
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights

http://www.elsevier.com/authorsrights


Author's personal copy

Time-series analysis of mortality effects from airborne particulate
matter size fractions in Beijing

Pei Li a, b, c, Jinyuan Xin b, *, Yuesi Wang b, Shigong Wang a, Kezheng Shang a, Zirui Liu b,
Guoxing Li d, Xiaochuan Pan d, Linbo Wei a, Mingzhen Wang a

a Key Laboratory of Semi-arid Climate Change of Ministry of Education, College of Atmospheric Science, Lanzhou University, Lanzhou, Gansu 730000, China
b State Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric Chemistry, Institute of Atmospheric Physics, Chinese Academy of Sciences,
Beijing 100029, China
c Unit 93534 of PLA, Beijing 101212, China
d Department of Occupational and Environmental Health, School of Public Health, Peking University Health Science Center, Beijing 100191, China

h i g h l i g h t s

� Feature of mortality impacts from PM size fractions is initial evaluated in Beijing.
� An obvious seasonal pattern of PM2.5 acute effect has been found.
� Modifying effect of PM2.5 by temperature exists in the study period.
� The level of RR assume an significantly tendency in recent years.
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a b s t r a c t

Evidence concerning the health risk of fine and coarse particles is limited in developing Asian countries.
The modifying effect between particles and temperature and season also remains unclear. Our study is
one of the first to investigate the acute effect of particles size fractions, modifying effects and interannual
variations of relative risk in a developing megacity where particulate levels are extraordinarily high
compared to other Asian cities. After controlling for potential confounding, the results of a time-series
analysis during the period 2005e2009 show that a 10 mg m�3 increase in PM2.5 levels is associated
with a 0.65% (95% CI: 0.29e0.80%), 0.63% (95% CI: 0.25e0.83%), and 1.38% (95% CI: 0.51e1.71%) increase
in non-accidental mortality, respiratory mortality, and circulatory mortality, respectively, while a
10 mg m�3 increase in PM10 is similarly associated with increases of 0.15% (95% CI: 0.04e0.22%), 0.08%
(95% CI: 0.01e0.18%), and 0.44% (95% CI: 0.12e0.63%). We did not find a significant effect of PM2.5e10 on
daily mortality outcomes. Our analyses conclude that temperature and particulates, exposures to both of
which are expected to increase with climate change, might act together to worsen human health in
Beijing, especially in the cool seasons. The level of the estimated percentage increase assume an esca-
lating tendency during the study period, in addition to having a low value in 2008, and after the Olympic
Games, the values increased significantly as the temporary atmospheric pollution control measures were
terminated mostly.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Adverse health effects of ambient airborne particles are of major
concern to environmental health regulators. In recent years a
tremendous amount of research on health effects of particles has

been published and evidence is well established that even small
concentrations of fine particles in air breathed by humans
contribute significantly to their morbidity and mortality (Styer
et al., 1995; Lee and Schwartz, 1999; Samet et al., 1997; Pope,
2000; Tie et al., 2009). A growing mass of compelling evidence
has demonstrated the strong associations of acute effects between
particulate matter (PM) and non-accidental mortality (NAM), res-
piratorymortality (RM), and circulatorymortality (CM) (Brunekreef
and Holgate, 2002; Dominici et al., 2000, 2006; Yi et al., 2010; Chen
et al., 2011; Lopez-Villarrubia et al., 2011). Most of these studies
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have shown that adverse health effects are consistently associated
with PM10, or inhalable particles (defined as particulate matter less
than 10 mm in aerodynamic diameter). However, few studies have
evaluated the association between PM2.5e10 (particles with an
aerodynamic diameter between 2.5 and 10 mm) and health out-
comes (Health Effects Institute, 2004; Kan et al., 2007). PM2.5
(particles with an aerodynamic diameter less than 2.5 mm) has only
been studied recently in the developed countries, with only a small
number of studies in Asian countries (Health Effects Institute,
2004). The pollution level, source, formation process, and compo-
sition of PM2.5 may not be common to both PM10 and PM2.5e10, and
we hypothesizes that their biological effects and toxicities are also
different. It is well known that the concentration of atmospheric
pollutants in Beijing declined significantly and achieved the “Green
Olympics” control goal of air quality, but no studies have yet tried to
explore the variation of PM effect on human health before and after
the Beijing 2008 Olympics in this city.

Studies show that ambient temperature and particles are asso-
ciated with human health and that they may interact to cause
adverse effect, however the modified effect by temperature and
season on the association between PM and mortality still remains
inconsistent. Samet et al. (1998) found little evidence that weather
conditions modified the effect of pollution, while Ren and Tong
(2006) observed that temperature significantly modified the
health effects of PM in Brisbane, Australia. Moreover, the modifying
effects which were found in many cities were inconsistent with
each other on this issue. For example, some have found increased
adverse effects onwarm days (Ren and Tong, 2006; Yi et al., 2010; Li
et al., 2011, 2012), and others found an increased effect in thewinter
season (Ko et al., 2007a,b; Bell et al., 2008; Kan et al., 2008; Qian
et al., 2012; Qiu et al., 2012). To date, this issue has not been
addressed from the epidemiological point of view in Beijing, China.

In the present study, we explored the health effects of PM10,
PM2.5, and PM2.5e10 on several mortality outcomes in Beijing, China,
during the period 2005e2009. We developed 4 models for esti-
mating the short-term effects between particles and health out-
comes. This type of time-series design is a major approach to
evaluate acute effects of air pollution in epidemiological studies for
the last decade. This paper reported a comprehensive character-
ization of Beijing particle pollution on human health and provided
the scientific background for the further control of air pollution at
Beijing.

2. Material and methods

2.1. Data collection

We conducted the study in the urban area of Beijing, the capital
of China. Beijing has experienced rapid industrialisation and ur-
banisation since the 1980s and has become one of the world’s
largest megacities. The study site is located at 39�580N, 116�220E,
between the north 3rd Ring Road and the north 4th Ring Road in a
high-density residential area of Beijing. The data set used in this
study consists of daily data of air pollution, meteorological condi-
tions, and death records from 1 Jan 2005 to 31 Dec 2009.

Daily air pollution data andmeteorological data, including PM10,
PM2.5, PM2.5e10 (calculated as the difference between measured
hourly concentrations of PM10 and PM2.5), temperature (T), and
relative humidity (RH), were obtained from the Beijing-Tianjin-
Hebei Atmospheric Environment Monitoring Network, which was
established by the Institute of Atmospheric Physics, Chinese
Academy of Sciences (IAP, CAS) (Xin et al., 2010). The 24-h average
concentrations of PM10, PM2.5, and PM2.5e10, which were measured
using the Tapered Element Oscillating Microbalance (Franklin, MA,
USA) method, were defined as non-missing if at least 75% of the

hourly values of each variable were available covering the study
period. Sampling methods and instrument protocols, as well as
quality assurance/quality control (QA/QC) procedures for air quality
monitoring, were be executed based on the Chinese National
Environmental Protection Standard, Automated Methods for
Ambient Air Quality Monitoring. The real-time data was collected
and transferred via the internet.

The Air pollution Index (API), which is administered by the
Beijing Environmental Protection Agency, is a reflection and eval-
uation method of air quality in China. Because of its simple and
visualized features, the results are suitable for expressing the city’s
short-term air quality and its changing tendency.

The health outcome data in this study, comprising respiratory
mortality (RM), circulatory mortality (CM), and non-accidental
total mortality (NAM) (including RM and CM), were provided by
the China Centers for Disease Control and Prevention and the
Third Hospital of Peking University. The causes of death were
coded according to the International Classification of Diseases, 10
(ICD-10).

2.2. Data analysis

Most epidemiological studies of air pollution effects use a time
series design, in which day-to-day changes in mortality (usually in
a single city) are related to day-to-day changes in air pollution
exposure (Samet et al., 1997; Ren and Tong, 2006). It is assumed
that the daily mortality counts typically follow an overdispersed
Poisson distribution (Hastie and Tibshirani, 1990; Samet et al.,
1997). In this study, Poisson generalized additive models (GAMs)
were employed to explore the associations of PM10, PM2.5, PM2.5e10,
API, and temperature with health outcomes. We used cubic
smoothing functions to control the confounding effects of secular
trend, seasonality, day-of-the-week effect, public holidays, tem-
perature and relative humidity.

Particulate pollution is reported to be the major air pollutant in
Beijing for about 85% of days in the last 5 years (Beijing Municipal
Environmental Protection Bureau 2010: http://www.bjepb.gov.cn/
portal0/tab181/), and airborne particles and the main gaseous
pollutants (i.e. NO2, SO2, O3, and CO) are correlated and may
interact with each other (Wong et al., 1999; Hong et al., 2002). So
the single pollutant models are used in this study to estimate
particles health effect. We first build basic models for various
mortality outcomes without considering whether a modifying ef-
fect exists between temperature and PM or API. The independent
models are described as follows,

Log½EðYiÞ� ¼ bXi þ sðtime;bs ¼ }cr}; df Þ þ sðRHi; bs ¼ }cr}; df Þ
þ sðTi; bs ¼ }cr};df Þ þ as:factorðDOWÞ þ Seasonþ Holiday
þ a ¼ bXi þ sðTi; bs ¼ }cr};df Þ þ COVsþ a

(1)

where E (Yi) refers to the expected count at day i; Xi refers to air
pollution variables such as PM10, PM2.5, PM2.5e10, and API at day i; Ti
refers to daily average temperature at day i; RH refers to daily
average relative humidity at day i; s ( ) is the cubic smoothing
spline; DOW denotes days of week on day i; a refers to the inter-
cept; b is the coefficient; df is the degree of freedom of the smooth
function; and COVs represents all other covariates in themodel. Our
study used the degrees provided by smoothness estimated auto-
matically to reduce the human error in this study. Second, we used
the nonparametric bivariate response model to identify the modi-
fying effects of temperature and PM on health outcomes. The
pollution effects across temperature level are estimated as done in
some previous studies (Lipsett et al., 1997; Ren et al., 2006).
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Log½EðYiÞ� ¼ sðXi; TiÞ þ sðXi; bs ¼ ’’cr’’; df Þ þ sðTi; bs ¼ }cr}; df Þ
þ COVsþ a

(2)

Then, we replace the pollution term in Equation (1) as a seasonal
interaction term. The third model which reflect the obvious
changes throughout the year can be defined as,

Log ½EðYiÞ� ¼bssinð2 pi time=365ÞXi�lþbccosð2 pi time=365ÞXi�l

þboXi�lþsðtime;bs¼ }cr};df ÞþsðRHi;bs¼ }cr};df Þ
þsðTi;bs¼ }cr};df ÞþCOVsþa

(3)

where bs, bc, and b0 are estimated coefficients.
Similarly, a categorical variable with five categories (5 years) is

created to investigate the changes of PM effect over the recent 5
years. The whole data are classed into five periods by different
years. We then add a product term of the pollutant concentra-
tions and dummy variables into the core model to test the
possible variations from year-to-year changes. The equation is as
follows:

Log½EðYiÞ� ¼b2005I2005Xiþb2006I2006Xiþb2007I2007Xi

þb2008I2008Xiþb2009I2009Xiþ sðtime;bs ¼ }cr};df Þ
þ sðRHi;bs ¼ }cr};df Þþ sðTi;bs ¼ }cr};df Þ
þCOVsþa

(4)

where I2005, I2006, I2007, I2008, I2009 ¼ 0/1 indicator variables
representing the year of 2005, 2006, 2007, 2008, and 2009,
respectively. b2005, b2006, b2007, b2008, b2009 ¼ regression co-
efficients regarding the relation between PM2.5 and death counts
for a given year. We adjust for the same covariates (COVs) as in
Model (1), (2), (3), and (4). To explore the acute effect and
modifying effect on mortality in Beijing, we estimate the relative
risk (RR) to denote the combinations of air pollutant and human
health across different temperature and season levels. To capture
the cumulative and delayed effects of PM and API on mortality
risk, different lag structures for each particulate size fraction are
examined: (1) single-day lags up to day 10, and (2) moving av-
erages up to 10 days. The results is expressed in terms of the
percentage increase in daily non-accidental mortality, respira-
tory mortality, and circulatory mortality for a 10 mg m�3 and 10
point increment of pollutant concentrations, and respective 95%
confidence interval (95% CI). All model analyses are conducted in
the statistical environment R, version 2.11.1, using the mgcv
package, 1.6-e2 (R Development Core Term 2011: http://www.r-
project.org).

3. Results

3.1. Data description

We examine the distribution of each variable by time during the
study periods. Table 1 provides distributional characteristics of air
pollution (PM2.5, PM10, and PM2.5e10), weather (T and RH), and
health outcome variables (NAM, RM, and CM). The results show
considerable variation in each of variables.

The annual mean concentrations of PM2.5 and PM10 are
75 mg m�3 and 126 mg m�3, and are much higher than the National
Grade II standard level for ambient air quality which will be
implemented in China by 2016, with the annual concentration of
35 mg m�3 and 70 mg m�3 for PM2.5 and PM10, respectively. The
exceeding days and exceeding rates of the 24-h average are 508,
28.4%, and 720, 40.3%, respectively. That means PM pollution
(especially fine particles) is still a severe environmental problem in
Beijing. PM2.5 accounts for a substantial part of the PM10 in Beijing,
and the ratio of PM2.5 to PM10 ranges from 30% to 89%, with an
average of 59%. PM10 is significantly positively correlated with
PM2.5e10 (r ¼ 0.80) and PM2.5 (r ¼ 0.76), but PM2.5 and PM2.5e10 are
weakly correlated (r ¼ 0.23). Fig. 1 shows the distribution of PM
concentrations and API points across four seasons. It is obvious that
PM10 and PM2.5e10 are higher on cool days (i.e. spring and winter),
with mean concentrations of 140 mg m�3 and 70 mg m�3, respec-
tively. In addition to slightly higher in summer (79 mg m�3), PM2.5
shows no significant seasonal variations. API is the lowest in
summer (83), with an annual average point of 96 for the full year.

3.2. Regression results

Fig. 2 shows the relative risk (RR) (95% CI) of daily mortality per
10 mg m�3 increase in PM2.5, PM10, PM2.5e10, and API on different

Table 1
Summary statistics of air pollution, meteorological conditions, and death outcomes in Beijing, China, 2005e2009.

Variable Mean � SD Minimum P25 Median P75 Maximum

Air pollution PM10/mg m�3 126 � 87 7 66 107 164 900
PM2.5/mg m�3 75 � 54 2 36 64 105 435
PM2.5e10/mg m�3 50 � 59 1 20 41 72 827
API 96 � 55 12 64 87 111 500

Meteorological T/�C 15 � 11 �10.1 4.2 16.0 24.4 33.7
Condition RH/% 44 � 19 8 27 43 59 91
Death outcome NAM 146 � 49 39 127 153 178 260

RM 70 � 29 8 56 74 89 154
CM 16 � 7 3 11 15 20 51

Calculations were based on daily values using hourly observations. SD means standard deviation. P25 and P75 mean the 25th and 75th percentile. Abbreviations: PM2.5,
particles with an aerodynamic diameter less than 2.5 mm; PM10, particles with an aerodynamic diameter less than 10 mm; PM2.5e10, particles with an aerodynamic diameter
between 2.5 and 10 mm; API, Air pollution Index; T, temperature; RH, relative humidity; NAM, non-accidental mortality; RM, respiratory mortality; CM, circulatory mortality.
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lags. On the whole, the effects of PM2.5 are much higher than PM10

and API, whereas the estimated values of PM2.5e10 which are the
lowest almost remain to be 1.0. For NAM, RM, and CM, we find
significant effects of both PM2.5 and PM10, however, there are no
significant associations found between PM2.5e10 and these out-
comes in all lags we examined. The effect estimates of the exposure
over the precious several days are larger than those considering
only a single day’s exposure. It can be observed that the effects of
PM2.5 and PM10 on NAM and RM are the most significant in single-
day lag1 andmulti-day lag3 (i.e. 4-daymoving average). But for CM,

the effect of PM2.5 and PM10 increases observably as its duration
increases, until they remain stable in certain values which occurs
around 1.01.

Fig. 3 graphically presents the exposureeresponse relationships
between PM and three mortality outcomes. We can conclude that
the exposureeresponse curves associated with PM2.5 and PM10
exposure present positive nonlinear relationships, although the
risks did not increase monotonically. The curves which manifest an
obvious J-shaped pattern tend to become nonlinear and flat at
higher PM concentrations. It is becoming more clear that estimated
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log-RR remain to be stable values while PM10 are greater than
230 mg m�3 or PM25 are greater than 150 mg m�3, even on a
downward trend. That means the deaths caused by PM are
increasing relaxed under these stages.

Fig. 4 depicts themodifying effect of PM2.5, PM10 by temperature
on each health outcome (NAM, RM, and CM) for the previous 3-day
moving average. The estimated death numbers are higher at
extreme high or low temperature levels, especially at low levels.
Obviously, the modifying effects exist across different temperature
levels in the study area, with the lightest adverse effect appeared
approximately at 24 �C of where there is a trough for the three
health outcomes. It can also be obtained that the effects of particles
on human health are smaller than the one caused by temperature,
especially during extreme conditions.

Fig. 5 shows the seasonal variability of health effect for PM2.5 on
daily mortality in recent years. Table 2 shows the effect of PM and
API on daily mortality across different seasons. A clear seasonal
pattern of PM2.5 acute effects exist in Beijing, with a high of about
0.92% (at the P < 0.01 level) in winter and a low of 0.05% (at the

P < 0.1 level) in summer on total mortality, respectively. As ex-
pected, the effect is greater in the cool season (i.e. spring and
winter) than in the warm season (i.e. summer and autumn) for
PM2.5, PM10, and API, despite the maximum concentration of PM2.5
is observed inwarm season in the study periods. In general, most of
seasonal estimates have passed the statistically significance (at the
P < 0.05 level) for PM2.5 and API, but for PM10, half of the estimates
did not show significantly associations in the analyses. On cool
days, which is 2e13 times higher than the one on warm days, a
10 mg m�3 increase is associated with a maximum increase in NAM,
RM, and CM of 0.92% (95% CI: 0.45e1.24%), 0.89% (95% CI: 0.53e
1.13%), and 1.93% (95% CI: 1.72e2.10%) for PM2.5, respectively. The
corresponding estimates in NAM, RM, and CM for API are 0.64%
(95% CI: 0.31e0.95%), 0.59% (95% CI: 0.35e0.89%), and 1.59% (95%
CI: 0.98e1.93%), respectively.

Fig. 6 depicts the interannual variability of the mass concen-
tration of PM2.5 and the estimated percent increase for PM2.5 in
daily mortality from 2005 to 2009. It can be seen that the PM2.5
levels generally declines in recent years in Beijing, whereas the
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relative risk shows different change trends. Overall, the level of the
estimated percentage increase assumes an escalating tendency
during the study period, in addition to having a low value in 2008
because strict atmospheric pollution control measures were
implemented in BeijingeTianjineHebei region before the Olympics
games (Xin et al., 2010, 2012). But it bounced off the bottom and
started a new uptrend after 2008. The values which show the
largest effect in 2009, rose sharply again after the Beijing Olympics.
Under this serious current situation, a 10 mg m�3 increase of PM2.5
corresponded to more than 1.00% increase of non-accidental mor-
tality, respiratory mortality, and circulatory mortality.

4. Discussion

The present study suggests the existence of a short-term asso-
ciation spreading over several succeeding days between PM2.5,
PM10 or PM2.5e10 and the risk of mortality for non-accidental, res-
piratory and circulatory mortality during 2005e2009. In general,

the health effect of PM2.5 remains strongly significant, whereas a
null association is found between PM2.5e10 and daily mortality. By
using product models we also find seasonal patterns and interan-
nual patterns of PM health effect, which shows that low tempera-
tures could enhance the PM2.5 effect on cause-specific population
mortality and the level of adverse effect assume an escalating
tendency from 2005 to 2009 in Beijing.

As it is shown in Table 1 and Fig. 2, in the current analysis, a
10 mg m�3 increase in the 4-day moving average concentrations of
PM2.5 and PM10 corresponded to 0.65% (95% CI: 0.29e0.80%), 0.63%
(95% CI: 0.25e0.83%), and 1.38% (95% CI : 0.51e1.71%); 0.15% (95%
CI: 0.04e0.22%), 0.08% (95% CI: 0.01e0.18%), and 0.44% (95% CI:
0.12e0.63%) increase of non-accidental mortality, respiratory
mortality, and circulatory mortality, respectively. A 10 point in-
crease of API corresponded to 0.50% (95% CI: 0.19e0.61%), 0.43%
(95% CI: 0.14e0.59%), and 1.15% (95% CI: 0.41e1.47%) increases,
respectively. Our results are consistent with the only other study for
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Fig. 5. The seasonal variability of the estimated percent increases in daily mortality of
PM2.5 in recent years. These curves resulted from seasonal interaction model (Equation
(3)). Abbreviations: NAM, non-accidental mortality; RM, respiratory mortality; CM,
circulatory mortality; spring, March through May; summer, June through August;
autumn, September through November; winter, December through February.

Table 2
The estimated mean percentage of change in daily mortality associated with a 10 mg m�3 increase of PM across different seasons, 2005e2009.

NAM RM CM

Central effect 95% CI P-value Central effect 95% CI P-value Central effect 95% CI P-value

PM2.5

Spring 0.76 (0.21, 0.95) 0.00627 0.74 (0.48, 1.02) 0.01791 0.84 (0.58, 1.10) 0.01065
Summer 0.05 (�0.12, 1.21) 0.06607 �0.09 (�0.23, 0.56) 0.47926 0.33 (0.09, 0.68) 0.03382
Autumn 0.43 (0.07, 0.68) 0.00928 0.45 (0.13, 0.62) 0.08024 0.84 (0.59, 1.07) 0.00061
Winter 0.92 (0.45, 1.24) 0.00463 0.89 (0.53, 1.13) 0.00031 1.93 (1.72, 2.10) 0.00809
Total 0.65 (0.29, 0.80) 0.00497 0.63 (0.28, 0.83) 0.00085 1.38 (0.81, 1.71) 0.03065
PM10

Spring 0.22 (0.16, 0.49) 0.00001 0.16 (0.11, 0.48) 0.01193 0.40 (0.11, 0.67) 0.06094
Summer L0.26 (�0.31, 0.09) 0.01099 0.07 (�0.15, 0.23) 0.17467 �0.16 (�0.23, 0.63) 0.34012
Autumn 0.04 (�0.16, 0.26) 0.18464 �0.40 (�0.48, 0.05) 0.18528 0.15 (0.02, 0.29) 0.96358
Winter 0.13 (0.05, 0.49) 0.23512 0.07 (�0.15, 0.16) 0.42991 0.57 (0.25, 0.84) 0.00024
Total 0.15 (0.04, 0.32) 0.12047 0.08 (0.01, 0.18) 0.32191 0.44 (0.12, 0.63) 0.46226
API
Spring 0.41 (0.12, 0.63) 0.00262 0.32 (0.17, 0.61) 0.01590 0.70 (0.14, 1.52) 0.00031
Summer �0.12 (�0.34, 0.16) 0.63470 �1.25 (�2.20, �0.16) 0.91960 0.40 (0.28, 0.66) 0.00109
Autumn 0.21 (0.13, 0.43) 0.01250 0.14 (0.05, 0.59) 0.01790 0.74 (0.39, 0.92) 0.01530
Winter 0.64 (0.31, 0.95) 0.00293 0.59 (0.35, 0.89) 0.00015 1.59 (0.98, 1.93) 0.00000
Total 0.26 (0.08, 0.44) 0.03221 0.23 (0.11, 0.63) 0.01349 0.82 (0.38, 1.24)

)
0.00076

Statistically significant results (P< 0.05) were given in bold letters. Abbreviations: NAM, non-accidental mortality; RM, respiratory mortality; CM, circulatory mortality; PM2.5,
particles with an aerodynamic diameter less than 2.5 mm; PM10, particles with an aerodynamic diameter less than 10 mm; API, Air pollution Index; 95% CI, 95% confidence
interval.
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Fig. 6. The inter-annual variability of the estimated percent increases in daily mor-
tality of PM2.5 in recent years. These curves were fitted by statistical regression
equations. Column means the annual average concentration of PM2.5 in Beijing. Ab-
breviations: NAM, non-accidental mortality; RM, respiratory mortality; CM, circulatory
mortality.
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Beijing which found a 10 mg m�3 increase of PM2.5 was associated
with a 0.66% increase in respiratory mortality from 2007 to 2008
(Chen et al., 2011), and higher than other cities in China, e.g. 0.36%
of PM2.5 and total mortality in Shanghai (Kan et al., 2007), 0.61% of
PM2.5 and respiratory mortality in Shanghai (Chen et al., 2011),
0.29% of PM2.5 and respiratory mortality in Shenyang (Chen et al.,
2011), and 0.42% of PM2.5 and total mortality in Pearl River Delta
(Xie et al., 2011). But compared with prior estimates in developed
countries, our values are lower in Beijing. For example, a meta-
analysis study based on Canada cities showed 1.2% increase of
PM2.5 and total mortality (Burnett et al., 2000), a multi-city analysis
in 112 U.S. cities showed 1.00% increase in total mortality (Zanobetti
and Schwartz, 2009), and a piecewise linear analysis showed 7.4%
increase in respiratory mortality in two capital cities of the Canary
Islands (Lopez-Villarrubia et al., 2011). First, the estimates of rela-
tive risk demonstrate the average level of the adverse effects over
the entire range of particle concentrations. In our previous study
we found that the greatest damage to human respiratory health
occurs mainly within the concentration range of 20e60 mg m�3,
and excessively high PM2.5 concentrations could make the adverse
effect stable (Li et al., 2013). At higher concentrations, the risk of
death per unit increase of pollutant concentrations often tended to
be reduced, and the exposure-response curve of air pollution tends
to become flat. Second, this difference on PM2.5 health effect may be
affected by the characteristics of particles’ levels, population
sensitivity to PM, age distribution, and chemical composition and
toxicity (Zhou et al., 2011), which depends a lot on the level of
industrialisation and urbanisation.

Although our estimates in Beijing are currently lower compared
with prior studies in overseas developed countries and regions, the
values are obviously on the rise. The level of the estimated per-
centage increase assumes an escalating tendency during the study
period in addition to having a low value in 2008. The prevention
and control measures for atmospheric pollution that were imple-
mented jointly by the Beijing, Tianjin, and Hebei municipal gov-
ernmentsmade distinct successful contributions to the reduction of
air pollution during this time. It was reported that the levels of
PM2.5 decrease of 48% compared to the prophase mean concen-
tration before the Olympic Games, and the contribution of emission
control measures contributed �62% of the decrease of PM2.5 (Xin
et al., 2012). As the temporary atmospheric pollution control
measures were terminated mostly after the Olympic Games, the
values of estimated percentages increased significantly even
though the level of PM2.5 has decreased. That means the govern-
ment would make less toxicity of PM pollution only by more
rigorous reduction measures in the BeijingeTianjineHebei region.
Unless strict measures are implemented now, the serious air
pollution disaster such as the London smog of 1952 or the smog
event in masi river of Belgium will unfortunately occur in Beijing.

We found no significant associations found between PM2.5e10
and these outcomes in all lags we examined. The lack of a signifi-
cant effect of PM2.5e10 on daily mortality is consistent with most
prior studies (Schwartz et al., 1996; Klemm and Mason, 2000;
Anderson et al., 2001; Villeneuve et al., 2003; Kan et al., 2007),
but in contrast to several others (Burnett et al., 2000; Cifuentes
et al., 2000; Mar et al., 2000). Such observed differences may
have been due to differences in regional coarse fraction composi-
tion (Mar et al., 2000). Ambient particles are chemically nonspecific
and consist of various components and compounds (e.g. trace el-
ements, elemental carbon, organic carbon, nitrate, sulphate,
arsenic, ammonia, calcium, sodium, magnesium, potassium, and
etc.), and the toxicity of each of these chemical components and
their mixtures may vary (Zhou et al., 2011; Liu et al., 2013). PM2.5e10
is typically mechanically generated by crushing or grinding, and is
often dominated by resuspended dusts and crustal material from

paved or unpaved roads or from construction, farming, and mining
activities (Kan et al., 2007). Some nature-generated particles which
predominately comprise coarse particles in Beijing (Sun et al.,
2004; Hu et al., 2011; Liu et al., 2013), such as resuspended dusts,
crustal material from paved or unpaved roads or from farming, are
less toxic to human health (Longueville et al., 2013). But fine par-
ticles are typically generated from the combustion of coal, biomass,
motor vehicle, waste and oil (Song et al., 2002; Tie et al., 2006; Kan
et al., 2007; Chen et al., 2011; Liu et al., 2013). The health effect is
significantly modified by aluminium, bromine, chromium, arsenic,
iron, potassium, silicon, sulphate, nickel, sodium, elemental carbon
and zinc, which are high in locations with higher residual oil-
burning and traffic-related pollution (Bell et al., 2009; Zanobetti
and Schwartz, 2009; Zhou et al., 2011). This fact reflected
different characteristics of source from airborne particulate matter
size fractions in the study area. On the other hand, owing to low
specific surface area, coarse particles could not absorb more toxic
substances. Previous study also found that the in vivo pulmonary
toxicity of urban particles varied with size, with the greatest
toxicity from particles <1.7 mm and the lowest toxicity from those
>3.5 mm (Costa and Dreher, 1997). Moreover, it is well known that
airborne particles in order to have an effect on human health have
to come into contact with cells and tissues of the human body, and
the amount and site of deposition depends on the aerodynamic and
thermodynamic properties of the particle inhaled, particularly on
their size and shape (Zereini and Wiseman, 2010). Coarse particles
cannot reach the periphery of the lung where they might not settle
at the surface of the small bronchi, the respiratory bronchiole and
the alveoli (Heyder et al., 1986). Besides, small particles have been
associated with plasma viscosity, sequestration of red cells in the
circulation, and indicators of cardiac autonomic dysfunction
including increased heart rate, decreased heart rate variability, and
increased cardiac arrhythmias (Peters et al., 1997; Dockery, 2001).

In many locations, patterns of air pollution are driven by
weather. The effects of particles on human health are smaller than
the one caused by temperature, especially during extreme condi-
tions. Previous study also found that marked changes in ambient
temperature could cause physiological stress and alter a person’s
physiological response to air pollutants, perhaps making them
more susceptible to the adverse effects of PM2.5 (Stephen et al.,
2012). Another major finding of this study is that the modifying
effect of temperature and season on the association between PM
and mortality is significant, which is consistent with previous
studies conducted in Hong Kong (Wong et al., 1999, 2001; Hong
et al., 2002, 2002; Ko et al., 2007a,b). However some studies us-
ing several parallel models have shown that high temperature
could enhance the PM10 effect on daily mortality (Katsouyanni
et al., 1993, 2001; Li et al., 2011; Ren and Tong, 2006; Qian et al.,
2008). These studies found that temperature modified the associ-
ation between PM10 and mortality, but the results were sensitive to
the number of degrees of freedom (Roberts, 2004; Li et al., 2013).
Our study use the degrees provided by smoothness estimated
automatically to reduce the human error. On the other hand,
examining the modifying effect of PM2.5 instead of PM10 will also
reduce some errors. In all other cases, the weather conditions in
Beijing differ from other countries. Beijing has extremely hot
summers, and most people spend more time indoors with air
conditioning, decreasing the opportunities for human exposure
outdoors. Therefore, the modifying effect of temperature or season
and particles on mortality may be different in areas with different
weather patterns, latitudes, air pollution levels and prevalence of
air-conditioning systems. Thus, further research is needed to
examine the interactive effects between air pollutants and tem-
perature or season on mortality, especially in different spatial
settings.
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5. Conclusions

In summary, we find significant associations of daily mortality
with PM2.5 and PM10, but not with PM2.5e10, in Beijing. Compared
with other developed countries and regions, the level of adverse
effects between PM2.5 and mortality in Beijing is lower, but the
growth trend of relative risk will become increasinglymore obvious
in the future. The effects of particles on human health are smaller
than the one caused by temperature, especially during extreme
conditions. We also find it is important to avoid exposing outdoor
particularly in cool seasons in Beijing. Moreover, controlling
anthropogenic sources of emissions is crucial to avoid the risks
associated with exposure to the different particle fractions.

Acknowledgements

This work is partially supported by the CAS Strategic Priority
Research Program Grant No. XDA05100100, the public project
of the Beijing Municipal Science & Technology Commission
(D09040903670902), the National Natural Science Foundation of
China (41021004, 41075103), the Research Subject of State Science and
Technology Support Program of China (2012BAJ18B08), the Gong-Yi
Program of China Meteorological Administration (GYHY201106034),
and the “Meteorological Environment and Health” Special Service
Program of National Population and Health Science Data Sharing
Platform.

References

Anderson, H.R., Bremner, S.A., Atkinson, R.W., Harrison, R.M., Walters, S., 2001.
Particulate matter and daily mortality and hospital admissions in the west
midlands conurbation of the United Kingdom: associations with fine and coarse
particles, black smoke, and sulphate. Occup. Environ. Med. 58, 504e510.

Bell, M.L., Ebisu, K., Peng, R.D., Walker, J., Samet, J.M., Zeger, S.L., 2008. Seasonal and
regional short-term effects of fine particles on hospital admissions in 202 US
counties, 1999e2005. Am. J. Epidemiol. 168, 1301e1310.

Bell, M.L., Ebisu, K., Peng, R.D., Samet, J.M., Dominici, F., 2009. Hospital admissions
and chemical composition of fine particle air pollution. Am. J. Respir. Crit. Care
Med. 179, 1115e1120.

Brunekreef, B., Holgate, S.T., 2002. Air pollution and health. Lancet 360, 1233e1242.
Burnett, R.T., Brook, J., Dann, T., Delocla, C., Philips, O., Cakmak, S., 2000. Association

between particulate and gas phase components of urban air pollution and daily
mortality in eight Canadian cities. Inhal. Toxicol. 12 (Suppl. 4), 15e39.

Chen, R., Li, Y., Ma, Y., Pan, G., Zeng, G., Xu, X., Chen, B., Kan, H., 2011. Coarse particles
and mortality in three Chinese cities: the China Air Pollution and Health Effects
Study (CAPES). Sci. Total Environ. 409, 4934e4938.

Cifuentes, L.A., Vega, J., Kopfer, K., Lave, L.B., 2000. Effect of the fine fraction of
particulate matter versus the coarse mass and other pollutants on daily mor-
tality in Santiago, Chile. J. Air Waste Manage. Assoc. 50 (8), 1287e1298.

Costa, D.L., Dreher, K.L., 1997. Bioavailable transition metals in particulate matter
mediate cardiopulmonary injury in healthy and compromised animal models.
Environ. Health Perspect. 105 (Suppl. 5), 1053e1060.

Dockery, D.W., 2001. Epidemiologic evidence of cardiovascular effects of particulate
air pollution. Environ. Health Perspect. 109 (Suppl. 4), 483e486.

Dominici, F., Daniels, M., Zeger, S.L., Samet, J.M., 2000. Air pollution and mortality:
estimating regional and national doseeresponse relationships. J. Am Stat. Assoc.
97, 100e111.

Dominici, F., Peng, R.D., Bell, M.L., Pham, L., Dermott, M.A., Zeger, S.L., Samet, J.M.,
2006. Fine particulate air pollution and hospital admission for cardiovascular
and respiratory diseases. J. American Med. Assoc. 295 (10), 1127e1134.

Hastie, T.J., Tibshirani, R.J., 1990. Generalized Additive Models. Chapman and Hall,
New York.

Health Effects Institute, 2004. Health Effects of Outdoor Air Pollution in Developing
Countries of Asia: A Literature Review. Health Effects Institute, Boston, MA, USA.

Heyder, J., Gebhardt, J., Rudolf, G., 1986. Deposition of particles in the human res-
piratory tract in the size range of 0.005e15 mm. J. Aersol. Sci. 17, 811e825.

Hu, M., Tang, Q., Peng, J., Wang, E., Wang, S., Chai, F., 2011. Study on characterization
and source apportionment of atmospheric particulate matter in China. Environ.
Sustain. Dev. 5, 15e19.

Hong, Y.C., Lee, J.T., Kim, H., Ha, E.H., Schwartz, J., Christiani, D.C., 2002. Effects of air
pollutants on acute stroke mortality. Environ. Health Perspect. 110, 187e191.

Kan, H., London, S.J., Chen, G., Zhang, Y., Song, G., Zhao, N., Jiang, L., Chen, B., 2007.
Differentiating the effects of fine and coarse particles on daily mortality in
Shanghai, China. Environ. Int. 33, 376e384.

Kan, H., London, S.J., Chen, G., Zhang, Y., Song, G., Zhao, N., Jiang, L., Chen, B., 2008.
Season, sex, age, and education as modifiers of the effects of outdoor air

pollution on daily mortality in Shanghai, China: the Public Health and Air
Pollution in Asia (PAPA) Study. Environ. Health Perspect. 116, 1183e1188.

Katsouyanni, K., Pantazopoulou, A., Touloumi, G., Tselepidaki, I., Moustris, K.,
Asimakopoulos, D., 1993. Evidence for interaction between air pollution and
high temperature in the causation of excess mortality. Arch. Environ. Health 48,
235e242.

Katsouyanni, K., Touloumi, G., Samoli, E., Gryparis, A., Le Tertre, A., Monopolis, Y.,
2001. Confounding and effect modification in the short-term effects of ambient
particles on total mortality: results from 29 European cities within the APHEA2
project. Epidemiology 12, 521e531.

Klemm, R.J., Mason Jr., R.M., 2000. Aerosol Research and Inhalation Epidemiological
Study (ARIES): air quality and daily mortality statistical modeling-interim re-
sults. J. Air Waste Manage. Assoc. 50 (8), 1433e1439.

Ko, F.W.S., Tam, W., Wong, T.W., Chan, D.P.S., Tung, A.H., Lai, C.K.W., Hui, D.S.C.,
2007a. Temporal relationship between air pollutants and hospital admis-
sions for chronic obstructive pulmonary disease in Hong Kong. Thorax 62,
780e785.

Ko, F.W.S., Tam, W., Wong, T.W., Lai, C.K.W., Wong, G.W.K., Lenug, T.F., Ng, S.S.S.,
Hui, D.S.C., 2007b. Effects of air pollution on asthma hospitalization rates in
different age groups in Hong Kong. Clin. Exp. Allergy 37, 1312e1319.

Lee, J.T., Schwartz, J., 1999. Reanalysis of the effects of air pollution on daily mor-
tality in Seoul, Korea: a case-crossover design. Environ. Health Perspect. 107,
633e636.

Li, G.X., Zhou, M.G., Cai, Y., Zhang, Y.J., Pan, X.C., 2011. Does temperature enhance
acute mortality effects of ambient particle pollution in Tianjin City, China. Sci.
Total Environ. 409, 1811e1817.

Li, G.X., Zhou, M.G., Zhang, Y.J., Cai, Y., Pan, X.C., 2012. Seasonal effects of PM10
concentrations on mortality in Tianjin, China: a time-series analysis. J. Public
Health. http://dx.doi.org/10.1007/s10389-012-0529-4.

Li, P., Xin, J., Wang, Y., Wang, S., Li, G., Pan, X., Liu, Z., Wang, L., 2013. The acute effects
of fine particles on respiratory mortality and morbidity in Beijing, 2004e2009.
Environ. Sci. Pollut. Res. 20, 6433e6444.

Liu, Z.R., Wang, Y.S., Liu, Q., Hu, B., Sun, Y., 2013. Source apportionment of ambient
fine particle from combined size distribution and chemical composition data
during summertime in Beijing. Atmos. Chem. Phys. Discuss 13, 1367e1397.

Lipsett, M., Hurley, S., Ostro, B., 1997. Air pollution and emergency room visits
for asthma in Santa Clara County, California. Environ. Health Perspect. 105,
216e222.

Longueville, F., Ozer, P., Doumbia, S., Henry, S., 2013. Desert dust impacts on human
health: an alarming worldwide reality and a need for studies in West Africa. Int.
J. Biometeorol. 57 (1), 1e19.

Lopez-Villarrubia, E., Iniguez, C., Nieves, P., Garcıa, M.D., Ballester, F., 2011. Charac-
terizing mortality effects of particulate matter size fractions in the two capital
cities of the Canary Islands. Environ. Res. 112, 129e138.

Mar, T.F., Norris, G.A., Koenig, J.Q., Larson, T.V., 2000. Associations between air
pollution and mortality in Phoenix, 1995e1997. Environ. Health Perspect. 108
(4), 347e353.

Peters, A., Doring, A., Wichmann, H.E., Koenig, W., 1997. Increased plasma viscosity
duringanair pollution episode: a link tomortality? Lancet 349 (9065),1582e1587.

Pope, C.A.M., 2000. Lung cancer, cardiopulmonary mortality, and long-term expo-
sure to fine particulate air pollution. J. Am. Med. Assoc. 287, 1132e1141.

Qian, Z., He, Q., Lin, H.M., Kong, L., Bentley, C.M., Liu, W., 2008. High temperatures
enhanced acute mortality effects of ambient particle pollution in the “oven” city
of Wuhan, China. Environ. Health Perspect. 116, 1172e1178.

Qian, Z., Lin, H.M., Stewart, W.F., Kong, L., Xu, F., Zhou, D., Zhu, Z., Liang, S., Chen, W.,
Shah, N., Stetter, C., He, Q., 2012. Seasonal pattern of the acute mortality effects
of air pollution. J. Air Waste Manage. Assoc. 60, 481e488.

Qiu, H., Yu, I.T., Wang, X., Tian, L., Tse, L.A., Wong, T.W., 2012. Season and humidity
dependence of the effects of air pollution on COPD hospitalizations in Hong
Kong. Atmos. Environ.. http://dx.doi.org/10.1016/j.atmosenv.2012.07.026.

Ren, C., Williams, G.M., Tong, S., 2006. Does particulate matter modify the associ-
ation between temperature and cardiorespiratory diseases? Environ. Health
Perspect. 114, 1690e1696.

Ren, C., Tong, S., 2006. Temperature modifies the health effects of particulate matter
in Brisbane, Australia. Int. J. Biometeorol. 51, 87e96.

Roberts, S., 2004. Interactions between particulate air pollution and temperature in
air pollution mortality time series studies. Environ. Res. 96, 328e337.

Samet, J., Zeger, S., Kelsall, J., Xu, J., Kalkstein, L., 1997. Air pollution, weather and
mortality in Philadelphia. In: Particulate Air Pollution and Daily Mortality.
Analysis of the Effects of Weather and Multiple Air Pollutants: the Phase I.B
Report of the Particle Epidemiology Evaluation Project. Health Effects Institute,
Cambridge, MA.

Samet, J., Zeger, S., Kelsall, J., Xu, J., Kalkstein, L., 1998. Does weather confound or
modify the association of particulate air pollution with mortality? An analysis
of the Philadelphia data, 1973e1980. Environ. Res. 77, 9e19.

Schwartz, J., Dockery, D.W., Neas, L.M., 1996. Is daily mortality associated specifically
with fine particles? J. Air Waste Manage. Assoc. 46 (10), 927e939.

Song, Y., Tang, X., Fang, C., Zhang, Y., Hu, M., Zeng, L., 2002. Source apportionment
on fine particles in Beijing. Environ. Sci. 23 (6), 11e16 (in Chinese).

Stephen, M.W., Anthony, K., Eadbhard, O.C., 2012. The effects of daily weather
variables on psychosis admissions to psychiatric hospitals. Int. J. Biometeorol..
http://dx.doi.org/10.1007/s00484-012-0575-1.

Styer, P., Millan, M.N., Gao, F., Davis, J., Sacks, J., 1995. Effect of outdoor airborne
particulate matter on daily death counts. Environ. Health Perspect. 103,
490e497.

P. Li et al. / Atmospheric Environment 81 (2013) 253e262 261



Author's personal copy

Sun, Y., Zhuang, G., Wang, Y., Han, L., Guo, J., Dan, M., Zhang, W., Wang, Z., Hao, Z.,
2004. The air-borne particulate pollution in Beijingdconcentration, composi-
tion, distribution and sources. Atmos. Environ. 38, 5991e6004.

Tie, X., Brasseur, G.P., Zhao, C.S., Granier, C., Massie, S., Qin, Y., Wang, P.C., Wang, G.,
Yang, P.C., Richter, A., 2006. Chemical characterization of air pollution in Eastern
China and the Eastern United States. Atmos. Environ. 40, 2607e2625.

Tie, X., Wu, D., Brasseur, G., 2009. Lung cancer mortality and exposure to at-
mospheric aerosol particles in Guangzhou, China. Atmos. Environ. 43, 2375e
2377.

Villeneuve, P.J., Burnett, R.T., Shi, Y., Krewski, D., Goldberg, M.S., Hertzman, C., 2003.
A time-series study of air pollution, socioeconomic status, and mortality in
Vancouver, Canada. J. Expo. Anal. Environ. Epidemiol. 13 (6), 427e435.

Wong, C.M., Ma, S., Hedley, A.J., Lam, T.H., 2001. Effect of air pollution on daily
mortality in Hong Kong. Environ. Health Perspect. 109, 335e340.

Wong, C.M., Atkinson, R.W., Anderson, H.R., Hedley, A.J., Ma, S., Chau, P.Y.K.,
Lam, T.H., 2002. A tale of two cities: effects of air pollution on hospital ad-
missions in Hong Kong and London compared. Environ. Health Perspect. 110,
7e77.

Wong, T.W., Lau, T.S., Neller, A., Wong, S.L., Tam, W., Pang, S.W., 1999. Air pollution
and hospital admissions for respiratory and cardiovascular diseases in Hong
Kong. Occup. Environ. Med. 56, 679e683.

Xie, P., Liu, X., Liu, Z., Li, T., Zhong, L., Xiang, Y., 2011. Human health impact of
exposure to airborne particulate matter in Pearl River Delta, China. Water Air
Soil Pollut. 215, 349e363.

Xin, J.Y., Wang, Y.S., Tang, G.Q., Wang, L.L., Sun, Y., Wang, Y.H., Hu, B., Song, T., Ji, D.S.,
Wang, W.F., Li, L., Liu, G.R., 2010. Variability and reduction of atmospheric
pollutants in Beijing and its surrounding area during the Beijing 2008 Olympic
Games. Chin. Sci. Bull. 55. http://dx.doi.org/10.1007/s11434-010-3216-2.

Xin, J.Y., Wang, Y.S., Wang, L.L., Tang, G.Q., Sun, Y., Pan, Y.P., Ji, D.S., 2012. Reductions
of PM2.5 in Beijing-Tianjin-Hebei urban agglomerations during the 2008
Olympic Games. Adv. Atmos. Sci. 29 (6), 1330e1342.

Yi, O., Hong, Y.C., Kim, H., 2010. Seasonal effect of PM10 concentrations on mortality
and morbidity in Seoul, Korea: a temperature-matched case-crossover analysis.
Environ. Res. 110, 89e95.

Zanobetti, A., Schwartz, J., 2009. The effect of fine and coarse particulate air
pollution on mortality: a national analysis. Environ. Health Perspect. 117, 898e
903.

Zhou, J., Ito, K., Lall, R., Lippmann, M., Thurston, G., 2011. Time-series analysis of
mortality effects of fine particulate matter components in Detroit and Seattle.
Environ. Health Perspect. 119 (4), 461e466.

Zereini, F., Wiseman, C.L.S., 2010. Urban airborne particulate matter. Environ. Sci.
Eng.. http://dx.doi.org/10.1007/978-3-642-12278-1_27.

P. Li et al. / Atmospheric Environment 81 (2013) 253e262262




