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Abstract

:

Air pollution in the Metropolitan Area of São Paulo (MASP), Brazil, is a serious problem and is strongly affected by local sources. However, atmosphere column composition in MASP is also affected by biomass burning aerosol (BB). Understanding the impacts of aerosol particles, from both vehicles and BB, on the air quality and climate depends on in-depth research with knowledge of some parameters such as the optical properties of particles and their chemical composition. This study characterized fine particulate matter (PM2.5) from July 2019 to August 2020 in the eastern part of the MASP, relating the chemical composition data obtained at the surface and columnar optical parameters, such as aerosol optical depth (AOD), Ångström Exponent (AE), and single-scattering albedo (SSA). According to the analyzed data, the mean PM2.5 concentration was 18.0 ± 12.5 µg/m3; however, daily events exceeded 75 times the air quality standard of the World Health Organization (15 µg/m3). The mean black carbon concentration was 1.8 ± 1.5 µg/m3 in the sampling period. Positive matrix factorization (PMF) identified four main sources of aerosol: heavy vehicles (42%), followed by soil dust plus local sources (38.7%), light vehicles (9.9%), and local sources (8.6%). AOD and AE presented the highest values in the dry period, during which biomass burning events are more frequent, suggesting smaller particles in the atmosphere. SSA values at 440 nm were between 0.86 and 0.94, with lower values in the winter months, indicating the presence of more absorbing aerosol.
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1. Introduction


Every year, more than seven million people die from pollution-related causes, mostly associated with atmospheric aerosols [1,2]. Atmospheric aerosols are solid and liquid particles suspended in the air, with sizes varying from nanometers to tens of micrometers, emitted from natural and anthropogenic sources, such as vehicles, industries, biomass burning, volcanic eruptions, sea salt, and soil dust suspension, among others [3]. In urban environments, air pollution is generally composed of inhalable particulate matter (PM10, comprising particles with an aerodynamic diameter ≤ 10 µm), fine particulate matter (PM2.5, consisting of particles with an aerodynamic diameter ≤ 2.5 µm), carbon monoxide, sulfur dioxide, nitrogen oxides, ammonia, tropospheric ozone, methane, and volatile organic compounds. A large proportion of PM2.5 is composed of secondary aerosols, such as sulfuric acid, ammonium bisulfate, ammonium sulfate, and ammonium nitrate particles, coming from sulfur dioxide, ammonia, and nitrogen oxides; however, organic carbon (OC) and black carbon (BC) also make a strong contribution, with a radiative effect that is considered quite significant [4]. BC can be defined as the component of the total carbonaceous aerosol (TC) presenting the highest efficiency in absorbing solar radiation [5]. At the same time, organic carbon mostly scatters radiation, having a cooling effect on the climate. However, OC can also influence the absorption of radiation (at visible to UV wavelengths), especially that emitted by biomass burning, absorbing radiation in shorter wavelengths [6].



Sometimes, scientists and decision makers see air quality and climate change as separate issues. However, atmospheric aerosols can affect human health and the climate system by interfering with the atmospheric radiation balance, either contributing with positive or negative radiative forcing [4,7,8].



It is essential to understand the optical properties of aerosol particles, as total aerosol optical depth (AOD), single-scattering albedo (SSA), the Ångström exponent (AE), and their chemical composition, to evaluate their influence on the radiation balance and resolve uncertainties regarding their impact on the climate [9,10,11,12].



Megacities have environmental problems that may be related to poor air quality, traffic jams, and large urban agglomerations, and the Metropolitan Area of São Paulo (MASP) is no exception [13]. The MASP grew from less than 2 million inhabitants in 1940 to more than 21 million in 2021. The MASP is the wealthiest area in Brazil, boasting the country’s biggest industrial and technological hub, and is one of the largest megacities in the world. In recent decades, the region’s economic profile has changed from mainly industrial to services and trade, thereby altering the sources of atmospheric pollution. The São Paulo Environmental Company (CETESB—https://cetesb.sp.gov.br/ar/publicacoes-relatorios/ accessed on 15 May 2023) showed that in 2021, more than 7 million vehicles were responsible for most of the emissions in the MASP: 95% of CO, 69% of HC, 60% of NOx, 9% of SOx, and 40% of PM. Miranda et al. [14] evaluated fine particulate sources in São Paulo. They found that heavy vehicles contributed the most significant proportion of the PM2.5 mass (52%), followed by soil dust (26%), light vehicle emissions (18%), and local sources (4%). In addition to pollution generated locally by vehicles, the region also receives pollutants from other parts of the country. Pollutants released by biomass burning in remote areas can reach São Paulo in certain months of the year [15]. During the dry period (mainly between July and October), the central region of Brazil suffers from biomass burning, which releases large quantities of gases and particles into the atmosphere [16]. Plumes of biomass burning from the interior of Brazil can reach São Paulo, worsening the air quality at certain times [17,18]. In August 2019, smoke plumes reached the MASP and caused high concentrations of pollutants and poor air quality for two consecutive days [19]. Black carbon is emitted mainly by heavy vehicles in urban environments, but is also one of the main components of biomass burning aerosol [20], and can be quite harmful to human health [1]. In the years 2019 and 2020, the Brazilian National Institute for Space Research (INPE) revealed that there were 197,632 and 222,797 fire spots within the country, respectively. The average number of fire spots between the years 2010 and 2020 was 195,386. Local pollution as well as biomass burning plumes can also influence the radiation balance in São Paulo [21].



CETESB operates 62 air quality monitoring stations in the MASP. Despite recent reductions in pollutant concentrations due to public policies [22], particulate matter concentrations are still high in the region. Regarding PM2.5, in 2019 and 2020, most air quality stations had 24 h averages higher than those recommended by the World Health Organization (WHO). In the 2019 wet and 2020 dry seasons, respectively, temperatures ranged from high (a maximum of 27 °C in November) to moderate (a minimum of 8.5 °C in July).



In this study, the aerosol properties were studied in the East Zone of São Paulo for one year (from July 2019 to August 2020); it is an area with more than 6 million inhabitants, wherein air quality is poorly monitored and studied. It is a very industrialized region, with many roads with heavy vehicle traffic; the largest airport in the country is located in this region, and it is highly sealed and prone to urban problems such as heat islands and a high concentration of pollutants. The study was carried out in different seasons, both dry and rainy periods, to better understand and characterize the aerosol concentration, its chemical composition, its optical properties, and its seasonal variability. There are few studies in which the physicochemical characterization and optical properties of the aerosol are studied together, relating both aspects. This work uses different databases, sampling instruments, and analysis techniques, showing the importance of studying the data together, and highlighting which types of particles can influence the radiation balance in the atmosphere (and thus the climate of a city). This paper aims to relate these two points. PM2.5 was collected and analyzed using complementary techniques. Data from a sunphotometer from the Aerosol Robotic Network (AERONET) [23] was used to characterize and differentiate sources and optical properties. Furthermore, this work may serve as a basis for further research, since it focuses on the relationship between aerosol optical properties and chemical characterization, parameters measured simultaneously and over a long period.




2. Materials and Methods


2.1. Aerosol Sampling and Analysis


Fine particulate (PM2.5) samples were collected at the eastern campus of the University of São Paulo (23°48′ S, 46°49′ W), School of Arts, Sciences, and Humanities (EACH), between July 2019 and August 2020. Figure 1 shows the sampling site and surroundings. It is possible to identify highways with high traffic intensity (main roads in pink), industrial areas, bare soil and vegetation (park and other green areas), and residential areas. “Guarulhos” airport is 7 km NE of the sampling site. The industrial area includes a glass industry. Samples were collected over a 24 h period (24:00 to 24:00), every 72 h, using 47 mm Teflon membrane filters with the Partisol Model 2025i Sequential Air Sampler (Thermo Scientific, Waltham, MA, USA), operating at a flow rate of 16.7 L min−1. BC concentrations were monitored with a Model 5012 MAAP-Multi-Angle Absorption Photometer (Thermo Scientific), and data were recorded every 60 s (the daily average was calculated). The equipment was placed on the roof of a building, 15 m above the ground.



During the dry period (July to October), due to the transport of aerosol plumes from biomass burning, aerosol was also collected with a dichotomous sampler (Andersen Instruments Inc., Smyrnia, GA, USA) using quartz filters to analyze organic carbon concentrations. The same sampling campaign was not carried out in 2020 due to restrictions imposed by the COVID-19 pandemic. The dichotomous sampler is a low-flow-rate sampler (16.7 L min−1) that divides the air stream passing through the 10 μm inlet into two parts that are filtered separately. The samplers split the 0–10 μm total into fine (0–2.5 μm) and coarse (2.5 to 10 μm) fractions collected on separate quartz filters. Only the fine fraction was used in this study. The two samplers were previously calibrated using the instrumentation and techniques recommended in the operation manuals.



The samples were analyzed using complementary techniques to obtain mass concentrations and trace element compositions; gravimetry was used to determine PM2.5 mass concentrations, energy dispersive X-ray fluorescence (EDXRF) to characterize the elemental composition, and a thermic optical carbon analyzer to obtain organic carbon concentrations.



An electronic microbalance with 1 µg readability (MX5; Mettler-Toledo, Columbus, OH, USA) was used to obtain aerosol mass concentrations. Filters were stored in a temperature and humidity-controlled environment (22 ± 2 °C and 45 ± 3% relative humidity) for 24 h before weighing. Corresponding blank filters were analyzed, and the blank concentrations were subtracted from the values obtained for each sample.



Elemental analysis was performed using EDXRF with a spectrometer (EDX 700HS; Shimadzu Corporation, Analytical Instruments Division, Tokyo, Japan). The sample was irradiated from below with X-rays. Fluorescence radiation is proportional to the element’s quantity, so detecting each element’s energy condition allows for qualitative and quantitative analyses. The background intensity of the X-ray tube (rhodium anode) and the fluorescence radiation of the sample itself were used to correct changes in the absolute intensity of the signals caused by the thickness or shape of the sample. Teflon filters were submitted to EDXRF, and spectra were accumulated for 900 s under the following conditions: Al filter, vacuum as X-ray path, 10 mm diameter collimator, 10–20 keV energy range, 50 kV tube voltage, an Rh X-ray tube, and a Si (Li) detector. The elements that were analyzed were Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Zn, Ga, Br, Zr, and Pb. The spectral data were processed using WinQXAS software, which can be downloaded from the website of the International Atomic Energy Agency at http://www.iaea.org/OurWork/ST/NA/NAAL/pci/ins/xrf/pciXRFdown.php (accessed on 10 June 2023). Further details are given in [24].



Organic carbon in the particulate matter was analyzed with a Sunset OC-EC Analyzer (https://www.sunlab.com/products-services/, accessed on 10 May 2023) using quartz filters and the IMPROVE Protocol [25]. A fraction of 1.5 cm2 of the filter was thermally desorbed from the filter medium under an inert helium atmosphere, followed by an oxidizing atmosphere using carefully controlled heating ramps (140 °C, 280 °C, 480 °C, 580 °C, 740 °C, and 840 °C). A flame ionization detector was used to monitor the analysis.



Meteorological parameters near the surface were collected at the Guarulhos International Airport, near the sampling site. Data were provided by the Aeronautic Meteorological Network (http://www.redemet.aer.mil.br, accessed on 3 February 2023) and organized by the Master Laboratory (http://www.master.iag.usp.br/, accessed on 3 February 2023) at the Institute of Astronomy, Geophysics, and Atmospheric Science (IAG). Air temperature, relative humidity, wind speed, and wind direction were analyzed. Pluviometry and fire spots data were provided by the National Institute of Meteorology (INMET—https://portal.inmet.gov.br/, accessed on 5 February 2023) and National Institute for Space Research (INPE—http://www.obt.inpe.br/OBT/assuntos/projetos/queimadas, accessed on 5 February 2023), respectively.




2.2. Aerosol Columnar Optical Properties


Besides ground-based in situ measurements, data from the Aerosol Robotic Network (AERONET) sun photometer were also analyzed at the site SP-EACH [23]. The equipment has been operating on this site since the end of 2016. AERONET is a ground-based aerosol optical monitoring network that provides globally spectral observations of aerosol optical depth (AOD), and other properties derived from inversions such as single-scattering albedo (SSA), Ångström Exponent (AE) and volume size distribution. AERONET products are freely available online at http://aeronet.gsfc.nasa.gov/ (accessed on 20 January 2023), which contains all the information about the monitoring system and sites. Level 1.5 data were used in this study. Level 2.0 data were not available for the site. Logothetis et al. [26] used data from 39 AERONET stations to make a classification of aerosol in different regions (Europe, Middle East, North Africa, and the Arabian Peninsula) based on categories and optical parameter values, showing that surface photometer networks can be used to obtain information about the optical and microphysical properties of aerosol. Ningombam et al. [27] used data from the AERONET network in different regions of the globe, remote and isolated aged-background regions, and also in urban/semi-urban sites, to verify patterns of increases/decreases in AOD; urban regions showed a downward trend, which may be related to a reduction in the anthropogenic emission of pollutants.




2.3. Ångström Matrix


In order to identify possible sources of aerosol, a methodology similar to that in [6,10,28] was used, observing the relationship between AAE (absorption Ångström exponent) and SAE (scattering Ångström exponent):


  A E = −   l o g  (    A A O D  (  λ 1  )    A A O D  (  λ 2  )     )    l o g  (    λ 1   λ 2    )     



(1)






  S A E = −   l o g l o g    (    S A O D  (  λ 1  )    S A O D  (  λ 2  )     )      l o g  (    λ 1   λ 2    )     



(2)




where λ1 and λ2 are the i wavelengths 440 and 675 nm, respectively, and AAOD(λi) = AOD(λi) (1 − SSA(λi)); SAOD(λi) = AOD(λi) (SSA(λi)).




2.4. Positive Matrix Factorization (PMF)


The positive matrix factorization (PMF model), version 5.0, developed by the US Environmental Protection Agency (USEPA, 2014), is a statistical model for investigating the contribution of sources to atmospheric contaminants based on a weighted least-squares fitting and factor analysis. Detailed descriptions of PMF can be found in [29,30,31]. A special dataset can be analyzed as a data matrix x of i by j dimensions, where i indicates the number of samples and j the chemical species measured, with their corresponding u uncertainties.



The input files are sampled species concentrations and uncertainty values. Here, the uncertainty files were based on the detection limit of the equipment. The main purpose of the multivariate factor analysis is to solve the chemical mass balance between measured species concentrations and source profiles, as shown in Equation (3), with the number of factors p, the species profiles f of each source, and the amount of mass g contributed by each factor to each sample:


   x  i j   =   ∑   k = 1  p   g  i k    f  k j   +  e  i j    



(3)




where xij is the concentration of species j measured in sample i, fkj is the concentration of species j in factor profile k, gik is the relative contribution of factor k to sample i, and eij is the error for species j measured in sample i.



Equation (3) can be written in a matrix form as follows:


X = GF + E



(4)




where X is an n × m matrix with n measurements and m elements, G is an n × p source contribution matrix with p sources, F is a p × m source profile matrix, and E is an n × m matrix of residuals.



In the PMF, the objective function Q must be minimized by adjusting gik and fkj for a given number of factors p:


  Q =   ∑   i = 1  n    ∑   j = 1  m     (     e  i j      σ  i j      )   2   



(5)




where σij is the uncertainty of the jth species concentration in sample i, n is the number of samples, and m is the number of species. Missing samples were replaced by the species median, as proposed when starting the model run.





3. Results and Discussion


3.1. Meteorology and Concentrations


Figure 2 shows the daily concentration of PM2.5 and BC during the sampling period. The red line shows the recommended WHO level (15 μg/m3 for 24 h periods), exceeded 75 times during the study period. The local air quality standard (60 μg/m3) was exceeded only on one day. This peak occurred in September 2019, with a concentration of 62.5 μg/m3.



Throughout the study period, the average temperature, relative humidity, and wind speed values were 19.4 °C, 81%, and 2.6 m/s, respectively. Analyzing the wind direction (Figure 1) during the sampling period, the winds predominated from E, followed by the SE direction, with higher wind speeds in the wet season (November to March). Table 1 shows the monthly averages and standard deviations for PM2.5, BC, and meteorological parameters. The accumulated precipitation was higher in the summer months (November to March). During the study period, the maximum accumulated precipitation occurred in February 2020 along with the lowest concentration of particulate matter. Higher wind speeds and periods of increased turbulence can help in the dispersion of pollutants, and the entry of low-pressure systems contributes to heavy rainfall [32,33]. The rainfall characteristics in the MASP have changed in recent years, particularly regarding extreme events. Rainfall occurs in large amounts in short periods; the frequency of these severe storms has increased, which may be a result of the urbanization process and related air pollution [34,35,36].



The monthly averages for PM2.5, BC, and OC concentrations are shown in Figure 3 (mean concentration of 18.0 ± 12.5 µg/m3 and 1.8 ± 1.5 µg/m3 for PM2.5 and black carbon, respectively, in the sampling period). The study area is close to several highways with a large flow of vehicles, mainly heavy vehicles, which despite corresponding to 5% of the vehicle fleet are responsible for the emission of 47% of BC in the atmosphere [37]. In this study, the BC percentage in relation to PM2.5 was 11.6%. Andrade et al. [38] found a BC contribution of 36% in other regions of São Paulo.



Concentrations were higher in the winter months for all the three pollutants, showing the strong influence of meteorology (low relative humidity, less precipitation, and a more stable atmosphere associated with thermal inversions in the dry period). The number of fire spots in the country’s interior also increased at this time. The average PM2.5 mass concentration in this study was 18 µg/m3; previous studies at the same site have shown averages of 22.1 µg/m3 and 17.72 µg/m3 [14,39]. Recent studies in other regions of São Paulo have shown higher PM2.5 averages of 30 µg/m3 [24,40].



The means for PM2.5 in this study were similar to those found in other recent research studies in urban regions around the world, in Tetouan, Morocco (17.96 µg/m3) [41], at the southwest border of China [42] (23.17 µg/m3), and in Budapest 22 µg/m3 [43]. In Porto (Portugal), a mean of 25.8 µg/m3 was observed, and the winter/summer periods had no influence [44]. In other South American cities such as Guayaquil (Ecuador) and Lima (Peru), the averages were 7 µg/m3 [45] and 30 µg/m3, respectively [46]; an average of 9.2 µg/m3 was observed in Caracas (Venezuela) [47], and of 45 µg/m3 in Cordoba (Argentina) [48].



On average, OC corresponded to 26% of PM2.5 in the winter 2019 period. OC is mainly emitted by vehicles and biomass burning, but can also come from natural sources such as pollens, spores, and soil organic matter. In submicrometric particles (MP1), organic carbon also made a strong contribution in the MASP, around 50% [40]. A study conducted in downtown São Paulo by CETESB between 2009 and 2016 showed that the average annual OC concentration was 5.7 μg/m3. However, this pollutant has still not been extensively studied in the region. Even with a short sampling time, this study shows that this pollutant represents a large percentage of PM in the area (especially in the dry season), and needs to be better studied. The restrictions imposed by the COVID-19 pandemic contributed to the low concentrations in March and April 2020 [49].




3.2. Aerosol Composition


Table S1 presents aerosol average elemental concentrations for the sampling period. It includes averages for fine particulate matter (PM2.5), black carbon (BC), and trace elements. The aerosol chemical composition is strongly influenced by the seasons [44]. Concerning the different months, all elements had higher concentrations in the dry months. Soil-derived elements (Al, Si, Ca, Fe) showed high concentrations, although anthropogenic elements were also identified. S is mainly derived from combustion processes; Br and Ca can be found in lubricants and additives in light vehicles, and Cu and Zn are commonly added to motor oils for their antioxidant properties [50]. K is considered a trace element from biomass burning. The burning of household waste can occur in the surrounding area, contributing other elements such as Cl from plastic burning. Previous studies have shown that facilities in the surroundings (such as “Guarulhos” airport) and the glass industry can also contribute to metal emissions [51].



Figure 4 shows the average concentrations of the main chemical elements found in the fine particulate matter. All the elements presented higher concentrations in the winter months. The main sources of S are the heavy vehicles that circulate in the surroundings of the studied area. Higher concentrations of Zn were found in July and December, coinciding with the heavier traffic of light vehicles on highways due to the vacation periods in Brazil. In the dry period, biomass-burning events are more frequent, and the plumes of smoke can reach São Paulo [17,19], contributing to higher concentrations of BC and K.




3.3. Source Apportionment


The number of PMF factors was selected based on the diagnostics proposed by [52], and the results emphasize the relevance of vehicular emissions to the air quality in the MASP. Solutions of three to five factors were considered, but better results were found for four factors for PM2.5: heavy-duty vehicles (HDVs—42%), light-duty vehicles (LDVs—9.9%), soil and local particles (SOIL + LOCAL—38.7%), and contribution of local sources (LOCAL—8.6%) (Figure S1). The model was unable to effectively separate the soil and local (primarily industrial) sources; elements such as K and Pb were also included as local sources.



Megacities such as São Paulo have a predominance of sources related to vehicle traffic, and the seasons have a strong influence. Analyzing the seasonal contribution by the factors resulting from the PMF (Figure 5), it was observed that soil elements contribute more in the drier months; heavy duty vehicles contribute in May, June, and particularly in December, just before Christmas holidays. Looking at the traffic pattern in the region [14], during the country’s summer and winter vacation months (January and July, respectively), light vehicle traffic also increases. In the winter months, less rain and low relative humidity values lead to more soil resuspension. Figure 4 shows the same pattern for the main chemical elements.



Figure S1 shows the concentration of elements or species by factor profiles. In yellow are sources related to emissions from LDVs (Na, Cl, Cu, Zn and Pb) [43,50]; in red are soil sources, elements related to the resuspension of roads, pavement dust, and also from local sources such as waste and biomass burning [53] (Al, Si, Cl, K, Ca, Ti, Mn and Fe). In blue are sources from HDVs, the highest concentration of BC, S, P, and Pb, and in cyan are species concentrations related to local emissions (Na, Ca, Se), which can be related to industries in the surroundings. Selenium can be attributed to human activities like burning fossil fuels and waste burning, tires, paper, burning of coal oil and glass industries [54]. As mentioned above, local sources can come from burning of household waste as well as soil resuspension and a glass industry [14]. Previous studies have analyzed chemical species related to biomass burning and the application of the PMF model has identified contributions directly associated with this source [40,55]. In a study conducted in China, industrial sources, biomass burning and secondary aerosol formation were the sources most influenced by seasonal variations [42]. In Sofia (Bulgaria), in addition to these sources, soil resuspension also varies according to the seasons [56]. In Calgary (Canada), secondary organic aerosol was the component with the strongest seasonality, followed by wood smoke [57].




3.4. Aerosol Optical Properties and Size Distribution


Figure 6 shows AOD, SSA, and AE values from the AERONET network during the study period. The analysis of the temporal variability of AOD at 500 nm recorded an annual mean of 0.21 ± 0.17, with a minimum of 0.06 in June 2020, and a maximum of 0.47 in September 2019 (this month will be analyzed as a case study). The highest concentration values of PM2.5 also occur in July and August, is explained by unfavorable meteorological conditions [32], while AOD peaks in September; this may be associated with the regional dispersion of smoke plumes from biomass burning. The influence of smoke on the MASP generally occurs at levels above the boundary layer. However, smoke from remote regions (central and northern Brazil) and the vicinity of the MASP often influences the concentration and composition of PM2.5 at the surface [17,18]. This was the case on 17 and 20 September 2019, a case study discussed in the next session. AE and SSA, on the other hand, averaged 1.32 ± 0.20 and 0.90 ± 0.04, respectively. Although São Paulo is a place with high aerosol concentration levels, mainly due to vehicles, industrialized cities have AOD values higher than 0.6 [58].



In the city of Natal, a coastal city located in the northeast of Brazil, monthly averages of AOD at 500 nm were below 0.15, and the AE was between 0.30 and 0.70; SSA values remained around 0.8. The different values show the influence of the geographical location, since the city is coastal, less populated, and receives the influence of marine particles [59]. In the Amazon region of Brazil, which is prone to biomass-burning events, a long-term time series study has shown that the AOD can reach values higher than 4, showing the strong influence of biomass burning particles [60,61]. In the Pantanal region in Brazil, biomass burning also occurs, and the optical parameters are greatly influenced [62]. Regions that receive pollutants from distant locations at certain times of the year show seasonal variation in the AE [63], as is the case in some cities in Spain that are affected by dust from the Sahara [64], thereby decreasing the value of the coefficient. Studies in urban regions in China have demonstrated similar values to this study, emphasizing the influence of local emissions on SSA; sites with higher sulfate and nitrate concentrations present higher SSA values [65].



As seen above, September 2019 showed the highest monthly average AE and AOD; this increase follows an increase in particle volume distribution and a predominance of fine (higher AE) and more absorbing particles (lower SSA), indicating the presence of particles from vehicular emissions and other sources such as biomass burning (this month showed high concentrations of BC and sulfur as well). Zhang et al. [66] found higher AOD and AE values related to periods with higher concentrations of water-soluble ionic species, but did not analyze the scattering coefficient. Figure S2 shows the average monthly volume distribution for the entire sampling period. A bimodal structure can be observed for the volume size distribution. The peak radius was between 0.11 and 0.25 μm in the accumulation mode and between 2.5 and 6.0 μm in the coarse mode. August and September 2019 had high concentrations of BC and the highest number of fire spots, which may have contributed to the large peaks. April 2020 was dominated by coarse mode particles, being the month with the lowest precipitation rate in the analyzed period, which may have contributed to greater soil resuspension (larger suspended particles). May 2020 presented an equal distribution of particle volume of both coarse and fine modes, and the chemical analysis indicated an increase in the concentration of elements associated with soil particles (Si, Cu, Fe).



Figure 7 shows the division of the absorption Ångström exponent (AAE) vs. scattering Ångström exponent (SAE), called the Ångström matrix [6,61,67]. In order to increase the amount of valid data and better characterize the site, data from a longer period (between August 2016 and August 2020) were used. SAE values greater than 1.0 indicate the predominance of small particles, which are usually associated with urban pollution or biomass burning. SAE values close to 1.0 indicate the presence of coarse-mode particles, typically associated with sea salt and mineral dust. The aerosol chemical composition has a strong influence on the SAE and AAE values [68].



There is less variability in SAE values, that is, little variation in particle size. There is a great difference in chemical composition, and greater variation in AAE values (values between 0 and 3). One can observe that São Paulo’s atmosphere is dominated by fine particles (SAE > 1.0), and that mineral dust particles (AAE < 1.5) have little influence. The range of values is higher for the wet months. Black carbon (BC) has a λ–1 spectral dependence, with AAE values around 1.0 [10,69]; the SAE ranges between 1 and 2 for pollutants mainly derived from fossil fuel combustion (such as BC), and the AAE is between 0.5 and 1.5. Lower SAE values and higher AAE values are usually related to coarse materials such as mineral dust [70].



The relationships between AE (440–870 nm) and SSA (440 nm) and between AE (440–870 nm) and AOD (500 nm) (Figure 8) reinforce that for the dry months, when AOD values are higher, the AE presents higher values and lower variability, indicating more fine particles suspended in the atmosphere. The AE increased slightly with increasing SSA, indicating that the increase in the scattering of solar radiation may be related to the predominance of fine particles. Higher SSA values may be associated with sulfate [65]. Sulfates (13.6%), nitrates (2.9%), and ammonium (2.8%) may correspond with up to 20% of the PM2.5 mass in São Paulo [39]. Higher relative humidity levels can increase aerosol extinction due to an increase in the scattering effect [71]. Shao et al. [72] studied the relationship between SSA, AE, AOD, and pollutants such as PM2.5 and O3, and showed that weather conditions and seasons have a strong influence on these relationships.



The spectral dependence of SSA can help in determining the chemical composition of particles. Dust particles, for example, mainly in the form of ions, show strong absorption in the UV and short wavelengths, but weak absorption in the infrared [73,74], so their SSA tends to increase with wavelength. SSA of dust increases slightly as a function of the wavelength [75]. Figure S3 shows the spectral dependence recorded in all months, confirming that São Paulo is strongly impacted by vehicular and biomass burning emissions due to the decrease in SSA with increasing wavelength. Still, the values are slightly higher in the rainiest months, showing a predominance of scattering during this season and a reduction in scattering accompanied by an increase in absorption during the dry period. A study conducted in California verified the strong influence of BC on aerosol optical properties over the years, where the pollutant concentrations decreased about 50% from 1989 to 2008, alongside aerosol absorption efficiency [76].




3.5. Case Study


September 2019 had a very high number of fire spots, and AOD values at 500 nm above 0.4, reaching a maximum of 1.7, especially on 17 and 20 September (Figure 9, with highlights on 17 and 20 September). On 17 September, the prevailing wind was from the NE and NW, with an average speed of 1.6 m/s. On 20 September, the prevailing wind was from the NE, with an average speed of 3.2 m/s. On 17 September, PM2.5, BC, and OC concentrations increased, but the AOD did not, indicating that this increase was probably related to local surface sources (waste and biomass burning); the AE decreased.



On 20 September, the transported plume of biomass burning was responsible for the increase in AOD, for the increase in AE, and for a slight increase in PM2.5.



Regarding chemical composition, on 17 September, there was an increase in chemical elements related to soil resuspension and also K and Cl, which could be burning events in the surroundings. On 20 September, plumes may have contributed to the rise in S and K (Figure S4). Figure S5 shows the 120 h backward trajectories originating from the central part of Brazil, which reached São Paulo at different altitudes above ground level and fire spots in the country.





4. Conclusions


This is one of the few studies showing aerosol optical properties and their physicochemical characteristics in relation to São Paulo, which may help to understand the relationship between these factors and their influence on climate, and serve as a basis for further studies in other locations.



Fine particulate matter, black carbon, and organic carbon were sampled in the eastern part of the MASP from July 2019 to August 2020. Their concentrations appear to be highly influenced by local traffic, but biomass-burning events and local sources are also important. Considering the trace elements observed via the EDXRF analysis, the PMF model was run, and four sources were identified: HDVs, LDVs, soil dust, and local sources. HDV emissions contributed the most significant proportion of PM2.5 mass (42%), followed by soil plus local particles (38.7%), LDV emissions (9.9%), and local sources (8.6%). Concentration levels of PM2.5 above the level recommended by the WHO were observed on many days.



Sun photometer retrievals of aerosol optical properties were used to investigate the characteristics of aerosols in terms of their columnar loading (AOD), the capacity of absorbing radiation (SSA), and particle size (AE). AOD (500 nm) was higher during the dry months, during which biomass burning and long-range transport events are more frequent, and lower during the wet period. AE (440–870 nm) presented higher values in the winter months, suggesting the dominance of smaller particles in the atmosphere. SSA decreased as a function of the wavelength, indicating the presence of either urban, biomass burning or a mixing of both aerosol types.



Public policies such as the circulation of vehicles according to their license plate, changes in speed limits on certain streets of the city, the creation of exclusive bus and bike lanes, and encouraging the use of vehicles with new technologies can contribute to improvements in air quality. Other effective transport policies could involve improving public transport and the use of alternative freight transportation modes (such as trains) to reduce private traffic on streets and avoid congestion. However, further studies must be conducted, especially related to identifying aerosol sources and their possible influence on human health and the local climate. More studies should be conducted in the region to investigate the radiative effects of these particles.
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Figure 1. Aerial view of the sampling site and surroundings with a wind rose and indications of the main land uses. The inset shows a map of the Metropolitan Area of São Paulo highlighted in green, and the study site highlighted in yellow. Source: Google Earth. 
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Figure 2. Daily concentrations for PM2.5 and BC, highlighting PM2.5 exceedances of the WHO air quality guideline (red line). 
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Figure 3. Monthly mean variability for PM2.5, black carbon (BC), and organic carbon (OC) during the sampling period. 
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Figure 4. Variation in the mean concentration of major elements during the months of the study (note the different scale used for sulfur). 
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Figure 5. Seasonal contribution by factor resulting from the PMF. 
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Figure 6. Time series of monthly mean values of AOD (500 nm), SSA (440 nm), and AE (400–870 nm) during the sampling period. Vertical bars represent the standard deviation. 
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Figure 7. Absorption Ångström exponent (AAE) vs. scattering Ångström exponent (SAE) for the AERONET data as a function of months (August 2016 to August 2020). 
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Figure 8. Relationships between AE (440–870 nm) and SSA (440 nm) (a), and between AE (440–870 nm) and AOD (500 nm) (b) as a function of months. 






Figure 8. Relationships between AE (440–870 nm) and SSA (440 nm) (a), and between AE (440–870 nm) and AOD (500 nm) (b) as a function of months.



[image: Atmosphere 14 01460 g008]







[image: Atmosphere 14 01460 g009] 





Figure 9. PM2.5, BC, and OC concentrations in September 2019 (the 15 to the 20), including AOD and AE values. The red squares indicate the highlighted days. 
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Table 1. Monthly averages and standard deviation of PM2.5, black carbon (BC), temperature, relative humidity, and wind speed, together with monthly accumulated precipitation values and the number of fire spots in Brazil.
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	Month/Year
	PM2.5 (μg/m3)

Mean (SD)
	BC (μg/m3)

Mean (SD)
	Temperature (°C)
	Relative Humidity (%)
	Wind Speed (m/s)
	Accum.

Precip. (mm)
	Fire

Spots





	N
	155
	404
	420
	420
	407
	
	



	July/2019
	35.4 (13.4)
	2.8 (1.9)
	15.8 (3.0)
	81 (6)
	2.1 (0.7)
	147.5
	13,394



	August/2019
	28.4 (14.3)
	2.6 (1.8)
	17.0 (2.7)
	81 (8)
	2.7 (0.6)
	5.0
	51,935



	September/2019
	28.1 (15.4)
	2.2 (1.7)
	19.5 (3.5)
	82 (12)
	2.7 (0.8)
	76.6
	53,234



	October/2019
	14.7 (12.6)
	1.5 (0.7)
	21.6 (2.5)
	79 (9)
	2.5 (0.5)
	45.8
	25,613



	November/2019
	11.2 (3.6)
	1.0 (0.4)
	21.2 (2.4)
	84 (8)
	2.8 (0.6)
	112.0
	13,014



	December/2019
	11.7 (5.6)
	1.1 (0.6)
	22.3 (1.8)
	83 (6)
	2.5 (0.7)
	259.4
	5113



	January/2020
	10.2 (6.5)
	1.2 (0.6)
	22.6 (2.1)
	84 (8)
	2.4 (0.7)
	279.2
	2866



	February/2020
	8.3 (4.5)
	1.0 (0.5)
	21.8 (2.1)
	90 (5)
	2.5 (0.6)
	493.8
	2657



	March/2020
	11.5 (4.3)
	0.9 (0.4)
	21.2 (1.7)
	83 (5)
	2.5 (0.5)
	69.4
	3880



	April/2020
	13.1 (3.9)
	1.0 (0.6)
	19.5 (1.7)
	77 (4)
	2.5 (0.6)
	7.4
	4117



	May/2020
	18.8 (12.9)
	1.3 (0.8)
	16.9 (2.0)
	74 (8)
	2.8 (1.2)
	11.0
	4002



	June/2020
	20.9 (12.7)
	4.0 (2.5)
	18.3 (1.9)
	78 (9)
	2.6 (0.9)
	152.4
	7109



	July/2020
	22.2 (8.7)
	3.0 (1.6)
	17.4 (2.1)
	75 (9)
	2.9 (0.9)
	12.6
	15,804



	August/2020
	18.5 (13.5)
	2.4 (1.4)
	16.8 (3.5)
	77 (10)
	2.6 (0.4)
	66.2
	50,694
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