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ABSTRACT: 

Assessments of the burden of air pollution at the national scale over long-term of time in China would help government managers 

control historic health impacts of air pollution and institute measures to avoid these risks in future. We took a new 0.01° 

×0.01°satellite-based PM2.5 dataset to analyse spatial and temporal trends of PM2.5 associated premature mortality in China from 

1998 to 2017. Results showed that national PM2.5 related deaths from STK, IHD, COPD, LC and ALRI increased from 

approximately 0.89 million cases in 1998 to the peak of 1.34 million in 2014 and steady declined to 1.17 million cases in 2017. The 

health burden exhibited strong spatial variations, with high attributable deaths concentrated in regions such as Shandong, Hebei, 

Henan, Beijing, Guangdong, et al. Changing trends varied from different provinces such as Shandong increased mostly, and Sichuan 

showed a significant decreasing trend. Meanwhile, the results also showed that the expand directions of premature mortality was 

similar to that of population and the changing of absolute number of premature mortality more depended on the growth of PM2.5 

concentration. The findings recommend that government should make better policies to the health risk controlling which take 

population and pollution into consideration than only focus on pollution concentration. 

 

                                                                 

*  Bin Zou 

 

1. INTRODUCTION 

Rapid growth of urbanization and industrialization led air pollution 

become a serious environmental issue in China. Studies reported that 

ambient particulate matter was the sixth-ranking mortality risk factor in 

2016 (GBD, 2016) of the world and it was the 4th among all the risk 

factor for premature mortality in China (Yang et al., 2013). Numerous 

epidemiological cohort studies have demonstrated that long term 

exposure to high level PM2.5 concentration was associated with 

premature mortality from endpoints such as stroke (STK), ischemic 

heart disease (IHD), chronic obstructive pulmonary disease (COPD), 

lung cancer (LC) and acute lower respiratory infection (ALRI) (Brauer 

et al., 2012).  

Some studies have tried to evaluate health impacts due to ambient 

PM2.5 for China in recent years. Some of them not considered the 

national scale (Cao et al., 2012; Yi et al., 2015; Fang et al., 2016) and 

fine resolution (Liu et al., 2016; Cohen et al., 2017), others have 

improved these negatives on spatial scales but not take the long-term 

variations (Lelieveld et al., 2015; Lim et al., 2012; Feng et al., 2017; 

Wang et al., 2018) into consideration. Recently, there were two studies 

(Liu et al., 2016, Xie et al., 2016,) have reported national premature 

deaths contributed by PM2.5 pollution during 2004-2012 and 2000-

2010 respectively, but different spatial resolutions and baseline 

mortality led the results of these two studies incomparable, furthermore, 

it is hard to integrate a long-term dataset of premature deaths in a fine 

resolution in China based on present studies.  

To address this need, we used a new 0.01° × 0.01° satellite-based PM2.5 

data dataset in conjunction with fine scale population data to develop 

novel estimates of PM2.5 related premature mortality in China from 

1998 to 2017 at national scale. The specific objectives were (1) to 

reveal the spatiotemporal characteristics of PM2.5 concentrations in 

China through 1998 to 2017, (2) estimate the health effects of PM2.5 

concentration in China and (3) explore the relationship of change 

tendency between concentration, population and premature 

mortality .The results of this study will aid in understanding the 

characteristics of the long-term trends of PM2.5 in China and their 

health effects during periods of past 20-years, and they will also have 

implications in designing effective strategies to mitigate health damage 

caused by air pollution in China and developing countries elsewhere. 

 

2. DATA AND METHODS 

2.1 Data collection and preparation 

2.1.1 PM2.5 concentration data: We used global PM2.5 

concentrations for 1998-2017 estimated using remote sensing 

data from the Atmospheric Composition Analysis Group to 

analyse the spatiotemporal dynamics of PM2.5 concentration in 

China. The datasets was estimated by combining Aerosol 

Optical Depth (AOD) retrievals from the NASA MODIS 

(MODerate resolution Imaging Spectroradiometer), MISR 

(Multi-angle Imaging SpectroRadiometer) and SeaWIFS (Sea-

viewing Wide Field-of-view Sensor) instruments and MODIS 

MAIAC (Multi-Angle Implementation of Atmospheric 

Correction) surface reflectance dataset with the GEOS-Chem 

chemical transport model and subsequent calibration to global 

ground-based observations of PM2.5 using Geographically 

Weighted Regression (GWR) (van Donkelaar et al., 2016). The 

remote sensing data are based on the statistical method of using 

average as the annual average with a resolution of 0.01° ×0.01°. 

To match the resolution of population data, the PM2.5 

concentration data was resampled to 1km×1km resolution. 

 

2.1.2 Population data: A series of data need to be collected 

to estimate the spatial distribution of population for the years 

1998-2017. Using the provincial growth rate projection method. 

It included the 1 km ×1 km grid population data of China in 

2010 from the Chinese Academy of Sciences Resource and 

Environment Science Data Centre (http://www.resdc.cn), the 

data from a series of China Statistic Yearbooks and Annual 

Statistical Bulletin (http://www.stats.gov.cn/tjsj/tjgb/ndtjgb/), 

and the provincial age characteristic data from the website of 
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the National Bureau of Statistics of the People’s Republic of 

China (http://www.stats.gov.cn/tjsj/pcsj/rkpc/6rp/indexch.htm). 

 

2.1.3 Mortality data and death rate of disease: The 

provincial death rate of disease was collected from the reference 

written by Zhou et al. The data included the age-standardized 

death rate of each province for men and women in 2013, this 

study firstly estimate the provincial death rate of disease in 

2013 according to the population proportion of men and women, 

then calculated the death rate of each disease in each year based 

on the temporal relationship of mortality during the study 

period. The yearly provincial population proportion of men and 

women and the mortality data was collected from China 

Statistic Yearbooks and Annual Statistical Bulletin 

(http://www.stats.gov.cn/tjsj/tjgb/ndtjgb/). 

  

2.2 Methods 

2.2.1 IER model: Premature mortalities attribute to long-

term exposure to PM2.5 were calculated based on the equation 

with exposure factors weighting. Five leading endpoints were 

considered, including ischemic heart disease (IHD), lung cancer 

(LC), stroke (STK, including ischemic stroke and haemorrhagic 

stroke), chronic obstructive pulmonary disease (COPD) and 

acute lower respiratory infection (ALRI) of child aged <5 years.  

The exposure-response function is used to quantitatively 

evaluate the change in the death rate caused by a unit increase 

in a pollutant’s concentration level. The Integrated Exposure 

Response (IER) model developed as part of the GBD study 

seems to be the most suitable choice for the estimates of 

mortality burdens attributable to PM2.5 in China. Even 

compared with the RRs estimated based on  

 , ,i j tED =   , , , ,

, ,

1
1 i j t i j t

i j t

I P

RR

   = , , , , , ,i j t i j t i j tAF I P    

Where 

, ,i j tED  = the excess deaths caused by air pollution for 

stroke, IHD or LC;  

, ,i j tAF = the attributable fraction (AF), defined as the 

fraction of the disease burden attributable to PM2.5; 

, ,i j tI = the annual all-age incidence rate of the mortality end 

point, obtained from China Health Statistical Yearbook () 

compiled by the Ministry of Health of China according to ICD-

10 codes (NHFPCC, ); 

, ,i j tP = the permanent all-age population aggregated from 

population density map at 1km×1km resolution provided by 

Chinese Academy of Science; 

, ,i j tRR = the relative risk of premature mortality due to 

PM2.5 obtained from the integrated exposure response model 

and i, j and t are the grid, the prefecture and the year, 

respectively. 

 

2.2.2 Standard Deviation Ellipse Analysis: The standard 

deviation ellipse represents elements in the main distribution 

area. The calculated major and minor axes of the ellipse indicate 

the direction and range of the data distribution. Thus, the 

calculated multiyear SDE can reflect clear trends in the 

directionality of the elements over time. The median centre 

identifies the location that minimizes the overall Euclidean 

distance to the features in a dataset; therefore, it can express the 

centre of the entire dataset. By comparing the interannual 

changes in the SDE and median centre of the time series, it was 

possible to determine the overall characteristics of premature 

mortality and the corresponding PM2.5 concentrations and 

populations in 1998 and 2017 were quantified to trace their 

changes over the past 20 years.  

 

3. RESULTS 

3.1 Spatiotemporal characteristics of PM2.5 pollution 

during past 20 years 

3.1.1 Temporal characteristics of PM2.5 pollution during 

past 20 years: The variation of annual average PM2.5 

concentration shows in figure 1. The average value of national 

PM2.5 concentration varied from 22.33 μg/m3 (in 2000) to 31.26 

μg/m3 (in 2015) and the average value during 1998-2017 is 

28.13μg/m3. There was a decrease from 1998 (23.90 μg/m3) to 

2000 (22.33 μg/m3) and sharply increase from 2000 (22.33 

μg/m3) to 2007 (31.16 μg/m3). During 2007 and 2010, the 

concentration of annual average stayed in a stable interval of 

29.75 μg/m3 and 31.16 μg/m3. There was a significant 

decreasing from 2010 (31.12 μg/m3) to 2012 (27.31 μg/m3) and 

increased to 31.23 μg/m3 in 2013, it decreased to 29.22 μg/m3 

in 2014 and then raise to 31.26 μg/m3 in 2015 as the peak value 

during the past 20 years. After 2015, the annual PM2.5 

concentration declined for two consecutive years to the value of 

28 μg/m3 and 29.22 μg/m3 in 2016 and 2017. 

Fig.1. also shows the rates of area exceeded different level of air 

quality standard and the corresponding rate value of population. 

The three level of concentration limitation are according to the 

three different limitation of air quality standard: Grade I of 

National Ambient Air Quality Standard in China (CNAAQS) 

(annual concentration limit is 15 μg/m3), Grade II of National 

Ambient Air Quality Standard in China (CNAAQS) (annual 

concentration limit is 35 μg/m3), and the Air Quality Standard 

of WHO (10 μg/m3). The rates of area exceeded concentration 

limitation of 10 μg/m3, 15 μg/m3 and 35 μg/m3 varied from 72% 

to 85%, 58% to 75%, and 19% to 38%, respectively. Compared 

to the rates of population of exceeding concentration limitation 

of the three level which varied from 98% to 99%, 92% to 98%, 

and 39% to 79%. Since 2013, the year of drastic measures of air 

pollution controlling was taken by Chinese Government, 

annual-average concentration was declined in a total trend from 

31 μg/m3 to 27 μg/m3 until 2017. With the decreasing of 

concentration, the rate of area exceeding 35 μg/m3 dropped 

from 35% to 25% and the rate of population exceeding 35 

μg/m3 from 72% down to 55%, the variation reveals that strict 

measures have effective results on air pollution controlling 

specially on the heavily polluted areas and high-density 

population areas. The little changes of the rate of area exceeding 

10 μg/m3, 15 μg/m3 and the rate of population exceeding 10 

μg/m3,15 μg/m3 indicated that it is hard to reduce the 

concentration of areas with relatively good air quality. 

 
Fig.1. annual PM2.5 concentration, rate of area exceeding different level of limitation and rate of 

population exceeding different level of limitation during 1998 to 2017 

 

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-3/W5, 2018 
ISPRS Workshop on Remote Sensing and Synergic Analysis on Atmospheric Environment, 7–8 November 2018, Guangzhou, China

This contribution has been peer-reviewed. 
https://doi.org/10.5194/isprs-archives-XLII-3-W5-39-2018 | © Authors 2018. CC BY 4.0 License.

 
40

http://www.stats.gov.cn/tjsj/pcsj/rkpc/6rp/indexch.htm


 

3.1.2 Spatial characteristics of PM2.5 pollution during past 

20 years: Figure 2 shows significant spatial characteristics of 

PM2.5 pollution throughout the whole country during the past 

20 years. The North China Plain was the centre of high PM2.5 

concentration area, it concluded BTH region, Shandong city 

cluster, north and central Henan, north Anhui and north Jiangsu. 

The North China Plain has always been one of the most 

concentrated areas in China's population and the most intensive 

social and economic activities. Concentration of the Fen Wei 

plains and Sichuan basin were also high, large density of 

population and diffusion of adverse weather conditions led 

these areas kept high concentration of pollution. 

The lightest polluted area of PM2.5 is northeast and southwest 

China and southeast coastal area. These two areas are 

mountainous and many trees, with sparse population density 

and poor economic development. The low emissions of human 

pollutants and strong resistance to natural environment make 

the air quality of the two regions far ahead of the whole country. 

Fig.2. also shows the spatial variation of total PM2.5 

concentration. Northeast China Pain and North China Plain 

were the areas PM2.5 concentration increased mostly. Coal was 

the main energy consumption in the Northeast Plain during the 

past 20-years, the increasing accounting of the total energy 

consumption (Jilin Statistical Yearbook, 2016, Liaoning 

Statistical Yearbook, 2017, Heilongjiang Statistical Yearbook 

2017), resulting heavy air pollution in this area. Industry and 

vehicle emissions were main sources of air pollution in North 

China Plain. High density of population and rapid increasing 

rate of population led to explosive growth of motor vehicles in 

this area, e.g.: Beijing from 1.16 million in 1998 to 5.59 million 

in 2014 (Beijing Statistical Yearbook, 1999 and 2015), Tianjin 

from 0.4 million in 1998 to 2.82 million in 2016 (Tianjin 

Statistical Yearbook, 1999 and 2017). 

 

 

 
Fig.2. Spatial distribution of annual PM2.5 concentration in 1998(a) and 2017(b), and distribution of 

variation concentration between 1998 and 2017 (c) 

 

3.2 Estimation of PM2.5 associated premature mortality 

3.2.1 Total premature mortality varied with time: Figure 

3 shows the total premature mortality varied with time during 

1998-2017. In past 20-years, the estimated total average annual 

premature mortality due to PM2.5 exposure in China reached 

1,125,779. The five diseases contributed differently to the total 

annual average. The estimates of annual premature mortality 

from STK, IHD, COPD, LC, and ALRI attributable to ambient 

PM2.5 numbered 604,271, 303,327, 124,449, 90,479, and 3,225, 

respectively. 

Fig.3. presents the five diseases deaths, total premature 

mortality and their change rates of each year during 1998 to 

2017. Overall, PM2.5 induced premature mortality in China 

showed an increasing trend from 1998 to 2017. The overall 

annual PM2.5 contributed premature mortality varied from 

885,265 (in 1998) to 1,340,920 (in 2014). The premature 

mortality increased dramatically from 1998 to 2003 with a 

rising rate of 18.56%, then showed a small decline in 2014 and 

stably raise during 2005 to 2008. There were continuous 

declines from 2009 and sharply increasing from 2012 then got 

the peak value of total premature mortality in 2014 with the 

number of 1,340,920. There was a significant decline since 

2015 and the total premature mortality dropped to 1,167,470 in 

2017. 

 

3.2.2 Five diseases deaths varied with time: The five 

diseases showed different changing characteristics during the 

(a) Concentration distribution of 1998 

(b) Concentration distribution of 2017 

(c) variation between 1998 and 2017 
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past 20-years. (Fig3) The number of ALRI deaths changed most, 

following was LC deaths and COPD deaths, STK deaths was 

the fourth and the change of IHD deaths is the smallest. The 

number of ALRI deaths was increasing from 2,220 to 3,852 

with the variation of 42.36% during 1998 to 1997, and 

decreased during 2008 to 2012, it was increased in 2013 and 

then declined until 2017. The number of LC deaths and COPD 

deaths were with similar tendency of variation that increased 

from 1998 to 2007 and small decline during 2008 to 2012, the 

got the peak value in 2013 and declined from 2014 to 2017.  

 

The change tendency of STK deaths and IHD deaths were 

similar with the peak value in 2014. Therefore, the percentage 

contributions of five diseases deaths were quantified during the 

long-term changes over the entire of China (Fig.3.). In terms of 

their relative contributions, STK, IHD, COPD, LC, and ALRI 

accounted for 53.68%, 26.94%, 11.05%, 8.04% and 0.29%, 

respectively, of total premature mortality in China. Because of 

the variations in the trends of the five diseases and their 

absolute amounts, their relative contributions to total premature 

mortality also varied during the 20-years period. The changes in 

the proportions of the contributions of the diseases to total 

premature mortality showed that LC and ALRI changed little 

annually with the proportion values varying from 7.32% to 

8.32% and 0.25% to 0.32%. Both STK (varied from 52.74% to 

54.58%) and COPD (varied from 10.54% to 11.72%) increased 

their contributions from 1998 to 2017 with max increases in 

their proportions, corresponding to a decrease in the percentage 

contribution of IHD (varied from 29.07% to 26.97%) to total 

premature mortalities. 

 
Fig.3. Five diseases deaths, total premature mortality and their change rates during 1998 to 2017 

 

3.2.3 Spatial distribution of premature mortality: Figure 4 

presents the spatial distribution of estimated annual PM2.5 

related premature mortality linked to COPD, IHD, STK, LC and 

ALRI in China during 1998-2017. In general, premature 

mortality showed obvious spatial patterns and strong variations 

across the entire study area from 1998 to 2017. High levels of 

premature mortality were widespread in Beijing, Tianjin, 

Shanghai, southern Hebei, north-eastern Henan, western 

Shandong, southern Jiangsu, central Shaanxi, Wuhan urban 

agglomeration, Chengdu-Chongqing city cluster and southern 

Guangdong. These areas showed the highest numbers of 

estimated premature mortality because of high PM2.5 

concentrations and high population densities. Other regions 

with high values of premature mortality were mainly in 

provincial capital cities of central and eastern China. 

Corresponding to the dense population centres of urban areas 

throughout the study period. Cities of Harbin, Shenyang, 

Shijiazhuang, Jinan, Taiyuan, Xingtai, Wuhan, Hefei and 

Chongqing were with high premature mortality of per square 

kilometre (exceeded 15 persons) in1998 and it was expanded to 

Changchun, Beijing, Tianjin, Baoding, Handan, Qingdao and 

Zhengzhou in 2017.  

Meanwhile, the proportion of areas per square kilometre deaths 

over 6 persons was growth from 3.23% to 5.15% during 1998 

to 2017.The proportion of premature mortality of per square 

kilometre between 4 to 6 persons and that of 2 to 4 persons also 

showed rising trend with the value from 1.72% to 2.83 and 

4.49% to 8.83%. In the contrary, the area of premature mortality 

account for 80.46% in 1999 and for 67.97% in 2016. The 

provincial absolute number of deaths of premature mortality 

varied significantly. The largest increase of absolute number of 

deaths of premature mortality occurred in Shandong (from 

94,797 to 155,052, increased 60,256) and Henan (from 104,666 

to 155,052, increased 47,431), followed by Hebei (from 77,528 

to 113,381, increased 35,852), Heilongjiang (from 30,599 to 

64,063, increased 33,464) and Guangdong (from 48,605 to 

77,418, increased 28,813). Heilongjiang, Beijing, Hainan, Jilin 

and Shandong were also the top five provinces with high 

increasing rate of premature mortality and the value were 

109.36%, 89.53%, 85.24%, 65.29%, 63.56%, respectively. 

Contrary to the increasing provinces, Sichuan, Guizhou, 

Yunnan, Gansu, Chongqing, and Gansu showed significant 

decreasing trend with the declined death numbers were 11,414, 

8,692, 5,152, 4,489 and 4,345 respectively. Meanwhile, Tibet 

(from 57 to 23, declined 58.87%) was the province which 

change rate of premature mortality dropped mostly, following 

were Guizhou (from 33,139 to 24,446, declined 26.23%), 

Yunnan (from 22,407 to 17,256, declined 22.99%), Gansu 

(from 28,680 to 24,336, declined 15.15%), Chongqing (from 

31,795 to 27,307, declined 14.12%), and Sichuan (from 81,426 

to 70,012, declined 14.02%). 

 

 
Fig.4. Spatial distribution of premature deaths in 1998 (a) and 2017 (b) 

 

3.2.4 Provincial changes of absolute number and death 

(a) Premature mortality of 1998 

(b) Premature mortality of 2017 
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rate of premature mortality: Overall, the number of premature 

mortality did not always increase in all areas within an 

individual province. It generally occurred where both PM2.5 

concentration and population density were high or in areas with 

very high population densities. Furthermore, these regions were 

usually the areas with the highest increments in absolute 

premature mortality between 1998 and 2017. Conversely, the 

number of premature mortality in areas with reduced PM2.5 

concentrations or low population densities in China changed 

little between 1998 and 2017. 

The provincial absolute number of deaths of premature 

mortality varied significantly. The largest increase of absolute 

number of deaths of premature mortality occurred in Shandong 

(from 94,797 to 155,052, increased 60,256) and Henan (from 

104,666 to 155,052, increased 47,431), followed by Hebei 

(from 77,528 to 113,381, increased 35,852), Heilongjiang (from 

30,599 to 64,063, increased 33,464) and Guangdong (from 

48,605 to 77,418, increased 28,813). Heilongjiang, Beijing, 

Hainan, Jilin and Shandong were also the top five provinces 

with high increasing rate of premature mortality and the value 

were 109.36%, 89.53%, 85.24%, 65.29%, 63.56%, respectively. 

Contrary to the increasing provinces, Sichuan, Guizhou, 

Yunnan, Gansu, Chongqing, and Gansu showed significant 

decreasing trend with the declined death numbers were 11,414, 

8,692, 5,152, 4,489 and 4,345 respectively. Meanwhile, Tibet 

(from 57 to 23, declined 58.87%) was the province which 

change rate of premature mortality dropped mostly, following 

were Guizhou (from 33,139 to 24,446, declined 26.23%), 

Yunnan (from 22,407 to 17,256, declined 22.99%), Gansu 

(from 28,680 to 24,336, declined 15.15%), Chongqing (from 

31,795 to 27,307, declined 14.12%), and Sichuan (from 81,426 

to 70,012, declined 14.02%). 

 
Fig.5. Provincial ranking of absolute number of premature deaths in 1998 (a) and 2017 (b) 

 

3.3 Changing tendency of premature mortality 

Figure 6 shows the overall changes in the spatial pattern of 

PM2.5 concentration, population distribution and premature 

mortality across China between 1998 and 2017 were evaluated 

using median centre and SDE analysis, which revealed the 

central location and elements distributed within the main region. 

The results showed that the median centre of concentration in 

each year located in the area between 104°E ~ 110°E and 34°N 

~ 38°N (mainly in south Gansu, Shaanxi and Shanxi) and 

moved from northwest to southeast between 1998 and 2007 and 

from southeast to northwest during 2008 and 2017. Compared 

with the median centre of premature mortality of PM2.5 

pollution, the median centre point varied between 118°E ~ 

120°E and 33°N ~ 34°N (mainly in Henan province) and the 

median centre of population distribution varied located in areas 

of 116°E ~ 117°E and 32°N ~ 33°N. 

The SDE showed that the main distribution of PM2.5 

concentration was aligned in the northwest-southeast direction 

and that it increased gradually in this direction. The major and 

minor axes of the ellipse declined from 1707 to 1770 km and 

from 937 to 1039 km, respectively. The increasing of the major 

axes of the ellipses illustrated the spatial aggregation tendency 

and the minor axes showed the of PM2.5 concentration from 

1998 and 2017. The major and minor axes of premature ellipse 

decreased in length from 977 to 1023 km and from 862 to 791 

km, respectively. The different lengths of the major and minor 

axes of PM2.5 population, and premature mortality demonstrated 

different distributional patterns of these three elements across 

China. The ratio between the major and minor axes of the 

ellipses calculated by premature mortality presented an 

increasing tendency between 1998 and 2017, indicating that the 

directional trend became increasingly evident, which displayed 

patterns consistent with PM2.5 concentration and population. By 

2017, the ellipse of premature mortality moved northwest 

relative to 1998. The rotation of PM2.5 concentration varied 

from 107.10° to 99.67° and that of premature mortality varied 

from 43.0° to 27.46°. 

 
Fig.6. Variation of centre point and SDE in 1998 and 2017 

 

4. DISCUSSION AND CONCLUSIONS 

We firstly compared our outcomes with other recent studies in China 

and worldwide in different years, including the studies that adopted the 

IER model (Lim et al., 2012, Lelieveld et al., 2015, Liu et al., 2016a, 

Liu et al., 2016b, Xie et al., 2016, Wang et al., 2018), and found that 

our estimate of national premature mortality attributed to PM2.5 in each 

year was closed to the results of the following studies: Xie et al. (in 

2016, estimated 0.88 million in 2000 and 1.25 million in 2010 

compared with 0.92 million and 1.19 million in this study), Wang et al. 

(in 2018, estimated 1.21 million in 2010 compared with 1.19 million in 

this study), Liu et al. (in ). 1.27 million Wang et al. M. Liu et al. (2016b) 

also used the IER models and a satellite-derived PM2.5 dataset at 10 

resolution, and all-age population maps at 1km resolution in 2010; the 

endpoint ALRI and COPD death was not included in their study. Xie et 

al. (2016) explored the long-term trend and spatial pattern of PM2.5 

induced premature mortality in China between 2000 and 2010 based on 
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the same 1km resolution population density, satellite retrieved PM2.5 

concentrations and provincial health data. Our results were lower than 

the 1.36 million by Lelieveld et al. (2015), the 1.37 million by J. Liu et 

al (2016a). These differences in PM2.5 related mortality may be due to 

the use of different data sources for PM2.5 exposure data, the modelling 

scale, the population data, and the annual incidence rate of mortality for 

the five diseases.  

Secondly, we compared the proportion of five diseases in this study 

with other studies. Among the PM2.5 related premature mortality, the 

contribution of STK is the largest (52.90%), followed by IHD (30.77%), 

COPD and LC accounted for 9.40% and 6.62%, respectively, and the 

proportion of ALRI in children was the lowest at around 0.32% (Fig, 

for each of the previous studies). IHD and STK account for > 80% of 

combined PM2.5 attributable mortality for all five causes, which is 

higher than the ~ 70% of the previous global concentration mortality 

relationships (Apte et al., 2015) and the 72% from GBD 2010. 

This study estimate dataset of yearly annual PM2.5 associated premature 

mortality based on the 0.01° × 0.01° high-resolution over the past two 

decades. The results show that PM2.5-induced premature mortality 

increased from 0.89 million in 1998 to the peak of 1.34 million in 2014 

and steady declined to 1.17 million in 2017. Among the five diseases, 

STK and IHD were the two largest contributors, accounting for over 

80% of the total premature mortality in China. Among all provinces, 

Henan contributed the largest premature mortality across the study area 

with 137,166 and accounting for 12.1%. The spatial pattern showed 

that high levels of premature mortality were widespread in Beijing, 

Tianjin, Shanghai, southern Hebei, north-eastern Henan, western 

Shandong, southern Jiangsu, central Shaanxi, Wuhan urban 

agglomeration, Chengdu-Chongqing city cluster and southern 

Guangdong. These areas showed the highest numbers of estimated 

premature mortality because of high PM2.5 concentrations and high 

population densities. Other regions with high values of premature 

mortality were mainly in provincial capital cities of central and eastern 

China. The results also show the expand directions of premature 

mortality were similar to that of population and the changing of 

absolute number of premature mortality more depended on the growth 

of PM2.5 concentration. Long-term premature mortality of PM2.5 

concentration was affected by urbanization during past 20-years. The 

comparation of the results showed our estimated of long-term PM2.5 

contributed premature mortality were closed to most of previous studies 

in each year and the dataset of yearly annual PM2.5 associated 

premature deaths over the past two decades is dependable. The result 

also shows that it is a big challenge for our government and society to 

make better policies to balance the relationship between economic 

development and human health impact caused by environmental 

pollution, and government should make better policies to the health risk 

controlling which take population and pollution into consideration than 

only focus on pollution concentration. 
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