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A B S T R A C T   

Atmospheric fine particulate matter (PM2.5) is a critical indicator of air quality, with substantial implications for 
human health. Understanding the emission sources and chemical composition of PM2.5 is crucial for mitigating 
possible adverse health effects. This study spans five diverse cities on three continents from north and south 
hemisphere: Stockholm (Sweden), Kyoto (Japan), Limeira, Ribeirão Preto, and Cáceres (Brazil). Our objective 
was to assess PM2.5 chemical composition and regional and long-range transport influences to identify the main 
sources of particulate air pollution at these cities during the winter/dry seasons. All studied cities but Kyoto 
exhibited PM2.5 levels above World Health Organization (WHO) guidelines, with the Brazilian cities experiencing 
the highest fine particle pollution levels, implying increased adverse health risks. We observed significant var
iations in concentrations of polycyclic aromatic compounds (PACs), monosaccharide anhydrides (MAs), and 
inorganic elements. Limeira exhibited the highest levels of total PACs (median level of 12.4 ng m− 3), while 
Cáceres displayed high variability of PACs, most likely due to episodic regional wildfire events. MA concen
trations were significantly higher in Limeira and Ribeirão Preto and together with elevated levels of retene and 
potassium (K) they suggested a substantial influence of biomass burning. Backward air mass trajectory analysis 
suggested widespread Amazon and Savanna wildfires along with local fires as main contributors for these sites. 
All source identification approaches highlighted differences among the cities, with Stockholm and Kyoto showing 
influence of sources related to traffic emissions, waste burning, and long-range transport, and Brazilian cities 
traffic, industrial, biogenic, and more evident biomass burning. This cross-continental study provides valuable 
insights into PM2.5 composition and emission sources, emphasizing the impact of different emissions on air 
quality. Our findings underscore the importance of local strategies to mitigate air pollution and protect public 
health, especially in regions where PM2.5 levels consistently exceed recommended guidelines.   
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1. Introduction 

Atmospheric particulate matter (PM) is a crucial indicator of air 
quality, as highlighted by the World Health Organization (WHO). 
Human exposure to PM is linked to adverse health effects, particularly 
respiratory and cardiovascular diseases and cancer (Hvidtfeldt et al., 
2021; Wolf et al., 2021). The intricate PM composition in both urban and 
non-urban settings poses challenges in assessing its potential health 
risks, given its variations in size, chemical composition, and origins 
(WHO, 2021). However, air quality research has mainly focused on 
assessing levels and impact of pollutants in densely populated cities, 
while less is known about their associations in small-sized cities or non- 
urban sites (Liang and Gong, 2020). The determinants of PM levels and 
trends are not the same for cities at different developmental stage or 
geographic regions (Liang and Gong, 2020), and outdoor air pollution 
can be as severe in non-urban regions as in urban, with implications for 
monitoring, regulations, health, and policy (Ravishankara et al., 2020). 
Among PM size fractions, PM2.5 holds significance due to its extended 
atmospheric residence time and ability to penetrate deep into the res
piratory system (Schraufnagel et al., 2019). Consequently, the scientific 
community and policymakers have shown an increased interest in 
knowing the sources of PM2.5 to develop cost-effective mitigation stra
tegies. To guide such strategies, and to protect human health, the WHO 
recently presented updated recommended air quality guideline (AQG) 
levels for PM2.5 (WHO, 2021). 

The chemical composition of PM can vary significantly across sea
sons and geographical regions and depends on the emission sources, 
meteorological conditions, and atmospheric processing. Carbonaceous 
species, such as organic and elemental carbon, constitute a substantial 
fraction of urban PM2.5 (Kelly and Fussell, 2012). Emissions of specific 
monosaccharides anhydrides (MAs) - levoglucosan, mannosan, and 
galactosan - are mainly associated with biomass burning since they are 
formed during the pyrolysis of cellulose and hemicellulose at tempera
tures >300 ◦C (Simoneit, 2002). These compounds are emitted in 
characteristic amounts and present different concentration ratios ac
cording to the type of biomass fuel burned (Suciu et al., 2019). Another 
class of organic compounds in PM are polycyclic aromatic compounds 
(PACs), some of which have known mutagenic and carcinogenic po
tentials (Mallah et al., 2022). They are formed during incomplete 
combustion of organic material, with sources including biomass 
burning, automobile exhaust, industrial power generation, incinerators, 
and production of coal tar, coke, and asphalt (Boström et al., 2002). The 
PACs include non-substituted polycyclic aromatic hydrocarbons (PAHs), 
emitted directly to the atmosphere, and their derivatives, such as 
nitrated, and oxygenated PAHs (OPAHs), which can be released directly 
and/or formed by photochemical reactions in the atmosphere (Idowu 
et al., 2019). Of the numerous PACs, only the PAH benzo[a]pyrene (BaP) 
has been assigned an annual reference level by the WHO (0.12 ng m− 3) 
and an annual target value by the EU (1 ng m− 3) for its cancer risk 
(WHO, 2000; EU 2004/107/EC). 

Additionally, inorganic elements such as metals (e.g., Cd, Pb), met
alloids (e.g., Si, As), and non-metals (e.g., S, Se) constitute an important 
portion of PM. For instance, atmospheric PM can be enriched with e.g., 
Si, Al, K, Ca from soil dust resuspension, or with specific metals such as 
Cr, Cd, and Pb from industrial activities and non-exhaust emissions from 
traffic (by mechanical abrasion of brakes and tire/road surface wear) 
(Calvo et al., 2013; Jandacka et al., 2022). Some metals and metalloids 
in PM also pose risks to human health since they can cause respiratory 
problems, cardiovascular disease, renal damage, neurological disorders, 
and various types of cancer (Vithanage et al., 2022). There are also WHO 
AQGs for chemicals of health concern, including Pb, As, Cd, and Ni 
(WHO, 2000). 

This work presents a comprehensive characterization of PM2.5 across 
five cities on three different continents, each characterized by unique 
meteorological conditions and emission sources, encompassing urban 
and non-urban characteristics. The cities were Stockholm (Sweden), 

Kyoto (Japan), Limeira, Ribeirão Preto, and Cáceres (Brazil). We have 
previously shown markedly different PAC concentrations in total sus
pended particles (TSP) collected at Stockholm, Kyoto, and Limeira, 
implying that the residents of these urban environments are exposed to 
different levels of genotoxic pollutants (Maselli et al., 2020). Our present 
study extended this research by conducting new PM2.5 samplings in 
these three cities and in two additional Brazilian cities: Ribeirão Preto, a 
midsized agro-industrial city, and Cáceres, a town surrounded by state 
parks and an ecological reserve. The objective of the study was to 
identify the main sources of PM2.5 in the five selected cities by per
forming a more comprehensive chemical characterization (i.e., 16 PAHs, 
4 OPAHs, 3 MAs, and 15 inorganic elements) together with an analysis 
of air mass trajectories. This approach aimed at enhancing our knowl
edge of the diverse factors governing urban and non-urban air quality. 

2. Materials and methods 

2.1. Chemicals and solvents 

The solvents acetonitrile and dichloromethane were HPLC-grade 
from Merck (USA). 2-propanol and acetone used to clean filter media 
were HPLC-grade from Rathburn Chemicals Ltd. (Walkerburn, Scotland, 
UK). Information about PACs, MAs, and element standards used in this 
work is listed in Table S1 in the supplementary material. 

2.2. Air sampling 

PM2.5 sampling campaigns were carried out in 2020, 2021, and 2022 
at five locations: Stockholm, Sweden (59◦14′50.3”N; 17◦50′35.1″E); 
Kyoto, Japan (34◦59′18.0”N 135◦48′42.0″E); Limeira (22◦33′43.8”S; 
47◦25′20.8”W), Ribeirão Preto (21◦09′40.7”S; 47◦51′29.8”W) and 
Cáceres (15◦26′45.5”S; 57◦09′13.0”W), located in Brazil (Fig. 1). 

The sampling site at Stockholm was situated next to a highway 
(European route E4/E20) with around 100,000 vehicles passing each 
day (Elmgren and Burman, 2020). In Kyoto, samples were collected at 
the Kyoto Pharmaceutical University in a residential area of Yamashina- 
ku (132,065 inhabitants in 2022; Yamashina Website, 2023). Regarding 
the cities in Brazil, Limeira and Ribeirão Preto are both located in the 
São Paulo State, the most populous state in the country (IBGE, 2022). 
The sampling site in Limeira (291,869 inhabitants and 138,918 vehicles 
in 2022) was located at the School of Technology of the University of 
Campinas at ~2 km from the city center. In Ribeirão Preto (698,259 
inhabitants and 308,643 vehicles in 2022), samples were collected at the 
University of São Paulo campus, located at the suburban area of the city, 
~1 km distant from extensive sugarcane plantations. In turn, Cáceres 
(89,478 inhabitants and 18,049 vehicles in 2022) is located in the Mato 
Grosso State, at the intersection of three different biomes: Amazon, 
Pantanal, and the Brazilian savanna (Cerrado), on the edge of an area 
known as the “deforestation arc”. The sampling in Cáceres was carried 
out at a rural site located at a remote area. Satellite images illustrating 
the characteristics of sampling sites are available in the Supplementary 
Material (Fig. S1). 

PM2.5 samples were collected with the same batch of filters and 
similar samplers during the winter/dry season for all five cities. Boro
silicate glass filters coated with fluorocarbon (Fiberfilm Filters, Pall
flex® Filters, USA) were washed with 2-propanol and acetone under 
suction, dried at 100 ◦C for 1 h, and put in a desiccator (> 48 h) at room 
temperature before weighing. Samples were collected using high- 
volume air samplers with a PM2.5 inlet at airflow rate of approxi
mately 1 m3 min− 1 during 1–7 days, depending on the expected PM mass 
(Table 1). Flow rate accuracy was better than 5% according to the 
manufacturers’ manuals. Field blanks were prepared using a filter 
treated in the same way as the samples, except that no air was drawn 
through the filter. PM2.5 mass was determined by weighing the filters 
before and after sampling after being equilibrated in a desiccator for >
48 h at room temperature. Samples were stored in a freezer at − 20 ◦C 
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before extraction. 

2.3. Determination of polycyclic aromatic compounds 

PAHs and OPAHs were extracted and determined following the 
methodology described by Santos et al. (2016). Briefly, an area of 3.5 
cm2 of the samples and blank filters were extracted using micro- 
extraction devices (Whatmann MiniTM UniPrep Filters, Whatmann, 
USA) with 500 μL of acetonitrile:dichloromethane mixture (18:82%) for 
23 min in an ultrasonic bath. The extracts were filtered and dried under 
a gentle stream of nitrogen gas. After resuspension and homogenization 
in 100 μL of the same solvent mixture, a volume of 1 μL was injected 
(splitless mode) in a gas chromatograph coupled to a mass spectrometer 
(GC/MS; Agilent GC 7820 A, MS 5975). The separation column was a 
DB-5 ms column (30 m × 0.250 mm, film thickness 0.25 μm) (Agilent 
Technologies, Folsom, CA, USA). The mass spectrometer was operated in 
electron impact mode (EI, 70 eV). Detection was performed using MS in 
selected ion monitoring (SIM) mode, in which two different ions were 
selected for each PAH and OPAH (Table S2). 

The PAHs determined included low-molecular-weight (LMW-PAHs, 

3-ring PAHs): phenanthrene (Phe) and anthracene (Ant); medium- 
molecular-weight (MMW, 4-ring PAHs): fluoranthene (Flt), pyrene 
(Pyr), retene (Ret), benz[a]anthracene (BaA), chrysene (Chr); and high- 
molecular-weight PAHs (HMW-PAHs, >5-ring PAHs): benzo[b]fluo
ranthene (BbF), benzo[k]fluoranthene (BkF), benzo[e]pyrene (BeP), 
benzo[a]pyrene (BaP), perylene (Per), indeno[1,2,3-cd]pyrene (InP), 
dibenz[a,h]anthracene (DBA), benzo[ghi]perylene (BPer) and coronene 
(Cor). The OPAHs determined were: 9-fluorenone (9-FLO), 9,10-anthra
quinone (9,10-AQ), 2-methylanthraquinone (2-MAQ), and 7,12-benz[a] 
anthracenequinone (7,12-BaAQ). 

The limits of detection (LOD) were defined by a signal-to-noise ratio 
of 3, while the limits of quantification (LOQ) were set as a signal-to-noise 
ratio of 10. The quantification was performed by external calibration, 
which presented good linearity (r > 0.99) (Table S3). The method’s 
accuracy was evaluated with recovery tests and daily monitoring of 
standard solutions of the analytes studied (with an acceptable variation 
of up to 10%). Recovery tests were performed by spiking known 
amounts of standards to a filter, followed by extraction and analysis 
(Table S3). Final concentrations in the samples (Table S4) were sub
tracted by the determined amounts in the field blanks for each 

Fig. 1. Distribution of the five PM2.5 sampling sites in different continents and countries. The map is not according to scale and for illustrative purposes only, created 
by combining open-source maps. 

Table 1 
Information about the sampling locations including PM2.5 sampler, sampling period and season, number of filters, total sampling duration and air volume sampled.  

Site Sampler Sampling period Season Total sampling 
duration (h) 

Total air volume 
sampled (m3) 

Stockholm, 
Sweden 

Acoem HiVol 3000 (Acoem, Melbourne, Australia) February to March 
2021 
(n = 5) 

Winter 538 35,629 

Kyoto, Japan Shibata Scientific Technology 
Model HV1000R 
PM2.5 impactor (Soka, Japan) 

February to March 
2020 
(n = 9) 

Winter 1510 90,629 

Limeira, Brazil Tisch Environmental Model TE-6001 2.5I # Serie1362 
(Cleves OH, USA) 

September to October 
2020 
(n = 9) 

Winter/ 
Spring 

216 11,593 

Ribeirão Preto, 
Brazil 

Tisch Environmental Model TE-6001 2.5I # Serie1362 
(Cleves OH, USA) 

August to September 
2021 
(n = 6) 

Winter 198 11,623 

Cáceres, Brazil Tisch Environmental Model TE-6001 2.5I # Serie1362 
(Cleves OH, USA) 

August 2022 (n = 6) Winter 216 12,986  
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corresponding sampling site. 

2.4. Determination of monosaccharide anhydrides 

Levoglucosan, galactosan, and mannosan were extracted from 3.5 
cm2 sections of the filters, following the methodology described by 
Gonçalves et al. (2021). Briefly, the filters were extracted with 10 mL of 
ultrapure water (Milli-Q, Millipore) for 30 min in an ultrasonic bath. 
After lyophilization, the dried extracts were resuspended in 500 μL of 
ultrapure water and filtered (0.22 μm, PTFE, Merck Millipore). The MAs 
were determined using a high-performance anion-exchange chroma
tography with pulsed amperometric detection equipped with a Carbo
Pac SA10 column (ICS 5000 system, Dionex-Thermo). The analysis was 
performed by isocratic elution with 99.2% of water and 0.8% (v/v) so
dium hydroxide (1 mL min− 1) (Pagliuso et al., 2018). The detection was 
made using a post-column base containing 500 mmol L− 1 NaOH (0.5 mL 
min− 1) followed by a pulsed amperometric detector. 

The LODs were defined by a signal-to-noise ratio of 3, while the LOQs 
were set as the lowest concentration of the calibration curves. The 
quantification was performed by external calibration, which presented 
good linearity (r > 0.99) (Table S3). Recovery tests were performed by 
spiking known amounts of standards to the filter, followed by extraction 
and analysis (Table S3). Final concentrations in the samples (Table S4) 
were subtracted by the determined amounts in the field blanks for each 
corresponding sampling site. 

2.5. Determination of inorganic elements 

Sample digestion and analysis were performed according to Kippler 
et al. (2021) with minor modifications described below. Sections of 3.5 
cm2 of the filters were digested in teflon tubes with 2 mL of concentrated 
nitric acid (67% w/w, Normatom Trace Analysis Grade, VWR, USA) and 
3 mL of deionized water for 30 min (250 ◦C and at a pressure of 160 bar) 
in a Milestone ultraCLAVE II microwave digestion system (EMLS, 
Leutkirch, Germany). The digested solutions were allowed to cool to a 
temperature below 30 ◦C, after which they were diluted with deionized 
water to an acid concentration of 20%. Inductively coupled plasma mass 
spectrometer (Agilent 7900, Agilent Technologies, Tokyo, Japan), 
equipped with an octopole reaction system collision/reaction cell 
technology (with He or H2 gas) to minimize spectral interferences was 
employed to determine elemental concentrations of the samples. The 
LODs and LOQs were calculated as three and ten times the standard 
deviation of the reagent blanks, respectively. The quantification was 
performed by external calibration, which presented good linearity (r >
0.99) (Table S3). Quality control was performed by including the 
digested reference materials Seronorm whole blood, batches 1,702,821 
and 1,702,825 (SERO AS, Norway), and differences between obtained 
and recommended values are presented in Table S3. Final concentra
tions in the samples (Table S4) were subtracted by the determined 
amounts in the field blanks for each corresponding sampling site. 

2.6. Analysis of enrichment factors 

Enrichment factors (EF) were used to determine whether an inor
ganic element was found in greater abundance than expected from soil 
(natural) sources. The EFs were calculated according to Reimann and 
Caritat (2005). In this work, we used Fe as a reference element, and the 
concentrations of elements in the upper continental crust were taken 
from local references for Sweden (SGU, 2007), Japan (Yamasaki et al., 
2013), and Brazil (de Coringa et al., 2014; Fadigas et al., 2006; Nogueira 
et al., 2018). 

2.7. Backward air mass trajectories 

To better understand the transport dynamics of PM2.5, the origin of 
the air masses was performed using HYSLPIT 4.0 (HYbrid Single-Particle 

Lagrangian Integrated Trajectory) provided by the Air Resources Labo
ratory of the National Oceanic and Atmospheric Administration (NOAA, 
2023). The simulations were conducted for each filter sampled in 
Stockholm, Kyoto, Limeira, Ribeirão Preto, and Cáceres using the Global 
Forecast System Reanalysis (GFS 0.250, global) to obtain meteorological 
data. The ending analyses were defined by the stop time of sampling for 
each filter, at an altitude of 500 and 2000 m above ground level. Tra
jectories were calculated every 6 h and the total running time was set up 
to 48 h for all filters. 

2.8. Statistical analysis 

The normality of the data was evaluated using the Shapiro-Wilk test. 
Due to the non-normal distribution of the data, ranges and median 
values were reported. Correlations between measured concentrations of 
air pollutants were performed using Spearman’s rank correlation with 
two-tailed p-values. The criterion for significance was set at p < 0.05. 
Principal component analysis (PCA, two axes) was applied to the main 
chemical markers (37 variables and 35 samples, pg m− 3) using Graph
Pad Prism 9 statistical software (GraphPad Inc.). Before statistical 
analysis, values below LOD (16%) were substituted by LOD/2, and all 
the values were log-transformed and unit variance-scaled (Hites, 2019; 
Varmuza and Filzmoser, 2009). 

3. Results and discussion 

3.1. Fine particulate matter (PM2.5) 

The study spanned from 2020 to 2022, encompassing the period of 
COVID-19 pandemic. Notably, the fluctuation in PM2.5 concentrations 
and emission profiles during the pandemic versus pre- or post-pandemic 
phases presents a complex narrative, influenced by diverse factors such 
as regional lockdown measures and meteorological dynamics. In 
Stockholm, PM10, PM2.5, and NOx concentrations decreased during the 
pandemic, primarily attributed to meteorological conditions, and 
reduced vehicular emissions (Sadiktsis et al., 2023). A study conducted 
in São Paulo State, Brazil revealed contrasting trends for agro-industrial 
regions, with PM10 levels increasing during the pandemic due to 
regional factors like large number of fires during the dry season of 2020 
(Carvalho et al., 2023a). 

The highest levels of PM2.5 were found at Ribeirão Preto (15.7–62.7 
μg m− 3; median 49.5 μg m− 3) and Limeira (13.8–54.9 μg m− 3; median 
33.7 μg m− 3), while the lowest levels were obtained in Kyoto (6.1–12.8 
μg m− 3; median 9.9 μg m− 3). Stockholm had nearly twice the PM2.5 
levels of Kyoto (9.5–25.4 μg m− 3; median 19.7 μg m− 3). Cáceres had the 
highest variability in PM2.5 levels, which ranged from 2.2 to 122.3 μg 
m− 3, with a median of 13.9 μg m− 3. 

To assess the air quality at these sites, and because the sampling was 
performed during a short period of time, we compared the determined 
concentrations with the WHO’s short-term (24-h) AQG for PM2.5 of 15 
μg m− 3 (WHO, 2021). While all samples from Kyoto were below this 
level, all samples from Ribeirão Preto were above, and the other cities 
had samples both below and above the AQG. Previous studies performed 
in these cities/countries have shown that PM levels are higher during the 
winter/dry season compared to the summer/wet season (de Oliveira 
Galvão et al., 2018; Sadiktsis et al., 2023). Because we collected samples 
during winter/dry season, the PM2.5 data presented here are higher or 
similar to annual PM2.5 means reported by the local environmental 
agencies: Stockholm in 2021 6.0 μg m− 3 (SLB, 2021), Kyoto in 2020 
11.3 μg m− 3 (National Institute for Environmental Studies, 2023), 
Limeira in 2020 12.0 μg m− 3 (CETESB, 2020), and Ribeirão Preto in 
2021 21.0 μg m− 3 (CETESB, 2021). All these annual means were above 
the annual AQG of 5 μg m− 3 recommended by WHO. 

We could not find any annual data from local monitoring stations in 
Cáceres, but modeled satellite estimates suggested an annual PM2.5 of 
15.3 μg m− 3 in 2021 (data provided by de Oliveira et al., 2023). To our 
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knowledge, this is the first study to collect in loco and analyze PM2.5 
levels and chemical composition in Cáceres. Notably, the PM2.5 con
centrations ranged up to 122.3 μg m− 3 in Cáceres during the sampling 
period, indicating the importance of continuous monitoring. Currently, 
few states in the Legal Brazilian Amazon region have an air quality 
monitoring network (de Oliveira et al., 2023), although low-cost sensors 
are a viable initiative in inaccessible areas (Bi et al., 2022; Bousiotis 
et al., 2023). Exceeding both 24-h and annual AQG suggests an increased 
risk of mortality, and efforts should be made to improve the air quality in 
areas affected (Liu et al., 2019). 

3.2. Polycyclic aromatic compounds (PACs) 

The concentrations of PACs found in PM2.5 collected at the five cities 
are presented in Table 2. Limeira had the highest median of total PAHs 
(Σ16PAH), followed by Ribeirão Preto, Stockholm, Kyoto, and Cáceres. 
Σ16PAH median in Limeira was 5.7 times higher than in Stockholm and 
7.0 times higher than in Kyoto, similar to what has been observed in 
previous work for TSP samples collected in the same three cities in 
2013–2014 (Maselli et al., 2020). However, our prior research indicated 
higher PAH concentrations in Kyoto compared to Stockholm, while in 
this study, the opposite was observed. This discrepancy is likely attrib
utable to the different sampling location in Stockholm, now positioned 
adjacent to a heavily trafficked highway, implying greater PAC inputs. 
While Cáceres had the lowest median, it displayed the highest variation 
of Σ16PAH concentration, with a difference of ~2 orders of magnitude 
between the minimum and maximum. This corroborates with the high 
variability observed in PM2.5 levels. Although low concentrations were 
expected at the rural Cáceres site due to its remote location, it is likely 
that occasional PM2.5 inputs were the main drivers of the elevated 
concentrations detected in certain samples. 

Among the PAHs, human exposure to high-molecular-weight PAHs 
(HMW-PAHs, ≥ 5 rings), such as BbF and BaP, are of special health 
concern due to their higher mutagenic and carcinogenic activity 
compared to smaller PAHs (Jarvis et al., 2014). Ribeirão Preto, Limeira, 
and Kyoto samples were dominated by HMW-PAHs (81%, 72%, and 
68%, respectively). BbF and BPer were the most abundant HMW PAHs at 
all sites (10–20%), while levels of BaP ranged 5–10% of Σ16PAH (Fig. 2). 

The predominance of these PAHs in Stockholm, Kyoto and Limeira was 
reported in previous studies and was associated with vehicular traffic 
(Maselli et al., 2020; Sadiktsis et al., 2023). The high abundance of these 
compounds was also observed by Carvalho et al. (2023b) in São Carlos 
(2015–2018), a city close to Limeira and Ribeirão Preto (~100 km) that 
presents similar economic characteristics. BaP is used as an indicator for 
assessing the health risk of airborne PAHs, and WHO has estimated an 
annual reference level of BaP at 0.12 ng m− 3 corresponding to an excess 
lifetime cancer risk of one in 100,000 (WHO Europe, 2021). Based on 
this value, the EU set an air quality threshold for BaP at 1 ng m− 3 to be 
achieved by the member states at the end of 2012 (WHO Europe, 2021). 
Although some individual samples exceeded the EU target level, all 
median concentrations of BaP (Table 2) were below the EU target level 
while only measurements in Stockholm and Kyoto were below the WHO 
reference level. This agrees with recent short and long-term monitoring 
studies in these cities (Lim et al., 2022; Maselli et al., 2020; Sadiktsis 
et al., 2023). 

Cáceres displayed the highest concentrations of Ret, up to 1257 pg 
m− 3 (10% of Σ16PAH). Ret is formed from abietic acid during the 
incomplete combustion of softwood, so this compound is often used as a 
molecular tracer for biomass burning (Ramdahl, 1983), and was also the 
most abundant PAH in PM10 samples from other locations at the same 
state as Cáceres (de Oliveira Alves et al., 2014; de Oliveira Alves et al., 
2011). For total OPAHs (Σ4OPAH), a different behavior was observed 
compared to Σ16PAH. While Limeira and Ribeirão Preto were again the 
cities with the highest concentrations, Cáceres had nearly twice the 
concentrations of Σ4OPAH than Kyoto and Stockholm (Table 2). Among 
the OPAHs, 9,10-AQ was the most frequently detected, with the highest 
concentrations at all sites except Cáceres, where 2-MAQ was the pre
dominant OPAH. 2-MAQ was also the most abundant OPAHs during the 
period of intense biomass burning (winter, August–October/2011) in a 
forest reserve site in the Amazon Basin (de Oliveira Galvão et al., 2018). 

3.3. Monosaccharide anhydrides (MAs) 

The concentrations of MAs (levoglucosan (L), mannosan (M) and 
galactosan (G)) found in PM2.5 are shown in Table 3. The relative ratios 
between levoglucosan and the other two isomers (L/M and L/G) are also 

Table 2 
Concentration ranges and medians (pg m− 3) of polycyclic aromatic compounds (PACs), including polycyclic aromatic hydrocarbons (PAHs) and oxygenated PAHs 
(OPAHs), in the PM2.5 samples collected in Stockholm, Kyoto, Limeira, Ribeirão Preto and Cáceres.  

PAC (pg m− 3) Stockholm 
(n = 5) 

Kyoto 
(n = 9) 

Limeira 
(n = 9) 

Ribeirão Preto 
(n = 6) 

Cáceres 
(n = 6)  

min–max median min–max median min–max median min–max median min–max median 

Phe 19–131 74 15–75 34 79–769 158 55–272 82 15–591 55 
Ant <LOD – 25 20 <LOD – 15 <LOD 15–173 40 <LOD – 97 18 <LOD – 109 17 
Flt 70–395 187 43–340 180 167–2774 449 120–670 232 35–2042 114 
Pyr 43–288 170 33–236 93 200–1794 444 111–544 271 25–1591 81 
Ret <LOD – 101 75 <LOD – 184 <LOD 15–334 131 <LOD – 488 62 27–1257 92 
BaA 32–246 130 <LOD – 138 45 <LOD – 1330 236 <LOD – 958 169 20–913 99 
Chr 42–190 147 26–185 65 <LOD – 1530 328 101–1219 235 <LOD – 459 57 
BbF 84–457 212 57–604 310 <LOD – 5593 1122 113–5663 712 <LOD – 3335 140 
BkF 29–181 124 26–241 144 55–2060 405 152–1956 324 <LOD – 1725 86 
BeP 41–173 120 39–268 143 89–2623 874 302–2140 525 <LOD – 1934 66 
BaP <LOD – 144 114 <LOD – 186 90 57–1489 941 256–1885 475 <LOD – 1217 91 
Per <LOD – 48 33 <LOD – 58 <LOD 57–321 206 48–384 119 <LOD – 175 30 
InP 23–143 82 <LOD – 280 94 <LOD – 1984 1009 74–2547 406 <LOD – 1982 73 
DBA <LOD – 46 <LOD <LOD – 78 <LOD <LOD – 362 155 <LOD – 653 <LOD <LOD – 431 68 
BPer 73–235 178 61–356 176 294–3163 1974 785–3497 1397 25–2734 160 
Cor 36–137 85 <LOD – 630 74 39–2269 738 90–1543 457 <LOD – 1588 83 
Σ16PAH 557–2731 2074 421–3245 1684 1875–22,405 11,752 3553–24,517 5501 234–22,082 1290 
9-FLO <LOD – 41 33 <LOD – 33 <LOD <LOD – 199 76 24–335 42 <LOD – 135 <LOD 
9,10-AQ <LOD – 127 43 <LOD – 98 69 33–785 152 59–2781 149 <LOD – 362 23 
2-MAQ <LOD – 61 30 <LOD – 42 <LOD <LOD – 331 80 <LOD – 2197 74 33–3833 157 
7,12-BaAQ <LOD <LOD <LOD – 99 <LOD <LOD – 810 100 <LOD – 1203 <LOD <LOD – 998 <LOD 
Σ4OPAH 60–251 128 23–254 143 68–2110 643 83–6516 318 54–5179 234 

<LOD = below method limit of detection. 
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Fig. 2. Relative contribution of each PAH and of the groups low-molecular-weight (LMW-PAHs; 3 rings), medium-molecular weight (MMW-PAHs; 4 rings), and high- 
molecular-weight PAHs (HMW-PAHs; ≥ 5 rings) to total Σ16PAH in PM2.5 collected at (A) Stockholm, (B) Kyoto, (C) Limeira, (D) Ribeirão Preto and (E) Cáceres. Data 
show mean ± SD, n = 5–9. 
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presented to give some indication about the type of biomass burned. The 
ratios of mannosan and galactosan reflect the relative proportions of 
mannose and galactose in hemicelluloses found across different plant 
species (Suciu et al., 2019). For instance, low L/M ratios (2–7) are often 
associated to softwood combustion, since softwoods contain a higher 
proportion of mannose units than hardwoods. In turn, higher L/M ratios 
(> 10) are mainly attributed to burning of hardwoods, grass and crop 
residues (Zhang et al., 2015). The ratio L/G is less discussed in the 
literature, but this ratio has been used to differentiate between com
bustion emission of leaves from wood (Schmidl et al., 2008). 

The samples collected at Stockholm and Kyoto had the lowest con
centrations of MAs, indicating lower input of PM from biomass burning 
at these sites compared to the Brazilian cities (Table 3). Here, the con
centrations of levoglucosan found in Stockholm were similar to the ones 
reported by a recent study performed at a residential area near Stock
holm during winter 2017 which detected up to 105 ng m− 3 of levoglu
cosan and 14.2 ng m− 3 of mannosan + galactosan in PM10 samples (Lim 
et al., 2022). In the same study, the L/M + G ratio suggested that do
mestic burning of hard and softwood for heating was the main emission 
source. Here, the L/M ratio of up to 8 indicated burning of softwood. In 
Kyoto, levoglucosan concentrations were comparable with those 
observed during the winter of 2014 in Moriguchi (18.4–110 ng m− 3), a 
city close to Kyoto (~45 km) with significant influence of automobile 
emissions (Ikemori et al., 2021). The L/M ratio of 12 indicated influence 
from combustion of hardwood and crop-residues. In Japan, the domi
nant source of levoglucosan has been reported as open burning of 
agricultural biomass and dry vegetation (Kumagai et al., 2010). 

The Brazilian cities had the highest concentrations of MAs, with 
highest in Ribeirão Preto, followed by Limeira and Cáceres. The con
centration ranges of levoglucosan, mannosan and galactosan found in 
the two former were higher than previously reported for TSP and PM10 
samples collected during the dry season of several cities located inland 
of São Paulo State (Carvalho et al., 2023b; Caumo et al., 2016; Urban 
et al., 2014; Urban et al., 2012). Similar to PM2.5 and PACs, Σ3MA 
concentrations showed high variability in Cáceres samples, with a ~ 2 
orders of magnitude difference between the minimum and maximum 
(Table 3). 

The L/M ratios obtained in Limeira and Ribeirão Preto were ≥ 10, 
indicating combustion of hardwood, grass and crop residues. This was 
expected, given that softwoods (conifers) are relatively uncommon in 
these particular regions of Brazil, with a higher prevalence in the 
southern parts of the country. Ribeirão Preto and Limeira are located in 
the agro-industrial region of São Paulo state, the largest producer of 
sugarcane in Brazil. Despite the elimination of sugarcane manual har
vesting preceded by fire, the state has experienced a substantial increase 
in the number of fires spots in 2020 and 2021 (6123 and 5469), 
compared to the average for the 9 previous years (3190) (INPE – Insti
tuto Nacional de Pesquisas Espaciais, 2023). Moreover, biomass burning 
has been observed as the main source of several PACs in Ribeirão Preto, 
primarily due to land clearance in agriculture, accidental or criminal 
wild and crop fires (Scaramboni et al., 2024). 

The L/G ratio of 14 found in Cáceres was similar to the value 

obtained by de Oliveira Alves et al. (2015) in a forest reserve site in the 
Amazon Basin (Porto Velho, L/G = 13.4), in accord with being located in 
the arc of deforestation. In contrast, mannosan was not detected, indi
cating that Savanna grass is also an important biofuel at this site, since it 
contains even less mannose than hardwoods (Engling et al., 2006). 

3.4. Inorganic elements 

Table 4 presents the concentrations of inorganic elements in PM2.5 
from the five studied cities. The Brazilian cities showed higher con
centrations compared to Kyoto and Stockholm, with Limeira presenting 
the highest sum concentration (Σ15 elements), followed by Cáceres, 
Ribeirão Preto, Kyoto, and Stockholm. K and Fe were most abundant in 
Brazilian cities, while S and Fe were dominant in Stockholm, and S in 
Kyoto. Concentrations of Cr, Mn, Ni, Cu, and Pb in Stockholm aligned 
with previous studies (Johansson et al., 2009), while Fe, Ni, Cu, and Pb 
in Kyoto matched recent findings from Tokyo (Kaneyasu et al., 2020). 
The concentrations of As, V, Ni, and Cu found in Ribeirão Preto were 
similar to previous PM10 studies, except for Mn, Cd, and Pb which were 
~ 10 times lower (Alves et al., 2019). The concentrations of Cáceres 
aligned with samples from Alta Floresta, a city located in the same state 
as Cáceres (Maenhaut et al., 2002). 

WHO annual AQGs for Pb and Cd were not exceeded, indicating 
minimal health risks. Enrichment factors revealed Stockholm samples 
enriched with S, Cu, Se, and Cd, likely from local road traffic, while 
Kyoto showed similar enrichment, besides As and Pb (Fig. 3). Enrich
ment of Cu, Cd, and Pb has already been reported for fine PM samples 
from Kanazawa, Japan, and was related to vehicle brake wear (Cu) and 
combustion of coal and oil (Cd) and waste (Pb) (Wang et al., 2006). 
Limeira exhibited enrichment with P, S, Cu, As, Se, Ag, Cd, and Pb, 
associated with vehicular emissions and industrial sources (Canteras 
et al., 2013). Ribeirão Preto and Cáceres showed enrichment patterns 
reflecting local emission sources, including biomass burning in Cáceres. 
These differences shed light on variations in emission sources across 
cities. 

3.5. Source identification 

Positive Matrix Factorization (PMF) receptor model has been 
developed specifically for source apportionment of PM (Galvão et al., 
2021; Reff et al., 2007). Substantial efforts were made here to find a 
stable model with meaningful physical interpretations, but without 
success. Although stable models were found with either a three- or four- 
factor solution, no meaningful interpretations could be made (not 
shown). We assume that this was due to the combination of relatively 
few samples (35 filters) with large variations of analyte concentrations 
(cf. Tables 2–4) as suggested by Galvão et al. (2021) and Henry et al. 
(1984). Besides that, source profiles at such different locations may 
differ, and combining all the studied cities data to develop a single 
model might not be appropriate. Therefore, we applied a combination of 
diagnostic PAH ratios (DRs), markers of biomass combustion, PCA and 
Spearman’s correlations of the samples data in addition to the element 

Table 3 
Concentration ranges and medians (ng m− 3) of the monosaccharide anhydrides (MAs) levoglucosan, mannosan and galactosan in the PM2.5 samples collected in 
Stockholm, Kyoto, Limeira, Ribeirão Preto and Cáceres.  

MAs 
(ng m− 3) 

Stockholm 
(n = 5) 

Kyoto 
(n = 9) 

Limeira 
(n = 9) 

Ribeirão Preto 
(n = 6) 

Cáceres 
(n = 6)  

min–max median min–max median min–max median min–max median min–max median 

Levoglucosan (L) <LOD - 127 70 <LOD – 105 65 142–1046 622 456–2069 1169 37–1899 213 
Mannosan (M) <LOD - 17 <LOD <LOD – 27 <LOD <LOD – 89 86 25–173 100 <LOD <LOD 
Galactosan (G) <LOD <LOD <LOD <LOD <LOD – 61 57 14–128 67 <LOD - 200 <LOD 
Σ3MAs <LOD - 144 70 <LOD – 134 61 142–1190 661 495–2371 1336 37–2306 238 
L/M <LOD - 8 <LOD <LOD – 22 12 10–12 10 11–18 12 – – 
L/G – – – – 14–18 15 16–32 18 <LOD – 15 14 

<LOD = below method limit of detection. 
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EFs presented above to assess the most likely emission sources. 

3.5.1. Diagnostic ratios (DRs) 
DRs were calculated to obtain semi-quantitative insights into PAH 

emission sources (Table 5). Since PAHs are emitted from a range of 
sources and due to their atmospheric reactivity, their profiles can be 
modified as a function of distance from the source and meteorological 
conditions, these ratios should be interpreted with caution (Katsoyiannis 
and Breivik, 2014; Wu et al., 2021). To minimize the effect of differences 
in atmospheric persistence and gas-particle partitioning, the DRs 
calculated in this work did not include LMW PAHs, which are mainly 

present in the gas-phase and are more reactive (Kim et al., 2013). 
Across all five cities, the ratios of Flt/(Flt + Pyr) were above 0.4, and 

the ratios of BaA/(BaA + Chr) and InP/(InP + BPer) were above 0.2, 
thus consistently pointing towards the prevalence of pyrogenic over 
petrogenic sources (Yunker et al., 2002). This was expected because 
petrogenic sources are more often related to PAH deposition in sedi
ments from petroleum refining activities and oil spills than pyrogenic 
sources, which are dominant in air samples (De La Torre-Roche et al., 
2009; Tobiszewski and Namieśnik, 2012). The ratios Flt/(Flt + Pyr) and 
InP/(InP + BPer) indicated that the pyrogenic sources were a mixture of 
vehicle emission and biomass combustion. Low Ret/(Ret + Chr) ratios 

Table 4 
Concentration ranges and medians (ng m− 3) of inorganic elements in the PM2.5 samples collected in Stockholm, Kyoto, Limeira, Ribeirão Preto, and Cáceres.  

Element 
(ng m− 3) 

Stockholm 
(n = 5) 

Kyoto 
(n = 9) 

Limeira 
(n = 9) 

Ribeirão Preto 
(n = 6) 

Cáceres 
(n = 6)  

min–max median min–max median min–max median min–max median min–max median 

P <LOD – 14.1 <LOD 0.75–20.6 8.8 <LOD – 84.7 20.9 <LOD – 3.1 <LOD <LOD <LOD 
S 81.5–554 161 315–705 537 <LOD – 1181 195 <LOD – 65.5 15.3 <LOD – 334 155 
K <LOD <LOD <LOD - 383 47.8 <LOD – 2224 782 339–1658 703 <LOD – 15,517 719 
Ca <LOD <LOD <LOD – 88.7 <LOD <LOD <LOD <LOD <LOD 219–22,050 386 
V 0.65–1.71 1.27 0.211–0.553 0.293 0.34–4.14 1.98 0.66–1.84 1.37 0.088–0.835 0.399 
Cr 1.10–2.45 1.45 0.66–1.63 1.03 1.05–4.42 1.66 0.47–2.26 1.20 <LOD <LOD 
Mn 3.46–9.67 7.46 3.71–8.94 6.21 6.56–24.0 11.7 3.28–6.39 4.89 0.36–8.49 1.73 
Fe 275–643 579 112–257 171 204–1558 780 207–603 395 31.2–357 151 
Ni 0.39–1.74 0.66 0.53–1.04 0.77 0.11–2.02 0.62 0.14–0.76 0.23 <LOD <LOD 
Cu 3.82–16.8 7.38 <LOD – 4.90 2.79 12.6–163 73.6 12.2–65.1 28.6 27.1–689 109 
As 0.06–0.20 0.16 0.38–0.93 0.68 0.24–1.25 0.62 0.16–0.85 0.54 <LOD – 0.71 0.16 
Se 0.04–0.20 0.10 0.36–0.80 0.68 0.21–1.70 0.72 0.05–0.39 0.26 0.01–0.73 0.09 
Ag <LOD – 0.007 0.001 0.02–0.19 0.05 0.05–0.21 0.10 0.01–0.03 0.02 0.02–0.26 0.06 
Cd 0.01–0.08 0.02 0.04–0.20 0.17 0.07–0.66 0.30 0.07–0.20 0.12 0.02–0.51 0.05 
Pb 0.33–2.56 0.60 2.74–7.56 5.44 4.94–19.8 6.55 1.47–4.68 3.12 0.29–17.8 0.83 
Σ15 elements 390–1231 759 508–1272 825 465–3974 1703 577–2294 1206 131–16,083 1560 

<LOD = below method limit of detection. 

Fig. 3. Enrichment factors (EF) of measured elements using Fe as reference compound. The box range indicates the 25th and 75th percentile, the whiskers from min 
to max, and the line is the distribution median. The mean values are shown as dots. The shaded area corresponds to 1 < EF < 10. EF values close to 1 is considered 
crustal or as natural, 1 < EF < 10 is considered non-enriched, 10 < EF < 100 is moderately enriched, and EF > 100 is highly enriched (da Silva et al., 2019; Taner 
et al., 2013). 
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have been related to coal and petroleum while a value around 1 has been 
associated with wood burning (Yan et al., 2005). The highest median of 
this DR was obtained for Cáceres (0.68), which agrees with the observed 
enrichment of K presented above. The BaP/BPer ratio is associated with 
non-traffic (< 0.6) or traffic-related emissions (> 0.6) (Katsoyiannis 
et al., 2007). The highest value was obtained for Stockholm (0.60) in 
accordance with its close location to a highway and the observed 
enrichment of several elements related to road traffic. 

Based on differences in atmospheric reactivity, the BaP/(BaP + BeP) 
ratio can be used to estimate the aging of particulate matter (Oliveira 
et al., 2011). This DR indicated fresh PM emissions in Cáceres > Ribeirão 
Preto > Limeira > Stockholm and more aged particles in Kyoto. This 
corroborated with the proximity of fire spots in Cáceres and long-range 
trajectories of air masses coming from China and South Korea to Kyoto 
(Figs. S2 and S5). All DR analysis underscores biomass burning and 
vehicular emissions as the main PAH sources across the five cities. 

3.5.2. Markers of biomass burning 
Chemical markers (e.g., K, levoglucosan, mannosan, galactosan, and 

retene), diagnostic ratios (e.g., K+/EC, OC/EC, ratios of PAHs), and 
specific target particles (e.g., soot, tarballs, crystal KCl particles) are 
commonly used to specifically trace biomass burning and support source 
apportionment of biomass burning emissions (Chen et al., 2017; Simo
neit, 2002). It is important to note that while these markers can provide 
valuable information about the presence and contribution of biomass 
burning to PM2.5, their interpretation often requires consideration of 
other factors such as local emission sources, meteorological conditions, 
and the potential for secondary aerosol formation (Lee et al., 2021). 
Fig. 4A shows levels of the biomass-burning markers retene, levoglu
cosan, and K in the five cities, and Fig. 4B–D the backward air mass 
trajectories for the samples with the highest levels of these markers 
(filters RP02, C04, and L10). The general observation of elevated con
centrations of these markers in Limeira, Ribeirão Preto, and Cáceres 
reflected a higher biomass burning input to these areas than Stockholm 
and Kyoto, presumably due to extensive wild and crop fires. 

In addition to local fires, the backward air mass trajectory analysis 
revealed an influence of long-range transport of smoke from wildfires in 

the Amazon region and in the Brazilian savanna region (Cerrado) 
(Fig. 4B-D). The smoke of these fires was also clearly depicted in satellite 
images. In the Amazon, fire emissions have increased in recent years due 
to escalating deforestation rates, and the Cerrado biome has also had a 
substantial increase in the number of wildfire events mostly due to land 
use (Cobelo et al., 2023; Silva et al., 2023). The smoke produced during 
such episodes extends wildfire impacts far beyond the immediate vi
cinity of the flames, potentially increasing mortality risks and PM2.5- 
related health effects (Butt et al., 2021; Ye et al., 2022; Yu et al., 2022). 

3.5.3. PCA and Spearman’s correlations 
PCA was performed to reduce data dimensionality, identify statisti

cal patterns and major sources of the measured air pollutants. The 
extraction of 4 components was able to explain 77% of the data vari
ability, in which the first component (PC1) explained 48% and the 
second component (PC2) explained 16% of the variability (Table S5). 
The scores plot of PC1 versus PC2 (Fig. 5A) indicated similarity between 
samples from Stockholm and Kyoto, while the samples from the Bra
zilian cities were more scattered in the plot. 

PC1 showed high loadings for PAHs (0.67–0.95), levoglucosan 
(0.81), and OPAHs (0.62–0.87) (Fig. 5B, Table S5). In addition, most of 
the samples with elevated concentrations of biomass burning markers 
(Fig. 4A) clustered together and were strongly associated with PC1 
(Fig. 5A). Notably, K was separated from the other inorganic elements 
and ratter clustered with the biomass burning markers and PACs 
(Fig. 5B). Thus, PC1 likely represented biomass-burning sources. Most 
samples from Brazilian cities showed higher loadings for PC1 compared 
to Stockholm and Kyoto (Fig. 5A), which reinforced the strong influence 
of biomass burning in these cities. Spearman’s correlations also indi
cated that the Brazilian cities had substantial input of PM2.5 from 
biomass burning. In Limeira, Σ3MAs significantly correlated with 
Σ16PAH and PM2.5 (rs = 0.70–0.87; p < 0.05) (Fig. S7), while in Ribeirão 
Preto Σ3MA significantly correlated more strongly with HMW PAHs, 
Σ4OPAH and PM2.5 (rs = 0.83–1.00; p < 0.05) (Fig. S8). In Cáceres, Ret 
significantly correlated with PM2.5 and all LMW PAHs, indicating wood 
burning as an important source (rs = 0.83–1.00; p < 0.05) (Fig. S9). 

However, our data suggested that biomass burning was not the only 
major source of PM2.5 in Limeira which displayed a more scattered 
arrangement in the scores plot (Fig. 4A). Limeira samples L08, L06, and 
L03 were separated from the others and associated with PC2 which had 
high loadings for most inorganic elements, such as S, V, Cr, Mn, Fe, Ni, 
As, Se, Cd, and Pb (0.50–0.85) (Table S5), indicating traffic emissions 
(exhaust and non-exhaust) and industrial sources. This aligns with the 
complexity and variability of emission sources previously reported in 
Limeira, encompassing factors such as vehicular traffic, industrial dis
charges, in addition to biomass burning (Maselli et al., 2020; Pozza 
et al., 2023). 

In contrast to Limeira, Stockholm PM2.5 levels strongly correlated 
with Σ16PAH, Σ4OPAH and Σ15elements (rs = 0.90–1.00; p < 0.05), 
indicating a unique major source for organic and inorganic compounds 
(Fig. S10). The elements S, Cu, V, and Pb significantly correlated with 
HMW PAHs (rs = 0.90–1.00; p < 0.05) and supported the DRs that 
indicated traffic emissions as the most important source of the PM2.5 at 
this site, while biomass burning seems to be a minor source. This is 
further in agreement with a recent study that identified vehicle exhaust 
emissions as the main source of PACs in PM10 at this site during the 
winter (Sadiktsis et al., 2023). In Kyoto, Σ16PAH and Σ4OPAH had a 
strong correlation (rs = 0.95; p = 0.0003) while in Stockholm such a 
significant correlation was not observed (rs = 0.70; p = 0.23) (Fig. S10). 
This may indicate a similar source and/or that OPAHs were formed from 
oxidation of the parent PAHs in the atmosphere. For Kyoto, this latter 
scenario is supported by the BaP/(BaP + BeP) ratio and the backward air 
mass trajectories that mostly came from mainland China (Table 5; 
Fig. S3). In addition, the high concentration of S found in Kyoto samples 
indicate emissions from coal and oil combustion, which represent 66% 
of the total energy supply in Japan and 79% in China (IEA – 

Table 5 
Diagnostic ratios (DRs) calculated for polycyclic aromatic hydrocarbons (PAHs) 
determined in the PM2.5 samples collected in Stockholm, Kyoto, Limeira, 
Ribeirão Preto, and Cáceres. The DRs used as source indicators were retrieved 
from Tobiszewski and Namieśnik (2012) and references therein. Data are pre
sented as range and median (in parenthesis).  

DR Stockholm 
(n = 5) 

Kyoto 
(n = 9) 

Limeira 
(n = 9) 

Ribeirão 
Preto 
(n = 6) 

Cáceres 
(n = 6) 

Flt / (Flt +
Pyr)a 

0.52–0.62 
(0.59) 

0.53–0.66 
(0.60) 

0.43–0.61 
(0.54) 

0.43–0.56 
(0.54) 

0.50–0.70 
(0.60) 

BaA / (BaA 
+ Chr)b 

0.43–0.58 
(0.47) 

0.09–0.47 
(0.37) 

0.21–0.49 
(0.35) 

0.34–0.50 
(0.44) 

0.59–0.76 
(0.64) 

InP / (InP 
+ BPer)c 

0.24–0.41 
(0.34) 

0.08–0.44 
(0.36) 

0.08–0.41 
(0.30) 

0.04–0.42 
(0.28) 

0.30–0.42 
(0.37) 

BaP / BPerd 0.25–0.71 
(0.60) 

0.08–0.56 
(0.44) 

0.19–0.68 
(0.35) 

0.13–0.58 
(0.47) 

0.16–0.67 
(0.45) 

BaP / (BaP 
+ BeP)e 

0.31–0.49 
(0.45) 

0.23–0.41 
(0.35) 

0.34–0.54 
(0.45) 

0.38–0.51 
(0.47) 

0.39–0.68 
(0.52) 

Ret / (Ret +
Chr)f 

0.25–0.47 
(0.32) 

0.09–0.71 
(0.17) 

0.05–0.61 
(0.19) 

0.07–0.58 
(0.29) 

0.46–0.84 
(0.68)  

a < 0.4: petrogenic; 0.4–0.5: fossil fuel combustion; > 0.5: grass, wood, and 
coal combustion. 

b < 0.2: petrogenic;> 0.35: pyrogenic. 
c < 0.2: petrogenic; 0.2–0.5: petroleum combustion; > 0.5: grass, wood, and 

coal combustion. 
d < 0.6: non-traffic emissions; > 0.6: traffic emissions. 
e < 0.5: aged particles; > 0.5: fresh particles. 
f 0.15–0.50: petroleum combustion; 0.30–0.45 coal combustion; ~1: wood 

burning. 
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Fig. 4. Markers of biomass burning. A) Levels of retene, levoglucosan, and K. Filters displaying the highest concentrations of these markers were labeled. Backward 
trajectories and satellite photos of the sampling point in B) Ribeirão Preto (RP02), C) Cáceres (C04), and D) Limeira (L10) indicating the convergence of air masses 
coming from the Amazon rainforest and the Brazilian savanna to these three cities. The colors in trajectories (B–D) represent different offsetting of meteorological 
data and the symbols are spaced at 6-h intervals up to 48 h. See Figs. S2–S6 for backward trajectories for other filters. 
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International Energy Agency, 2022). The MAs and K did not correlate 
significantly with any organic or inorganic compounds determined 
(Fig. S11), which together with the DRs suggested that biomass burning 
is not a major emission source in Kyoto. Taken together, the combina
tion of DRs, EFs and correlation analyses indicated that the main sources 
of Kyoto PM2.5 were waste burning, fossil fuel combustion, and long- 
range transport. 

Although PC1 likely represented biomass burning emissions, the 
highest loadings in PC3 were of K (0.67) and Ret (0.46) suggesting a 
more complex pattern of emission sources (Table S5). Similarly, MAs 
overall correlated strongly with each other (0.90 < rs < 0.95), but only 
moderately with K (0.60 < rs < 0.75) and weakly with Ret (0.37 < rs <

0.40) (Fig. S12). These differences could indicate additional emission 
sources to biomass burning for K and Ret. The former is also associated 
with soil dust, coal combustion particles, and sea salt (Rahman et al., 
2020). Significant input of soil dust and sea salt is not expected in these 
samples, since they are more relevant as sources of coarse particles, not 
PM2.5. However, K is also emitted as a biogenic salt by the biota in the 
Amazon rainforest that is found in fine PM (Pöhlker et al., 2012). 
Notably, samples from Cáceres, which is impacted by Amazon emissions 
from biomass burning or biogenic origin (Fig. 4C), had the highest PC3 
loadings (Fig. S13), and the highest EF for K (Fig. 3). Moreover, de 
Oliveira Alves et al. (2015) found that biomass burning was not the only 
source of Ret in the Amazon region, but also emitted from coal com
bustion. Taken together, PC3 likely represents mixed sources, including 
biogenic emissions and coal combustion. PC4 explained 5.9% of the 
total variance and had low loadings, so no specific source could be 
associated with this component. 

All approaches used to assess emission sources yielded insights into 
the main sources of ambient PM2.5 in our studies areas. Nevertheless, it 
is important to recognize that these sources exhibit significant temporal 
and spatial variability, as evidenced by the dynamic emission profiles 
reflected in the different concentrations of chemical species among the 
samples. 

4. Conclusions 

This cross-continental study provided valuable insights into PM2.5 
composition and source contributions, emphasizing the impact of 

various emission sources on air quality among the five studied cities. 
Diagnostic ratios suggested prevalence of pyrogenic sources of PAHs, 

mainly biomass burning and vehicular emissions, across the five cities. 
Fresh PM emissions observed in Cáceres corroborated with the prox
imity of fire spots and more aged particles in Kyoto with the long-range 
trajectories of air masses coming from China and South Korea. 

Biomass burning was associated with 48% of the data variance, and 
most samples from Limeira, Ribeirão Preto and Cáceres showed higher 
loadings for the biomass burning component compared to Stockholm 
and Kyoto. This indicated a strong influence of this source in the Bra
zilian cities, likely attributable to widespread Amazon and Cerrado 
wildfires and local fires. 

Traffic emissions (exhaust and non-exhaust) and industrial sources 
were associated with 16% of the data variance. Inorganic elements 
analysis showed that in Stockholm, traffic emissions were the most 
important source of PM2.5, while in Kyoto a combination of traffic, waste 
combustion, and long-range transport were the main contributors. 
Brazilian cities also showed a notable influence of traffic and industrial 
sources, especially in Limeira, besides the evident biomass burning. 

Despite regional disparities, Stockholm and the three Brazilian cities 
exhibited PM2.5 levels above WHO short-term guidelines, with the 
Brazilian cities experiencing the highest air pollution. Brazilian cities 
exhibited the highest levels of total polycyclic aromatic compounds 
(1.5–12.4 ng m− 3), monosaccharide anhydrides (238–1336 ng m− 3), 
and inorganic elements (1206–1703 ng m− 3). Indeed, the health impact 
of air pollution in Brazil is well established, with clear correlations be
tween increased PM emission from wildfires and hospital admissions 
and mortality. Our results support the importance of improving the air 
quality especially during the emission-intense winter/dry season to 
reach air quality standards and limit human health effects from air 
pollution. 
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Pöhlker, C., Wiedemann, K.T., Sinha, B., Shiraiwa, M., Gunthe, S.S., Smith, M., Su, H., 
Artaxo, P., Chen, Q., Cheng, Y., Elbert, W., Gilles, M.K., Kilcoyne, A.L.D., Moffet, R. 
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R., Abramson, M.J., Guo, Y., 2022. Exposure to wildfire-related PM2.5 and site- 
specific cancer mortality in Brazil from 2010 to 2016: a retrospective study. PLoS 
Med. 19, e1004103 https://doi.org/10.1371/journal.pmed.1004103. 

Yunker, M.B., Macdonald, R.W., Vingarzan, R., Mitchell, R.H., Goyette, D., Sylvestre, S., 
2002. PAHs in the Fraser River basin: a critical appraisal of PAH ratios as indicators 
of PAH source and composition. Org. Geochem. 33, 489–515. https://doi.org/ 
10.1016/S0146-6380(02)00002-5. 

Zhang, Z., Gao, J., Engling, G., Tao, J., Chai, F., Zhang, L., Zhang, R., Sang, X., Chan, C. 
Y., Lin, Z., Cao, J., 2015. Characteristics and applications of size-segregated biomass 
burning tracers in China’s Pearl River Delta region. Atmos. Environ. 102, 290–301. 
https://doi.org/10.1016/j.atmosenv.2014.12.009. 

C. Scaramboni et al.                                                                                                                                                                                                                            


