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Abstract: Ozone (O₃) is a major air pollutant with significant health effects, including increased 

respiratory and cardiovascular mortality. While previous research has largely focused on urban 

areas, this study assesses the association between maximum 8-hour O₃ concentrations and non-

accidental mortality, cardiovascular and respiratory mortality in suburban and rural areas of Spain. 

We conducted a nationwide time-series analysis across 122 cities between April and September 2017, 

using Poisson regression models adjusting for daily maximum temperature and provincial 

variability. Distributed lag models were applied to estimate the cumulative effects of ozone exposure 

on mortality, considering lags from 0 to 30 days. For each 10 µg/m³ increase in 8-hour maximum O₃ 

concentration, a significant increase in all-cause mortality risk of 2.3% was observed, with a peak at 

lag 2. Cardiovascular mortality increased by 2.4%, also peaking at lag 2, while respiratory mortality 

showed the strongest association with a 4.3% rise at lag 1. A secondary mortality risk increase was 

observed at lags 24-28, suggesting potential delayed effects of O₃ exposure. These findings highlight 

the need for targeted public health interventions to mitigate the impact of ozone pollution in non-

urban populations. 

Keywords: ozone; air pollution; mortality; circulatory diseases; respiratory diseases 

 

1. Introduction 

Tropospheric ozone also named ground-level ozone (O3) is a secondary air pollutant formed by 

the photochemical oxidation of precursors such as volatile organic compounds (VOCs) and nitrogen 

oxides (NOₓ) in the presence of ultraviolet radiation [1]. These precursors are predominantly emitted 

from anthropogenic sources [2,3]. 

The complex precursors dynamics together with atmospheric transport processes  often result 

in elevated concentrations observed not only within urban environments, where precursor emissions 

are high, but also in downwind areas where O3 pollution can be more pronounced than near the 

emission sources [4–6]. This is due to the long-range transport of ozone and precursors, which 

undergo photochemical reactions during transit leading to ozone formation and accumulation far 
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from its primary emission source , with a variation that largely depends on geographical 

characteristics and climatic conditions [7]. 

Ozone concentrations exhibit pronounced spatial and temporal variability, following a specific 

diurnal pattern. Levels typically peak in the afternoon around 16:00 h[8],  especially during summer 

due to increased photolysis rates, by contrast, winter diurnal cycles are generally less pronounced 

[9]. Concentrations progressively decrease, reaching their lowest levels during the night [6,10]. 

In Europe, the highest O₃ levels are observed in the Mediterranean basin and parts of central 

Europe[11]. The health impact of ozone exposure depends on duration, concentration [dose] and 

individual susceptibility. Long-term exposure has been linked to faster decline in spirometry lung 

function [12], elevated risk of death from cardiovascular disease, ischemic heart disease, respiratory 

causes and chronic obstructive pulmonary disease [13,14]. Furthermore, a possible association has 

been identified between ozone exposure and an increased incidence of diabetes [15–17], end-stage 

renal disease and mortality in individuals with chronic kidney disease [18]. 

Short-term O₃ exposure can lead to a decrease in forced expiratory volume in one second (FEV1) 

and trigger respiratory symptoms such as coughing, burning sensation, chest tightness, and difficulty 

breathing [19]. It is also linked to increased all-cause mortality [20,21] and cardiovascular mortality 

[22,23]. Despite a growing body of research on the health effects of ozone worldwide, most previous 

studies are limited to urban areas, sometimes due to the paucity of air pollutant measurements in 

rural areas [24]. Moreover, elevated background ozone levels —especially in northern and eastern 

Europe— have hindered the identification of consistent trends in urban ozone concentrations, 

particularly when considering the broader influences of transboundary pollution [25]. In Spain, 

several studies including multicenter analyses have examined the health impacts of ozone [26,27], 

but the majority have focused on urban areas or provincial capitals, with relatively little attention 

paid to suburban and rural areas. In this context, the present study aims to analyze the impact of 

daily maximum eight-hour ozone concentrations on cause-specific mortality (non-accidental 

mortality, cardiovascular and respiratory mortality) in suburban and rural areas of Spain.  

2. Materials and Methods 

2.1. Study Design 

We set up an ecological time-series study conducted from April 1 to September 30, 2017. The 

study population included residents of 122 municipalities across 43 of Spain’s 52 provinces, based on 

official population figures as of January 1, 2017. These data were obtained from the municipal 

registers provided by the National Statistics Institute (INE) [28], in accordance with Article 17 of the 

Law on the Basis of Local Government [29].  

The primary outcome was daily mortality, including all-cause natural mortality, cardiovascular 

mortality, and respiratory mortality, classified using the Spanish version of the International 

Classification of Diseases, 10th Revision (ICD-10). All-cause mortality included all deaths from 

natural causes (ICD-10: A00–R99). Cardiovascular mortality included all deaths coded under Chapter 

I (I00–I99), and respiratory mortality included those classified under Chapter J (J00–J99). 

Mortality data were aggregated daily for each of the 122 municipalities and covered the study 

period from April to September 2017. All mortality data were obtained from the INE [28]. 

2.2. Ozone Concentration Measures 

The independent variable was the daily maximum eight-hour average ozone concentration 

(µg/m³), measured at air quality monitoring stations located within the selected municipalities 

(Figure 1). In accordance with current legislation [30], monitoring stations are classified by area type: 

urban, characterized by continuous building structures; suburban, built environments separated by 

non-urbanized spaces such as small lakes or forests; and rural, which do not meet the criteria for 

either urban or suburban classifications. Stations are further categorized based on predominant 

emission sources: traffic stations, where air pollution is primarily influenced by nearby vehicle 
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emissions; industrial stations, located near major industrial emission sources; and background 

stations, which are not dominated by any specific emission source. In this study, we exclusively 

included background monitoring stations located in suburban and rural areas. 

Ozone concentration data were provided from the Ministry for the Ecological Transition and the 

Demographic Challenge [31]. 

 

  

 

(a) (b) 

Figure 1. (a) Spain in its geographical context;(b) Geographic distribution of suburban and rural ozone 

monitoring and control stations (Spain). 

2.3. Control Variables 

We included daily maximum temperature, measured in degrees Celsius at provincial level. 

Previous studies have shown that temperature may influence both air pollutant concentrations and 

their health effects [32], particularly in the case of ozone, which tends to peak during periods of high 

temperatures [33]. Additionally, province was incorporated as a control variable to account for spatial 

heterogeneity in demographic, geographic, and socio-economic factors that could affect the observed 

associations. Meteorological data were obtained from the Spanish Meteorological Agency (AEMET) 

[34]. 

2.4. Statistical Analysis 

Given that the outcome variable was the daily number of deaths in relation to time-varying 

covariates, Poisson regression models were employed—using generalized linear models (GLMs)—to 

assess the association between O₃ concentrations and daily mortality. The effect of air pollution on 

daily mortality may not be immediate, as it can be delayed by several days[35,36]. In the case of 

ozone, previous studies have shown that its health effects can extend for days following exposure 

[21,27,37]. Therefore, in addition to incorporating all previously described variables, lag variables 

were constructed for ozone, covering from day 1 to day 30 prior to the date of death. Models included 

all previously described covariates (daily maximum temperature and province) and accounted for 

potential delayed effects by incorporating distributed lag structures. Analyses were conducted 

separately for each of the three mortality outcomes and stratified by sex. The measure of association 

estimated in this study was the relative risk (RR), which quantifies the change in mortality risk 

associated with each unit increase in air pollutant concentration.  

The RR was calculated based on an increment of 10 units of the pollutant (10 μg/m³ O₃), using 

the following formula: 

 

𝐷𝑒𝑎𝑡ℎ𝑠𝑖,𝑗−𝑘 = 𝑐𝑜𝑛𝑠𝑡 + 𝑂3𝑖,𝑗−𝑘 +  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑝,𝑖−𝑘 + 𝑃𝑟𝑜𝑣𝑖𝑛𝑐𝑒𝑝 + 𝑜𝑓𝑓𝑠𝑒𝑡(𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑖) 
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Where “i” denotes the municipality, “j” the day of observation, “k” represents the lag period 

[days before the event] and “p” refers to the province. 

We set statistical significance to a p-value < 0.05. For this analysis, we used the software package 

R, Version 4.4.1 (2024-06-14). 

3. Results 

The descriptive analysis showed that, during the study period, a total of 33,397 all-cause deaths 

were recorded, of which 17,306 occurred in men and 16,091 in women. When stratified by cause, 

circulatory-cause mortality was higher in women, with 4,749 deaths, compared to 4,243 in men. In 

contrast, respiratory-cause mortality was more frequent in men, with 2,018 cases, versus 1,586 in 

women (Table 1).  

Table 1. Total and sex-specific mortality. Mean ozone and maximum temperature. 
 

Total n (%)  Women n (%)  Men n (%)  

All cause mortality  33,397  16,091 (48.2%)  17,306 (51.8%)  

Cardiovascular mortality  8,992  4,749 (52.8%)  4,243 (47.2%)  

Respiratory mortality  3,604  1,586 (44.0%)  2,018 (56.0%)  

Ozone (µg/m³)* 95.09 (20.26)  -  -  

Maximum temperature (°C)*  28.48 (6.53)  -  -  

*Mean [standard deviation] 

 

Figure 2 presents the RR and their corresponding 95% confidence intervals based on the Poisson 

regression modeling for all-cause mortality, stratified by sex. The relationship between ozone 

concentration and mortality was evaluated across different lag days, ranging from 1 to 30. The results 

show that, for the total population, a significant increase in all-cause mortality risk was observed 

from lag1 to lag5, with the maximum effect at lag2, where the RR was 1.023 (95% CI: 1.016–1.030), 

indicating a 2.3% increase in mortality risk per 10 μg/m³ increase in O₃. 

When stratified by sex, both women and men showed the highest risk at lag2. Among women, 

the RR was 1.022 (95% CI: 1.012–1.032), while among men, the RR was slightly higher, reaching 1.025 

(95% CI: 1.015–1.034). All three graphs also indicate an excess risk between lags 24 and 28. 
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Figure 2. Lag-specific RR and 95%CI of O₃ exposure on all-cause mortality, displayed top to bottom for the total 

population, women, and men. 

Figure 3 illustrates the association between ozone exposure and cardiovascular mortality. In the 

total population, a significant increase in mortality risk was observed between lag1 and lag3, with 

the highest relative risk at lag2 (RR: 1.024; 95% CI: 1.011–1.038). 

When analyzing by sex, women also exhibited a significant increase in risk from lag1 to lag3, 

with the highest RR at lag2, corresponding to a 2.9% increase in cardiovascular mortality per 10 µg/m³ 

increase in O₃ (95% CI: 1.011–1.048). Among men, however, a statistically significant association was 
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only observed at lag3 (RR: 1.024; 95% CI: 1.005–1.044). This could indicate a variable response to 

ozone exposure or reflect the complexity of factors influencing cardiovascular diseases in this 

population.  

 

Figure 3. Lag-specific RR and 95%CI of O₃ exposure on circulatory-cause mortality, displayed top to bottom for 

the total population, women, and men. 
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Finally, Figure 4 presents the association between ozone exposure and respiratory mortality. For 

the total population, the highest relative risk was observed at lag1, with an RR of 1.043 (95% CI: 1.021–

1.065). This finding suggests that immediate exposure to O3 has a significant impact on respiratory-

related deaths. In sex-stratified analyses, the highest risk was also found at lag1 for both men and 

women. Among women, the RR was 1.027 (95% CI: 0.995–1.060), whereas in men, the association was 

stronger, with an RR of 1.055 (95% CI: 1.027–1.085), suggesting higher susceptibility to respiratory 

effects of ozone exposure. It is important to note that significant associations were concentrated on 

the day immediately preceding death (lag1). However, a secondary increase in risk was observed 

between lags 24 and 28, consistent with the pattern seen for cardiovascular mortality, which may be 

due to cumulative effects of ozone exposure or confounding seasonal or environmental factors. 
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Figure 4. Lag-specific RR and 95%CI of O₃ exposure on respiratory-cause mortality, displayed top to bottom for 

the total population, women, and men. 

4. Discussion 

In this ecological time-series study, we investigated the relationship between maximum 8-hour 

ozone concentrations and daily mortality, including all-causes, circulatory and respiratory causes, in 
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suburban and rural areas of Spain during the period from April to September 2017. The results show 

a significant association between ozone exposure and daily mortality, with the strongest effects 

observed in the days immediately preceding death. Additionally, elevated relative risks between lags 

24 and 28 days prior to death, suggest both immediate and short-term effects of ozone on mortality. 

Recent studies have confirmed the significant relationship between ozone exposure and non-

accidental mortality [38,39]. One study conducted in 95 urban areas in the United States found a 

significant association between short-term ozone exposure and all-cause mortality, reporting that a 

10-ppb increase in daily ozone levels of the previous week corresponded to a 0.52% (95% posterior 

interval, 0.27%-0.77%) increase in daily mortality [21]. This finding aligns with our results, where a 

2.3% increase of daily total mortality per 10 µg/m³ increase in ozone concentration was observed. 

Cardiovascular mortality followed a similar pattern. Few studies have specifically studied the 

underlying biological mechanisms explaining the cardiovascular effects of ozone such as platelets 

activation and blood pression increase[40], acute changes in inflammation, fibrinolysis, and 

endothelial cell function [41]. A previous meta-analysis estimated that the pooled relative risk for 

cardiovascular mortality for each 10 µg/m3 increment in ozone concentration was 0.068 % (95% CI: 

1.0049-1.0086)[42], lower than our estimate of 2,4% (95% CI: 1.011–1.038). 

Our findings also revealed a significant increase in the relative risk of cardiovascular mortality 

at lag 2 in both the total population and among women, while in men, it peaked at lag 3. This temporal 

pattern differs slightly from previous studies, which have reported a significant increase in 

circulatory-cause mortality for a 10-μg/m3 increase in ozone concentration in lag 0-1[43]. Regarding 

respiratory-cause mortality, this study showed that the highest relative risk was observed at lag 1 in 

the overall population, with an RR of 4,3 % (95% CI: 1.021–1.065), suggesting that short-term exposure 

to ozone has a significant impact on respiratory mortality. These findings are in line with previous 

studies that have consistently reported associations between short-term ozone exposure and 

increased respiratory mortality [44], though some studies have failed to find significant associations 

[22,45]. Ozone exposure is known to trigger acute airway inflammation, and exposure to 0.10 ppm 

ozone has been shown to result in significant increases in inflammatory markers and protein levels 

in bronchoalveolar lavage fluid, as well as impaired phagocytic function of alveolar macrophages via 

the complement receptor [46]. 

It is essential to consider the inherent complexity in comparing studies conducted in different 

regions, due to variations in population characteristics, ozone exposure and environmental 

conditions. For instance, demographic structure, prevalence of pre-existing diseases, and health-

related behaviors may differ substantially between different countries. Given the regional variability 

in ozone precursor emissions and the higher sensitivity of low-latitude areas, it is essential to consider 

the geographic distribution and evolving trends of ozone sources when designing air quality policies 

[47].  

A notable finding is the increase in RR observed between lags 24 and 28 days prior to death for 

all three causes of death. This pattern is not yet widely documented in literature and may be 

explained by the cumulative damage caused by ozone exposure.  

A key strength of our study is to consider the ambient air quality data provided by suburban 

and background Air Quality monitoring facilities distributed throughout the country to ensure an 

accurate representation of regional ozone exposure, minimizing the bias that can result from relying 

on a single station that represent large areas . Furthermore, our focus on suburban and rural areas 

provides a more comprehensive and precise assessment of background ozone exposure across 

diverse populations and limits the confusion with urban pollutants such as nitrogen dioxide. The 

statistical models were adjusted for meteorological variables and stratified by province, thereby 

reducing the risk of confounding and enhancing the validity of the findings 

However, several limitations should be recognized. First, the ecological study design inherently 

limits the ability to establish definitive causal relationships. Second, although adjustments were made 

for several control variables, unmeasured confounding factors may still influence the observed 

associations. 
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In addition, while our analysis examined the association between ozone levels and all-cause, 

circulatory and respiratory mortality, we lacked detailed data on tobacco use prevalence within the 

study population. Tobacco consumption is a well-established risk factor for respiratory and 

cardiovascular diseases, as well as for various types of cancer [48,49]. The absence of this variable 

may affect the precision of our estimates, as tobacco is a major contributor to mortality from these 

causes. Without information on variations in tobacco consumption, we were unable to adequately 

adjust our models for this potential confounder, which may result in either an overestimation or 

underestimation of the effects of ozone exposure on mortality. 

Finally, our analysis focused exclusively on ozone as a pollutant, without accounting for the 

potential influence of other environmental pollutants. This may limit the broader understanding of 

the cumulative health and ecological impacts of air pollution. 

5. Conclusions 

In conclusion, our findings indicate a potential association between daily ozone concentrations 

and daily mortality, with short-term effects. These results underscore the urgent need for rapid and 

effective interventions to mitigate ozone exposure and safeguard public health. The implementation 

of stringent environmental policies and the promotion of health-conscious behaviors can 

substantially contribute to the reduction of mortality linked to air pollution. 
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