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Abstract
A multitude of epidemiological studies have demonstrated that both ambient temperatures and air
pollution are closely related to health outcomes. However, whether temperature has modi�cation effects
on the association between ozone and health outcomes is still debated. In this study, Three parallel time-
series Poisson generalized additive models (GAMs) were used to examine the effects of modifying
ambient temperatures on the association between ozone and mortality (including non-accidental,
respiratory, and cardiovascular mortality) in Chengdu, China, from 2014 to 2016. The results con�rmed
that the ambient high temperatures strongly ampli�ed the adverse effects of ozone on human mortality;
speci�cally, the ozone effects were most pronounced at >28°C. Without temperature strati�cation
conditions, a 10-µg/m3 increase in the maximum 8-hour average ozone (O3−8hmax) level at lag01 was
associated with increases of 0.40% (95% con�dence interval [CI]: 0.15%, 0.65%), 0.61% (95%CI: 0.27%,
0.95%) and 0.69% (95%CI: 0.34%, 1.04%) in non-accidental, respiratory, and cardiovascular mortality,
respectively. On days during which the temperature exceeded 28°C, a 10-µg/m3 increase in O3−8hmax led
to increases of 2.22% (95%CI: 1.21%, 3.23%), 2.67% (95%CI: 0.57%, 4.76%), and 4.13% (95%CI: 2.34%,
5.92%) in non-accidental, respiratory, and cardiovascular mortality, respectively. Our �ndings validated
that high temperature could further aggravate the health risks of O3−8hmax, thus mitigating ozone
exposure will be brought into the limelight especially under the context of changing climate.

1. Introduction
It is universally acknowledged that air pollution has adverse effects on human health; among all air
pollutants, particles with aerodynamic diameters less than 2.5 µm (PM2.5) and ground-level ozone are
considered to be most extraordinarily associated with morbidity and mortality (Dimakopoulou et al., 2017;
Vicedo-Cabrera et al., 2020; Zhang et al., 2019a, 2020b; Cohen et al., 2017). China, the largest developing
country, is currently facing a serious situation regarding air pollution, and PM2.5 and ozone are the �rst
and second major pollutants, respectively (Kan et al., 2012; Wang, 2021). Over the past decades, most
studies have focused on the health risks of PM2.5; subsequently, a series of corresponding policies
regarding PM2.5 control and intervention measures have been implemented based on these research
results, leading to the PM2.5 level being effectively controlled in China (Lu et al., 2019; Maji et al., 2017).
However, evidence concerning the adverse effects of ozone on health outcomes has been limited due to a
lack of ozone data availability. No data were published concerning ozone before 2008. The Ministry of
Ecology and Environment of the People’s Republic of China set the subsequent ozone air quality
standards, and ground-level ozone data have been available online since 2013 (http://www.cnenc.cn/).
Compared with other countries, it is di�cult to evaluate ozone standards in China due to the lack of
su�cient evidence regarding the health effects of ozone. Recently, environmental monitoring
observations have indicated that the concentration of PM2.5 in the Sichuan Basin of China is decreasing
yearly, whereas the concentration of surface ozone is increasing (Ning et al., 2017); these results aroused
our concern regarding the health risks caused by ozone in this area.
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The ambient temperature is another important health risk factor. Substantial epidemiological and
toxicological literature has been published showing a clear and consistent association between exposure
to adverse ambient temperature, especially in cases of hypothermia and hyperpyrexia, both of which can
cause a series of acute health effects, including respiratory tract injury, chronic cardiovascular conditions,
systemic in�ammation, premature mortality and so on (Wang, 2021; Dimakopoulou et al., 2019; Qian et
al., 2020). At the same time, the spatiotemporal distribution of ambient pollutants is affected by
meteorological conditions, especially the ambient temperature (Zhang et al., 2019b); hence, ambient
temperature and air pollution are generally highly correlated in many places and may symmetrically
interact to affect health outcomes (Bae et al., 2020; Chen et al., 2014). Nonetheless, related studies about
the modi�cation effects of the ambient temperature on ozone-mortality relationships are rare, and
published results have been inconsistent: some researchers have claimed a strong enhancement of
ozone risks on health outcomes only under high temperature levels, whereas others have found
outstandingly increases only under low temperature conditions, and some have validated relatively high
ozone risks for both high and low temperatures (Iny et al., 2014; Kai et al., 2018; Ren et al., 2007). These
inconsistencies may correspond to the different climate and topographic conditions, ozone distribution
characteristics, demographic compositions, people's lifestyles, and education levels of diverse areas (Li et
al., 2018). As the capital city of Sichuan Province, the population of Chengdu exceeded 16.04 million as
of June 2018, and the city suffers serious ozone pollution, especially in summer (Yang et al., 2021). The
modulatory effects of ambient temperatures on ozone-mortality relationships in this area are still unclear.

In the present study, we assessed ozone mortality risks on non-accidental, respiratory, and cardiovascular
mortality in Chengdu, China, from 2014 to 2016. In addition, we explored whether the associations
between ozone and non-accidental mortality as well as cause-speci�c mortality were modi�ed by
ambient temperature. To achieve this aim, three parallel time-series Poisson generalized additive models
(GAMs) were used to estimate how the air temperature modulates the health risks of ozone on the three
analyzed kinds of mortality.

2. Data And Methods

2.1 Data collection
We collected daily mortality data of Chengdu, China, for years 2014 through 2016 from the Chinese
Centers for Disease Control and Prevention (CDC). Data were collected for non-accidental mortality
[International Classi�cation of Diseases, 10th revision (ICD-10) codes: A00-R99], cardiovascular mortality
(ICD-10 codes: I00-I99), and respiratory mortality (ICD-10 codes: J00-J99).

The air pollution data used to obtain the ozone concentrations were retrieved from the Chengdu
Environmental Monitoring Center. Previous studies have indicated that the daily maximum 8-hour
average ozone (O3−8hmax) concentration is more strongly associated with health outcomes than other
metrics, such as the 1-hour maximum ozone concentration or the daily average ozone concentration
(Yang et al., 2012). Consistent with the preceding studies, we therefore chose the daily O3−8hmax as the
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ozone concentration indicator. O3−8hmax was averaged from the available monitoring results of six
monitoring stations in Chengdu including three urban environmental monitoring stations (Jinquan
Lianghe, Sanwayao and Shahepu), two tra�c pollution monitoring stations (Shilidian, Liangjiaxiang),
and one suburban environmental monitoring station (Lingyansi).

Daily meteorological data recorded during the same time period were retrieved from the China
Meteorological Data Sharing Service System (http://data.cma.cn/). The daily surface meteorological
data of Chengdu were obtained through station averages, mainly including the daily average temperature
(°C), daily average relative humidity (RH) (%), and daily average wind speed (m/s).

2.2 Statistical methods
We utilized three GAMs to assess how the air temperature modulates the health risks of O3−8hmax on
health outcomes: an independent model, a nonparametric bivariate response surface model, and a
strati�cation parametric model (Zhang et al., 2020b). First, we used an independent GAM to investigate
the adverse health effects of O3−8hmax on non-accidental mortality, as well as cause-speci�c (respiratory
and cardiovascular) mortality at different lag days. Model 1 can be expressed as follows:

where subscript t is the day of the observation; E(Yt|X) indicates the expected death counts on day t; and 
NS( ∙ ) denotes the natural cubic spline function. According to the preceding study (Yang et al., 2012),
the Time variable was controlled with 7 degrees of freedom (df) per year to express a long-term trend. We
also changed the df from 4 to 10 per year to test the robustness of the model in sensitivity analyses. At
the same time, (df =3) was also used to control the current day’s average relative humidity (RH) and mean
wind speed (Wind), as well as the moving average daily mean temperature of the current and the previous
day (lag01) (Zhang et al., 2020b). DOW and Holiday are two categorical variables that represent the day
of the week and the presence of a public holiday, respectively. The subscript i represent different lag days.
We explored the adverse health effects of O3−8hmax on three types of mortality at different lag days which
include both a single-day lag (from lag0 to lag4) and cumulative lags (using moving averages of the
current day and the previous 1, 2, 3, or 4 days [lag01 to lag04]). α represents the intercept. In addition,
COVs is all other covariates.

Second, a nonparametric bivariate response surface model was adopted to visually examine the combing
effects of both the ambient average temperature and O3−8hmax on three types of mortality. The model is
described as follows:
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where ST(•) indicates the thin-plate spline functions. Statistics revealed that the adverse health risks of
O3−8hmax on three types of mortality were strongest between the current and previous day (lag01) (as is
described later in this study). Therefore, the daily O3−8hmax at lag01 was used in the follow-up research to
effectively capture the overall effects. The COVs are the same as those used in model 1.

Finally, we adopted a temperature-strati�ed parametric model to examine the heterogeneity of O3−8hmax

risks across different temperature ambient temperature strata. Temperatures were categorized into high
and low temperature levels and then to determine whether the O3−8hmax risks varied across different
temperature strata. However, there is by no means uniform standard for choosing temperature cutoff
points so far (Meng et al., 2012; Zhang et al., 2020b). According to previous research results, people feel
more comfortable when the daily average temperature is near approximately 24℃ and begin to feel
uncomfortable due to heat when the daily average is >28°C (Ssl et al., 2019). Therefore, we chosen
temperature cutoff points corresponding to the transition from comfort to discomfort with increasing
heat (i.e., 24°C, 26°C, and 28°C), as outlined by Zhang et al. (2020b). Finally, we divided the temperature
data into two strata, including high temperatures (above the cutoffs) and low temperatures (below the
cutoffs). Then, we assessed how the O3−8hmax mortality risks varied among the different temperature
levels using varied temperature cutoff points. Model 3 is given as follows:

where Tempk is the k-th temperature strata; β1 and β2 denote the main independent effects of O3−8hmax

levels and daily average temperature, respectively; and β3 refers to a vector of coe�cients re�ecting the
conjunction effects between O3−8hmax and daily average temperatures; this vector was also adjusted for
temperature Tempk  within each temperature strata. The COVs are the same as those used in model 1.

All statistical analyses were conducted with R 4.1.2. The estimated modulating effects and
corresponding 95% con�dence interval (CI) were showed as percentage changes in health outcomes with
each 10-µg/m3 increment in the O3−8hmax mass concentration.

3. Results
Table 1 summarizes the distributions of three types of mortality, meteorological factors, and O3−8hmax

concentrations during the study period. There were considerable variations in the three mortality types,
ranging from 144 to 430 non-accidental mortalities, 35 to 136 cardiovascular mortalities, and 23 to 121
respiratory mortalities. During the study period, the average temperature in Chengdu was 16.6±7.2°C, the
average RH was 81.7±8.2%, and the average wind speed was 1.3±0.5 m/s. Notably, the average daily
O3−8hmax concentration was 119.9 µg/m3 that quite higher than those reported in some developed
countries (Tao et al., 2016; Nyssanbayeva et al., 2019; Winiewski et al., 2021) and in other Chinese cities
(Sui, et al., 2021; Zhang et al., 2006). According to the National Ambient Air Quality Standard (GB3095-
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2012), the O3−8hmax concentrations exceeded the primary (100 µg/m3) and secondary (160 µg/m3)
standard limits in 611 days and 280 days, respectively, and the corresponding over standard rates were
55.75% and 25.55%, respectively.

Table 1
Summary statistics of three types of mortality, meteorological factors, and O3−8hmax concentrations in

Chengdu, China, from 2014~2016
Variable Mean ± SD Minimum Percentile Maximum Interquartile

range25% 50% 75%

Mortality            

Non-accidental 222±37 144 195 217 244 430 73

Cardiovascular 70±15 35 58 68 80 136 22

Respiratory 54±15 23 43 51 64 121 21

Meteorology            

Temperature (℃) 16.6±7.2 -1.9 10.1 17.7 22.8 29.8 11.3

Relative humidity
(%)

81.7±8.2 42.0 77.0 83.0 88.0 98.0 11.0

Wind speed (m/s) 1.3±0.5 0.3 1.0 1.2 1.5 3.4 0.5

Air pollution            

O3−8hmax (µg/m3) 119.9±60.6 13.2 72.9 109.2 161.0 331.1 88.1

SD: standard deviation; O3−8hmax: 8-hour maximum ozone concentration.

Figure 1 illustrates the effects of percentage changes in O3−8hmax on three types of mortality at different
lags. The most signi�cant effects of O3−8hmax on the three types of mortality all appeared at a cumulative
lag of one day (lag01). Therefore, lag01 O3−8hmax was used as the research object in subsequent studies.

After the calculations, a 10-µg/m3 increase in O3−8hmax was found to lead to 0.40% (95% CI: 0.15%,
0.65%), 0.61% (95% CI: 0.27%, 0.95%) and 0.69% (95% CI: 0.34%, 1.04%) increases in non-accidental,
respiratory and cardiovascular mortality, respectively.

Figure 2 graphically depicts the combined effects of the daily average temperature and O3−8hmax on non-
accidental, cardiovascular, and respiratory mortality using three-dimensional visualization graphs. It is
apparent that the combined effects were extremely complex. It is interesting to note that the non-
accidental, cardiovascular and respiratory mortality all reached their maxima when high-temperature and
high-concentration O3−8hmax coexisted, thus indicating that the high-temperature exacerbated/ampli�ed
the mortality risks of O3−8hmax.
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Table 2 summarizes the modulating effects of low/high temperatures on O3−8hmax-mortality relationships
using varied temperature cutoff points. It should also be noted that the modulation effects of temperature
on O3−8hmax-mortality were more pronounced in the high-temperature section than in the low-temperature
section, and these effects were stronger than those obtained in the independent effect model.
Furthermore, the higher the temperature cutoff points were, the greater the health risks of O3−8hmax were
on the same kind of mortality at a high temperature level, indicating that high temperatures signi�cantly
aggravated the health risk of O3−8hmax on mortality compared to low temperatures.

Table 2
Percentage changes (%, 95% CI) in non-accidental, respiratory, and cardiovascular mortality per 10-
µg/m3 increase in O3−8hmax under high/low temperature conditions using varied temperature cutoff

points
Temperature Cut-offs Temperature Non-accidental Respiratory Cardiovascular

24℃ High 0.52 (0.28, 0.76)a 0.65 (0.14, 1.16)a 1.15 (0.71, 1.59)a

Low 0.17 (0.00, 0.34)a 0.18 (0.14, 0.22)a 0.22 (-0.08, 0.52)

26℃ High 0.74 (0.37, 1.11)a 0.81 (0.37, 1.25)a 1.30 (0.62, 1.97)a

Low 0.25 (0.10, 0.41)a 0.60 (-0.18, 1.39) 0.44 (0.17, 0.72)a

28℃ High 2.22 (1.21, 3.23)a 2.67 (0.57, 4.76)a 4.13 (2.34, 5.92)a

Low 0.27 (0.12, 0.42)a 0.30 (-0.01, 0.60) 0.47 (0.20, 0.73)a

aP<0.05.

The sensitivity analyses turned out that the O3−8hmax mortality risks kept robust to changing the df of the

temporal smoothness per year (Fig. 3). The percentage changes derived per 10-µg/m3 increment in
O3−8hmax signi�cantly increased from 0.35% (95% CI: 0.24%, 0.46%) to 0.40% (95% CI: 0.27%, 0.53%) for
non-accidental mortality, 0.48% (95% CI: 0.26%, 0.70%) to 0.61% (95% CI: 0.35%, 0.87%) for respiratory
mortality, and 0.62% (95% CI: 0.39%, 0.85%) to 0.69% (95% CI: 0.46%, 0.92%) for cardiovascular mortality
when the df was changed from 4-10 per year.

4. Discussion
Ground-level ozone has become a compelling environmental problem that has drawn substantial
attention worldwide (Stocker et al., 2013). Assessing ground-level ozone health effects could provide
additional evidences for policymaking on the topic of ozone control measures, particularly under the
background of climate change (Madaniyazi et al., 2016). Our �ndings proved that exposure to ground-
level O3−8hmax were positively associated with non-accidental mortality as well as cardiovascular and
respiratory mortality in Chengdu, China, during the study period. Furthermore, our study further validated
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that high-temperature signi�cantly ampli�ed O3−8hmax mortality risks on the three analyzed mortality
types. In particular, there existed a consistent pattern of increasing O3−8hmax mortality risks as we
progressively adopted higher cutoffs for high-temperature category.

It is worth noting that the average daily O3−8hmax concentration was 119.9 µg/m3 and has a high ozone
exceeding standard rate in Chengdu during the study period. From the perspective of air-pollution
meteorology, there exist two key factors leading to air pollution: one is the excessive emission of air
pollutants and secondary transformation, and the other is the dilution and diffusion of air pollutants by
the unfavorable meteorological conditions (Cai et al., 2017). As we all known, ozone, as a secondary
pollutant, is widespread in the atmospheric troposphere and mainly produced by photochemical reactions
of precursors [nitrogen oxides and volatile organic compounds (VOCs)]; the concentration of ground-level
ozone are in�uenced by anthropogenic and natural emissions and by chemical, physical, and biological
processes (Lamarque et al., 2013). The anthropogenic VOCs are mainly come from incomplete
combustion in motor vehicle exhaust, the volatilization of oil and gas coatings, and industrial emissions
(Rd et al., 2021). As of June 2018, motor vehicle ownership had exceeded 3.89 million in Chengdu, and
these vehicles produce plenty of nitrogen oxides and VOCs, which are conducive to the formation of
ozone. On the other hand, Chengdu is located in the Sichuan Basin and is thus affected by the
topography of the Qinghai-Tibetan Plateau; the average wind speed in the Sichuan Basin is low year-
round, and the frequency of static and stable weather is high. These conditions are unfavorable to the
diffusion or dilution of ground-level ozone (Zhang et al., 2019b). These high precursor concentrations and
poor air diffusion conditions ultimately synergistically lead to high ozone pollution concentrations in
Chengdu. Therefore, Chengdu should strengthen its air quality control, reduce its emission of ozone
precursors and formulate corresponding motor vehicle control and dispatching policies according to the
changing meteorological conditions.

The temperature strati�cation results showed that the health risks of O3−8hmax were more prominent at
high temperature levels than at low temperature levels. For instance, one days where temperatures
exceeded 24°C, a 10-µg/m3 increment in O3−8hmax increased mortality risks of non-accidental, respiratory,
and cardiovascular by 0.52%, 0.65%, and 1.15%, respectively. The corresponding risks were 0.17%, 0.18%,
and 0.22%, respectively, under low-temperature conditions (<24°C). These results keep consistent with
some previous �ndings that O3−8hmax mortality risks were more prominent in warm season (or summer
half year) than in cold season (or winter half year) (Gryparis et al., 2004; Sun et al., 2018). Some previous
studies considered the exposure pattern to be an important factor affecting the results (Bell and Michelle
et al., 2004). Chengdu city is located in southwestern China and has a subtropical climate. In Chengdu,
the warm season is relatively mild, and few extreme weather events occur. For instance, the average
warm-season temperature is 20.93°C. People therefore have passion for staying outdoors and open
windows in these mild temperatures, which might increase the exposure of the population to ambient
ozone (Wong et al., 2001). In contrast, people prefer stay at home rather than go out in cold season,
especially in winter, due to the bitter cold outdoor temperatures and poor air quality, ultimately reducing
human exposure to ambient ozone in this season.
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Although the independent health risks of adverse temperatures or O3−8hmax on human health have been
studied extensively and expounded in numerous studies, the interactions between temperature and
O3−8hmax have been explored only in fragments, and the results remain controversial (Ren et al., 2007; Shi,
et al., 2020; Rainham et al., 2003). Only some studies have found interactive effects, while others have
not. These discrepancies mainly result from environmental and climatic conditions, acclimatization,
education attainment, infrastructures, etc (Zhang et al., 2020b). Furthermore, the analytical methods used
in various studies would lead to the inconsistency of results. Compared with previous studies, we divided
temperatures into two levels (low and high temperatures) by using different temperature thresholds
corresponding to comfort and discomfort. Our �ndings further support the notion that high concentration
ozone and high temperatures mutually interact to affect public health. The evidence from our study
indicated the higher the temperature cutoff points were, the greater the health risks of O3−8hmax were on
the same kind of mortality at a high temperature level. Therefore, heat exposure may exacerbate
physiological responses to short-term ozone exposure. For instance, each 10-µg/m3 increase in O3−8hmax

concentration increased mortality risks by 0.74%, 0.81% and 1.30% in non-accidental, respiratory, and
cardiovascular mortality under high-temperature (>26°C) conditions; the corresponding risks were 2.22%,
2.67% and 4.13% when chosen 28℃ as the temperature cutoff. As a warmer climate will likely increase
individual susceptibility to ambient ozone exposure. As a result, it will become even more important to
mitigate ozone exposure in the future (Tao et al., 2012; Vicedo-Cabrera et al., 2020).

The mechanisms by which the ambient temperature causes modulation effects on the relationships of
ozone on human health remain unclear. There are several possible underlying mechanisms that explain
this phenomenon. High temperatures are a well-known cause of heat-related mortality and can thus
affect the physiological and psychological stress of the human body and aggravate many pre-existing
diseases (Rainham et al., 2003). Furthermore, high temperatures are a necessary meteorological
condition for ozone generation. Extreme high temperatures may further aggravate the generation rate of
ozone and subsequently increase the health risks posed by ozone to the population. Ozone is a potent
oxidant capable of generating reactive oxygen species/free radicals in lung cells, thus leading to the
promotion of oxidative stress, inducing acute airway in�ammation and damaging biomolecules (Lodovici
and Bigagli., 2011; Ahmad et al., 2005). The in�ammation of pulmonary tissues could further induce a
spectrum of mediators and alter cardiac functions or the irritant receptor-mediated stimulation of
parasympathetic pathways (Watkinson et al., 2001), making people more vulnerable to the effects of
ozone variability. Therefore, both high-temperature and high-concentration ozone may interact to
synergistically affect people health.

Some limitations of this study should be acknowledged. First, we utilized mortality data from only a 3-
year period, and the statistical power was thus reduced. Second, we had no access to sub-categorical
mortality characteristics, such as age, sex, educational background, work status, or the air conditioning
utilization rate. Iny et al. (2014) proved that air conditioning can mitigate the mortality risks caused by
ozone exposure in 97 US cities, especially during the warm season. Unfortunately, we did not collect the
relevant data mentioned above, and this limited our ability to link potentially sensitive subpopulations.
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Third, similar to most previous time-series studies (Bae et al., 2020; Shin et al., 2020), we only collected
available outdoor monitoring data to represent personal exposure to ambient ozone, but not collected
ozone concentration information in the indoor environments where people spend more time, and this
omission could have biased the assessment accuracy obtained for ozone risks, resulting in a large
exposure measurement error (Maji et al., 2021).

5. Conclusions
In conclusion, high temperatures strongly ampli�ed the adverse health risks of O3−8hmax on non-
accidental mortality as well as cause-speci�c mortality (including respiratory and cardiovascular
mortality) in Chengdu, China. The results validated that reducing O3−8hmax emissions, especially in hot
weather, would bene�t public health. These �ndings improve our cognition for the short-term health risks
of ozone and offer substantial reference information for policymaking regarding ground-level ozone
control and adaptation strategies with the aim of protecting public health.
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Figures

Figure 1

Percentage changes (%) in mortality for every 10-μg/m3 increase in O3-8hmax at both single lag times of
0~4 days and cumulative lag times of 01~04 days
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Figure 2

Bivariate response surfaces of air temperature and O3-8hmax on health outcomes 
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Figure 3

Sensitivity analyses of the health risks of O3-8hmax on three mortality types with different df values of the
temporal smoothness per year.


