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ABSTRACT: Excess mortality (ΔMort) in China due to exposure to ambient fine particulate matter with aerodynamic diameter
≤2.5 μm (PM2.5) was determined using an ensemble prediction of annual average PM2.5 in 2013 by the community multiscale air
quality (CMAQ) model with four emission inventories and observation data fusing. Estimated ΔMort values due to adult
ischemic heart disease, cerebrovascular disease, chronic obstructive pulmonary disease, and lung cancer are 0.30, 0.73, 0.14, and
0.13 million in 2013, respectively, leading to a total ΔMort of 1.3 million. Source-oriented CMAQ modeling determined that
industrial and residential sources were the two leading sources of ΔMort, contributing to 0.40 (30.5%) and 0.28 (21.7%) million
deaths, respectively. Additionally, secondary ammonium ion from agriculture, secondary organic aerosol, and aerosols from
power generation were responsible for 0.16, 0.14, and 0.13 million deaths, respectively. A 30% ΔMort reduction in China
requires an average of 50% reduction of PM2.5 throughout the country and a reduction by 62%, 50%, and 38% for the Beijing−
Tianjin−Hebei, Jiangsu−Zhejiang−Shanghai, and Pearl River Delta regions, respectively. Reducing PM2.5 to the CAAQS grade II
standard of 35 μg m−3 would only lead to a small reduction in mortality, and a more stringent standard of <15 μg m−3 would be
needed for more remarkable reduction of ΔMort.

1. INTRODUCTION

Outdoor air pollution is linked to various health effects.1−7

Globally it is estimated to have caused 3.3 million premature
deaths in 2010.8 The health risk occurs predominantly in
developing countries, particularly in Asia,8,9 due to the
combination of a fast increase of population, industrialization,
urbanization, and associated energy consumption and a lack of
sufficient emission control measures. China has been suffering
serious air pollution in recent decades. Observational studies
revealed that annual concentrations of ambient fine particulate
matter with aerodynamic diameter ≤2.5 μm (PM2.5) are more

than 5 times higher than the World Health Organization
(WHO) guideline value in many populous cities.10−13

Sustained exposure to high PM2.5 concentrations greatly
threatens public health in the country.14−16

Recognizing the severity of the air pollution, the Chinese
government had set a target in 2013 to reduce the PM2.5 level
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by up to 25% in major metropolitan areas by 2017.17 Many
studies are undergoing to investigate the pathways to achieve
the target. However, it is still unclear how public health will be
affected by PM2.5 reduction. To design effective control plans
and set priorities for air pollution controls to better protect
public health, the need to assess premature mortality caused by
air pollution, to identify its source contributions, and to
evaluate its responses to air quality improvement is urgent.
Premature mortality caused by outdoor air pollution in China

has been estimated in a few global and regional studies.
Lelieveld et al.8 estimated that 1.36 million premature deaths in
China were attributed to outdoor air pollution in 2010. This
study applied the improved exposure response functions
described by Burnett et al.18 to account for health effects at
high PM2.5 concentrations, such as those that occur frequently
in China. However, this estimation is still quite uncertain due to
the coarse grid resolution (approximately 110 × 110 km2) used
in the chemical transport model (CTM) and the uncertainties
associated with emission inventory. A few studies have
examined the effects of grid resolution on air quality predictions
in North America and Europe.19−23 In general, the increase of
grid resolution from several tens of kilometers to a few
kilometers improves the agreement between the predictions
and observations. The improvement is more significant for the
primary PM components than for the secondary components
and is more significant in winter than in summer.19 Observation
data sets were also used to improve model predictions. Brauer
et al.24 generated a fused global PM2.5 estimation at high
resolution (0.1° × 0.1°) utilizing the average PM2.5 estimated
by the satellite retrieved aerosol optical depth at 0.1° × 0.1° and
a global CTM prediction of PM2.5 at 1° × 1° suballocated to
0.1° × 0.1° based on population density. The fused global
estimation was further adjusted using a global adjustment
function derived from the correlation analysis of the observed
surface PM2.5 at monitoring sites and the corresponding fused
concentrations. More recently, Liu et al.25 estimated the
premature deaths due to PM2.5 exposure in China using a
regional CTM with 45 × 45 km2 resolution assimilated with
hourly observations from 506 monitoring sites.
Identifying source contributions to premature mortality can

help design effective plans and set priorities for air pollution
controls. Large differences were observed in the air pollution
characteristics in different regions of China due to significant
differences in emission source sectors and climate conditions.
Studies to quantify the source contributions to air pollution and
premature mortality at the province level are needed. Global
models are limited in providing such detailed information at a
subregional scale. Source-oriented regional CTMs were
developed to provide detailed source information for health
studies26 and were used to study the sources of PM2.5 in
China,27−29 which makes detailed analysis of source contribu-
tions to air pollution related health impact possible.
Estimating responses of premature mortality to air quality

improvement can help set reasonable air pollution control
targets. In a recent study, Lee et al.30 estimated the sensitivity of
global PM2.5-related mortality due to the increase in precursor
emissions using an adjoint version of the GEOS-Chem model.
However, the estimations were given at either a uniform
increase of 1 kg km−2 yr−1 or a 10% increase, and the study did
not apply China-specific emission and the most recent baseline
mortality data from the Chinese government. Even though a
decrease in excess mortality can be expected, responses of
premature mortality to targeted PM2.5 reduction goals remain

unknown due to the nonlinear relationship between excess
mortality and PM2.5 concentrations.

31

The objectives of the present study are to provide an
improved estimation of the premature mortality attributable to
PM2.5 at the province level in China by using more China-
specific data and higher spatial resolution, to quantify
contributions to premature mortality from major sources, and
to determine its responses to different PM2.5 reduction targets.

2. METHODS
2.1. Calculation of Premature Mortality. The relative

risk, or risk ratio (RR), is the ratio of the probability of an event
occurring (for example, developing a disease) in an exposed
group to the probability of the event occurring in a comparison,
nonexposed group. In this study, the RRs of several causes of
premature mortality [chronic obstructive pulmonary disease
(COPD), lung cancer (LC), adult ischemic heart disease
(IHD), and cerebrovascular disease (CEV)] from long-term
outdoor PM2.5 exposure are calculated using the integrated
exposure response function (eq 1), as suggested by Burnett et
al.18

α β= + − − − δC C CRR( ) 1 {1 exp[ ( ) ]}cf (1)

where α, β, and δ are parameters fitted for different causes
based on data from exposure of cigarette smoke at high
concentrations and of ambient air pollution at low concen-
trations. C is the annual average PM2.5 exposure in units of μg
m−3 and Ccf is the counter-factual concentration below which it
is assumed that there is no additional risk. Once the RR is
calculated, the premature (excess) mortality can be calculated
using eq 2

Δ = − = ×y P y PMort [(RR 1)/RR] AF0 0 (2)

where y0 is the baseline mortality rate due to a particular disease
category and P is the population. (RR − 1)/RR represents the
attributable fraction (AF), which is the proportion of the
disease in the exposed group that can be attributed to exposure.
The baseline mortalities of male and female population for

each 5-year age group in the urban and rural areas in 2013 were
obtained from the China Public Health and Family Planning
Statistical Yearbook 2014 (CPHFPSY 2014). In addition,
another set of baseline mortality data was obtained from the
World Health Organization (WHO) database. The sensitivity
of the predicted excess mortality using the WHO data is
discussed in the Discussion section. Tables S1 and S2 of the
Supporting Information (SI) summarize the mortality data used
in this study. Gridded population data were obtained from the
Oak Ridge Nation Laboratory’s LandScan database at 1 km for
200832 and was scaled up to 2013 using the reported provincial
population data from the National Bureau of Statistics of China,
assuming that the population spatial distribution within a
province does not change. The 1-km resolution data were
reprojected into the same resolution of the CTM domain. The
age distribution in 2013 (see Table S3, SI) was obtained from
the Population Division of the Department of Economic and
Social Affairs, United Nations, and applied to all regions.

2.2. Estimation of PM2.5 Exposure and Source
Contributions. The Community Multiscale Air Quality
(CMAQ) model33,34 developed by the United States Environ-
mental Protection Agency at a horizontal spatial resolution of
36 × 36 km2 with 18 vertical layers up to 20 km above the
surface was used to estimate PM2.5 concentrations in China
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(Figure 1). While it is desirable to use even higher spatial
resolution, higher-resolution emission inventories are not
available for all of China at this point. An ensemble of four
simulations using four different sets of anthropogenic emission
inventories was used to provide a combined estimation of PM2.5

concentrations. The inventories used in this study include (1)
the Multiresolution Emission Inventory for China (MEIC)
developed by Tsinghua University (http://www.meicmodel.
org), (2) the Emission Inventory in Asia, version 2 (REAS2),35

(3) the emission prepared by the School of Environment of
Tsinghua University (SOE),36 and (4) the Emissions Database
for Global Atmospheric Research (EDGAR),37 version 4.2. As
the study focuses on air pollution in China, anthropogenic
emissions in other countries within the model domain were
generated using the REAS2 in all four simulations. Emissions
from other sources were also identical in the four simulations.
Biogenic emissions were generated using the Model for
Emissions of Gases and Aerosols from Nature (MEGAN),
version 2.1. Open burning emissions were generated from a
satellite-based fire inventory from NCAR.38 Dust39 and sea salt
emissions40 were generated inline during simulations. The gas-

phase photochemistry was simulated using SAPRC-1141 with
modifications to provide a more detailed treatment of isoprene
oxidation products, including epoxydiols.42 The sixth-gener-
ation aerosol module in CMAQ was also modified to include
additional heterogeneous reactions for the formation of
secondary organic aerosol (SOA),43,44 as well as secondary
nitrate and sulfate. The meteorological inputs were generated
using the Weather Research and Forecasting (WRF) Model,
version 3.61. Model performance with regard to O3 and PM2.5,
elemental and organic carbon, and SOA using MEIC has been
documented previously.45,46 A comparison of the four emission
inventories and four sets of simulations, as well as an ensemble
of the surface PM2.5 predictions using the four inventories, was
described by Hu et al.47 In summary, the ensemble
concentrations show improved agreement with available
observations at 60 cities in 2013. The mean fractional bias
and mean fractional error are −0.11 and 0.24, respectively,
which are better than the mean fraction bias (−0.25 to −0.16)
and mean fractional error (0.26−0.31) of any individual
simulation. Figure S1 (SI) shows the observed annual
concentrations and mean fractional bias of each individual

Figure 1. Model domain (spatial resolution: 36 × 36 km2). Blue circles: cities with annual PM2.5 concentration data. Purple dots: meteorological
stations. NCP: North China Plain provinces. YRD: Yangtze River Delta provinces and cities. PRD: Pearl River Delta provinces and cities (including
Hong Kong and Macau Special Administrative Regions). Names of the cities and their provinces (italic text denotes cities that are provincial
capitals): 1, Harbin (Heilongjiang province); 2, Changchun (Jilin); 3, Shenyang (Liaoning); 4, Dalian (Liaoning); 5, Chengde (Hebei); 6, Beijing
(Beijing); 7, Qinhuangdao (Hebei), 8, Tangshan (Hebei); 9, Langfang (Hebei); 10, Tianjin (Tianjin); 11, Baoding (Hebei); 12, Cangzhou (Hebei);
13, Shijiazhuang (Hebei); 14, Hengshui (Hebei); 15, Handan (Hebei); 16, Jinan (Shandong), 17, Qingdao (Shandong); 18, Taiyuan (Shanxi); 19,
Zhengzhou (Henan); 20, Hefei (Anhui); 21, Lianyungang (Jiangsu); 22, Suqian (Jiangsu); 23, Xuzhou (Jiangsu); 24, Huai’an (Jiangsu); 25, Taizhou
(Jiangsu); 26, Yangzhou (Jiangsu); 27, Nanjing (Jiangsu); 28, Huhehaote (Neimeng); 29, Nantong (Jiangsu); 30, Suzhou (Jiangsu); 31, Wuxi
(Jiangsu); 32, Shanghai (Shanghai); 33, Huzhou (Zhejiang); 34, Hangzhou (Zhejiang); 35, Jiaxing (Zhejiang); 36, Shaoxing (Zhejiang); 37,
Zhoushan (Zhejiang); 38, Wenzhou (Zhejiang); 39, Jinhua (Zhejiang); 40, Quzhou (Zhejiang); 41, Lishui (Zhejiang); 42, Fuzhou (Fujian); 43,
Wuhan (Hubei); 44, Nanchang (Jiangxi); 45, Changsha (Hunan); 46, Guangzhou (Guangdong); 47, Zhuhai (Guangdong); 48, Haikou (Hainan); 49,
Nanning (Guangxi); 50, Kunming (Yunnan); 51, Guiyang (Guizhou); 52, Chongqing (Chongqing); 53, Chengdu (Sichuan); 54, Xi’an (Shaanxi); 55,
Yinchuan (Ningxia); 56, Lanzhou (Gansu); 57, Xining (Qinghai); 58, Wulumuqi (Xinjiang); 59, Lasa (Xizang); 60, Shenzhen (Guangdong).
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simulation as well as the merged concentration at the 60 cities.
More details of the model configuration and performance
analyses can be found in the papers mentioned and the
references therein.
To further reduce the biases in exposure estimation, an

observation data fusing technique48 was used to adjust the
merged concentration using the spatially interpolated difference
between predicted and observed annual PM2.5 concentrations at
the 60 cities. In this study, the differences were interpolated to
the grid cells without observation using inverse distance
weighting. Adjustment to the predicted concentrations was
only made to grid cells with a population density more than 50
persons per km2. Each city was considered to have an influence
radius of 72 km, beyond which its influence was considered
negligible. The impacts of ensemble and observation data fusing
on predicted population weighted concentrations and excess
mortality at the provincial level are explored in Table S8 (SI).
Source-oriented versions of the CMAQ model27,28 were used

to quantify the contributions to primary PM and secondary
inorganic PM (ammonium, nitrate, and sulfate) from gas-phase
precursors. Source contributions were determined by expand-
ing the gas and aerosol mechanisms to use source-specific
species to independently track emissions of primary PM and
secondary inorganic PM precursors and the formation of
secondary aerosol. The sources tracked in this study were
power generation, residential use, industries, transportation,
open burning, agriculture, sea salt, and windblown dust. Source
contributions to SOA were not determined, and therefore, SOA
was listed as a separate source category. Fractional source
contributions to annual PM2.5 concentrations were determined
using the MEIC inventory alone and were used to apportion

the excess mortality determined from the observation-fused
ensemble concentrations.
MEIC is developed on the basis of more local data, as the

developers have access to resources and information that might
not be available to REAS2 and EDGAR developers. It was
assumed that access to local data will lead to better estimation
of emissions and thus more reasonable source contribution
calculations, even though MEIC does not yield consistently
better predictions of PM2.5 concentrations at all locations and
times (which could be affected by other factors, such as
emissions from natural sources and meteorological inputs).
More details of the source apportionment using MEIC can be
found in the work by Shi et al.49 A comparison of sectorial
emissions for the four inventories and potential uncertainty in
source apportionment of excess mortality is included in Figure
S5 (SI).

2.3. Estimation of Uncertainties. One thousand sets of α,
β, Ccf, and δ estimations, as used by Burnett et al.18 in
developing the exposure-response function (eq 1), were used to
estimate the uncertainties in the predicted RR and AF for each
cause of death due to uncertainties in the exposure−response
function. The data were obtained from http://ghdx.healthdata.
org/sites/default/files/record-attached-files/IHME_CRCurve_
parameters.csv (last accessed on June 13, 2017). The same
exposure−response functions were used to calculate RR for all
ages greater than 30. Since age-specific parameters for relative
risk of IHD and CEV are available, the effect of using these age-
specific RR calculations was also explored. For each grid cell
within China, 1000 RR values were generated using the 1000
sets of α, β, Ccf, and δ and the observation-fused ensemble
annual PM2.5 concentration. The RR values were then used to

Figure 2. (a) Observation-fused annual PM2.5 concentrations (μg m−3), (b) total premature mortality (death per area of 36 × 36 km2), and
premature mortality due to (c) chronic obstructive pulmonary disease (COPD), (d) lung cancer (LC), (e) ischemic heart disease (IHD), and (f)
cerebrovascular disease (CEV) in China.
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generate 1000 estimations of premature mortality using eq 2
with the gridded population data. The mean of the 1000
premature mortality values was used as the central estimation,
and the 2.5 and 97.5 percentile values among the 1000
premature mortality values were considered as the lower and
upper estimations of the 95% confidence intervals (CI95).
Premature mortalities (central and lower and upper bound
estimations) for each 5-year sex/age group were estimated and
added to get the overall premature mortality and the associated
uncertainties for the grid cell. For provincial premature
mortality estimation, the central estimations at each grid cell
within a provincial boundary were added and considered as the
central estimation for the province. A similar approach was used
to generate the upper and lower bound estimations for the
province. For grid cells that belong to multiple provinces, the
fractional areas that the grid cell falls into in each province were
used to split the estimated premature mortality.
2.4. Evaluating the Effectiveness of PM2.5 Reduction

on Reducing Premature Mortality. The China Council for
International Cooperation on Environment and Development
proposed to reduce PM2.5 concentrations in the Beijing−

Tianjin−Hebei (BTH) region in the North China Plain (NCP)
by over 35% relative to the concentration levels in 2013 and in
the Jiangsu−Zhejiang−Shanghai (JZS) region in the Yangtze
River Delta (YRD) by 30%. The Pearl River Delta (PRD)
region should meet grade II of the Chinese Ambient Air
Quality Standard (CAAQS, 35 μg m−3).50 Coordinated
emission reduction plans have been proposed for these regions
to achieve the targets. To evaluate the effectiveness of the
proposed PM reduction goals on reducing premature mortality,
calculations were performed for regional and provincial
mortality from 5% to 95% PM2.5 concentration reductions.

3. RESULTS

3.1. Estimated Regional and Provincial Premature
Mortality. Figure 2a shows the observation-fused annual PM2.5
concentrations in China for 2013, with a maximum of >200 μg
m−3 in the southern part of the NCP and in the Sichuan Basin.
The population-weighted annual PM2.5 concentration is 62.6 μg
m−3, which is higher than that estimated by Brauer et al.24 (54.8
μg m−3) and used in the Global Burden of Disease (GBD)
201351 but lower than that used in the GBD 2010 (72.6 μg

Table 1. Relative Source Contributionsa (%) to Premature Mortality from COPD, LC, IHD, and CEV in Adults ≥30 Years Old
Due to Long Term Exposure of Ambient PM2.5 from Power Generation (P), Residential Use (R), Industries (I), Transportation
(T), Open Burning (OB), Secondary Organic Aerosol (SOA), Sea Salt (SS), Windblown Dust (WD), and Agricultural NH3 (A)

P R I T OB SOA SS WD A

Beijing (BJ) 10.0 26.2 31.7 7.8 2.3 7.4 0.0 2.9 11.7
Tianjin (TJ) 10.5 25.1 33.8 7.3 1.8 6.8 0.0 2.3 12.3
Hebei (HE) 11.2 22.8 34.6 6.9 1.7 7.1 0.1 2.6 12.9
Shanxi (SX) 12.4 20.1 34.6 4.8 1.9 8.7 0.0 5.6 11.8
Neimeng (NM) 13.2 25.3 28.9 3.7 1.6 6.8 0.0 9.5 11.1
Liaoning (LN) 11.4 22.8 35.0 5.9 1.5 7.0 0.4 2.5 13.5
Jilin (JL) 11.7 25.6 31.8 5.2 1.5 7.1 0.3 2.8 13.9
Heilongjiang (HL) 10.0 32.3 26.5 5.0 2.4 7.6 0.3 3.7 12.3
Shanghai (SH) 12.3 12.7 40.9 6.5 3.6 7.8 1.0 3.2 12.0
Jiangsu (JS) 12.0 19.2 33.2 7.3 3.3 9.2 0.5 2.1 13.2
Zhejiang (ZJ) 12.3 12.0 33.7 6.4 6.9 11.1 1.2 3.3 13.2
Anhui (AH) 10.8 25.1 28.5 7.0 3.6 10.5 0.2 1.9 12.2
Fujian (FJ) 10.3 10.9 32.5 4.6 10.0 12.8 1.8 5.2 11.9
Jiangxi (JX) 9.2 17.2 27.7 5.3 12.5 14.1 0.5 2.6 11.0
Shandong (SD) 11.6 22.7 32.8 7.5 1.7 7.6 0.3 2.0 13.7
Henan (HA) 11.1 22.9 31.3 7.4 2.1 8.8 0.1 2.3 13.9
Hubei (HB) 9.5 24.5 30.9 5.7 3.9 10.4 0.1 2.2 12.7
Hunan (HN) 8.7 21.1 29.0 5.2 9.7 11.9 0.2 2.3 11.8
Guangdong (GD)b 9.5 15.2 30.1 4.8 8.8 16.0 1.6 4.0 10.1
Guangxi (GX) 7.8 17.5 26.7 4.0 12.0 17.9 0.8 3.0 10.3
Hainan (HI) 7.3 18.2 21.8 3.6 9.1 23.6 3.6 3.6 9.1
Chongqing (CQ) 9.0 26.1 29.8 4.2 3.7 11.2 0.3 2.8 12.9
Sichuan (SC) 7.7 29.8 26.9 4.4 3.9 12.8 0.1 3.0 11.5
Guangzhou (GZ) 10.1 24.5 26.3 3.3 7.1 12.9 0.3 3.5 12.1
Yunnan (YN) 6.2 14.5 20.2 1.9 21.6 23.3 0.2 4.3 7.8
Xizang (XZ) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0
Shaanxi (SN) 10.2 28.1 26.9 5.0 1.8 11.2 0.2 5.0 11.8
Gansu (GS) 9.4 26.2 23.4 4.3 2.0 10.2 0.0 14.5 10.2
Qinghai (QH) 9.3 24.1 24.1 3.7 1.9 7.4 0.0 20.4 9.3
Ningxia (NX) 12.3 20.0 26.2 3.1 1.5 9.2 0.0 18.5 9.2
Xinjiang (XJ) 13.8 10.1 33.9 2.8 0.9 3.7 0.0 24.8 10.1
Taiwan (TW) 10.2 10.2 23.7 3.4 11.9 18.6 5.1 6.8 10.2

CNc 10.3 21.7 30.5 5.7 4.9 10.8 0.5 3.5 12.2
aSource contributions are based on fractional contributions of each source to the predicted PM2.5 mass concentrations.

bIncluding Hong Kong
Special Administrative Region (SAR) and Macau SAR cIncluding Hong Kong SAR, Macau SAR, and Taiwan Province
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m−3).52 The population-weighted annual PM2.5 concentration
based on the original CMAQ simulation without observation
fusing is 59.5 μg m−3. Since the original CMAQ results are
lower than observations at a number of urban areas with high
population density, the higher estimation based on the
observation-fused data likely better reflects the exposure level.
The total premature mortality due to COPD, LC, IHD, and

CEV for adults ≥30 years old is shown in Figure 2b. In major
urban areas with high population density, the total mortality
can be much greater than 3000 per grid (i.e., 36 × 36 km2).
High premature mortality occurs in the NCP, the Sichuan
Basin, the YRD, and the PRD regions. The estimated national
PM2.5-related premature mortality for adults ≥30 years old in
2013 is approximately 1.30 million, with a CI95 of 0.69−1.78
million (Table S4, SI). This estimation is very close to the
estimation by Liu et al.53 (1.37 million premature deaths, CI95
0.89−1.74) and the estimation by Lelieveld et al.8 (1.36 million
premature deaths including PM2.5 and O3), even though
different PM2.5 exposure methods and different mortality
database were used in these studies. As shown in Figure 2c−
f, CEV is the major cause of death (742 000, CI95 253−886),
followed by IHD (306 000, CI95 237−527), COPD (144 000,
CI95 74−207), and LC (139 000, CI95 48−189). The relative
contributions of these diseases to the total mortality are also
similar to those estimated by Liu et al.53 and Lelieveld et al.,8 as
shown in Table S5 (SI). The population-weighted attributable
fractions (PAFs) of the premature mortality due to PM2.5 for
these four diseases were calculated using the gridded
population data and the gridded RR calculated using eq 1.
On the national level (Table S6, SI), PAFs for COPD, LC,
IHD, and CEV are 20% (CI95 11−29%), 25% (CI95 9−36%),
24% (CI95 19−43%), and 42% (CI95 15−52%), respectively.
The premature mortality for each province was also

estimated (Table S4, SI). Shandong, located in the south part
of the NCP, has the highest PM2.5-related premature mortality
of 110 000 (CI95 54−146), as well as the third highest per
capita mortality of 11.5 per 10 000 person-years. Hebei and
Henan top the per capita mortality, with 12.0 and 11.7 per
10 000 person-years, respectively. In addition, eight other
provinces also have per capita mortality greater than 10 per
10 000 person-years, which is approximately twice the global
average estimated by Lelieveld et al.8 Only Xinjiang, Xizang,
and Taiwan have per capita mortality lower than the global
average. Although Xinjiang shows a low mortality of 3.9 per
person-years, its capital city Wulumuqi (Urumqi; population
∼3 million) has an observed annual PM2.5 concentration of 85
μg m−3, which leads to a much higher per capita mortality than
the provincial average.
Relative contributions of COPD (9.5−12.4%) and LC (8.2−

12.6%) to the total mortality do not vary significantly among
different provinces. However, relative contributions of IHD
(21.7−31.6%, Taiwan 46.6%) and CEV (49.9%−58.0%, Taiwan
33.8%) show larger variations, as the PAFs of these two diseases
are more sensitive to the changes in PM2.5 concentrations in the
current range. PAFs were also calculated for each province
(Table S6, SI). As the highest PM2.5 concentrations occur in
Hebei, PAFs for COPD, LC, IHD, and CEV are 27% (CI95
16−38%), 35% (CI95 14−46%), 28% (CI95 23−50%), and
50% (CI95 18−57%), respectively. In addition to the provinces
in the NCP, provinces in eastern and central China, as well as
in the Sichuan Basin, also have higher PAFs.
3.2. Source Contributions to Premature Mortality.

Contributions of eight source categories and SOA to premature

mortality were also determined. Unlike the emission sub-
traction method used by Lelieveld et al.,8 the source-oriented
simulations provide the source contributions in a mass
conservative way so that the predicted PM2.5 concentrations
from all sources add up to the total. Regional distributions of
the predicted fractional contributions to PM2.5 concentrations
associated with these sources are shown in Figure S2 (SI).
Industrial and residential sources are the two most significant
contributors to PM2.5 and thus excess mortality, while the
contributions from power generation and transportation are
lower (Figure S3, SI). Relative source contributions to PM2.5-
related premature mortality in each province are listed in Table
1. In most provinces, industries are the largest contributor,
including 10 out of the 12 provinces with per capita premature
mortality greater than 10 per person-years. In these 10
provinces, the contributions range from 29.0% in Hunan to
34.6% in Hebei and Shanxi. The industrial province Liaoning
has the largest industrial contribution (35%). Residential
sources generally rank second and are the top contributor in
Sichuan (29.8%) and Shaanxi (28.1%). The contributions are
higher in northern and western China (20−25%) than in
southern China (10−15%). Heilongjiang, the north-most
province, has the highest contribution from residential sources
(32.3%).
A significant amount of PM2.5 in China exists in the form of

ammonium nitrate or ammonium sulfate.28 Agriculture sources,
by emitting a large amount of NH3, account for a significant
fraction of PM2.5 based on the mass of ammonium ion (NH4

+).
Our estimation suggests that 10−14% of PM2.5, and thus the
premature mortality, is related to NH4

+ from agriculture NH3.
Our estimation of agriculture contributions is lower than that of
Lelieveld et al.8 (29%, Table S5, SI), partly because zeroing-out
NH3 emissions from agriculture sources would significantly
reduce the formation of secondary nitrate, which is generally
due to NOx emitted from nonagriculture sources.
The estimated contributions of power generation to excess

mortality are approximately 10−12% in most provinces. This is
lower than the estimation by Lelieveld et al.8 (18%, Table S5,
SI) partly because of the significant reduction of SO2 emissions
from coal-fired power plants in recent years.54,55 It should be
noted that while the contribution of coal in power plants is low,
a significant fraction of coal is still used in industrial and
residential sources. The contribution of transportation-related
sources is approximately 5.7% in China, with the largest
contribution being 7.8% in Beijing. This is in accordance of the
3% estimation by Lelieveld et al.8 (Table S5, SI). Our
calculation suggests that SOA accounts for approximately
10% of population exposure to PM2.5 in China. Its contribution
ranges from 7 to 10% in northern China, mostly from
anthropogenic emissions of aromatic compounds, to 10−20%
in southern provinces, mostly from biogenic emissions of
isoprene and other terpenes.46 Open burning contributions are
higher (10−20%) in southern provinces (e.g., Fujian, Jiangxi,
and Yunnan). Windblown dust accounts for 2−3% of the
population exposure to PM2.5 in most provinces, but its
contributions can be as high as 15−25% in Xinjiang and
Neimeng (Inner Mongolia), northwest provinces close to the
dust source regions.

3.3. Effectiveness of PM2.5 Reduction on Reducing
Premature Mortality. Figure 3a shows that the decrease of
excess mortality in the BTH, JZS, and PRD regions is slower in
the beginning when PM2.5 concentrations are higher, and the
marginal benefit of PM2.5 reduction to excess mortality
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increases as PM concentrations decrease. A 35% reduction in
PM2.5 concentrations in BTH would only lead to an 11%
reduction in premature mortality relative to the 2013 level
(without accounting for increase of population). A 30%
reduction in JZS would lead to a 13% reduction in mortality
from the 2013 level. In the PRD region [using Guangdong
province (GD) as an example], meeting the CAAQS standard
would only result in 8% reduction in mortality. A 40%
reduction of PM2.5 uniformly in China results in a 22%
reduction of premature mortality and even less reduction in the
provinces that experience higher mortality (Figure S4, SI). To
reduce the premature mortality by 30% from the 2013 levels, a
reduction of PM2.5 by 50% throughout the country is needed.
PM2.5 concentrations need to be reduced by 62%, 50%, and
38% for BTH, JZS, and GD, respectively, to achieve a 50%
reduction in PM2.5-related excess mortality.
Figure 3b evaluates the premature mortality benefit when

PM2.5 concentrations in the three regions and in China as a
whole are reduced to five different levels, i.e., the CAAQS grade
II annual standard of 35 μg m−3, the WHO interim target 2

(IT2) of 25 μg m−3, the WHO IT3 of 15 μg m−3, the United
States (U.S.) Ambient Air Quality Standards (NAAQS) annual
standard of 12 μg m−3, and the WHO guideline level of 10 μg
m−3.56 The premature mortality in China due to PM2.5
exposure would be reduced by 24% from 1.30 million (CI95
0.69−1.78) to approximately 1 million (0.99 million, CI95
0.43−1.44) when all China grids meet the current CAAQS
grade II standard. On the basis of this study, it appears that
China needs to further reduce PM2.5 to an even lower level to
provide sufficient health benefits. Further reducing the PM2.5
concentrations to 25 μg m−3 (WHO IT2), 15 μg m−3 (WHO
IT3), 12 μg m−3 (U.S. AAQS), and 10 μg m−3 (WHO
guideline), the estimated premature mortalities would be
reduced to 779 000 (CI95 358−1225), 436 000 (CI95 229−
673), 307 000 (CI95 130−540), and 207 000 (CI95 58−453),
respectively. The premature mortality benefit of PM2.5
reduction at the province level is shown in Table S7 (SI). In
the provinces with high premature deaths due to PM2.5
pollution, such as Shandong, Henan, Hebei, Sichuan, and
Guangdong, reducing the PM2.5 to the WHO IT3 of 15 μg m−3

would results in a significant reduction of excess mortality.

4. DISCUSSION
The estimation of premature mortality and source contribu-
tions is affected by PM2.5 exposure, the exposure−response
coefficients used in RR calculation, and the baseline mortality.
In this study, extensive efforts were made to enhance the PM2.5
exposure by using higher CTM spatial resolution with more
China-specific data, using an ensemble of four sets of CTM
simulations with different emission inventories, and fusing
CTM predictions with observation data in 60 major cities in
China. Our estimation of 1.30 million premature deaths in
China due to PM2.5 exposure is consistent with the estimation
by Liu et al.53 (1.37 million) and by Lelieveld et al.8 (1.36
million), despite different PM2.5 exposure methods. As shown
in Figure 3, predicted premature mortality is not very sensitive
to changes in PM2.5 concentrations at the current levels in
China. Data fusing with a larger radius of influence of 108, 180,
and 252 km was examined, and only minor changes were found
in the premature mortality estimation for most provinces in
China. Therefore, PM2.5 exposure estimation leads to small
uncertainty in premature mortality estimation for China and
countries/regions with PM2.5 concentrations similar to that of
China.
A more important source of uncertainty for premature

mortality estimation in China is the exposure−response
coefficients. The 95% CIs reported in the previous section
indicate relatively large uncertainties with the exposure−
response parametrization. With the lack of epidemiologic
studies to estimate the association of long-term exposure to
high PM2.5 levels, coefficients fitted by an integrated exposure−
response model by Burnett et al.18 based on data from exposure
of cigarette smoke at high concentrations and of ambient air
pollution at low concentrations were used in the study. Even
though these coefficients are believed to provide improved
estimation, the estimation of premature mortality in China can
be further improved with the coefficients derived from long-
term epidemiologic studies in China in the future.
Age-specific (but not sex-segregated) parameters for relative

risk calculations are only available for IHD and CEV. For
consistency, parameters designated as “all ages” were used in
previous calculations. A sensitivity analysis was performed using
age-specific parameters18 for IHD and CEV (Table S9, SI). In

Figure 3. (a) Premature mortality (normalized to 2013 deaths) as a
function of fractional reduction in PM2.5 concentrations (relative to the
2013 concentrations) for the whole of China (CHN); Beijing, Tianjin,
and Hebei (BTH) in the NCP region; Jiangsu, Zhejiang and Shanghai
(JZS) in the YRD region; and Guangdong (GD) in the PRD region.
The solid dots represent the normalized premature mortalities when
PM2.5 concentrations are reduced to 35 μg m−3 (CAAQS grade II
standard, red dots). (b) Number of premature deaths in CHN, BTH,
ZJS, and GD corresponding to the cases shown in panel a. “Base”
refers to PM2.5 in the year 2013.
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general, using age-specific parameters leads to a higher
estimation of excess mortality due to IHD by ∼12.4% (from
30.2 to 33.9 × 104 deaths). However, it also leads to a lower
estimation of excess mortality due to CEV by ∼14.0% (from
72.6 to 62.5 × 104 deaths). Overall, the total excess mortality
for the whole country using these age-specific parameters
decreases by approximately 4.9% (from 1.30 to 1.25 million
deaths).
In this study, it is assumed that PM2.5 with different chemical

components or source origins poses the same unit health risk.
This was also assumed in a number of studies and was
supported by the fact that the exposure−response coefficients
determined from epidemiological studies show very little spatial
variation globally, even though the major and minor chemical
compositions of PM show major geographical variations.57

However, carbonaceous particles from combustion sources are
often considered to be more toxic than secondary sulfate and
nitrate particles.58 Lelieveld et al.8 performed a sensitivity
analysis by assuming that carbonaceous components of PM2.5
are 5 times more toxic than other components. Diesel particles
have been categorized as a toxic air contaminant by the
California Air Resources Board due to their strong carcinogenic
potential.59,60 The estimation of premature mortality and its
source contributions in China may change when chemical
components are considered. However, there are no consistent
exposure−response relationships for either PM2.5 components
or source categories, especially at PM2.5 levels similar to those
current in highly polluted regions in China, so that a
meaningful calculation can be carried out.
Another major source of uncertainty is the baseline mortality.

In this study, official country-level mortality data were used. To
evaluate the uncertainty from this important input data, the
premature mortality calculation was repeated using the baseline
mortality data from WHO (Table S2, SI), and the estimated
total premature mortality due to the four diseases is 1.66
million (CI95 0.84−2.15). While it is 25% higher than the
estimated 1.30 million using the official baseline mortality, it is
still well within the 95% CI (0.61−1.83 million).
Another large uncertainty may rise from the spatial

distribution of population. Many people from less economically
developed regions, such as central and western China, work in
more developed regions, mainly the NCP, YRD, and PRD
regions. However, as the predicted PM2.5 concentrations are
high (e.g., >50 μg m−3) in almost all areas with sufficient
population density and a generally uniform baseline mortality,
using a more accurate population distribution would not
significantly change the total premature mortality, although it
will change the estimations for the provinces with large net in-
flux or out-flux of populations more significantly.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.7b03193.

Rural and urban population baseline mortality for
COPD, LC, IHD and CEV for different age groups
from the China Public Health and Family Planning
Statistical Yearbook (Table S1); baseline mortality from
the WHO Mortality Database (Table S2); population
age distribution data for China, 2013 (Table S3);
premature mortality (×104 deaths) and 95% CI from
chronic obstructive pulmonary disease (COPD), lung

cancer (LC), ischemic heart disease (IHD) and
cerebrovascular disease (CEV) in adults ≥30 years old
due to long-term exposure of ambient PM2.5 based on
predicted 2013 annual average concentrations (Tables
S4); comparison of the cause of excess mortality by
disease and sources from this study with those from
other studies (Table S5); attributable fractions and their
95% CI for COPD, LC, IHD, and CEV in adults ≥30
years old due to long-term exposure of ambient PM2.5
based on predicted 2013 annual average concentrations
(Table S6); provincial premature mortality and 95% CI
when PM2.5 is reduced to 35, 25, 15, 12, and 10 μg m−3

(Table S7); effect of ensemble and observation-fusing on
excess mortality (Table S8); excess mortality (×104

deaths) calculated using age-specific relative risk
parameters for IHD and CEV and the relative changes
comparing to the ones without using age-specific
parameters (Table S9); grouping of REAS2 and
EDGAR emission sectors to match those in MEIC and
SOE inventories (Table S10); spatial distribution of (a)
observed annual PM2.5 concentrations in 60 Chinese
cities and fractional bias of the annual concentration for
predictions based on EDGAR, MEIC, REAS2, SOE ,and
weighted ensemble of the four inventories (Figure S1);
relative source contributions to annual average PM2.5
based on the MEIC emission inventory in 2013 (Figure
S2); premature mortality (death per area of 36 × 36
km2) in China due to PM2.5 from different sources
(Figure S3); relative reduction of excess mortality of each
province as a function of population-weighted annual
average PM2.5 concentrations if concentrations were
reduced by 40% of their 2013 value throughout the
country (Figure S4); comparison of January emissions of
NOx, SO2, VOC, and PM2.5 from MEIC, SOE, REAS2,
and EDGAR inventories and relative contributions of
power generation, transportation, residential, and in-
dustry sectors to total emissions (Figure S5) (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: qying@civil.tamu.edu; phone: +1-979-845-9709.
ORCID
Shuxiao Wang: 0000-0003-3381-4767
Qi Ying: 0000-0002-4560-433X
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
H.J., H.L., and C.M. are thankful for the support from the
National Natural Science Foundation of China under contract
No. 41675125, 91543115, and 21577065; International ST
Cooperation Program of China under contract No.
2014DFA90780; Natural Science Foundation of Jiangsu
Province under contract No. BK20150904; Jiangsu Distin-
guished Professor Project 2015-JNHB-010; Jiangsu Six Major
Talent Peak Project 2191071502101; the Startup Fund for
Talent at NUIST 2243141501008 and the Priority Academic
Program Development of Jiangsu Higher Education Institutions
(PAPD); Jiangsu Key Laboratory of Atmospheric Environment
Monitoring and Pollution Control of Nanjing University of
Information Science and Technology; and Jiangsu Province
Innovation Platform for Superiority Subject of Environmental

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b03193
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03193/suppl_file/es7b03193_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.7b03193
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03193/suppl_file/es7b03193_si_001.pdf
mailto:qying@civil.tamu.edu
http://orcid.org/0000-0003-3381-4767
http://orcid.org/0000-0002-4560-433X
http://dx.doi.org/10.1021/acs.est.7b03193


Science and Engineering (No. KHK1201, KHK1511). The
authors want to acknowledge the Texas A&M Supercomputing
Facility (http://sc.tamu.edu) and the Texas Advanced
Computing Center (http://www.tacc.utexas.edu/) for provid-
ing computing resources essential for completing the research
reported in this paper.

■ REFERENCES
(1) Beelen, R.; Raaschou-Nielsen, O.; Stafoggia, M.; Andersen, Z. J.;
Weinmayr, G.; Hoffmann, B.; Wolf, K.; Samoli, E.; Fischer, P.;
Nieuwenhuijsen, M.; Vineis, P.; Xun, W. W.; Katsouyanni, K.;
Dimakopoulou, K.; Oudin, A.; Forsberg, B.; Modig, L.; Havulinna,
A. S.; Lanki, T.; Turunen, A.; Oftedal, B.; Nystad, W.; Nafstad, P.; De
Faire, U.; Pedersen, N. L.; Ostenson, C. G.; Fratiglioni, L.; Penell, J.;
Korek, M.; Pershagen, G.; Eriksen, K. T.; Overvad, K.; Ellermann, T.;
Eeftens, M.; Peeters, P. H.; Meliefste, K.; Wang, M.; Bueno-de-
Mesquita, B.; Sugiri, D.; Kramer, U.; Heinrich, J.; de Hoogh, K.; Key,
T.; Peters, A.; Hampel, R.; Concin, H.; Nagel, G.; Ineichen, A.;
Schaffner, E.; Probst-Hensch, N.; Kunzli, N.; Schindler, C.;
Schikowski, T.; Adam, M.; Phuleria, H.; Vilier, A.; Clavel-Chapelon,
F.; Declercq, C.; Grioni, S.; Krogh, V.; Tsai, M. Y.; Ricceri, F.;
Sacerdote, C.; Galassi, C.; Migliore, E.; Ranzi, A.; Cesaroni, G.;
Badaloni, C.; Forastiere, F.; Tamayo, I.; Amiano, P.; Dorronsoro, M.;
Katsoulis, M.; Trichopoulou, A.; Brunekreef, B.; Hoek, G. Effects of
long-term exposure to air pollution on natural-cause mortality: an
analysis of 22 European cohorts within the multicentre ESCAPE
project. Lancet 2014, 383 (9919), 785−795.
(2) Dockery, D. W.; Pope, C. A.; Xu, X. P.; Spengler, J. D.; Ware, J.
H.; Fay, M. E.; Ferris, B. G.; Speizer, F. E. An Association between Air-
Pollution and Mortality in 6 United-States Cities. N. Engl. J. Med.
1993, 329 (24), 1753−1759.
(3) Jerrett, M.; Burnett, R. T.; Pope, C. A.; Ito, K.; Thurston, G.;
Krewski, D.; Shi, Y. L.; Calle, E.; Thun, M. Long-Term Ozone
Exposure and Mortality. N. Engl. J. Med. 2009, 360 (11), 1085−1095.
(4) Pope, C. A. Review: Epidemiological basis for particulate air
pollution health standards. Aerosol Sci. Technol. 2000, 32 (1), 4−14.
(5) Pope, C. A.; Dockery, D. W. Health effects of fine particulate air
pollution: Lines that connect. J. Air Waste Manage. Assoc. 2006, 56 (6),
709−742.
(6) Laurent, O.; Hu, J. L.; Li, L. F.; Cockburn, M.; Escobedo, L.;
Kleeman, M. J.; Wu, J. Sources and contents of air pollution affecting
term low birth weight in Los Angeles County, California, 2001−2008.
Environ. Res. 2014, 134, 488−495.
(7) Ostro, B.; Hu, J.; Goldberg, D.; Reynolds, P.; Hertz, A.;
Bernstein, L.; Kleeman, M. J. Associations of Mortality with Long-
Term Exposures to Fine and Ultrafine Particles, Species and Sources:
Results from the California Teachers Study Cohort. Environ. Health
Perspect. 2015, 123 (6), 549−556.
(8) Lelieveld, J.; Evans, J. S.; Fnais, M.; Giannadaki, D.; Pozzer, A.
The contribution of outdoor air pollution sources to premature
mortality on a global scale. Nature 2015, 525 (7569), 367−371.
(9) Cohen, A. J.; Anderson, H. R.; Ostro, B.; Pandey, K. D.;
Krzyzanowski, M.; Kunzli, N.; Gutschmidt, K.; Pope, A.; Romieu, I.;
Samet, J. M.; Smith, K. The global burden of disease due to outdoor
air pollution. J. Toxicol. Environ. Health, Part A 2005, 68 (13−14),
1301−1307.
(10) Chan, C. K.; Yao, X. Air pollution in mega cities in China.
Atmos. Environ. 2008, 42 (1), 1−42.
(11) Hu, J.; Wang, Y.; Ying, Q.; Zhang, H. Spatial and temporal
variability of PM2.5 and PM10 over the North China Plain and the
Yangtze River Delta, China. Atmos. Environ. 2014, 95 (0), 598−609.
(12) Wang, Y.; Ying, Q.; Hu, J.; Zhang, H. Spatial and temporal
variations of six criteria air pollutants in 31 provincial capital cities in
China during 2013−2014. Environ. Int. 2014, 73 (0), 413−422.
(13) Pui, D. Y. H.; Chen, S.-C.; Zuo, Z. PM2.5 in China:
Measurements, sources, visibility and health effects, and mitigation.
Particuology 2014, 13 (0), 1−26.

(14) Chen, Y.; Ebenstein, A.; Greenstone, M.; Li, H. Evidence on the
impact of sustained exposure to air pollution on life expectancy from
China’s Huai River policy. Proc. Natl. Acad. Sci. U. S. A. 2013, 110
(32), 12936−12941.
(15) Guo, Y.; Li, S.; Tian, Z.; Pan, X.; Zhang, J.; Williams, G. The
burden of air pollution on years of life lost in Beijing, China, 2004−08:
retrospective regression analysis of daily deaths. BMJ: Br. Med. J. 2013,
347, f7139.
(16) Kan, H. D.; Gu, D. F. Association Between Long-term Exposure
to Outdoor Air Pollution and Mortality in China: A Cohort Study.
Epidemiology 2011, 22 (1), S29−S29.
(17) State Council of the People’s Republic of China. Air Pollution
Prevention and Control Action Plan; available at http://www.mep.gov.
cn/gkml/hbb/bwj/201309/W020130918412886411956.pdf.
(18) Burnett, R. T.; Pope, C. A.; Ezzati, M.; Olives, C.; Lim, S. S.;
Mehta, S.; Shin, H. H.; Singh, G.; Hubbell, B.; Brauer, M.; Anderson,
H. R.; Smith, K. R.; Balmes, J. R.; Bruce, N. G.; Kan, H. D.; Laden, F.;
Pruss-Ustun, A.; Turner, M. C.; Gapstur, S. M.; Diver, W. R.; Cohen,
A. An Integrated Risk Function for Estimating the Global Burden of
Disease Attributable to Ambient Fine Particulate Matter Exposure.
Environ. Health Perspect. 2014, 122 (4), 397−403.
(19) Fountoukis, C.; Koraj, D.; Denier van der Gon, H. A. C.;
Charalampidis, P. E.; Pilinis, C.; Pandis, S. N. Impact of grid resolution
on the predicted fine PM by a regional 3-D chemical transport model.
Atmos. Environ. 2013, 68, 24−32.
(20) Mircea, M.; Grigoras, G.; D’Isidoro, M.; Righini, G.; Adani, M.;
Briganti, G.; Ciancarella, L.; Cappelletti, A.; Calori, G.; Cionni, I.;
Cremona, G.; Finardi, S.; Larsen, B. R.; Pace, G.; Perrino, C.; Piersanti,
A.; Silibello, C.; Vitali, L.; Zanini, G. Impact of Grid Resolution on
Aerosol Predictions: A Case Study over Italy. Aerosol Air Qual. Res.
2016, 16 (5), 1253−1267.
(21) Schaap, M.; Cuvelier, C.; Hendriks, C.; Bessagnet, B.;
Baldasano, J. M.; Colette, A.; Thunis, P.; Karam, D.; Fagerli, H.;
Graff, A.; Kranenburg, R.; Nyiri, A.; Pay, M. T.; Rouil, L.; Schulz, M.;
Simpson, D.; Stern, R.; Terrenoire, E.; Wind, P. Performance of
European chemistry transport models as function of horizontal
resolution. Atmos. Environ. 2015, 112, 90−105.
(22) Stroud, C. A.; Makar, P. A.; Moran, M. D.; Gong, W.; Gong, S.;
Zhang, J.; Hayden, K.; Mihele, C.; Brook, J. R.; Abbatt, J. P. D.; Slowik,
J. G. Impact of model grid spacing on regional- and urban- scale air
quality predictions of organic aerosol. Atmos. Chem. Phys. 2011, 11 (7),
3107−3118.
(23) Varghese, S.; Langmann, B.; Ceburnis, D.; O’Dowd, C. D. Effect
of horizontal resolution on meteorology and air-quality prediction with
a regional scale model. Atmos. Res. 2011, 101 (3), 574−594.
(24) Brauer, M.; Freedman, G.; Frostad, J.; van Donkelaar, A.;
Martin, R. V.; Dentener, F.; Dingenen, R. v.; Estep, K.; Amini, H.;
Apte, J. S.; Balakrishnan, K.; Barregard, L.; Broday, D.; Feigin, V.;
Ghosh, S.; Hopke, P. K.; Knibbs, L. D.; Kokubo, Y.; Liu, Y.; Ma, S.;
Morawska, L.; Sangrador, J. L. T.; Shaddick, G.; Anderson, H. R.; Vos,
T.; Forouzanfar, M. H.; Burnett, R. T.; Cohen, A. Ambient Air
Pollution Exposure Estimation for the Global Burden of Disease 2013.
Environ. Sci. Technol. 2016, 50 (1), 79−88.
(25) Liu, J.; Han, Y.; Tang, X.; Zhu, J.; Zhu, T. Estimating adult
mortality attributable to PM2.5 exposure in China with assimilated
PM2.5 concentrations based on a ground monitoring network. Sci.
Total Environ. 2016, 568, 1253−1262.
(26) Hu, J.; Zhang, H.; Chen, S.; Ying, Q.; Wiedinmyer, C.;
Vandenberghe, F.; Kleeman, M. J. Identifying PM2.5 and PM0.1
Sources for Epidemiological Studies in California. Environ. Sci. Technol.
2014, 48 (9), 4980−4990.
(27) Hu, J.; Wu, L.; Zheng, B.; Zhang, Q.; He, K.; Chang, Q.; Li, X.;
Yang, F.; Ying, Q.; Zhang, H. Source contributions and regional
transport of primary particulate matter in China. Environ. Pollut. 2015,
207, 31−42.
(28) Zhang, H.; Li, J.; Ying, Q.; Yu, J. Z.; Wu, D.; Cheng, Y.; He, K.;
Jiang, J. Source apportionment of PM2.5 nitrate and sulfate in China
using a source-oriented chemical transport model. Atmos. Environ.
2012, 62 (0), 228−242.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b03193
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

I

http://sc.tamu.edu
http://www.tacc.utexas.edu
http://www.mep.gov.cn/gkml/hbb/bwj/201309/W020130918412886411956.pdf
http://www.mep.gov.cn/gkml/hbb/bwj/201309/W020130918412886411956.pdf
http://dx.doi.org/10.1021/acs.est.7b03193


(29) Ying, Q.; Wu, L.; Zhang, H. Local and inter-regional
contributions to PM2.5 nitrate and sulfate in China. Atmos. Environ.
2014, 94 (0), 582−592.
(30) Lee, C. J.; Martin, R. V.; Henze, D. K.; Brauer, M.; Cohen, A.;
Donkelaar, A. v. Response of Global Particulate-Matter-Related
Mortality to Changes in Local Precursor Emissions. Environ. Sci.
Technol. 2015, 49 (7), 4335−4344.
(31) Pope, C. A.; Cropper, M.; Coggins, J.; Cohen, A. Health benefits
of air pollution abatement policy: Role of the shape of the
concentration−response function. J. Air Waste Manage. Assoc. 2015,
65 (5), 516−522.
(32) Bright, E. A.; Coleman, P. R.; King, A. L.; Rose, A. N.; Urban,
M. L. LandScan 2008; Oak Ridge National Laboratory: Oak Ridge,
TN.
(33) Byun, D.; Schere, K. L. Review of the Governing Equations,
Computational Algorithms, and Other Components of the Models-3
Community Multiscale Air Quality (CMAQ) Modeling System. Appl.
Mech. Rev. 2006, 59 (2), 51−77.
(34) Foley, K. M.; Roselle, S. J.; Appel, K. W.; Bhave, P. V.; Pleim, J.
E.; Otte, T. L.; Mathur, R.; Sarwar, G.; Young, J. O.; Gilliam, R. C.;
Nolte, C. G.; Kelly, J. T.; Gilliland, A. B.; Bash, J. O. Incremental
testing of the Community Multiscale Air Quality (CMAQ) modeling
system version 4.7. Geosci. Model Dev. 2010, 3 (1), 205−226.
(35) Kurokawa, J.; Ohara, T.; Morikawa, T.; Hanayama, S.; Janssens-
Maenhout, G.; Fukui, T.; Kawashima, K.; Akimoto, H. Emissions of air
pollutants and greenhouse gases over Asian regions during 2000−
2008: Regional Emission inventory in ASia (REAS) version 2. Atmos.
Chem. Phys. 2013, 13 (21), 11019−11058.
(36) Wang, S. X.; Xing, J.; Chatani, S.; Hao, J. M.; Klimont, Z.;
Cofala, J.; Amann, M. Verification of anthropogenic emissions of
China by satellite and ground observations. Atmos. Environ. 2011, 45
(35), 6347−6358.
(37) Olivier, J. G. J.; Bouwman, A. F.; Vandermaas, C. W. M.;
Berdowski, J. J. M. Emission Database for Global Atmospheric
Research (EDGAR). Environ. Monit. Assess. 1994, 31 (1−2), 93−106.
(38) Wiedinmyer, C.; Akagi, S. K.; Yokelson, R. J.; Emmons, L. K.;
Al-Saadi, J. A.; Orlando, J. J.; Soja, A. J. The Fire INventory from
NCAR (FINN): a high resolution global model to estimate the
emissions from open burning. Geosci. Model Dev. 2011, 4, 625−641.
(39) Appel, K. W.; Pouliot, G. A.; Simon, H.; Sarwar, G.; Pye, H. O.
T.; Napelenok, S. L.; Akhtar, F.; Roselle, S. J. Evaluation of dust and
trace metal estimates from the Community Multiscale Air Quality
(CMAQ) model version 5.0. Geosci. Model Dev. Discuss. 2013, 6 (1),
1859−1899.
(40) Kelly, J. T.; Bhave, P. V.; Nolte, C. G.; Shankar, U.; Foley, K. M.
Simulating emission and chemical evolution of coarse sea-salt particles
in the Community Multiscale Air Quality (CMAQ) model. Geosci.
Model Dev. 2010, 3 (1), 257−273.
(41) Heo, G.; Carter, W. P. L.; Yarwood, G. Developing chemical
mechanisms that are more robust to changes in atmospheric
composition. Presented at the 11th Annual CMAS Conference,
Chapel Hill, NC, October 15−17, 2012.
(42) Xie, Y.; Paulot, F.; Carter, W. P. L.; Nolte, C. G.; Luecken, D. J.;
Hutzell, W. T.; Wennberg, P. O.; Cohen, R. C.; Pinder, R. W.
Understanding the impact of recent advances in isoprene photo-
oxidation on simulations of regional air quality. Atmos. Chem. Phys.
2013, 13 (16), 8439−8455.
(43) Ying, Q.; Li, J.; Kota, S. H. Significant Contributions of Isoprene
to Summertime Secondary Organic Aerosol in Eastern United States.
Environ. Sci. Technol. 2015, 49 (13), 7834−7842.
(44) Hu, J.; Wang, P.; Ying, Q.; Zhang, H.; Chen, J.; Ge, X.; Li, X.;
Jiang, J.; Wang, S.; Zhang, J.; Zhao, Y.; Zhang, Y. Modeling biogenic
and anthropogenic secondary organic aerosol in China. Atmos. Chem.
Phys. 2017, 17 (1), 77−92.
(45) Hu, J.; Chen, J.; Ying, Q.; Zhang, H. One-year Simulation of
Ozone and Particulate Matter in China Using WRF/CMAQ Modeling
System. Atmos. Chem. Phys. 2016, 16, 10333−10350.
(46) Hu, J.; Wang, P.; Ying, Q.; Zhang, H.; Chen, J.; Ge, X.; Li, X.;
Jiang, J.; Wang, S.; Zhang, J.; Zhao, Y.; Zhang, Y. Modeling Biogenic

and Anthropogenic Secondary Organic Aerosol in China. Atmos.
Chem. Phys. Discuss. 2016, 2016, 1−31.
(47) Hu, J.; Li, X.; Huang, L.; Ying, Q.; Zhang, Q.; Zhao, B.; Wang,
S.; Zhang, H. Ensemble Predictions of Air Pollutants in China in 2013
for Health Effects Studies Using WRF/CMAQ Modeling System with
Four Emission Inventories. Atmos. Chem. Phys. Discuss. 2017, 2017, 1−
32.
(48) Chen, G.; Li, J.; Ying, Q.; Sherman, S.; Perkins, N.; Sundaram,
R.; Mendola, P. Evaluation of observation-fused regional air quality
model results for population air pollution exposure estimation. Sci.
Total Environ. 2014, 485−486, 563−574.
(49) Shi, Z.; Li, J.; Huang, L.; Wang, P.; Wu, L.; Ying, Q.; Zhang, H.;
Lu, L.; Liu, X.; Liao, H.; Hu, J. Source apportionment of fine
particulate matter in China in 2013 using a source-oriented chemical
transport model. Sci. Total Environ. 2017, 601-602, 1476−1487.
(50) CCICED. Performance Evaluation on the Action Plan of Air
Pollution Prevention and Control and Regional Coordination Mechanism.
CCICED Special Policy Study Report, CCICED 2014 Annual General
Meeting December 1−3, 2014; 2014. http://english.sepa.gov.cn/
Events/Special_Topics/AGM_1/AGM2014/download/201605/
P020160524201836641095.pdf.
(51) Forouzanfar, M. H.; Alexander, L.; Anderson, H. R.; Bachman,
V. F.; Biryukov, S.; Brauer, M.; Burnett, R.; Casey, D.; Coates, M. M.;
Cohen, A.; Delwiche, K.; et al. Global, regional, and national
comparative risk assessment of 79 behavioural, environmental and
occupational, and metabolic risks or clusters of risks in 188 countries,
1990−2013: a systematic analysis for the Global Burden of Disease
Study 2013. Lancet 2015, 386 (10010), 2287−2323.
(52) Lim, S. S.; Vos, T.; Flaxman, A. D.; Danaei, G.; Shibuya, K.;
Adair-Rohani, H.; AlMazroa, M. A.; Amann, M.; Anderson, H. R.;
Andrews, K. G.; Aryee, M.; et al. A comparative risk assessment of
burden of disease and injury attributable to 67 risk factors and risk
factor clusters in 21 regions, 1990−2010: a systematic analysis for the
Global Burden of Disease Study 2010. Lancet 2012, 380 (9859),
2224−2260.
(53) Liu, J.; Han, Y.; Tang, X.; Zhu, J.; Zhu, T. Estimating adult
mortality attributable to PM2.5 exposure in China with assimilated
PM2.5 concentrations based on a ground monitoring network. Sci.
Total Environ. 2016, 568, 1253.
(54) Krotkov, N. A.; McLinden, C. A.; Li, C.; Lamsal, L. N.; Celarier,
E. A.; Marchenko, S. V.; Swartz, W. H.; Bucsela, E. J.; Joiner, J.;
Duncan, B. N.; Boersma, K. F.; Veefkind, J. P.; Levelt, P. F.; Fioletov,
V. E.; Dickerson, R. R.; He, H.; Lu, Z.; Streets, D. G. Aura OMI
observations of regional SO2 and NO2 pollution changes from 2005 to
2014. Atmos. Chem. Phys. Discuss. 2016, 16, 4605−4629.
(55) Zhao, Y.; Wang, S. X.; Duan, L.; Lei, Y.; Cao, P. F.; Hao, J. M.
Primary air pollutant emissions of coal-fired power plants in China:
Current status and future prediction. Atmos. Environ. 2008, 42 (36),
8442−8452.
(56) WHO.WHO Air Quality Guidelines for Particulate Matter, Ozone,
Nitrogen Dioxide and Sulfur DioxideGlobal Update 2005; World
Health Organization, 2006.
(57) Harrison, R. M.; Yin, J. Particulate matter in the atmosphere:
which particle properties are important for its effects on health? Sci.
Total Environ. 2000, 249 (1−3), 85−101.
(58) Tuomisto, J. T.; Wilson, A.; Evans, J. S.; Tainio, M. Uncertainty
in mortality response to airborne fine particulate matter: Combining
European air pollution experts. Reliability Engineering & System Safety
2008, 93 (5), 732−744.
(59) CARB. Resolution 98-3 5 on Particulate Emissions from Diesel
Engines. Agenda Item No. 98−8-1 (August 27, 1998); 1998.
(60) CARB. Scientific Review Panel Findings for the Proposed
Identification of Diesel Exhaust as a Toxic Air Contaminant Report,
Adopted April 22, 1998; Air Resources Board, California Environ-
mental Protection Agency, 1998.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b03193
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

J

http://www.cciced.net/cciceden/Events/AGM/2014nh/News/
http://www.cciced.net/cciceden/Events/AGM/2014nh/News/
http://www.cciced.net/cciceden/Events/AGM/2014nh/News/
http://dx.doi.org/10.1021/acs.est.7b03193

