Due to the dominant role of the direct contribution induced by
AD, it is inevitable that northern China also experiences a
dramatic increase in air pollutants, followed by Europe. As
expected, air pollutants by AD over these regions are more
serious in boreal winter (Figure S7).
With elevated air pollutants, AD deteriorates human health,

causing 0.8 million premature deaths globally per year which is
estimated by an integrated exposure-response (IER) model
(see the Methods section). In particular, over the densely
populated and highly urbanized regions of India and China,
premature deaths that are directly due to AD exceed 4000
deaths/1000 km2 (Figure 3A). The estimated global total
premature mortality resulting from increased non-dust air
pollutants in the PBL is ∼7000 deaths per year, although the
regional values are low (Figure 3B). At the national level,
China and India together bear more than 50% of premature
deaths worldwide, resulting from elevated total PM2.5
concentrations in which India directly suffers from approx-
imately half of the health risks from AD pollutants worldwide
(Figure 3C). Additionally, for non-dust air pollution in the
PBL, premature deaths in India and China also account for
more than 50% of the deaths worldwide.

■ DISCUSSION
The climatic and health effects of AD are investigated by
observations and modeling. Besides AD sources from rapid
urbanization with traffic intensities, infrastructure construction,
heavy building, and road construction considered, AD can also
be emitted from human-modified or disturbed land, such as
wind erosion over croplands, pasturelands, grasslands, and dry

lakes.15 The reasons for excluding these sources in the model
are described as follows. On the one hand, the contribution of
urban AD to total AD is dominant over all four regions. On the
other hand, there is still a debate on how to separate AD from
natural dust sources in GCMs. Some studies still group dust
emitted over croplands from wind erosion into natural dust
sources.14

Another uncertainty of this study arises from the AD particle
size distribution. Since AD has more fine particles in the
atmosphere than natural dust,15 we assume a relative increase
by 20% for the mass fraction of fine particles of AD emitted
into the atmosphere compared with that of natural dust based
on an approximate estimate from the previous studies.50 As
different sizes of dust particles have distinct radiative
properties, the impact of this uncertainty is investigated by
conducting sensitivity simulations (see the Methods section).
Overall, with sensitivity simulations, changes in the vertical
profile of the dust extinction coefficient and clear-sky net
shortwave flux at the surface caused by this perturbation in the
size distribution can be neglected (Figures S2 and S8),
implying that the uncertainty of the AD particle size
distribution has negligible impacts on our conclusions.
Unlike AD direct DRF, large uncertainties exist in AD cloud

radiative forcing (CRF) as well as associated liquid and ice
water paths.35 Nonetheless, they are still explored qualitatively.
Overall, there are no significant changes in CRF at the TOA
and the surface, and liquid and ice water paths (Figure S9C−
F). Despite this, directly linked to AD, increases in cloud
condensation nuclei number concentrations occur in source
regions, such as India and northern China, while an increase in
ice nuclei number concentrations is found over the Tibetan
Plateau with low air temperature, and the Indian AD is
transported there (Figure S9A,B).
AD directly contributes to PM2.5 and can also indirectly

elevate it through its additionally imposed surface radiative
cooling, which traps more non-dust air pollutants as the PBL

Figure 3. Premature deaths. (A, B) Global distributions of premature deaths (deaths per 1000 km2 per year) caused by elevated AD (A) and non-
dust PM2.5 concentrations (B). (C) Proportion of premature deaths at the country level caused by elevated total PM2.5, AD PM2.5, and non-dust
PM2.5.
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height decreases. The mechanisms and consequences are
summarized in Figure 4. These findings imply that even with
the reduction of emissions for cleaner air in the future, AD
emissions if not well limited can substantially damage
associated benefits.
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