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Abstract Epidemiological studies have widely demonstrated
association between ambient ozone andmortality, though con-
troversy remains, andmost of them only use a certain metric to
assess ozone levels. However, in China, few studies have in-
vestigated the acute effects of ambient ozone, and rare studies
have compared health effects of multiple daily metrics of
ozone. The present analysis aimed to explore variability of
estimated health effects by using multiple temporal ozone
metrics. Six metrics of ozone, 1-h maximum, maximum 8-h
average, 24-h average, daytime average, nighttime average,
and commute average, were used in a time-series study to
investigate acute mortality associated with ambient ozone pol-
lution in Guangzhou, China, using 3 years of daily data
(2006–2008).We used generalized linear models with Poisson
regression incorporating natural spline functions to analyze
the mortality, ozone, and covariate data. We also examined

the association by season. Daily 1- and 8-h maximum, 24-h
average, and daytime average concentrations yielded statisti-
cally significant associations with mortality. An interquartile
range (IQR) of O3 metric increase of each ozone metric (lag 2)
corresponds to 2.92 % (95 % confidence interval (CI) 0.24 to
5.66), 3.60 % (95 % CI, 0.92 to 8.49), 3.03 % (95 % CI, 0.57
to 15.8), and 3.31 % (95 % CI, 0.69 to 10.4) increase in daily
non-accidental mortality, respectively. Nighttime and com-
mute metrics were weakly associated with increased mortality
rate. The associations between ozone and mortality appeared
to be more evident during cool season than in the warm sea-
son. Results were robust to adjustment for co-pollutants,
weather, and time trend. In conclusion, these results indicated
that ozone, as a widespread pollutant, adversely affects mor-
tality in Guangzhou.
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Introduction

Plenty of epidemiological studies, especially in USA and Eu-
rope, have demonstrated significant association between am-
bient ozone (O3) and mortality, including non-accidental mor-
tality and mortality caused by cardiovascular disease and re-
spiratory disease (Katsouyanni et al. 2001; Thurston and Ito
2001; Bell et al. 2004, 2005; Gryparis et al. 2004; Huang et al.
2005; Bell and Dominici 2008). A variety of concentration
metrics for the time frame were used in these studies which
analyzed O3’s acute effects on mortality and morbidity, in-
cluding 1-h maximum, maximum 8-h average, and 24-h av-
erage (Bell et al. 2004; Zhang et al. 2006; Yang et al. 2012).
The choice of temporal metrics could likewise affect risk
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estimates observed in these studies. So, standard ratios were
used to convert among multiple metrics; however, it would
introduce uncertainty (Anderson and Bell 2008), making it
difficult and imprecise to combine or compare results using
different metrics. Few studies, both in developed countries
(Abbey and Burchette 1996; Bell et al. 2004; Darrow et al.
2011) and developing countries (Yang et al. 2012), have esti-
mated the effects of multiple O3 metrics on human health.

When investigating the association between ambient air
pollution and population health effects by ecological research
method, ambient pollutant measurements from the Environ-
mental Monitoring Center are used to assess the exposure
levels of population. So, it is possible that the optimal tempo-
ral metric for an epidemiological study is determined by both
the diurnal pattern of pollutant concentration and the time-
activity pattern of population. The former reflects that which
time frame is the most biologically relevant one. For example,
peak concentration (1-h maximum) or average concentration
metric would be chosen based on whether the health outcome
is triggered by a higher, shorter dose or by a lower, relatively
steady dose for several hours. The latter shows when the pop-
ulation is most likely to be exposed to ambient air because
people generally spend most of their time indoors. A recent
study (Chen et al. 2012) examined whether variation in O3

mortality coefficients might be partly explained by differences
in total ozone exposure (from both outdoor and indoor expo-
sures) based on 18 cities that had been included in the National
Morbidity and Mortality Air Pollution Study (NMMAPS).
Take 8-h O3 as an example, they found strong association
between O3 exposure coefficients and O3 mortality coeffi-
cients (R2=0.56, p<0.001), suggesting that differences in total
ozone exposure partially led to differences in O3 mortality
coefficients. We assume that people are more likely to be
exposed to ambient air during the daytime, especially during
heavy commuting hours, and less likely to be exposed directly
to ambient air in the evening. Therefore, exposure measure-
ment error may be introduced according to exposure metric
used. Previously, rare studies have reported effects of O3 ex-
posure for multiple metrics simultaneously.

So far, limited published epidemiological studies focus on
Chinese cities (Zhang et al. 2006; Wong et al. 2008; Tao et al.
2011; Liu et al. 2012). Along with the rapid economic growth
comes increasingly serious air pollution in this biggest devel-
oping country, China (Kan et al. 2009, 2012), and O3 is now
recognized as an important air pollutant that could increase
health risk (Tao et al. 2011; Kan et al. 2012). So, it is difficult
to compare region-specific results with findings in the devel-
oped areas and also hard to inform local regulatory policy
(Fann et al. 2011). Guangzhou is the core city of Pearl River
Delta (PRD), an area with the fastest economic growth and
urbanization and severe photochemical pollution (Chan and
Yao 2008; Zhang et al. 2008). And, Guangzhou is a typical
megacity of China that can represent the cities that have urgent

issues of public health caused by air pollution in China, and it
has a sound quality of data. So, we think that Guangzhou is a
unique site for evaluating health effects of O3 pollution.

In the present study, we used generalized linear model
(GLM) to conduct a time-series study in Guangzhou to ex-
plore short-term effects of O3 on daily mortality. In particular,
various metrics of O3 were used, including 1-h maximum,
maximum 8-h average, 24-h average, daytime average, night-
time average, and average of commute hours, in order to ex-
plore whether alternative temporal metrics would yield differ-
ent relationships than a priori metrics, which are commonly
used in air pollution research, and describe the variability of
epidemiological results attributed to the use of different tem-
poral metrics. Our findings might provide clues, or serve as
evidence for further study on effects of ambient O3 on daily
mortality, and ultimately provide useful information for envi-
ronmental regulatory policies in China.

Material and methods

Guangzhou is located in the southern part of China with high
population density. It has a total area of 7,434 km2 and a
population of 12.7 million according to the national census
in 2010. Guangzhou has a typical subtropical humid monsoon
climate with an average annual temperature of 22 °C and
relative humidity of 68 %. We chose Yuexiu district (a district
is a subdivision of a municipality or a prefecture-level city)
(see Supplemental Fig. 1) in this study because (1) this district
is in the central area of Guangzhou and has a total area of
33.80 km2 with an ozone monitoring station, reflecting the
pollution of central urban area, (2) this district has an average
total population of 1.16 million during 2006 to 2008 and has
the highest population density among all the districts, which is
more than 34,000 per km2, and (3) this district has homoge-
neous characteristics of residents and a sound quality of mor-
tality data.

Data collection

Daily mortality data in Yuexiu district of Guangzhou from
January 1 2006 to December 31 2008 were obtained from
the Guangzhou Provincial Center for Disease Control and
Prevention (GDCDC). These data are comparable to data col-
lected by the public security station. The causes of death were
coded according to the International Classification of Dis-
eases, Tenth Revision [ICD-10]. Only non-accidental mortal-
ity data (ICD-10: A00-R99) was analyzed in the present study.

Daily meteorological data were collected from the Guang-
zhou Meteorological Bureau. The daily mean temperature,
relative humidity (RH), and dew point were used in the pres-
ent study to adjust the effect of weather on mortality.
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We obtained hourly ambient concentrations of O3, NO2,
SO2, and PM10 from one monitoring station conducted by
the Guangdong Environmental Monitoring Center. The mon-
itoring station is located in the central city Park Luhu,
reflecting the general background urban air pollution level in
Guangzhou. The monitors sample air at about 9 m above
ground level.We abstracted daily 24-h average concentrations
of PM10, NO2, and SO2 to control for the confounding effects.

We created the following temporal metrics of daily O3 con-
centrations (Darrow et al. 2011): a daily 1-h maximum, a daily
maximum 8-h average, a 24-h average, a daytime average
(“daytime”, 0800–1900 h), a nighttime average (“nighttime”,
2400–0600 h), and an average of commute hours (“com-
mute”, 0700–1000 and 1600–1900 h). For the calculation of
24-h average concentrations of O3, it is required to have at
least 75 % of the 1-h values on that particular day. For the
maximum 8-h average of O3, at least six hourly values have to
be available. We provided effect estimates of O3 for the three
most commonly used metrics and three alternative metrics in
order to (1) examine whether the choice of metrics affects the
direction of association, (2) compare the magnitude of associ-
ation for multiple metrics, (3) and explore the implications of
choice of exposure time frame on health risk estimates.

Statistical analysis

Because daily death counts typically follow a Poisson distri-
bution, the core analysis was a GLMwith log link and Poisson
error that account for smooth fluctuations in daily mortality.
We used the GLM to analyze the mortality, O3 pollution
levels, and covariate data from 2006 to 2008 in Guangzhou,
with natural cubic spline for filtering out seasonal patterns and
long-term trends (Bell et al. 2004; Wong et al. 2008).
Smoothed spline functions of time and weather conditions
were first incorporated in the basic model, and Akaike’s infor-
mation criterion (AIC) was used to determine the degree of
freedom (df) of the natural spline smoothers (Hurvich et al.
1998). The previous studies have tested 1 to 21 df per year of
data for time trend and 3 or 4 df for weather variable (Bell et al.
2004; Zhang et al. 2006). Based on the minimized AIC, we
chose 8 df per year and 3 df for daily temperature, dew point,
and RH. Day of the week (DOW) was included as dummy
variable in the models. Then, we introduced the pollutant var-
iables into the models and analyzed the effects on mortality.

We calculated partial Spearman correlations between six
metrics and between ozone and other pollutants. Correspond-
ing p values, which are highly influenced by sample size and
not unit dependent, were calculated to verify whether the es-
timated results were statistically significant for each metric.

Most studies in China reported results at lags 1 and 2 or
moving average concentration at lags 01 and 12 after exam-
ining the lag structure (Zhang et al. 2006; Tao et al. 2011;
Yang et al. 2012). According to prior research, single-day

lag models might underestimate the cumulative association
of O3 with mortality (Bell et al. 2004), so we also examined
the associations with different lag structures to conduct sensi-
tivity analyses, both by including a single-day (from lag 0 to
lag 4) and multiday moving average lags (lag 01, lag 04, and
lag 12). Therefore, we reported the estimated effects of mor-
tality and its 95 % confidence interval (CI) associated with
both a 10 μg/m3 increase, to compare with previous studies,
and an interquartile range (IQR) increase in each metric to
compare among metrics for the same relative degree of vari-
ability. Both single- and two-pollutant models were applied to
estimate for confounding by other pollutants. Two-pollutant
models were restricted to pollutants with partial Spearman
correlations <0.6 to avoid collinearity.

Then, we stratified O3 concentration as concentrations dur-
ing warm season (May through October) and cool season
(November through April) by using 4-df spline to control for
time trend for each period (Wong et al. 2001b; Darrow et al.
2011; Liu et al. 2012). We tested the statistical significance of
differences between effect estimates of the strata of season by

calculating the 95% confidence interval (95 % CI) as bQ1−bQ2
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, where bQ1 and bQ2 are the estimates for
the warm season and cool season and SÊ1 and SÊ2 are their
respective standard errors (Zeka et al. 2006).

Additional sensitivity analyses were examined for estimat-
ed effects of maximum 8-h average exposure (lag 2) on mor-
tality with respect to (1) excluding days with daily concentra-
tions of O3 above the 95th or below the 5th percentile; (2)
excluding days with daily concentrations of O3 above
160 μg/m3, which is the regulatory standard value in People’s
Republic of China Ambient Air Quality Standards (GB3095-
2012); (3)adding temperature at lag 2, lag 1–2 days, and lag 4–
6 days; and (4) varying the df in the smooth functions of time
to control for seasonality and long-term trends, from 1 to 15
per year.

All the analyses were conducted by glm function in
quantmod package of R 2.15.1 (R Development Core Team
2012). Statistical significant was defined as p<0.05.

Results

Table 1 summarizes the non-accidental mortality data, pollut-
ants data, and meteorological data for Guangzhou through
2006 to 2008. The average number of daily deaths in the
Yuexiu district during the whole period was 17.7. The mean
daily 1-h maximum, maximum 8-h average, 24-h average,
daytime average, nighttime average, and commute average
concentrations of O3 were 105.5, 74.3, 36.4, 55.4, 16.0, and
34.3 μg/m3, respectively. The mean daily average tempera-
ture, dew point, and relative humidity (RH) were 23.1 °C,
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16.9 °C, and 72 %, respectively, reflecting the subtropical
climate in the city.

For O3, many of the metrics were highly correlated with
each other (r=0.666–0.954), except the nighttime metric,
which was extremely uncorrelated or weakly correlated with
other metrics (Table 2). The more temporal overlap between
two metrics, the higher the correlation observed between
them. For example, the daytime was highly correlated with
24-h average and 8-h average. The weakest correlation among
the O3 metrics was between 1-h maximum and nighttime, for
O3 concentration was always high during the daytime with
high temperature. All the metrics were negatively correlated
or weakly correlated with PM10, NO2, and SO2.

Diurnal pattern of O3 was presented in Supplemental
Fig. 2. O3 exhibited a typical diurnal trend, with peaks occur-
ring in the mid to late afternoon and the minimum occurring

during the night. Supplemental Fig. 3a–f present each metric
concentration of O3 in each month. We observed an apparent
seasonal trend for O3 concentrations; namely, O3 concentra-
tions experienced a slight increase in summer and reached the
maximum in autumn.

Most studies in China reported significant effects at lags 1
and 2 or moving average concentration at lags 01 and 12
(Thurston and Ito 2001; Zhang et al. 2006; Tao et al. 2011).
Our results were consistent with these studies. We compared
the statistical significance and the magnitudes of associations
for multiple metrics at lag 2 (Table 3). The associations be-
tween total mortality and 1-h maximum, 8-h maximum, 24-h
average, and daytime O3 metrics were statistically significant
for both scales (a 10 μg/m3 and an IQR). Furthermore, when
comparing the magnitudes of association, interpretation dif-
fered a lot according to how the regression coefficients were
scaled: the same unit (10 μg/m3) or IQR. The estimate for 24-
h average was highest when effects were scaled according to
increase of the same unit, but the maximum 8-h average was
highest when scaled to the IQR. However, using nighttime
average and commute average, the associations were not sig-
nificant. Figure 1 compares the percent increase of total mor-
tality per 10 μg/m3 increase for each metric of O3 (lag 2), with
and without adjustment for PM10, SO2, and NO2. We found
that estimates for various metrics were mostly robust to the
adjustment for co-pollutants.

We explored whether the associations between ozone
and mortality were modified by seasons by performing
a stratified analysis (Table 4). Some metrics of O3 were
significantly associated with total mortality during cool
season, and the magnitudes were higher than that of the
year-round estimates. For warm season, we did not ob-
serve significant associations for any metrics that we
used. However, the between-season difference was sta-
tistically insignificant.

Table 1 Summary statistics of daily death count, air pollution, and
meteorological conditions in Guangzhou (2006–2008)

Variables Mean±SD 25th 50th 75th Max

Death count

Total (non-accident) 17.7±5.3 14 17 21 48

Pollutants (μg/m3)

O3 (1-h maximum) 105.5±65.6 49.0 102.0 148.0 313.0

O3 (maximum 8-h average) 74.3±49.1 30.8 71.6 108.2 247.8

O3 (24-h average) 36.4±25.2 14.7 33.4 53.4 154.5

O3 (daytime average) 55.4±38.4 21.0 53.4 81.9 193.5

O3 (nighttime average) 16.0±19.1 2.7 8.8 20.4 116.0

O3 (commute average) 34.3±27.4 12.0 28.8 51.3 163.8

PM10 (24-h average) 72.1±41.6 40.6 62.2 93.4 268.6

NO2 (24-h average) 59.3±32.0 35.1 49.7 75.5 199.4

SO2 (24-h average) 47.6±33.3 21.5 40.0 65.1 289.3

Meteorological measures

Mean temperature (°C) 23.1±6.1 18.8 24.7 27.7 33.1

Dew point (°C) 16.9±7.5 12.2 19.2 23.4 26.1

RH (%) 72±13 64 74 82 96

Table 2 Partial Spearman correlation coefficients for all air pollutant
metrics

24-h 8-h 1-h Daytime Nighttime Commute

24-h 1

8-h 0.888 1

1-h 0.787 0.908 1

Daytime 0.927 0.954 0.888 1

Nighttime 0.432 0.185 0.049 0.207 1

Commute 0.878 0.802 0.666 0.860 0.375 1

PM10 0.077 0.220 0.310 0.194 −0.312 0.058

NO2 −0.093 0.106 0.213 0.036 −0.364 −0.080
SO2 −0.111 0.013 0.155 −0.005 −0.374 −0.090

Table 3 Percent increase in total mortality (95 % CI) in lag 2 O3

metrics

Metric IQR %Increase
(95 % CI)
per 10 μg/m3

%Increase
(95 % CI)
per IQR

p value

1-h maximum 99 0.29 (0.02, 0.56)* 2.92 (0.24, 5.66)* 0.032

Maximum 8-h
average

77.4 0.46 (0.09, 0.83)* 3.60 (0.92, 8.49)* 0.014

24-h average 38.7 0.77 (0.06, 1.50)* 3.03 (0.57, 15.8)* 0.034

Daytime average 60.9 0.54 (0.07, 1.01)* 3.31 (0.69, 10.4)* 0.024

Nighttime
average

17.7 0.50 (−0.41, 1.42) 0.89 (−3.95, 15.0) 0.278

Commute
average

39.3 0.46 (−0.17, 1.10) 1.83 (−1.70, 11.5) 0.153

IQR interquartile range of O3 metric

*p<0.05
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We performed sensitivity analysis of different lag structures
of O3 exposure, including single-day lags and multiday lags
(Fig. 2). For single-day lags, the effects of daily 1-, 8-, and 24-
h and daytime O3 were maximal at lag day 2 and commute O3

average at lag 3. Multiday lags (lag 12) yielded similar effects
compared with single-day lags. The effects of nighttime O3

concentration were not significant for all the lagged days that
we examined.

Additional sensitivity analysis indicated that the effect es-
timates of O3 (maximum 8-h average was used as an indicat-
ing metric to perform sensitivity analysis) were robust to dif-
ferent methods adopted (Table 5). Most of the O3 effect esti-
mates did not deviate from the main analysis >20 %; however,
we found stronger association when excluding days with
higher O3 concentration. With smoothing of calendar time
varying from 3 to 15, the estimates of the mortality increase
associated with a 10 μg/m3 increase in the previous O3 con-
centrations ranged from 0.38 %(95 % CI, 0.03–0.72) to
0.62 % (95 % CI, 0.26–0.98) (see Supplemental Fig. 4), sug-
gesting that our findings with regard to the effect of O3 on
mortality outcomes were relatively robust.

Discussion

In this time-series study, we compared associations between
multiple temporal metrics of O3 concentration and non-

accidental mortality in Guangzhou. To our knowledge, this
is one of the few studies to report the acute effect on daily
mortality of ambient O3 exposure for multiple metrics simul-
taneously in China (Yang et al. 2012). Our results should
contribute to the understanding of O3-related health effects
in China.

Diurnal pattern of O3 concentrations led to variation among
different metrics. Generally, temporal metrics including peak
pollutant hours had higher exposure levels. For example, day-
time average concentration (55.4 μg/m3) was higher than 24-h
average concentration (36.4 μg/m3) during our study period,
because the latter combined both day and night concentrations
into one metric. Since we were not sure about individual’s
time-activity pattern, we analyzed relationships between all
these temporal metrics of O3 and mortality. In our study site
Guangzhou, the O3 concentration was higher in warm season
(89.0 μg/m3) than cool season (59.2 μg/m3). During the warm
season (fromMay to October) and cool season (from Novem-
ber to April), O3 concentrations varied a lot from month to
month, as the difference between higher O3 level and lower O3

levels months was around 29.9 μg/m3 during warm season,
for example.

In general, similar estimates were observed across all the
ozone metrics. Four metrics were strongly statistical signifi-
cantly associated with increased mortality (1-h maximum, 8-h
maximum, 24-h average, and daytime average) and yielded
slightly similar magnitude associations with daily mortality.
The other metrics (nighttime and commute average) were
weakly associated with mortality. One time-series study used
these same metrics to investigate relationships between ambi-
ent air pollution and respiratory emergency department (ED)
visits in Atlanta. For O3, 8-h maximum, 1-h maximum, and
daytime average yielded significantly positive associations
with respiratory ED, and multiple metrics of ozone were
slightly similar with overlapping 95 % CIs. Our results were
consistent with the prior study. Also, we found that with an
IQR increase in each metric concentration, 8-h maximum
yielded the largest estimate, 3.60 % (95 % CI, 0.92 to 8.49)
increase in daily mortality, followed by daytime, 24-h aver-
age, and 1-h maximum. One-hour maximum, which included

Fig. 1 Estimated effects of short-term O3 exposure on mortality, with and without adjustment for co-pollutants (A, B, C, D, E, and F represent 1-h
maximum, 8-h maximum, 24-h average, average of daytime, nighttime, and commute, respectively)

Table 4 Percent increase in total mortality (95 % CI) associated with
10 μg/m3 increase in lag 2 O3 based on a single-pollutant model

Metrics Warm season Cool season

1-h maximum 0.18 (−0.17, 0.53) 0.40 (−0.01, 0.82)
Maximum 8-h average 0.36 (−0.10, 0.84) 0.63 (0.05, 1.22)*

24-h average 0.74 (−0.26, 1.76) 1.27 (0.13, 2.42)*

Daytime average 0.49 (−0.10, 1.10) 0.65 (−0.11, 1.41)
Nighttime average −0.18 (−1.69, 1.36) 1.19 (0.04, 2.36)*

Commute average 0.57 (−0.23, 1.37) 0.40 (−0.69, 1.49)

*p<0.05
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peak hour of O3 concentrations (Supplemental Fig. 2), how-
ever, yielded the smallest estimate. In addition, our pollution
data was collected from environmental monitoring station lo-
cated in Park Luhu at the downtown, reflecting downtown

pollution condition. Eight-hour maximum and daytime con-
centrations might correlate best with individual exposure
levels because of influx of people into the city center during
the day and exodus at night. And, the high ozone exposure

Fig. 2 Percent increase in daily mortality with 10 μg/m3 increase of O3

Environ Sci Pollut Res (2015) 22:8738–8746 8743



during the 8-h maximum period and daytime in the city may
cause more significant health effect compared with nighttime
and commute time. So, it was suggested that health effects
were more related with a short time exposure of a little higher
O3 concentration, such as 8-h maximum and daytime concen-
tration of O3, rather than a peak concentration, like the 1-h
maximum. The addition of daily maximum 8-h average con-
centration for O3 into the People’s Republic of China Ambient
Air Quality Standards in 2012 was partly supported by
our analysis.

Nighttime average metric was less correlated with other
metrics and negatively correlated with all the co-pollutants.
When we controlled for PM10 and NO2 in two-pollutant
models, estimated effects of nighttime O3 increased slightly
(Fig. 1). What is more, people are likely to be in their homes
during nighttime (Klepeis et al. 2001). So, the weak associa-
tions for nighttime O3 might also indicate that 24-h average
metric would not be a proper exposure time frame, because it
included nighttime O3 concentrations. A previous investiga-
tion (Darrow et al. 2011) in Atlanta, USA, also found variabil-
ity of estimates across O3 metrics by examining associations
between O3 metrics and respiratory ED visits. They observed
that nighttime O3metric was negatively associated with health
outcome. Our findings were consistent with these previous
studies to some extent.

We found weaker associations between mortality and com-
mute metrics, when people are supposed to be more likely to
be exposed to ambient air. And, the estimates were robust to
adjustment by co-pollutants. The diurnal pattern (Supplemen-
tal Fig. 2) of O3 levels showed that the commute time included
two periods in which O3 was forming and depleting and did
not include hours when O3 levels are the highest, which partly
explained that the health effects might not be obvious. In
addition, the weak association observed for commute ozone
indicated that O3 may be not the only pollutant related
to mortality.

We compared percent increase in total mortality associated
with 10 μg/m3 increase in maximum 8-h average O3 (lag 12)
with a previous study (Tao et al. 2011) which was conducted
in the same city. This recent study with the same metric and
same lagged day (Tao et al. 2011) found 0.64 % (95 % CI,
0.42 to 0.86) increase in total mortality, which is roughly
comparable to our analysis, indicating 0.50 % (95 % CI,
0.05 to 0.95). The slight difference of magnitude might be
caused by that this recent study (Tao et al. 2011) used averag-
ing O3 concentrations from two monitoring stations, one lo-
cated in rural area and the other in urban area, while our study
used data from one station in the central city. Besides, another
important reason causing this difference may be due to the fact
that the study of Tao (2011) used mortality data from more
districts of Guangzhou city, which had an average of 83.2
daily non-accidental deaths compared with an average of
17.7 daily non-accidental deaths in our study, which may re-
sult in a relative risk value with narrower CIs than that of this
study. The reason that we only chose one district of
Guangzhou is that the data in this district is of high
quality and availability.

Also, we compared our results with related studies world-
wide from two aspects. First, prior studies mainly reported
effects of ozone in regions with relative low exposure level,
mostly in the USA and Europe. However, we conducted this
study in Guangzhou where ozone is the primary pollutant and
the level is quite high (Chan and Yao 2008). Based on a time-
series study of 95 large US urban communities, a 15-ppb
(≈30 μg/m3) increase in the previous week’s O3 (8-h max)
was associated with a 0.64% (95%CI, 0.41–0.86%) increase
in daily total mortality (Bell et al. 2004). Consistent with pre-
vious studies in the USA, our analysis found that a 30 μg/m3

increase in the lag 2 O3 (8-h max) corresponds to 1.42 %
(95 % CI, 0.33–2.52 %) increase in total mortality.

Furthermore, various O3 metrics were used as proxies for
population exposure throughout the paper published. In a pre-
vious study of China, Yang et al. (Yang et al. 2012) examined
effects of three exposure metrics of O3 (1-h max, max 8-h
average, and 24-h average) on daily mortality in Suzhou.
One-hour max and 8-h max were more strongly associated
with increased mortality compared to 24-h average levels. A
cohort study (Abbey and Burchette 1996) investigated long-
term effects of alternative ambient O3 metrics on respiratory
diseases and found that the metric with the greatest power for
the most health outcomes was the 8-h average (9:00 am to
5:00 pm). We also suggested in the present study that it be
inappropriate to use 24-h average as an exposure metric. How-
ever, a study of Prague (Hůnová et al. 2013) which used neg-
ative binomial model rather than Poisson regression reported
that daily 24-h mean O3 concentration was more strongly
associated with hospital admissions and mortality than maxi-
mum daily running 8-h mean, but it did not show an explana-
tion for the result at that moment. According to a previous

Table 5 Sensitivity analysis (only for maximum 8-h average, lag 2)

Method %Increase 95 % CI p value

Single-pollutant model
(main analysis)

0.46 0.09 to 0.83 0.014

Omit O3 >95 percentile
(160.3 μg/m3)

0.59b 0.16 to 1.03 0.007

Omit O3 >160 μg/m3a 0.59b 0.16 to 1.03 0.007

Omit O3 <5 percentile (8 μg/m3) 0.40 0.04 to 0.80 0.031

Add temperature at lag 2 days 0.47 0.07 to 0.87 0.009

Add temperature at lag 1–2 days 0.45 0.05 to 0.85 0.027

Add temperature at lag 4–6 days 0.43 0.06 to 0.80 0.022

a The regulatory standard in PRC Ambient Air Quality Standards
(GB3095-2012)
b%Increase of mortality changed >20 % from the main analysis
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study (Smith et al. 2009), O3 mortality associations from time-
series analyses of daily data for multiple cities revealed still
unexplained inconsistencies and showed sensitivity to model-
ing choices and data selection.

Differences of pollutant’s effects between seasons were
usually assessed by examining separate effects in the warm
season and cool season in previous studies (Wong et al. 2001a;
Zhang et al. 2006; Darrow et al. 2011; Yang et al. 2012).
Guangzhou is a megacity with severe photochemical pollution
and has a typical subtropical humid monsoon climate, so we
examined effects both in warm season and cool season. The
association between O3 and daily mortality appeared to be
more evident in the cool season than in the warm season,
though this difference was not statistically significant. The
finding was consistent with previous studies in other Chinese
cities (Zhang et al. 2006; Yang et al. 2012) but differed from
western studies (Bell et al. 2004; Gryparis et al. 2004;
Schwartz 2005). It could be partly explained by the subtropi-
cal monsoon climate of Guangzhou. Temperature and humid-
ity are relatively high in warm season, and warm season in-
cludes flood season of Guangzhou from April to September,
leading to unstable weather conditions. These factors might
lead to common use of air conditioning and prevent people
from being directly exposed to ambient air. By contrast, in
cool season, with less variable weather condition, people tend
to go outside and open the windows, so O3 penetrates well
through open windows into indoor environment. Thus, for our
study city, ambient O3 concentrations might be considered a
fairly suitable surrogate for population exposure in cool sea-
son but definitely not in warm season.

In the single-day lag models, the estimated effects of daily
1-, 8-, and 24-h and daytime O3 on mortality outcomes
reached a maximum at lag 2 (Fig. 2). Studies in Suzhou
(Yang et al. 2012) and Shanghai (Zhang et al. 2006) both
reported maximum estimates at lag days 1–2. Multiday expo-
sure (lag 12) usually yielded a little larger effects than single-
day exposure, which is consistent with previous study of the
same city (Tao et al. 2011).

One critical concern is the extent to which effect estimates
may be confounded by either co-pollutants or temperature. In
this analysis, all the metrics were negatively correlated or
weakly correlated with PM10, NO2, and SO2 (Table 2), and
most estimates were robust to adjustment for these co-
pollutants (Fig. 1). The lack of correlation and insensitivity
of effects with inclusion of co-pollutants implied strong evi-
dence against confounding of the effects of these co-pollut-
ants, which was consistent with previous studies (Bell et al.
2004, 2007). The relationships between O3 and mortality did
not appear to be confounded by temperature either, supported
by sensitivity analysis adding temperature at diverse lag days
(Table 5).

The current study had some limitations. First, the pollution
data was obtained from one monitoring station, which may

lead to measurement error. O3 is not a routinely monitored air
pollutant in most Chinese cities, so available data of ambient
O3 concentration has still been limited. Second, we used mon-
itoring concentrations as the proxies of population exposure
level of air pollution to conduct a time-series study. The pol-
lutant measurements may differ from individual exposure
levels, because of individuals’ different activity-time patterns
and fast depletion of O3 in indoor environments. Therefore,
further investigations are needed to help to explore this issue.
Several factors might be taken into account, such as correla-
tion between these metrics and measured individual exposure
or average population exposure and time-activity pattern of
the study population——the day length and commuting time
vary according to different climate, geographic location, and
lifestyle. Therefore, the used O3 exposure concentration or
metric should be most closely related to individual exposure
level when analyzing health effects of ambient O3 exposure.

Conclusions

We estimated significant associations between non-accidental
mortality and multiple ozone metrics. The comparison of
magnitudes for multiple ozone metrics implied possible expo-
sure measurement error. The maximum 8-h average and day-
time average of O3 might be more strongly related to mortal-
ity. World Health Organization (WHO) suggests that maxi-
mum 8-h average is a proper metrics for investigating health
effects of ambient O3 exposure as well (WHO 2000). Our
findings extended understanding of the acute effects of ozone
on urban population and indicated that current level of O3 has
an adverse effect on mortality in Guangzhou, China.
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