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Abstract 

The influence of specific local land-use activities (continuously redistributing elements across 

environments) and environmental conditions (altering the chemical composition of airborne 

particulate matter) on the intrinsic health risk of PM2.5 exposure is sparsely reported. To fill this 

gap, we employed a novel integrated approach to address the influence of short-term changes 

in source-specific PM2.5 composition on the exposure-response risk, while controlling for 

weather conditions. We combine receptor-based source apportionment with conditional logistic 

regression in a space-time-stratified case-crossover design. This approach is different from 

previous studies as it: i) controls the impact of spatiotemporal variations in air pollution and 

human mobility using multilocation-specific fixed and disjointed space-time strata ii) addresses 



the spatial heterogeneity of personal exposure separating its variable effect from other 

predictors by allowing different baseline hazards for each space-time stratum; iii) aligns 

case/control periods with strong/regular episodes of source-specific PM-multipollutant 

fingerprint contributions rather than health outcomes. This enabled comprehensive examination 

of the association between source-specific PM2.5-bound species and cardiorespiratory disease 

hospitalizations. The epidemiological findings were that primary anthropogenic emissions 

[industrial (ORs 2.5 – 4.8)] were associated with higher 1-day moving average PM-induced 

risks. Natural-related sources [fresh / aged sea salt aerosol, dust, soil resuspension] and 

secondary sulfate formation were consistently associated with higher health risks (ORs 1.0 – 

1.54) after 1 to 5-days since exposure. The results emphasize the importance of source-specific 

air quality management in complex areas and our research provides an adaptable universal tool 

to support targeted place-based policy interventions to mitigate air pollution impacts on health. 

 

Keywords: air pollution exposure, atmospheric chemistry, case-crossover study, hospital 

admission, water-soluble inorganic ions. 
 

1. INTRODUCTION 

Changes in the environment have been affecting the functioning of ecosystems and 

human health. Due to its intrinsic role in the global energy balance and hydrological and nutrient 

cycles, atmospheric aerosol loading is one of the nine planetary boundaries that have not yet 

been fully quantified1–8. It is also well known that air pollution is the most significant and 

leading environmental and occupational risk to public health9,10, which led the World Health 

Organization (WHO) to tighten its air quality guidelines in 2021 for the first time since 200511. 

Studies have shown that each air pollutant has different toxicological and physiological effects 

on human health12. Several hazardous elements and compounds bound to particulate matter 

(PM) have been classified as carcinogens by the International Agency for Research on Cancer 



(IARC)13. However, air quality standards, guidelines, and legislation treat PM as a 

homogeneous mixture, reporting it as a total mass without distinguishing variations in chemical 

composition. A plethora of health studies14–18 have demonstrated that there is no threshold of 

PM exposure below which adverse health effects do not occur. Such findings suggest that the 

impacts of anthropogenic PM should be of concern even in areas that already meet national 

ambient air quality standards19. Thus, the risks associated with finer particles such as PM2.5 can 

no longer be solely attributed to their overall mass concentration, as a wide range of adverse 

health effects resulting from exposure to PM2.5-bound components is already well-documented 

to be linked to increased mortality and morbidity outcomes20–22. Carrying potentially toxic 

soluble components such as trace metals and gaseous co-pollutants, PM2.5 undergoes systemic 

translocation when inhaled, not only depositing in the pulmonary tract but also crossing the 

epithelium and entering the systemic circulation23,24. As a result, many studies have reported 

that short-term changes in the concentration of specific fine PM components may trigger 

respiratory and cardiovascular events25,26, including respiratory infection27, exacerbation of 

asthma and chronic obstructive pulmonary disease (COPD)28–32, myocardial infarction33–36, 

ischemic stroke37, cardiac arrhythmia38–41, and heart failure42,43.  

Inconsistent associations between particle components and hospital admissions for 

cardiovascular and respiratory diseases found by several studies23,44–46, however, warrant for 

further examination of this issue. The 2015 guidance statement from the UK Committee on the 

Medical Effects of Air Pollutants47, for example, suggests that particulate sulfates are most 

consistently associated with adverse effects on health, with less evidence, however, for nitrates 

and other components. On the other hand, in Guangzhou (China), Lin et al.48 found significant 

associations of cardiovascular mortality with PM2.5 elemental carbon, sulfate, nitrate, and 

ammonium at moving averages for the current day and the previous 3 days. In the USA, organic 

carbon and sulfate were also more strongly associated with cardiopulmonary mortality than 



other PM2.5 constituents, such as iron, potassium, silicon, and zinc24. In South Korea, Kim et 

al.49 found that transition metals consistently showed associations with all-cause mortality, 

while the effects of other constituents varied across the cities and for cause of death. These 

studies highlight the difficulty of identifying the role of one specific PM2.5-bound component 

as driving air pollution-mediated health effects. It has multiple and shared emission sources and 

even may serve as a proxy of another component48,50, which in a mixture may be associated 

with enhanced biological response compared to others51. In addition, most findings are limited 

to the USA and China, with little evidence available from other parts of the world23, which 

limits the identification of toxic components of particles and related concentration-response 

functions. Therefore, from the perspective of exposure prevention, understanding the sources, 

composition, and spatial and temporal characteristics of PM2.5 is of critical importance. 

While specific environmental emissions can originate from natural sources, those 

produced by human activities tend to be more harmful than those found in the natural 

background52–54. Although industrially developed cities can indirectly affect public health due 

to the manifold effects of their associated air pollution, few studies have focused on the source-

specific particulate pollutants carrying potentially toxic substances released from the various 

activities established in such areas55,56. According to Lelieveld et al.57, 5.13 million deaths per 

year globally are attributed to long-term exposure to PM2.5 and ozone related to fossil fuels 

emissions, which typically stem from industry (e.g., iron, steel, and aluminum production), the 

chemical and transformation sectors (e.g., coal and coke production and combustion, petroleum 

refining), and transportation and power generation (coal, oil, and gas). Among these deaths, 

nearly 80% are related to cardiometabolic (e.g., ischaemic heart disease, stroke, type 2 diabetes) 

and respiratory diseases (e.g., chronic obstructive pulmonary disease, lung cancer, lower 

respiratory infections). In Spain, it was reported that cancer mortality rates were approximately 

17% higher in industrial areas compared to other urban areas58. Furthermore, although a 



decreasing trend of health risks associated with PM2.5-bound metals has been observed over the 

years in highly industrialized cities in Mexico and China, emissions related to vehicles and 

industry continued to exceed widely acceptable non-carcinogenic and carcinogenic risk 

levels55,59. Therefore, it can be hypothesized that the increased toxicity can be attributed to 

physical and chemical transformations resulting from a complex nexus between environmental 

dynamics, anthropogenic processes, and land-use changes that give rise to these emissions. In 

this context, it is recognized that local emissions play a decisive role in affecting air quality, 

and therefore, reducing emissions is crucial for its improvement7,60–64. 

Hence, methods capable of quantifying the impact on human health of exposure to 

different environmental conditions become essential tools for investigating risks and supporting 

decision-making in public policies. To that end, case-crossover models integrating daily 

exposure and health data allow us to examine the health effects linked to short-term 

environmental exposure-response65. To our knowledge, few previous studies66–70 used the same 

original time-stratified case-crossover study design using conditional logistic regression 

models’ statistical approach as we used in our study but only to analyze health effects associated 

with extreme air pollution events from wildfires. In Vietnam, for example, a positive association 

was found between PM2.5 and PM1.0 exposure and hospital admissions for cardiovascular 

conditions in industrial and mining cities71. In Brazil, an increase in cardiovascular and 

respiratory hospital admissions of up to 21% and 23%, respectively, was associated with 

wildfire-related air pollution across the country70.  

Exploring the health impact of a wider range of air pollution sources, a few studies25–

27,42,72, mostly in New York State (NYS), explored the use of source-apportioned PM2.5 

concentrations combined with a time-stratified case-crossover design73 similar to the approach 

suggested in this study. Among their findings, short-term increases in PM2.5 from traffic and 

other combustion sources appear to be a potential risk factor for increased hospitalizations and 



emergency department visits for respiratory and cardiovascular diseases. They also explored 

the fact that despite decreasing PM2.5 concentrations reported in recent years due to new air 

quality policies, increased rates of cardiovascular hospitalizations have been observed in NYS. 

Changes in PM2.5 composition and sources seem to explain such differences, because 

meanwhile, the triggering of adverse health effects associated with spark-ignition emissions 

declined, the rate of ST-elevation myocardial infarction (STEMI), a type of heart attack that 

affects your heart's lower chambers, as associated with increased secondary organic carbon after 

the Tier 3 light duty vehicle policy is being implemented in NYS. While these studies apply the 

most common time-stratified case-crossover design fitting a conditional logistic regression 

model that contrasts ambient air pollutant exposure concentrations on the day on which the 

health event occurs (case days) to other times when the subject did not have a health event 

(control days), this study suggests a space-time-stratified case-crossover design based on a 

binary indicator variable for case/control days to compare the health effects of exposure to 

episodes of higher source-specific contributions to PM2.5 on the day of the health event (hospital 

admission; case days) with the exposure on non-event days (control days), controlling the bias 

associated not only with temporal but also spatial variability. 

These findings highlight the critical importance of robust methodologies in assessing 

the health effects of industrial air pollution. Within the context of industrial agglomerations and 

their consequential impact on public health, the urban locale of Joinville serves as an exemplary 

case study. It is emblematic of the intricate nexus between urbanization, industrialization, and 

environmental health. Positioned as a coastal industrial hub in southern Brazil, Joinville hosts 

a diverse array of industrial sectors, including metallurgical, textile, chemical, and plastics 

manufacturing. This diversity accentuates environmental concerns and health hazards for its 

inhabitants, whether they are part of the labor force or the residential population in its immediate 

surroundings74. 



Therefore, while plenty literature is available on air pollution and its health impacts in 

urban areas, this study aims to investigate the source-specific health risk of PM2.5-bound 

compounds over a coastal industrial city. In this regard, this study suggests a space-time-

stratified case-crossover study design using conditional logistic regression models to quantify 

the impact of source-related PM2.5 on hospital admissions due to cardiorespiratory diseases. To 

accomplish this, the research design includes a receptor-based source apportionment model to 

determine the source-specific PM2.5 contribution, following a modeled approach proposed by 

Requia et al.70 and the source-specific risk assessment logic of Yan et al.59. This approach 

design and exposure assumptions distinguish itself from (traditional) other studies in that it: i) 

controls the impacts of spatiotemporal variations of air pollution and of people’s daily activity 

environments  by using multilocation-specific fixed and disjointed space-time strata instead of 

averaging individual exposure and assigning PM concentrations to static population 

distributions; ii) addresses the spatial heterogeneity of personal exposure separating its variable 

effect from other predictors by allowing different baseline hazards for each space-time stratum 

instead of using the spatial variable as predictor, which would affect the outcome directly, ; iii) 

aligns case/control periods with strong/regular episodes of source-specific PM-multipollutant 

fingerprint contribution rather than only with health outcomes while modelling source-related 

PM or specific PM-bound components as independent variables. In this way it strengthens the 

health risk assessment causal inference by controlling for proximity-based exposure-response 

confounders. 

Although air pollutants are regulated individually through limits on emissions or 

ambient air-quality standards set by governments as spatiotemporally homogeneous substances, 

the effects of air pollution are driven by pollutant composition. As such, rather than being 

viewed as causal, these individual constituents might serve as proxy markers for other chemical 

species or the resulting mixture of multiple components that also might interact with aspects of 



the physical environment as well as combine with socioeconomic and biological factors to 

trigger health effects24. Therefore, as a result of heterogeneity in chemical composition and 

emission sources of the particles, the health impact of heterogeneous pollutants such as PM2.5 

varies according to time and place and more targeted air quality standards are warranted to 

incorporate this complex PM2.5-health impacts nexus. In this context, this new integrated 

approach aims to identify the PM2.5 -bound components associated with more significant health 

impacts. This approach strengthens the connection between source-specific air pollution 

exposure and health outcomes by defining case events based on hospital admissions linked to 

episodes of higher source-specific contributions to PM2.5 and, as such, may provide important 

reference information for prioritizing source contributions in air quality control actions for 

future place-based policymaking.  

  



2. MATERIALS AND METHODS 

This research aimed to investigate ambient air PM2.5-bound components over complex 

terrain in a coastal industrial city. It also proposes a methodology for prioritizing source 

contributions in air quality policies through integrated health risk assessments. This was 

achieved by comparing source contributions to PM2.5-related cardiovascular and respiratory 

hospital admission incidence in the study area. 

With this aim in view, the following approach was applied: a) a spatiotemporal 

characterization of the concentration and characteristics of species bound to PM2.5 at the local 

level was conducted; b) source apportionment was conducted to estimate PM2.5 pollution 

sources and the amount they contribute to ambient air pollution levels; c) a comprehensive 

understanding of the complex source-specific composition and (trans)formation processes 

contributing to PM2.5 exposure; d) an identification of those sources associated with more 

significant health risks was performed. More details about these sites, research data, sampling 

collection, and chemical analysis, including the instruments used, are provided in the 

Supplementary Material (SM, Sections S1-S3), and in our previous study75. 

 

2.1 Study area 

Located in southern Brazil, Joinville is the largest city in Santa Catarina State, covering 

an area of 1,125 km² and having a population of about 600,000 inhabitants76. The region lies 

between the eastern edge of the Sea Mountain range (Serra do Mar), which is covered by 

remnants of the Atlantic Rainforest, and the estuary of Babitonga Bay to the east (Figure 1). 

Due to regional topography and coastal position, Joinville is characterized by high humidity 

and prevailing wind directions usually from the east. The city has a subtropical mesothermal 

humid climate with hot summers (Cfa)77 in the urban area. 



The region has undergone significant industrial development since the 1930s, making it 

one of the most industrialized regions in southern Brazil. The urban-industrial area expanded 

from a foundry plant downtown to the east during the 1950s, when a district dominated by a 

major Metallurgical Industrial Complex was established. This district reached its consolidation 

as a primarily metallurgical center in the 1970s toward the north, where a separate industrial 

district (known nowadays as North Industrial District) was delineated, ultimately defining the 

urban densification seen today. 

 

2.2 Research data 

 The source-specific health risk was assessed by combining three datasets: i) air pollutant 

exposure characteristics, which included daily samples’ PM2.5 concentrations and the profile 

source contributions quantified by the receptor model (PMF); ii) meteorological conditions, 

i.e., temperature, relative humidity, wind speed and direction, and precipitation; and iii) the 

morbidity database for cardiorespiratory diseases. In this study, data were only pre-processed 

to exclude outliers resulting from measurement or data entry errors. Unlike previous studies 

that often relied on shorter sampling periods, our research spans over two years. This extended 

period offers a more robust dataset and provides a clearer understanding of long-term exposure 

risks. By integrating meteorological data and performing detailed spatiotemporal analysis, our 

approach not only identifies key pollution sources but also contextualizes their impact within 

the unique environmental dynamics of Joinville. 

The hospital admission data was obtained from publicly available database curated by 

the Ministry of Health in Brazil, which ensures patient confidentiality. This work was based on 

open access data and model calculations therefore ethical approval was not required. 

  



2.2.1 Sampling sites 

The PM2.5 sampling sites were set up in the two urban-industrial districts (Figure 1): one 

is located about 2 km southwest of the Metallurgical Industrial Complex (26°18’00.1” 

S/48°49’25.2” W, at 11 m asl, hereafter named MIC), close to a traffic street, on a school 

courtyard; the other is situated south of the North Industrial District (26°15’10.6” 

S/48°51’24.2” W at 16 m asl, hereafter NID), on a meteorological station at University of the 

Region of Joinville Campus. The sites were selected based on accessibility, downwind from 

both urban-industrial districts, near residential areas, and their representativeness of different 

environments (near the coast or mountain range, respectively). 

 

2.2.2 Daily PM2.5 characterization 

Sampling was conducted using low-volume Harvard Impactor samplers equipped with 

PM2.5 fractionating inlet. Daily PM2.5 samples were collected at a mean sampling flow rate of 

10 L min−1 onto 37 mm polycarbonate filter membranes (Whatman® Nuclepore™, USA) with 

pore size 0.8 μm. Gravimetric analysis was conducted following Method 050078. Twenty-one 

elements were analyzed using an Energy Dispersive X-Ray Fluorescence (EDXRF) 

spectrometer. Black carbon (BC) in PM2.5 was quantified using a transmissometer. The 

concentration of ten water-soluble inorganic ions (WSIIs) was determined via ion 

chromatography. 

 

2.2.3 Meteorological database 

Meteorological data were obtained from the Santa Catarina Civil Defense 

meteorological stations’ network and the Joinville-Lauro Carneiro de Loyola Airport station 

(SBJV) (available on the MESONET website79). Precipitation data were also obtained from the 

CEMADEN’s rain gauges’ network80. Details in Figure 1 and SM, Table S1) 



 
Figure 1. Localization of the study area, sampling sites [Metallurgical Industrial Complex (MIC) and 

North Industrial District (NID)], potential sources of air pollutants, and meteorological and rain gauge stations  



2.2.4 Health and population data 

Hospital admissions data were obtained using the "microdatasus"81 package in R to 

download files from DATASUS, the Informatics Department of the Brazilian Unified Health 

System. The following information was selected: the date of hospital admission, sex, number 

of days of hospitalization, and primary diagnosis according to the International Classification 

of Diseases, code version 10 (ICD-10), associated with diseases of the circulatory (I00-I99) and 

respiratory systems (J00-J99). It is essential to highlight that the information comprises only 

public health data, disregarding data from health insurance and private morbidity. 

In this analysis, the study period was defined as March 17, 2020, when the first 

confirmed case of COVID-19 was registered, to reduce COVID-19-related disruption on 

hospital admission occurrence, diagnosis, and counting. Therefore, the data include individual 

hospital admission records in Joinville between August 24, 2018, and March 16, 2020.  

 

2.3 Source apportionment 

To apportion the source-specific health risk, a source analysis was conducted. Building 

upon similar approaches employed in previous studies53,82–84, we propose a systematic 

integration of source apportionment and risk estimation. This combined approach aims to 

elucidate the source-specific contributions to the health risks posed by key components bound 

to PM2.5, ultimately facilitating their effective control. Positive matrix factorization (PMF) is a 

receptor-based source apportionment model, developed by the U.S. Environmental Protection 

Agency (EPA), based on a weighted least-squares technique to solve the factor analysis problem 

by integrating non-negativity constraints in the optimization process and to determine the 

primary pollution source and its contribution rate85,86.  

As part of this study, the chemically speciated PM2.5 dataset was used as input to the 

EPA’s PMF 5.0 receptor model to quantitatively profile source contributions to the analyzed 



PM2.5-bound components (i.e., based on the composition or fingerprint of the sources)86. This 

model aims to solve the chemical mass balance between measured species concentrations and 

source profiles, based on the principle of conservation of mass: 

 

Xij = ∑ gikfkj

p

k=1

+ eij  =   Cij + eij                                                                                                        (1) 

where Cij is the modeled solution of xij (i.e., the concentration of species j measured on sample 

i), p is the number of factors contributing to the samples), gik is the relative contribution of 

factor k to sample i, fkj is the concentration of species j in factor profile k, and eij is the residual 

for each sample/species.  

In this analysis, multiple runs – with five to seven factors – were conducted for both 

sites to identify the optimal factors for source identification. The choice of species to include in 

the PMF input depended on the percentage of data below the detection limit87. Elements with 

more than 25% of their measured concentration below the minimum detection limit (MDL) 

were excluded88–91 unless they were considered important tracers of specific sources. The 

uncertainty calculation followed the criteria established by Norris et al.86. Details of the PMF 

method and process metrics are provided in the SM, Section S4. 

Source contributions were apportioned through multilinear regression analysis 

(MLRA). To track these sources, a graphical analysis was conducted using the polar plot 

function in OpenAir package in R-studio, as outlined by Carslaw and Ropkins92. This analysis 

generated bivariate plot graphs using source contributions (obtained by MLRA) and the daily 

averaged wind data, allowing the visualization of the concentration variation according to wind 

speed and wind direction. These plots aimed to provide insights into potential source influences 

at each location and guide the identification of sources on the map charts (Figure 1) which 

depict their positions within the studied region. 



2.4 Source-specific and health risk assessment of PM2.5 

To evaluate the health risks associated with source-specific chemical contributions to 

PM2.5 population exposure, a case-crossover study was implemented. Our research addresses 

the gap in quantifying the impacts of source-related PM2.5 on hospital admissions due to 

cardiorespiratory diseases in an industrial coastal city between 2018-2020. This design utilized 

spatiotemporal stratification and a conditional logistic regression (CLR) model, as outlined by 

Wu, Li, and Guo65. The source-specific health risk approach was modeled based on Requia et 

al.70’s analysis of the impact of wildfire-related air pollution on the health of the Brazilian 

population. In particular, we investigated the source-specific impact by using a modeled 

approach that defines potentially hazardous source-related air pollution episodes at two urban-

industrial regions, accounting for spatiotemporal heterogeneity on a population sample of more 

than 600,000 patients. 

In a case-crossover study, control days are matched with case days in a reference 

window, then an appropriated regression model is fitted to investigate whether changes in 

environmental exposure can explain some of the short-term variations in the outcome93. This 

study design employs a binary indicator variable for case/control days to compare the exposure 

(to PM2.5) on the day of the health event (hospital admission during episodes of higher source-

specific contributions to PM2.5; case day) with the exposure on non-event days (hospital 

admission during episodes of regular source-specific contributions to PM2.5; control days). We 

used a space-time-stratified sampling to select the referent exposure days, which were matched 

for the sampling site, day of the week, month, and calendar year of the hospital admission. 

As exposure to events of higher PM2.5-related contribution from each source is a 

episodic event, then such matched analysis could be conducted. A referent episodic source-

related PM2.5 exposure event is defined as any day when a specific source exceeded its 75th 

percentile contribution during the studied period. This concept is used to capture periods with 



strong episodes of source-specific PM2.5 air pollution contribution, a concept similar to that of 

extreme air pollution events from wildfires defined in previous studies68,70,94. To assess source-

specific health risk, the matrix gik (Equation 1) of relative contributions of each pollution source 

to each sample total PM2.5 mass concentration (µg m ̶ 3) – quantified by the receptor model 

(PMF) profiles source contributions values – was used as a threshold to determine exposure 

events on case days. Minimum values for the source-specific mass concentrations often have 

small negative values as a result of the uncertainties in the PMF analysis95. However, we did 

not left-censor the values to avoid the potential bias that such truncation would induce27,95. 

The time-stratified design is not subject to bias resulting from time trends because there 

is no pattern in the placement of controls relative to the case time. In addition, the design can 

control for season and day of the week by restricting referents to the same day of the week, 

month, and year as the case day. The time-stratified design is, therefore, a localizable (i.e., it 

allows to obtain unbiased estimates by making comparisons within referent windows), 

ignorable (i.e., the control sampling scheme can be ignored in conducting the analysis, and the 

CLR estimating equations are unbiased) design96,97.  

In this study, we have a unique epidemiological dataset for the total resident population 

of Joinville while collecting air pollution data at two sampling sites within the city, so a space-

time-stratified case-crossover design, as proposed by Wu, Li, and Guo65, allows to control for 

the spatial variations related to those multilocation environmental exposure health impacts, to 

make the results generalizable, credible, and confirmable. It could provide reliable effect 

estimates through matching ‘cases and controls’ to control for spatial variation, long-term trend, 

and seasonality.  

Thus, this design is the best approach to controlling the bias associated with temporal 

trends, spatial variations and adjusting individual characteristics65. In summary, this approach 

incorporates some advantages: i) given that the matching periods were close in time, it reduces 



confounding effects related to seasonal trend by controlling for time-dependent risk factors 

(e.g., day of the week, seasonality, and long-term trends) and reducing spatial variations bias 

resulting from location-specific fixed exposure and disjointed time strata; ii) in this matching 

study design, a person whose hospitalization were attributable to certain disease is defined as 

their own control (i.e., same person for both the case and control periods), which allows, by 

design, for control of all potential confounding factors at the individual level which are unlikely 

to undergo changes in a short space of time [such as demographics (e.g., gender, race, 

socioeconomic status, preexisting illnesses and education) and lifestyle (e.g., smoking or 

drinking alcoholic beverages)].  

However, in air pollution studies, other time-varying confounders such as weather 

variables are not constant across the time periods and must be included in the analytic 

models93,98. So, the model was adjusted for a series of control/confounding variables, including 

meteorological variables (temperature, relative humidity, precipitation, wind speed, and wind 

direction), and health variables indicating the number of days that each patient was admitted to 

the hospital. 

Thus, for each case, a stratum combining two dimensions of time (e.g., month) and 

space (e.g., study locations). Specifically, within each ID stratum, the case day and control days 

are matched by day of the week within the same month, in the same year, and in the same 

location (e.g., sampling site representative of residents’ exposure within the same municipality). 

It is noteworthy that, in this study design, each case period has three or four control periods. 

Therefore, for each subject (from the daily individual-level hospitalization report), daily 

average concentrations of PM2.5 and daily weather variables measurements (i.e., mean 

temperature, relative humidity, average wind speed and direction, and total rainfall) were 

obtained at each PM2.5 sampling site and from its nearest weather station (more details can be 

found in SM, S3), respectively.  



In the primary analysis, the conditional logistic model described above was applied for 

each group of health outcomes – respiratory diseases and cardiovascular diseases for each PM2.5 

source described above. We accounted for moving averages of higher (i.e., above 75th 

percentile) source contribution events, air pollutants (total PM2.5), and weather variables. Time 

lags were applied to exposure variables not related to exposure events on case days, i.e., 

pollutant exposure (total PM2.5 mass concentration), and weather variables. The binary indicator 

variable for case/control days to compare the source-related PM2.5 exposure on the day of the 

health event, and the hospital admissions-related variable (i.e., number of days that each patient 

was admitted to the hospital due to each selected disease group) remained representative of the 

case day exposure. Five moving averages were included: from a 1-day moving average to a 5-

day moving average. 

Additionally, some effect modification and sensitivity analysis were performed by 

stratifying the analyses by sex, by age (< 60 years old, and >= 60 years old), and by accounting 

for cardiorespiratory hospital admissions (cardiovascular and respiratory hospital admissions 

together). To check the goodness-of-fit of our model choice, we compared two case-crossover 

designs using conditional logistic regression models, one that uses the spatial variable as a 

predictor in a time-stratified referent and another that includes it in the strata as a space-time-

stratified referent selection. The model comparison was done using the Akaike Information 

Criterion (AIC) and Bayesian Information Criterion (BIC). The lower AIC and BIC values of 

the model we propose indicate that this parsimonious model fits the data better. Results are 

shown in SM (XLS file). 

These analyses were conducted in the R software, using the Survival statistical package 

(clogit function), referencing the model and code from Requia et al.70. Further details are 

available in the SM, S5. 

 



3. RESULTS AND DISCUSSION 

 

3.1 Atmospheric chemistry balance and air quality – An overview 

This study continuously monitored PM2.5 concentrations in urban-industrial areas of a 

medium-sized coastal Brazilian city, from August 24, 2018, to October 28, 2020. Daily PM2.5 

mean concentrations were 6.1 and 5.2 μg m−3 at MIC and NID, respectively. These values 

appear low compared to other cities influenced by industrial activities such as Athens, 

Barcelona, Firenze, Milan, and Porto (where PM2.5 ranged from 11 to 30 μg m−3)99 or even 

larger Brazilian cities like Belo Horizonte, Rio de Janeiro, São Paulo, Curitiba, Manaus, and 

Porto Alegre, where mean PM2.5 mass concentrations ranged from 13 to 28 μg m−3 100–102. 

To further explore the influence of human-environment dynamics on aerosol air 

pollution, we analyzed the spatiotemporal variation of the PM2.5-bound components (SI, PDF 

file). Mean BC concentrations (and their contribution to total PM2.5 mass) were lower than 1 

μg m−3 (i.e., 18%) at both sites, extremely low compared to other Brazilian cities101–105, where 

a minimum of 2 μg m−3 (17%, and usually ranging from 20 – 37%) were observed. 

The summed concentration of elemental components varied significantly, ranging from 

30 to 4700 ng m-3 at MIC and 3 to 7000 ng m-3 at NID. Among the analyzed elements, Zn stands 

out as a PM2.5-bound element associated with industrial emissions in several cities worldwide. 

The highest mean concentration values (440 ng m−3, i.e., up to 26 ngZn/µgPM₂․₅) were observed 

in China106, compared to the 114 ng m−3 (i.e., 18 ngZn/µgPM₂․₅, at MIC) and 151 ng m−3 (i.e., 30 

ngZn/µgPM₂․₅, at NID) in Joinville (Figure S1), Globally, however, lower concentrations (and 

Zn/PM2.5 concentration ratio below 4) were found in several cities, among which some of 

European Mediterranean (from 19 to 77 ng m−3)107, in Turkey (88 ng m−3)108, and in Saudi 

Arabia (40 ng m−3)109. 



WSIIs varied from 60 ng m−3 to 3800 ng m−3 at MIC and 7200 ng m−3 at NID, much 

less (up to 120-fold) than the total elemental concentration (up to 2000-fold). Among the ionic 

forms, SO42−, in addition to being the most abundant anion, was also the most prevalent 

inorganic ion, accounting for more than 10% of PM2.5 total mass, on average, at both sites. 

Conversely, Na+ was the most abundant cation, contributing 2.3% and 3.2% at MIC and NID, 

respectively.  

The acidity of PM2.5 was analyzed by the linear relationship between cation and anion 

equivalents (details in SM, Section S6). Regardless of the season or site, a prevalence of alkaline 

particles was observed and, consequently, an anion deficiency (Figure S2). This study found 

lower WSIIs concentrations than those reported in other coastal cities such as Athens, Greece66, 

Seoul, South Korea67, and China68, where PM2.5 aerosols were acidic.  

The secondary inorganic components (SO42−, NO3−, and NH4+) accounted for 

approximately 73% of the WSIIs at both sites. Results of linear regression analysis for NO3−, 

and SO42− against NH4+ concentrations (Figure S3) suggest ammonia complete (at MIC) and 

near complete (at NID) neutralization of those anions. Although a good correlation between 

levels of NH4+ with the summed concentrations of SO42− and NO3− could be observed, the 

results of correlation analysis between major ions (Table S7) suggest that NH4+ was moderately 

or highly correlated only with SO42−. The [NH4+]/[SO42−] molar ratios < 2 indicate an 

“ammonia-poor environment”110,111 at both sites. As such, the neutralization of sulfate 

precursors by ammonia was the reaction more thermodynamically favorable110–112, with the 

formation of NH4HSO4 prevailing salts at NID’s, and (NH4)2SO4 at MIC’s PM2.5 samples. 

Overall, there was no correlation between NH4+ and NO3−, suggesting NH4NO3 was not a 

significant compound in PM2.5. 

As sulfate is dominating and particulate is alkaline in this coastal region, discerning 

non-sea-salt sulfate (nss-SO42−) content (calculated from measured SO42− and Na+ 



concentrations113) in PM2.5 apart from SO42− can be useful to analyze the impact of air mass 

transport of marine aerosols during less and more polluted events. Considering the WHO 

guideline20 for short-term (i.e., 24h) PM2.5 exposure of 15 µg m-3 as a threshold value, PM2.5-

bound species (Nss-SO42−, NO3−, and NH4+) concentrations were compared between days of 

“safer” exposure to PM2.5 or so-called non-episode days (NEDs) and episode days (EDs). In 

this study, nss-SO42− constituted about 98% of ambient PM2.5 sulfate during EDs and 90% 

during NEDs. Nss-SO42−, NO3−, and NH4+ contribution to PM2.5 varied from 13% (MIC, 2.2 

µg m-3) to 9% (NID, 1.9 µg m-3) during EDs, up to 19% (MIC, 0.9 µg m-3) and 24% (NID, 1.1 

µg m-3) during NEDs. Therefore, meanwhile marine aerosols contributed more to PM2.5-sulfate 

during common NEDs, the non-marine absolute concentrations during EDs were near twice as 

higher those during NEDs, and their relative contribution was higher during NEDs. An increase 

of these species by a factor that is more than twice as high in concentration has been associated 

with increased formation of secondary species and with the recirculation of anthropogenic 

emissions of precursor chemicals114–116. 

When alkaline material is present, heterogeneous reactions of gaseous species with 

more alkaline aerosol species, like mineral and sea salt, can impact nitrate aerosol formation117. 

As such, a proportion of these anions was associated with other cations, such as sodium, 

calcium, and magnesium adding to the alkaline aerosol profile118–122 observed in Figure S1. 

This is indicated by the correlation coefficients observed between Na+, Ca2+, and Mg2+ and acid 

ions (Cl−, and NO3−), suggesting the presence of Ca(NO3), Mg(NO3)2111,123,124. K+ and acid ions 

(SO42−) were correlated to each other (> 0.500) during summer and spring at NID, and K2SO4 

was one of the chemical species in the aerosol particles. Other correlation coefficients between 

alkaline and acid ions were less significant, and fewer compounds were formed between those 

ions. 



Aerosol acidity health implications have been explored in other studies. Sulfate plays 

an important role in producing acidic aerosols capable of promoting the dissolution of metals 

that contribute to aerosol oxidative potential and increased toxicity125–128. WSIIs constituents 

of PM2.5 (especially, NO3−) might increase stress hormones associated with cardiometabolic 

risks129. Therefore, as a determining factor in particles' alkalinity, ammonia is critically 

important as it can neutralize acidic species leading to the formation of ammonium salts128,130.  

However, more studies regarding the health risks associated with PM2.5-bound WSII are 

needed. PM2.5 nitrate content was also associated with a reduction of location-specific relative 

mortality risk131, while interactions of NH4+, typically found as ammonium sulfate in PM2.5131, 

increased mortality risks. Luo et al.132 have observed that air enriched with nonhazardous levels 

of nitric acid can increase viruses inactivation in small aerosol particles. Consequently, alkaline 

aerosol may prolong airborne virus persistence and should be considered in transmission and 

mitigation strategies.  

Secondary inorganic components are major constituents of PM2.5 and are linked to 

aerosol formation processes and atmospheric transformations, as such, influence significatively 

its physical and chemical properties, affecting the exposure levels of harmful PM2.5 species. 

Therefore, aerosol acidity might affect particle-bound species interactions and the role of PM2.5 

composition on potential health impacts, ultimately altering its toxicity.  

 

3.2 Receptor surroundings characterization 

Joinville, a mid-sized city affectionately nicknamed the Catarinense Manchester is 

renowned for its extensive industrial sector and similar climate. It is particularly known for its 

foundry industries and a wide array of metallurgical, textile, chemical, and plastic industries 

(Figure 1). As illustrated in Figure 1, starting from the north and moving anticlockwise toward 



the southwest, the urban area is also surrounded by agricultural land, with increasing natural 

vegetation closer to the mountains. 

Heavy traffic flow during rush hours on major thoroughfares to the east may also 

significantly contribute to air pollution at these sites. Consequently, PM2.5 measurements at the 

stations are likely to be heavily influenced by traffic-related aerosols. Additionally, shipping 

emissions could impact PM2.5 levels at both sites, as strong easterly winds have potential to 

transport emissions from the São Francisco port terminal and nearby facilities, located 

approximately 20 km to the east. 

 

3.3 Chemical fingerprinting of source profiles  

Source factors were obtained from the PMF analysis for the two sites using metal and 

ionic PM2.5 concentrations. The results indicated that the solution with seven sources was the 

most reasonable and robust for both sites (i.e., minor errors, less ambiguity, and variability as 

well as improved profile interpretability, as shown in Tables S3 and S4). 

The chemical source profiles contributing to PM2.5 at MIC and NID – and the 

concentration variation according to wind speed and direction – are depicted in Figures 2 and 

3, respectively. The sources were then identified based on input species with the highest 

loadings in each factor, drawing comparisons with prior research and online datasets133,134. 

Consequently, henceforward all the source descriptions refer to the results presented in Figures 

2 (MIC) and 3 (NID). 



Figure 2 – Factor profiles at MIC sampling site, in (a) percentage of species apportioned to each factor), (b) and 
(c) polar plots of each source absolute concentration contribution to total mass concentration variation – by wind 

direction and wind speed (ws) – obtained using PMF source apportionment model, showing a free and a fixed 
scale, respectively



Figure 3 – Factor profiles at NID sampling site, in (a) percentage of species apportioned to each factor), (b) and 
(c) polar plots of each source absolute concentration contribution to total mass concentration variation – by wind 

direction and wind speed (ws) – obtained using PMF source apportionment model, showing a free and a fixed 
scale, respectively



In summary, based on the elemental and ionic composition, the PMF analysis elucidates 

the source apportionment and its contribution to the chemical composition of PM2.5, as detailed 

in Table 1. Although in varying proportions, the same sources contributed to PM2.5 of both sites: 

secondary sulfate formation, aged sea salt, industrial emissions, combustion of biomass, coal, 

and fossil fuels, mineral and resuspended dust, secondary nitrate formation, and fresh sea salt 

mixed with aged emissions. The primary contribution was from secondary sulfate formation 

(greater at NID), and combustion-derived (at MIC) emissions followed by aged sea salt aerosol 

at both locations and industrial emissions (more significant than sea salt at NID). Without 

accounting for black carbon content, the secondary sulfate formation was the largest contributor 

at both sites, followed by aged sea salt aerosol (greater than the industrial sources at MIC) and 

industrial emissions (more significant than sea salt at NID) at both locations. 

 
Table 1 – Source contributions percentage estimates for PM2.5 derived from the tracer-based 
PMF solution for each site sampling period. Values within parenthesis indicate each source 

contribution without black carbon content 

Emission Source 
Contribution to estimated PM2.5 

mass concentration 
MIC NID 

Secondary sulfate formation 22.7% (26.4%) 31.4% (28.5%) 
Aged sea salt 14.9% (20%) 14.5% (20.3%) 

Industrial emissions 8.9% (13.4%) 21.9% (17.9%) 
Combustion of biomass, coal, and fossil fuels 27.7% (11.2%) 6.4% (9%) 

Mineral and resuspended dust 11.1% (10.8%) 12% (8.2%) 
Secondary nitrate formation 7% (9.5%) 5.9% (6.4%) 

Fresh sea salt mixed with aged emissions 7.7% (8.8%) 7.9% (9.7%) 
 

As dominant as it is in major economies such as North America, Europe, China, and 

other East Asian countries135, sulfate was the most abundant species found during sampling. Its 

main source can be described as secondary sulfate formation (SSF) processes136 since it was 

discriminated by its significant contributions of sulfate (approx. 50%) and ammonium (> 80%) 

ions to PM2.5 total mass at both sites. 



As the most important alkaline gas, ammonia plays a primary role in forming secondary 

particulate matter by neutralizing with acidic precursor species, such as SOx and NOx, to form 

ammonium salts (e.g., particulate sulfate or nitrate ammonium-containing aerosols)137–140. The 

main sources of ammonia are animal excretion, synthetic fertilizers, oceans, biomass burning, 

agricultural crops, industrial processes, and fossil fuels141, whilst sulfate aerosol main 

precursors, sulfur dioxide (SO2) and dimethyl sulfide (DMS), mainly originate from marine 

aerosol, vehicular emissions, fossil fuels burning and industrial activities142,143. The extent to 

which particulate sulfate or nitrate is then formed is governed by a thermodynamic equilibrium 

that favors the neutralization of sulfate precursors by ammonia110,111,137,144, meanwhile aerosol 

water, manganese, and sodium chloride content may also promote sulfate formation145. 

Being a coastal city, biogenic sources of sulfate likely contribute significantly to the 

high sulfate load of this factor as air masses pass over the coastline. The blooming of 

phytoplankton and sulfate reduction in the anoxic conditions of sediment in mangrove coastal 

areas can release substantial amounts of biogenic sulfur gases (such as biogenic DMS), which 

ultimately convert to nss-SO42− in the aerosol146,147, a key regulator of global climate148.  

Since the city is built on previously mangrove-occupied land and intertwined with 

numerous water features, Joinville's coastal landscape plays a unique role in shaping its aerosol 

composition. The intertwining roots of plants in the coastal area not only break the wind but 

also induce waves and reduce the water speed, promoting the production of sea salt aerosols 

(SSA) from the bursting of air-entrained bubbles during the breaking of waves and the 

formation of aerosolized wind-blown excreted salts from various halophytic plants and soil 

microbial activity146,149. 

Traces of Ca2+ and PO43− (not included in the PMF model but displaying similar wind 

speed-direction dependent concentration patterns as shown in Figure 4) indicate mixed aerosols 

of marine, biogenic, and soil origins. Studies of the Sundarban Mangrove Forest in India have 



shown similar dynamics, with high concentrations of phosphate aerosol associated with salt 

particles resulting from the interaction between continental (dust, sea spray, and plant pollen) 

and coastal ecosystems (nutrient runoff from mangrove estuaries)146. 

 

 

Figure 4 – Bivariate polar plots of phosphate ion (PO4
3-) mass concentration contribution to PM2.5, showing the 

concentration variation by wind direction and wind speed (ws) at the sampling sites (MIC and NID) 
 

These SSF processes seem to be favored by their precursor’s emission from fertilizer 

storages and transportation around port facilities to the east. A significant contribution to BC, 

K+, and Ti in PM2.5 also characterized these profiles. The greater contribution of these species 

at NID compared to MIC suggests a more significant impact from agricultural open burning 

emissions, transported by northerly orographically-oriented winds from the surrounding rural 

areas of that receptor site. Therefore, while agricultural-related emissions such as fertilizer 

handling, storage, and application likely contribute to ammonia (NH3) emissions, the release of 

trace metals is more commonly linked to coal combustion56. 

Extremely high contributions of NO3– (> 70%) to PM2.5 characterize another factor 

profile of both sites. These profiles also contribute to almost all chemical components analyzed, 

and therefore, can be identified as secondary nitrate formation (SNF). A greater contribution 

from the SNF apportioned source was observed at the MIC site compared to the NID site. The 

prevailing wind direction, associated with the higher contributions of NO3– to PM2.5 at both 

sites, indicates that these secondary nitrate source profiles are formed in a region between the 



sampling sites (i.e., northwest from MIC and southeast from NID), probably downtown, and 

also from high traffic on major thoroughfares surrounding the sites, from where nitrogen oxides 

formed by vehicular traffic activities and fossil fuel combustion150 are transported by wind local 

recirculation.  

Nitrate formation depends on the thermodynamic state of its precursors – usually 

ammonium and nitrogen oxides – occurring in areas characterized by a high concentration of 

ammonia, low concentration of sulfate, and under conditions of high relative humidity and low 

temperature118. However, as observed about the alkaline PM2.5-bound WSIIs at the sites, a low 

[NH4+]/[SO42−] molar ratio of 0.8 at NID suggests SSF in an ammonia-poor environment110 

with high sulfate concentrations, which inhibits the formation of nitrate118. An absence of nitrate 

and a higher [NH4+]/[SO42−] ratio (of 1.1) was also observed in the SSF source contributing to 

MIC's PM2.5. The SNF source at the MIC site exhibited a molar ratio of [NH4+]/[NO3– ] of 0.97, 

suggesting the formation of NH4NO3151, meanwhile, the ammonium contribution at NID was 

absent, indicating an environment favoring SNF with other cations (i.e., Na+, Ca2+, and Mg2+) 

present in this source chemical profile. Ultimately, although this ammonia-poor environment 

would be insufficient to neutralize nitrate (shifting it to its gaseous phase), the aerosol alkalinity 

given by dust and sea salts facilitates the capture of nitrate in coarser particles – that, during 

transport to the continent, end up having their concentration reduced in the aerosol due to the 

higher deposition rate117,152,153 – thus reducing PM2.5-SNF contribution to minimal levels. 

For coastal cities, sea salts and mineral dust are the main natural contributors to aerosols. 

The presence of sodium characterizes a sea salt source profile that can be considered fresh when 

associated with a significant chloride concentration, and aged when chloride is depleted135. At 

both sites, the second largest contributor to PM2.5 was characterized by sea salt species (Na+, 

Cl−, Mg2+, and Ca2+), with a high contribution of Cl− (~ 80%), and a molar [Na+]/[Cl−] ratio of 

0.88. This ratio can be used to investigate the aging of aerosols136. It varies between 1.2 and 2.2 



in fine particle aerosols above the sea atmosphere but can be enriched in Cl−(~ 0.86) as it 

receives inputs of dust and HCl within the continent154. In addition to Pb, this factor also showed 

a significant mixture with metals from industrial emissions in nearby zones. Therefore, these 

factors likely represent fresh sea salt mixed with emissions from metallurgical, chemical, and 

textile industries. 

Despite the wind direction associated with the higher contributions in this source

(Figures 2–5) appearing contrary to the relative position of marine sources (i.e., to the east), air 

masses transportation from the southeast (i.e., from ocean areas) contributes directly to the 

concentration’s 0 – 50 percentile range at both sites, as well as to that fraction above the 75th 

percentile at MIC. However, a significant input coming from the west is possibly associated 

with orographically-oriented wind direction as a result of specific local geo-environmental 

constraints reflecting the recirculation dynamics and potential air mass mixture as discussed in 

our previous study75.

Figure 5 – Bivariate polar plots of fresh sea salt mass concentration contribution to PM2.5 at the sampling sites 
(MIC and NID) based on the Conditional Probability Function (CPF) for the percentile intervals from 0 – 50 (to 
the left) and 50 – 100 (to the right), showing the probability of such concentrations occurring by wind direction 

and speed (ws)

Heterogeneous reactions involving SSA significantly affect the atmospheric chemical 

balance in coastal locations, acting as sink for nitrogen and sulfur oxides, while also a source 

of halogen gases152. Aged sea spray (ASS) aerosol played a similar role at both sites, exhibiting 

significant sulfate concentration compared to the original fresh sea spray aerosol source and 

acting as a source of chloride across the atmosphere. Except for the fresh sea salt factor chemical 



profiles, PM2.5-bound Cl− depletion exceeded 30% in all other profiles. This occurs because of 

halogen radicals’ formation in chemical reactions between NaCl and acid species (such as nitric 

acid and sulfuric acid from anthropogenic emission on the continent), producing gaseous 

HCl(g)155 and enriching the aerosol in other species as it is transported away from the sea surface 

over land152,156. Consequently, at both sites, southeast winds were associated with an ASS factor 

characterized by ionic tracers like Mg2+, Na+, and minerals such as Al, Si, and Fe157. 

Alongside those processes involving ionic compounds, during the study period, 

Northwesterly winds transported PM2.5 enriched with typical crustal elements (i.e., Si, Al, Ti, 

Fe, and Ca2+)136,158–160 to both sites, likely originated from exposed soil in the surrounding 

mountains and agricultural areas. Furthermore, the abundance of BC, Fe, Pb, Mn, and Pt of 

these factors’ contribution to PM2.5 suggests an anthropogenic origin. In industrial areas, 

atmospheric deposition typically increases the concentration of metallic elements such as Al, 

Fe, Mn, and Zn in soil, and dust resuspension has been observed to increase atmospheric 

concentrations up to threefold those of rural161 or residential162 areas.  

The typical K/Pb ratio in aerosols of mineral origin has been found to vary between 

775 – 863163. However, in this study, enrichment of Pb in all factors' chemical profiles resulted 

in K/Pb ratios below 100, consistent with the typical ratio reported for coal-burning164. The 

Fe/Al ratio (~1.5) was more than twice the one observed in the Earth’s crust but comparable 

with the reported for heavy road traffic emissions (range of 0.32 – 1.7)160,165. Contributing to 

this resuspended material composition are exhaust-related emissions compounds deposited on 

the ground, such as BC and NOx from tailpipe emission, Ca and Zn as major additives to 

lubricant oil, and non-exhaust emissions of Cu, Mn, Pb, Zn, and Fe from break wear, tire 

abrasion, pavement wear, and vehicle corrosion135,160,166–171. This source is well-known but 

unpredictable, as metal concentrations vary according to factors such as traffic volume and 

patterns, vehicle fleet characteristics, climate, and the geology of the region160,172. These 



chemical profiles can be identified as both mineral and resuspended dust since although 

primarily composed of crustal elements reinjected into the atmosphere as windblown 

aerosols173 but also resuspended material from nearby roads135, where the soil has been mixed 

with anthropogenic emissions from vehicles and industries deposited during transport. 

The source apportionment clearly discriminated a chemical profile of industrial sources 

with high loadings of Zn, Pt, Mn, Fe, and Pb, elements typically associated with metallurgic 

industry PM2.5 emissions56,136,174–176 and fossil fuel combustion135 for both sites. The sampling 

sites are surrounded by numerous iron (MIC) and aluminum (NID) foundries. The raw materials 

of foundry processes are characterized by ferrous and non-ferrous elements consumed during 

high-temperature slag melting. Foundry sand (constituting ~70% of process waste and is used 

as molds) contains a complex mix of sand compounds, organic materials (e.g., mineral coal 

dust and tar), inorganic additives, and binding agents. These can contribute to the content of 

several metals and species like SO42−, and NH4+ in aerosols177–180. The wind profile associated 

with these compounds' higher concentrations corroborates this identification, as industrial areas 

are located east of MIC and west of NID. The K/Pb ratio of 12 at NID reinforces this assumption 

since values between 10.6 and 15.7 have been linked to coal combustion164, typical of these 

industrial activities. Additionally, high concentrations of BC, K+, Mg2+, SO42-, NO3-, and Ca2+ 

also characterized these factors during low wind speed from the southwest, where significant 

vehicular traffic-related fossil fuel combustion occurs. Therefore, these chemical profiles likely 

represent a mixture of multiple industrial and associated combustion emissions resulting from 

varying degrees of chemical and physical changes as PM2.5 is formed during the transport from 

its sources. 

Meanwhile, chemical profiles characterized by a high contribution of BC, K+, Pb, 

NO32−, Ca2+, Ti, Mn, and Pt at MIC, and by Br, Pt, Mn, Al, Si, Pb, Ti, and NH4+ at NID, 

distinguish the specific emission profiles of industrial and vehicular combustion processes. At 



NID, the mix of industrial and both exhaust and non-exhaust traffic emissions appears to be the 

source of such metallic elements, consistent with the volume of traffic activities and the 

characteristics of the vehicle fleet in their respective surrounding environments160,172. As 

industrial zones, the fleet composition includes an important amount of regular and heavy 

vehicles, such as spark-ignition (gasoline and ethanol) and compression-ignition (diesel) 

vehicles. Notably, at MIC, there is a high contribution of air pollutants from coal and biomass 

combustion such as BC, Pb, and K emitted by metallurgical processes, local residential and 

commercial activities surrounding this sampling site.  

However, although those sources are characterized by high emissions of BC, a reduced 

contribution of BC to PM2.5 was observed at NID compared to MIC. This phenomenon may be 

associated with atmospheric chemistry processes related to the higher rainfall index in the 

surrounding region75 and longer distances from potential sources. Despite BC’s high 

hydrophobicity181, during the particulate aging process in the environment, BC can be coated 

with water-soluble components and become hydrophilic. As a result, particles containing BC 

can become cloud condensation nuclei and precipitate through humid deposition182,183. This 

makes the transportation of BC uncertain and its suspension in the atmosphere is dependent on 

aging time (between 12h and 8 days) and of factors that control its deposition rate (i.e., 

precipitation)184,185. Several studies have shown that BC emitted from biomass burning (one of 

the main sources associated with this factor at NID) is more likely to be coated in such a manner 

(70%) compared to those from urban areas (9%)185. Therefore, this source chemical profile 

encompasses multiple combustion sources: agricultural burning, industrial coke/coal fuel use, 

commercial heating/cooking with wood or other biomass (crop residues, dung, etc.), and even 

fossil fuel combustion exhaust and non-exhaust emissions by vehicles135. 

Hence, as it moves away from the coastline, the SSA undergoes transformations due to 

atmospheric aging processes186. These recirculation events bring fresh marine aerosols into the 



urban environment, causing a decrease in Cl− content and an increase in anthropogenic emission 

compounds. At MIC, the chemical feature of the observed aerosol seems to lose its marine 

character and to acquire a chemical signature dominated by contributions from all the major 

anthropogenic aerosols due to this phenomenon. Consequently, atmospheric recirculation in 

coastal areas may contribute to the presence of atmospheric pollutants in these areas due to the 

occurrence of pollutant feedback mechanisms. The chloride depletion may lead to the 

enrichment of excess (non-sea-salt) sulfate, nitrate, and nitrite146. Finally, this urban-industrial 

PM2.5 composition is strongly dependent on ammonia availability in addition to sea-salt-

minerals particulate alkalinity and is regulated by coastal environmental conditions. In such an 

environment, vertical transport and exchange between sea and land facilitate multiple chemical 

reactions, leading to the formation of secondary aerosols. 

 

3.4 Environmental Epidemiology 

 

3.4.1 Hospital admissions characteristics 

During the study period, Joinville recorded 7,378 hospital admissions for circulatory 

diseases and 5,027 for respiratory diseases. Of these, 77% matched with PM2.5 speciation data 

(and, thus, were source apportioned). Males comprised most hospitalizations in both disease 

groups, accounting for approximately 54%. A higher rate of hospital admissions for circulatory 

diseases (62%) was observed among the elderly (age ≥ 60 years old), whereas the opposite was 

observed among people below 60 years old (i.e., 63% of the hospitalizations for respiratory 

diseases). Figure 6a shows the monthly distribution of the morbidity database throughout the 

study period. October witnessed the highest daily morbidity (15 ± 6), while December had the 

lowest (11 ± 4). The daily number of hospital admissions in Joinville varied from 3 to 29 



(average of 13 ± 4.8) for diseases of the circulatory system (ICD-10 I+) and from 1 to 29 

(average of 8.8 ± 4.4) for respiratory diseases (ICD-10 J+). 

 

3.4.2 Exposure characteristics  

From August 24, 2018, to March 16, 2020 (case study period), the annual mean 

concentration of ambient PM2.5 was 3.9 (n = 117), 6.6 (329), 6.5 (232) µg m−3 at MIC and 5.0 

(82), 5.1 (253), 3.8 (15) µg m−3 at NID – in 2018, 2019, and 2020, respectively – mostly 

exceeding the World Health Organization (WHO) 24-hour annual air quality guideline of 5 

µg/m³ 20. Daily mean temperature varied from 13 to 35ºC, relative humidity from 47 to 94%, 

and total precipitation reached up to 110 mm. A monthly summary of source contributions and 

meteorological variables is presented in Figures 6b and 6c, respectively. 



 
Figure 6 – For the study period, monthly (a) number of hospital admissions for circulatory and respiratory 

diseases, (b) meteorological conditions, and (c) sources contribution to PM2.5 
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Figure 7 – Association between hospital admissions and source-related PM2.5. Percentage increase in risk (and 
95% CI) of hospital admissions (black line- respiratory diseases; gray line, circulatory diseases) associated with 
source-related PM2.5 in events with source contributions higher than their own 75th percentile during the study 
period for the moving averages 1–5 days. Note 1: Numbers in x-axis indicate the moving averages

3.4.3 Source-specific health risk of PM2.5

To evaluate the short-term effects of exposure to PM2.5 on the health of the resident 

population, a time-stratified case-crossover study design using a conditional logistic regression 

model was employed, considering each source’s contribution to PM2.5 samples. 

The percentage increase in risk (and 95% confidence interval, CI) of hospital admissions 

associated with source-specific PM2.5 for the moving averages of 1–5 days by health outcome 

(circulatory and respiratory disease) is presented in Figure 7. The obtained source-specific odds 

ratio (OR) of hospital admissions, and each model statistical significance are shown in Table 2 

and Table 3. The full results (primary and all sensitivity analysis by sex, and age) can be found 

in SM (XLS file). The sensitivity analysis revealed substantial differences between men and

women for most of the sources and moving averages, as well as the elderly and those aged < 

60 years old.



 

 

Table 2 – Odds ratio and 95% CI representing the circulatory hospital admissions associated 
with source-specific PM2.5 during episodes of higher source-specific contribution to PM2.5 air 
pollution in Joinville (2018-2020) for 1–5 moving averages. 
 

Source Outcome 
Moving 

averages 

Odds 
ratio 

Lower 
95% CI 

Upper 
95% CI 

p-value 
model* 

p-value 
β PM2.5** 

Circulatory 
Hospital 

Admissions 

Aged sea salt 1 1.04 0.89 1.19 2.02 1097 6.22 10-01 
2 1.27 1.14 1.40 1.28 10172 2.39 10-04 
3 1.54 1.44 1.64 1.13 10224 4.68 10-16 
4 1.53 1.45 1.60 3.87 10220 8.39 10-26 
5 1.33 1.26 1.40 1.28 10208 2.07 10-16 

Combustion of biomass, 
coal and fossil fuels 

1 1.23 1.13 1.33 2.90 1055 4.46 10-05 
2 1.05 1.01 1.10 1.08 1065 2.00 10-02 
3 1.06 1.02 1.10 1.10 1055 4.39 10-03 
4 1.08 1.04 1.12 7.68 1072 9.65 10-05 
5 1.05 1.01 1.09 1.08 1057 8.99 10-03 

Fresh sea salt mixed with 
aged emissions 

1 1.36 1.27 1.45 2.25 1056 2.51 10-11 
2 1.11 1.05 1.16 6.52 1061 6.52 10-04 
3 1.08 1.03 1.12 6.17 1071 1.13 10-03 
4 1.07 1.03 1.11 2.78 1062 1.60 10-03 
5 1.02 0.98 1.06 9.79 1055 2.81 10-01 

Industrial emissions 1 3.90 3.75 4.05 8.21 10103 3.65 10-69 
2 1.47 1.39 1.54 2.61 1082 2.50 10-25 
3 1.18 1.13 1.22 2.87 10105 1.21 10-10 
4 1.20 1.15 1.25 1.66 1064 2.77 10-13 
5 1.15 1.10 1.19 1.80 1051 3.38 10-08 

Mineral dust and soil 
ressuspension 

1 1.30 1.20 1.40 6.37 1084 2.22 10-07 
2 1.24 1.19 1.29 6.93 10113 1.88 10-16 
3 1.35 1.30 1.41 5.25 10176 6.95 10-28 
4 1.33 1.28 1.38 8.34 10187 1.50 10-29 
5 1.47 1.41 1.53 2.97 10261 1.28 10-32 

Secondary nitrate 1 0.97 0.91 1.04 1.36 1071 4.06 10-01 
2 0.99 0.94 1.04 5.44 10126 6.40 10-01 
3 1.00 0.96 1.04 5.55 10136 8.97 10-01 
4 0.99 0.95 1.03 1.97 10119 7.65 10-01 
5 1.00 0.96 1.04 2.89 10101 8.75 10-01 

Secondary sulfate 1 1.15 1.09 1.20 3.20 10123 4.16 10-07 
2 1.41 1.35 1.48 3.27 10164 3.73 10-25 
3 1.53 1.47 1.58 1.44 10190 2.39 10-45 
4 1.49 1.44 1.54 1.06 10170 2.05 10-57 
5 1.43 1.39 1.48 1.42 10167 7.51 10-57 

*Use the log-rank test to compare survival between groups. Statistical significance was defined as p < 0.05 (i.e., 5 10-2). From 
Wald test, all p-values << 0.01. 
**This p-value indicates whether the particular PM2.5 variable, which coefficient has been used to calculate the Odds Ratio, 
contributes significantly to the occurrence of the outcome or not. 
  



 

 

Table 3 – Odds ratio and 95% CI representing the respiratory hospital admissions associated 
with source-specific PM2.5 during episodes of higher source-specific contribution to PM2.5 air 
pollution in Joinville (2018-2020) for 1–5 moving averages. 
 

Source Outcome 
Moving 

averages 

Odds 
ratio 

Lower 
95% CI 

Upper 
95% CI 

p-value 
model* 

p-value 
β PM2.5 

Respiratory 
Hospital 

Admissions 

Aged sea salt 1 1.14 0.92 1.36 9.57 1045 2.33 10-01 
2 1.09 0.96 1.22 2.46 1071 1.98 10-01 
3 1.47 1.36 1.58 2.37 10119 5.04 10-12 
4 1.33 1.24 1.42 2.02 1093 8.92 10-11 
5 1.37 1.29 1.45 9.14 1089 1.35 10-14 

Combustion of biomass, 
coal and fossil fuels 

1 1.12 1.04 1.21 2.41 1030 7.95 10-03 
2 0.97 0.92 1.01 2.12 1028 1.67 10-01 
3 0.99 0.95 1.03 6.59 1021 5.73 10-01 
4 1.03 0.98 1.07 3.59 1032 2.21 10-01 
5 0.99 0.95 1.03 1.12 1025 7.11 10-01 

Fresh sea salt mixed with 
aged emissions 

1 1.47 1.36 1.58 5.74 1031 1.29 10-12 
2 1.19 1.12 1.26 6.93 1033 5.58 10-07 
3 1.14 1.08 1.19 1.55 1026 1.47 10-06 
4 1.11 1.06 1.16 1.68 1026 1.31 10-05 
5 1.10 1.05 1.15 4.24 1027 8.88 10-05 

Industrial emissions 1 4.82 4.50 5.14 1.23 1065 3.22 10-22 
2 1.27 1.20 1.35 9.97 1037 3.49 10-10 
3 1.11 1.05 1.17 1.03 1065 5.78 10-04 
4 1.11 1.06 1.17 1.66 1035 1.99 10-04 
5 1.13 1.08 1.19 9.32 1025 1.38 10-05 

Mineral dust and soil 
ressuspension 

1 1.50 1.37 1.63 1.21 1044 8.14 10-10 
2 1.24 1.18 1.30 1.88 1048 1.72 10-12 
3 1.34 1.28 1.40 1.64 1093 1.23 10-22 
4 1.41 1.35 1.47 1.52 10121 1.60 10-29 
5 1.54 1.47 1.62 8.19 10159 2.26 10-29 

Secondary nitrate 1 1.01 0.94 1.08 2.80 1030 7.68 10-01 
2 1.02 0.96 1.08 1.18 1065 4.94 10-01 
3 1.02 0.97 1.07 5.39 1068 4.09 10-01 
4 0.97 0.92 1.02 5.54 1061 1.97 10-01 
5 0.94 0.89 0.98 3.28 1053 4.94 10-03 

Secondary sulfate 1 1.10 1.04 1.16 3.20 1076 1.49 10-03 
2 1.43 1.35 1.51 2.96 10108 2.01 10-18 
3 1.31 1.25 1.37 1.83 1090 2.29 10-19 
4 1.41 1.35 1.46 1.57 1093 8.11 10-32 
5 1.36 1.31 1.41 2.69 1088 1.85 10-31 

*Use the log-rank test to compare survival between groups. Statistical significance was defined as p < 0.05 (i.e., 5 10-2). From 
Wald test, all p-values << 0.01. 
**This p-value indicates whether the particular PM2.5 variable, which coefficient has been used to calculate the Odds Ratio, 
contributes significantly to the occurrence of the outcome or not. 
 

The results indicate that high PM2.5 contributions from anthropogenic activities, 

specifically from combustion and industrial activities, are associated with increased hospital 



 

 

admissions for both disease groups. These increases were approximately 23% (95% CI: 15.3%–

31.1%) for combustion and >145% (95% CI: 135%–155%) for industrial activities, based on a 

1-day moving average. Air pollution attributed to industrial sources was noted to have an 

excessive risk of more than 2.5 (up to 13.7) of both disease groups' hospital admissions when 

considering a 1-day moving average. The highest risks were associated with industrial 

activities, leading to an OR of 4.8 for respiratory disease admissions, and a risk of 3.9 for 

circulatory disease admissions. Meanwhile, combustion sources were estimated to increase 

these risks by 12.2%, and 23.2%, respectively.  

However, aged sea salt aerosol, crustal material (associated with soil resuspension and 

mineral dust), and secondary sulfate formation containing trace elements from anthropogenic 

sources, were associated with high health risks. These risks manifested as an increase exceeding 

50% in the likelihood of hospitalizations for both respiratory and circulatory system diseases. 

Specifically, secondary sulfate formation was associated with the highest increase in risk (53%, 

based on a 3-day moving average) for circulatory diseases. Meanwhile, mineral dust and soil 

resuspension were associated with a 54% increase in the risk of hospital admissions for 

respiratory diseases (considering a 5-day moving average). Overall, mineral dust and soil 

resuspension (increases in hospital admissions ranged between 24 – 54%), secondary sulfate 

formation (between 10 – 53%), and aged sea salt (up to 54% increase) sources were consistently 

associated with the highest risks across all moving averages. By gender group, these sources 

were associated with increases up to 66% in hospital admissions.  

Secondary nitrate and combustion sources showed the lowest increased risk, possibly 

due to the distance from the sources and their minimal contributions to the total PM2.5 observed. 

Industrial emissions had an immediate impact (based on a 1-day moving average) on increasing 

the incidence of hospital admissions for both disease groups across the total population. This 

may occur because exposure to industrial emissions is higher near the source. As pollutants 



 

 

disperse and undergo atmospheric changes, they return as aged sea salt and soil resuspension 

sources, which correlate with higher hospital admissions during subsequent exposure lags. 

Secondary sulfate, significantly influenced by marine aerosols, exhibits a similar trend. This 

rationale is supported by the fact that the percentage change in hospital admissions related to 

fresh sea salt mixed with industrial emissions shows transitional or intermediate values; this 

reflects the diminishing influence of industrial sources as environmental constraints disperse 

and transport air pollutants. It is noteworthy that dust and soil contribution-related risks, in turn, 

resulted in a higher increase in hospitalization, displaying a U-shaped curve in terms of moving 

average response, which indicates a higher risk of both immediate and prolonged exposure. In 

addition, unlike the general tendency of higher risks for circulatory diseases observed for the 

majority of source-specific PM2.5 exposure across all moving averages, fresh sea salt seems to 

pose a higher exposure risk for respiratory diseases.  

These intriguing findings demonstrate that feedback mechanisms resulting from the 

particularities of local recirculation conditions (as shown in our previous study75) may be 

reloading the environment with anthropogenic pollutants that pose a significant risk of toxicity. 

For example, the geochemical profile of the aged marine aerosol source indicates high 

concentrations of sulfate combined with elements of anthropogenic origin. According to the 

California Air Resources Board187, exposure to sulfate is associated with several adverse health 

effects, such as reduced lung function, worsening of asthma symptoms, and even death in 

individuals with chronic heart and lung diseases. As a main component of PM, several studies 

have evidenced the increased health risks and mortality associated with sulfate exposure and 

the enhanced oxidative potential and toxicity given by its role in the acid dissolution of metals 

commonly found in ambient particles128–131. Rich et al.25 observed larger odds of myocardial 

infarction associated with increased mass fractions of sulfate, nitrate, and ammonium at a lower 

elemental carbon mass fraction. The explicit biological mechanisms of sulfate association are 



still undescribed188. However, some plausible theories to explain the positive association of 

sulfate with adverse health effects include: i) the particle acidity by sulfate may change the 

pulmonary toxicity of other PM2.5 constituents or physical properties from their own toxicity189, 

and ii) the catalyzation of metals into more bioavailable forms is another possible explanation 

for the strong association of sulfate with health effects190.

The same observations can be discussed about the mineral and dust resuspension source, 

since although crustal soil particles might not appear to play a major role in the toxicity of 

PM2.5, several studies reported significant associations between its constituents – such as 

transition metals (e.g., Ni, Fe, Mn and Zn), enriched from anthropogenic sources activities –

that can induce oxidative stress, and cardiovascular191–195 and respiratory diseases196–199. 

Studies have indicated that high levels of Cu and Fe may induce oxidative stress and chronic 

inflammation in asthma cases200, while Pb is considered a risk factor for asthma due to its role 

in promoting immune responses201, and industrial-related species such as Zn and Cr may lead 

higher inflammatory responses202,203. In Xiamen City, a typical low-pollution area in China, 

Wang et al.204 investigated the health effects of low-level exposure, especially the PM2.5-bound 

trace elements. They observed that an increase in the concentration of PM2.5-bound components 

such as Si, and Ni would have adverse health effects, such as promoting in the prevalence of 

COPD, and also that Ca, Fe, Mn, and Ti had a significant health effect on asthma diagnosis 

rates. Such elements were associated with industrial emissions and crustal material (both 

mineral and resuspended soil enriched with material from anthropogenic sources). These 

findings suggest the role of spark ignition and diesel vehicle emissions, non-traffic emissions 

such as tire and brake wear, and industrial emissions air pollutant deposition in the triggering 

of acute cardiovascular and respiratory events. 

There have been a relatively limited number of prior epidemiological studies using 

source-specific PM obtained from the application of receptor models combined with time-
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stratified case-crossover study design with conditional logistic regression models25–27,135,205–213, 

but with a different model design: using source-specific or element-specific concentration as an 

independent variable rather than as a referent for a health outcome-dependent event. In the 

United States, studies assessing hospitalizations due to cardiovascular diseases25,26,214 reported 

no obvious association with secondary sulfate, road dust, and biomass burning. Contradictorily, 

as well as in our study, secondary sulfate and biomass burning were associated with increased 

rates of emergency department visits and hospitalizations for respiratory diseases, particularly 

influenza27. As such, these and our study findings are in line with the suggested by the 2015 

guidance statement from the UK Committee on the Medical Effects of Air Pollutants, that 

particulate sulfates are most consistently associated with adverse effects on health, with less 

evidence for nitrates and other components24,47. In addition, both diseases groups were 

associated with short-term increases in PM2.5 from traffic and other combustion sources by 

these studies. Vehicle emissions, diesel emissions, and biomass burning PM2.5 has been 

frequently associated with pneumonia, influenza, and other respiratory infections across the 

U.S. cities27,215,216. On the other hand, contrary to those and our findings, Zhao et al.26 found no 

association with road dust and biomass burning sources. According to them, this may be related 

to their heterogeneities since road dust mostly represents non-exhaust traffic emissions, 

contains deposited soil and road surface material. In our study, as previously discussed, the dust 

and soil emissions also contained elements from industrial-related emissions. Thus, road dust 

effects on health may differ by deposition rates, variability in reactivity, and environmental 

factors. Likewise, combustion-related PM compositional patterns may be due to various fuels 

consumed. For asthma emergency visits, biomass burning, secondary nitrate, and road dust 

showed consistent positive associations with road dust having significant values for most lag 

times28. In a suburban site of central Taiwan, Bell et al.217 found that individual chemical species 

were better indicators than the resolved source-specific PM. Jung et al.218 observed that 



 

 

exposure to nitrate, black carbon, and potassium derived from industry-related combustion or 

motor-vehicles emission sources may increase the risk of asthma outpatient visits. In California, 

Ostro et al.219 observed the same nitrate-asthma association in children. In London, a positive 

correlation between nitrate levels and the increased number of respiratory admissions in 

individuals above 65 years old was reported by Atkinson et al.220. Unlike these epidemiological 

studies, our results are consistent with evidence reported from toxicological studies as it seems 

that nitrate has little biological potency to induce health effects221,222. Berger et al.214 and Rich 

et al.25 also found no clear association with secondary nitrate. This has been related to the fact 

that secondary nitrate, being an unreactive particle, would not provide oxidative potential or the 

resulting reactive oxygen species and oxidative stress25–27. 

Increased rates of respiratory diseases/events were associated with increased 

concentrations of PM2.5 road dust, and sea salt, as well as crustal species aluminum, calcium, 

silicon, and titanium, sea salt elements (chlorine), residual oil combustion markers (nickel and 

vanadium), and black carbon (typically used as a marker of traffic). Black carbon and 

potassium, key components of PM arising from biomass burning and incomplete combustion 

processes have been associated with respiratory symptoms such as wheeze, shortness of breath 

and chest223 as well as with several respiratory diseases, including incident asthma, asthma 

symptoms, and rhinitis224.  

Although these source-specific and species-specific exposure-response hypotheses 

seem biologically plausible, epidemiological and toxicological studies are still needed to further 

explore PM2.5-bound species toxicity profile, both for single- and multipollutant synergic health 

effects. Ultimately, controlling these emissions sources should be a priority for related 

governmental agencies, and the combination of studying health and source apportionment is 

highly recommended for future studies. 



 

 

Hence, to our knowledge, few previous studies have applied the time-stratified case-

crossover study design with conditional logistic regression models as used in this study 68,70,225–

228, to assess air pollution health risks. Even fewer studies have considered this approach 

regarding the human health impacts of PM2.5 source-specific emissions, except for studies on 

wildfire events. In Australia, an increase of 10% in cardiovascular mortality68, and of ~7% in 

the risk of out-of-hospital cardiac arrests67 were associated with air pollution events from 

wildfires. Additionally, Gan et al.66 found an 8% increase in hospital admissions for asthma, 

while Jones et al.69 reported an increase in the risk of out-of-hospital cardiac arrest on the second 

lag day following exposure to wildfire-related PM2.5 in the United States. 

In the nationwide meta-analysis of the health impacts of wildfire-related air pollution in 

Brazil, Requia et al.70 reported an increase in cardiovascular hospital admissions ranging from 

14.9% (95% CI: 9–18%) for a 1-day moving average to 21% (95% CI: 8–35%) for a 2-day 

moving average. Similarly, they found a 23% (95% CI: 12–33%) increase in respiratory 

hospital admissions with a 5-day moving average. In a primary analysis stratified by Brazilian 

regions, they identified the North and Midwest as the regions with the highest risk of hospital 

admissions, respectively. The results showed a 38% increase in respiratory hospital admissions 

(with a 5-day moving average) and a 56% increase in circulatory hospital admissions 2 days 

following the event (i.e., 2-day moving average). Among the five regions, the South was the 

third most affected, experiencing increased hospital admissions due to air pollution exposure 

during wildfires events70. Overall, except for secondary nitrate, our study identified higher 

source-specific health risks compared to those related to air pollution from wildfire events70 – 

although based upon a broader geographical and for a different time period (2008–2018) – both 

nationwide and at a regional level (i.e, across the South of Brazil).  

Several epidemiological studies have explored how individual susceptibility to the 

effects of air pollution varies based on characteristics such as sex and race12,229. Both in 



 

 

Australia67 and Brazil70, stratification by sex and/or age revealed significant variations in the 

impact of PM2.5 exposure on cardiovascular health outcomes during wildfires. Ignotti et al.230 

estimated an 8% increase in hospital admissions for respiratory diseases among children and a 

10% increase among the elderly, both associated with PM2.5 from fires in the Amazon. For the 

subgroup analysis by age, overall, our results were similar to those found by Requia et al.70, and 

indicate a higher risk of respiratory hospital admissions for those aged < 60 years old compared 

with older patients. Meanwhile, a higher risk of circulatory hospital admissions for those aged 

> 60 years old. It’s worth noticing differences associated with mineral dust and soil mostly 

affected the elderly, while combustion and secondary sulfate, the children for both disease 

groups. Admissions related to circulatory diseases were higher among women, while those for 

respiratory diseases were more common among men. Our study found more robust and 

consistent associations for the female population. Our results are consistent with the observed 

by Bell et al.231. Their findings indicate that increased PM2.5 is associated with a higher relative 

(i.e., percentage) increase in hospitalizations for women than men. More significant differences 

were observed concerning exposure to marine aerosols, which seem to pose greater risks to the 

female population. Further studies are needed to explore the influence of such characteristics 

on the effects of air pollution. It is essential to consider that this is a generalized study based on 

discrete PM2.5 measurements, which limits the estimating of individual exposure of residents in 

different areas of the municipality. 

 Short-term changes in the concentration of source-specific PM components may trigger 

respiratory and cardiovascular events accordingly. Given that, more epidemiological evidence 

focusing on the spatiotemporal chemical heterogeneity of fine particulate matter is greatly 

needed worldwide, both from scientific standpoints, ESG practices, and regulatory 

perspectives. From the perspective of exposure prevention, understanding the sources, 

composition, and spatial and temporal characteristics of PM2.5 is of critical importance to 



 

 

promote the re-evaluation of traditional air quality standards for ambient particulate matter as 

well as of whether a specific land-use anthropogenic activity may produce similar exposure 

health risks according to individual (i.e., age, and sex) or community-level (i.e., microclimatic 

or socioeconomic variables in other locations or regional configuration) factors and in face of 

climate change extreme weather conditions.  

Therefore, while detailing the risk of specific PM2.5 sources is important, our findings 

indicate that understanding the chemistry occurring between components of pollution mixtures 

is an important area for research, as it can clarify PM2.5-mediated potentially hazardous 

mechanisms associated with: i) the toxicity of source-specific particulate matter single- and 

multi-components; ii) the exposure-response relationship between PM2.5-bound components as 

well as source-specific PM2.5 chemical fingerprint (i.e., recognizing particulate matter as a 

multipollutant mixture) and health outcomes; iii) the effect of exposure timing on the risk of 

respiratory and cardiovascular events; iv) the interactions between pathogens and particles; v) 

source-specific PM components that may change according to the development of new source-

specific processes and technological changes, air pollution control policies, and climate change-

related environmental conditions. 

Finally, our findings suggest that the health effects of ambient fine particulate air 

pollution exposure, even at the lowest levels observed in this study area, are a result of a 

complex intertwined array of source-specific chemical species reallocated among environments 

by land-use activities and climate elements and factors, and as such should be taken into account 

when designing urban planning and development zoning regulations. 

  



 

 

3.4.4 Study design strengths and limitations 

The case-crossover design is well accepted in environmental epidemiology and can be 

considered an effective alternative to conventional time-series regression design to examine the 

acute health effects due to short-term environmental exposure65,93. This design is most suitable 

for studying relations with the following characteristics 1) the individual exposure varies within 

a short time-interval; 2) the disease has abrupt onset and short latency for detection; and 3) the 

induction period is short232–234.  

Although several environmental exposure covariates, bias, and spatiotemporal 

variability may affect the analysis results, this innovative combined approach design aims to 

provide valuable information to guidepost protective policies for safeguarding residents' health. 

The purpose of this approach is to conduct a source-specific risk assessment by screening PM2.5-

bound elements and environmental conditions in an attempt to identify air pollution sources 

(i.e., land-use activities) with the potential for increasing hospitalizations related to acute 

cardiorespiratory health risks, and that should be examined further in regulatory decision-

making. This innovative combined approach integrates: i) the exposure to air pollutants at 

receptor level (i.e., ground-based data); ii) the multiple weather factors modulating air quality 

and influencing a person's susceptibility to air pollution exposure; iii) the acute health effects 

at low-exposure concentrations; and iv) the cause specific acute health effects attributable to 

(short-term exposure to) several PM2.5-bound species profiles from typical land use primary 

and secondary source-related air pollution. 

This design is implemented to study individual health outcomes related to stronger 

source-specific PM2.5-related air pollution events, focusing on adjusting covariates and 

investigating effect modification using CLR. Here, instead of averaging observations from 

these two sites' measurements of exposure for the region, like other studies45,235,236 do to 

perform a time-stratified case-crossover design, we suggest the use of a space-time-



 

 

stratification, introducing a second dimension (space) and using it as a duplicated measurement 

of exposure event within the same study region. Therefore, some assumptions to compensate 

for the lack of more specific data were considered: (1) the assumptions and input parameters 

used might adequately represent the population; (2) in accordance with the expected to a city 

developed from industrial plants, we assume from previous results that the residents' exposure 

to the source-specific PM2.5 ambient at both sampling data can reflect the resident-specific 

hospital admission data at city-level, as a good portion of residents are either part of the labor 

force or of the residential population in these sampling sites immediate surroundings; (3) the 

city residents were potentially exposed to the same daily variations in ambient PM2.5 

concentrations and weather conditions observed at the monitoring locations; (4) the source-

specific exposure explored here is restricted to the analyzed elements included in this source 

apportionment; (5) a source-specific air pollution episodic event is given by source contribution 

concentration above its 3rd quartile. 

Meanwhile, the space-time-stratified case-crossover design offers a flexible framework 

to properly account for a wide range of covariates and allows simultaneous control of 

confounders by: (1) allowing the use of routinely monitored air pollution information and at the 

same time makes it possible to study individuals rather than days as the unit of observation 

(compared with studies based on daily counts and air pollution levels), (2) considering time-

invariant covariates at the subpopulation level by using the time-series health data set into a 

long format and conditioning out the covariates in the expanded stratum set; (3) adding 

information on individual characteristics such as age, sex, health status and behavioral factors 

make it possible to study effect modification i.e. to identify individuals susceptible to the effects 

of air pollution; (4) the time-stratified approach for selecting referent control periods as per day-

of-week within-month and year ensures least biased estimates by accounting for time trends in 

the environmental exposure; (5) directly adjusting the time-varying confounders in the CLR 



 

 

when accounting for the adequate lagged exposure function; (6) as the source-specific PM2.5 

exposure data are available at geographical units, the stratum set combine time and spatial 

dimensions.  

This study has several strengths, including i) a well-defined study population data 

treated by the Ministry of Health; ii) the use of a case-crossover study design to control for non-

time-varying factors and interactions between them, thereby reducing confounding by these 

factors; iii) although only PM2.5-bound inorganic species were included in this analysis, this 

approach assess risks associated to air pollution events of higher source-specific contribution, 

which reduce bias associated with source-specific mass concentrations usually used by models 

to estimate increase in health risks. However, there are several limitations to be considered 

when interpreting our results: i) due to the use of ambient air pollution levels and weather 

conditions for all patients within a 50 km radius of each monitoring stations, there is an element 

of exposure misclassification, which likely led to the underestimation of relative rates; ii) the 

imprecision in this study could be attributable to the limited sample size of the present study 

since PM2.5 sources and components were only measured randomly every other day, the number 

of subjects for whom exposure data were available decreased, thus reducing statistical power 

and precision; iii) all cases were assigned the same values of PM2.5 sources contribution for a 

specific day from a single monitoring site without considering individual-specific differences, 

such as the distance from the emission source and/or the monitoring site, outdoor exposure 

duration, and protective measures – however, this error is not likely to be different on case days 

than control days, which likely led to non-differential exposure misclassification and 

underestimated effects associated with each source-specific PM; iv) still, the amount of error 

and therefore the amount of underestimation of the excess rates by source category may differ, 

as there is likely more spatial variability in some source-specific PM concentrations (e.g., 

industrial) than others (e.g., secondary sulfate); v) it is difficult for case-crossover designs 



 

 

combined with CLR to fully adjust for possible overdispersion237, which may cause larger 

confidence intervals than reported.  

Finally, this work approach may be a valuable tool to evaluate the impact and 

effectiveness of air quality policies implementation as it provides a further examination of PM 

sources, components and/or mixtures on triggering hospitalizations since there is no well-

defined time window for policies and emission changes. Working with a health outcome case 

associated with source-specific events of stronger air pollution potential rather than using 

source-specific air pollution concentration as an independent variable in the model, allows to 

explore all natural and anthropogenic sources contributing to such a pollutant composition, thus 

going beyond the limitations given by the group of species analyzed here, and of all 

environmental conditions leading to such source-specific PM2.5 contribution. As such, it 

embodies a better approach for land-use planning to evaluate the region's capacity to support 

an increase in land-use design pressure in the environment and public health, which makes it a 

valuable, universally adaptable tool, specifically useful in complex environments. 

 

3.4.5 Challenges of the air pollution health risks assessment and management 

Air pollution is a global problem that does not recognize borders and, thus, 

disproportionately burdens low- and middle-income countries. These countries suffer from 91% 

of the premature deaths related to air pollution estimated to occur worldwide as they are 

typically home to more vulnerable populations238. This issue is prevalent in developing 

countries like Brazil120, a country that despite having a National Air Pollution Control Program 

(PRONAR) relies on outdated national air quality standards and flexible emission limits for a 

limited number of pollutants (e.g., PM, CO, SOx, NOx, and Pb). Moreover, environmental 

agencies often fail to enforce, monitor, and report on these standards. Consequently, although 

residents living near emission sources have longstanding health concerns regarding exposure 



 

 

to pollutants such as PM2.5, both short- and long-term monitoring and risk assessments of PM 

total concentration or composition remain limited to studies conducted in a few large cities.  

The dynamic involving the emission, transport, reactions with other chemical species 

under different environmental conditions, dispersion, and deposition of atmospheric aerosols is 

complex. This complexity leads to variations in concentrations and compositions based on time 

and location, challenging air quality management. In this context, as a source-dependent 

problem, air pollution may vary according to local land-use configurations such as the spatial 

structure and distribution of industries, the design of roads, and other public thoroughfares (as 

well as parameters such as vehicle fleet characteristics, and traffic volume and patterns). It also 

varies with the types of business activities, raw materials, and processes used, as well as their 

goods and services productivity. This distribution shapes urban design, thus linking land use, 

transportation, economic activities, and housing.  

Our findings demonstrate the influence of such complexity through source-apportioned 

chemical fingerprints—characterized by major chemical species markers of each emission 

source profile—blending PM2.5-bound elements from multiple anthropogenic and natural 

emissions. These results provide evidence of the modulating role of local environmental 

conditions in atmospheric chemistry, ultimately governing air pollution exposure risks at the 

receptor level and prolonging the lagged effects of air pollutants on hospital admissions after 

exposure. 

Air pollution monitoring networks are becoming more widespread in urban areas 

globally. This expansion can promote public awareness of air pollution through public air 

quality alert systems. Although personal measures—such as staying indoors, using air filters 

indoors, wearing protective gear, and avoiding intense activities near pollution sources—may 

be effective in helping reduce exposure and associated health risks, implementing robust 



 

 

policies that target emission reductions at their source is undoubtedly a more effective strategy 

to mitigate these risks239. 

Public policies face constant challenges to balance economic, social, and environmental 

needs. Air pollution is particularly concerning in a changing natural environment due to the 

associated environmental limitations and persistent risks, demanding greater attention to 

territorial and demographic inequalities. Therefore, it is crucial to emphasize that air pollution 

may be unevenly distributed across neighborhoods, leading to: 

• Disproportionate environmental burdens for susceptible individuals with 

chronic diseases, vulnerable populations, and minoritized groups, as well as 

those facing socioeconomic disadvantage. 

• Combined indoor and outdoor exposure: as both an indoor and outdoor hazard, 

air pollution poses a serious risk not only to residents but even more to local 

workers. 

Most pollution control policies are "place-blind", disregarding local complexities. This 

approach may jeopardize decisions regarding which areas to prioritize and hinder the effective 

provision of environmental services – a public good with benefits and trade-offs that extend 

across regional boundaries240. Moreover, research indicates that weather-related feedback 

mechanisms play a significant role in either mitigating or exacerbating air pollutants at the 

regional scale in Brazil241. As climate change intensifies, many existing policies lack the 

necessary adaptation to regional specificities. Consequently, they are likely to fail to address 

the expected changes in the frequency and severity of extreme weather events, their 

environmental impacts, and the required adaptation and resilience measures.  

Place-based policymaking, informed by the health risks of exposure to source-specific 

air pollutants, can guide tailored interventions to reduce people's exposure and associated health 

problems. This approach involves: i) identifying sources of air pollution, their types, and 



 

 

locations; ii) determining air pollutant emissions variation over time and space, considering 

local environmental factors; iii) hazard identification; iv) exposure assessment; v) dose-

response assessment; vi) risk characterization; vii) evaluating the likelihood of the risk 

occurring; viii) evaluating the degree of harm that might result; and, ultimately, ix) determining 

the suitability of control measures.  

Consequently, the risk assessment approach explored in this study serves as a valuable 

policy instrument. Its results contribute to the identification of more hazardous emission sources 

and local environmental conditions' influence on them. It helps define the scope and scale of 

place-based interventions designed to effectively support land-use planning within zoning 

regulations. This approach ensures respect for local environmental limitations, planetary 

boundaries, and the protection of both the environment and human health in the present and 

future context. 

 

4. CONCLUSIONS 

This study demonstrates the significant health risks posed by source-specific PM2.5-

bound components in a typical coastal industrial city. By employing a novel approach 

combining receptor-based source apportionment and a space-time-stratified case-crossover 

design, we have provided a comprehensive framework for evaluating the short-term effects of 

PM2.5 on cardiorespiratory hospital admissions. Seven major PM2.5 sources were identified, 

including secondary sulfate, industrial emissions, and aged sea salt, with industrial activities 

contributing most significantly to air pollution and associated health outcomes. The findings 

underscore that specific PM2.5-bound components, rather than overall mass concentrations, 

drive the increased health risks, particularly among vulnerable populations.  

In summary, our study added comparative evidence for increased cardiovascular and 

respiratory risks associated with short-term exposure to source-specific PM2.5-chemical 



 

 

heterogeneity. Primary anthropogenic emissions (i.e., industrial and combustion sources) were 

associated with higher immediate (i.e., 1-day moving average) PM-induced risks, meanwhile, 

natural-related sources [i.e., fresh (and aged) sea salt aerosol and dust and soil resuspension] 

and secondary sulfate formation were consistently associated with stronger and higher health 

risks after 1 to 5-days since exposure. Furthermore, aged sea salt aerosol can serve as a sink for 

pollutants, thereby influencing air quality in coastal urban environments. Therefore, our results 

suggest that natural processes may promote chemical mixtures enhanced with specific particle 

components from anthropogenic sources, that may be a trigger to larger biologic response than 

others. 

By identifying these source-specific contributions, the study not only offers a robust 

assessment of immediate health risks but also emphasizes the broader importance of source-

targeted air quality management. Industrial emissions, sea salt, and the interaction of natural 

and anthropogenic activities highlight the complex nature of PM2.5 pollution in coastal regions. 

The methodology employed here allows for controlling confounding factors such as weather 

conditions and spatial variability, thereby strengthening causal inferences between air pollution 

sources and health outcomes. 

Although our database has some temporal and spatial limitations, the results obtained 

have shown that the proposed approach is reliable and suitable for the reality in regions of 

limited air quality monitoring networks, and may become an important tool: i) for building a 

comprehensive understanding of PM composition, formation processes, and the complex 

exposure-response health risks; ii) to identify the areas of highest priority for health effects 

research on pollutants, technological advancements, and air pollution control strategies; iii) to 

conduct, as needed, reanalysis of studies, datasets, and methods required by important policy 

decisions; iv) to stimulate broader research on the health effects of a pollutant, sources, land-

use design or technology; and v) to outline source-specific air pollution implications for public 



 

 

health, policy priorities and key actions for air quality management, by providing a guidepost 

for setting air quality standards and to evaluate their progress on health benefits. 

In light of these findings, this research contributes to the ongoing discourse on air quality 

and public health, calling for place-based policy interventions that address the specific sources 

of pollution in industrial areas. Our approach can be applied in various environments to better 

understand the intrinsic health risks to the population and act as a preventative tool. Future 

studies should focus on long-term exposure risks, further exploring the interplay between 

source-specific PM2.5 components, environmental conditions, and human health to optimize 

pollution control strategies globally. 
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PM2.5 is a heterogeneous mixture of chemicals from multiple sources These fine particles can 
deeply penetrate the lungs when inhaled, causing a wide range of cardiorespiratory diseases. 
Their prolonged suspension in the air results in varying toxicity and hazards, influenced by 
local land use, and weather conditions that affect exposure risks. Our research uses a novel 
approach, combining receptor-based source apportionment with conditional logistic regression 
models. This innovative methodology elucidates the source-specific hazardous effects of PM2.5-
bound species on human health, providing a valuable policy tool to mitigate the environmental 
and health risks posed by air pollutants. 
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Highlights 

• Anthropogenic activities reallocate elements and chemically transform the atmosphere. 

• Combined receptor modeling with logistic regression to analyze PM2.5 impacts.  

• A case-crossover design to assess the health risks of source-specific PM2.5 exposure. 

• PM2.5 from tainted natural sources is linked to increases in hospital admissions > 50%. 

• Place-based air quality policies are needed to tackle hazardous sources and hidden risks. 

 
 


