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The chemical composition of submicron particles (aerodynamic diameter Da < 1.0 μm) was investigated at three locations in the Santiago Metropolitan Region (SMR), Chile. Measurements campaigns were conducted in winter and spring 2016, at representative sites of a rural, urban, and urban receptor environment. Instrumentation consisted of an optical analyzer to determine Black Carbon (BC) and the Aerosol Chemical Speciation Monitor (ACSM) to measure concentrations of particulate chloride (Cl−), nitrate ([image: image]), sulfate ([image: image]), ammonium ([image: image]), and non-refractory carbonaceous species (organics). Complementary data, such as ozone concentration and meteorological parameters were obtained from the public air quality network. Results showed that in both the winter and spring seasons the organics predominated in the mass of submicron particles. This fraction was followed in decreasing order by [image: image], [image: image], BC, [image: image], and Cl−. The highest average organics concentrations were measured in winter at the urban (32.2 μg m−3) and urban receptor sites (20.1 μg m−3). In winter, average concentrations of both [image: image] and [image: image] were higher at the urban receptor site (12.3 and 4.5 μg m−3, respectively) when compared to the urban site (6.4 and 3.1 μg m−3, respectively). In general, all the measured species were present in higher concentrations during winter, excepting [image: image], which was the only one that increased during spring. The transition toward spring was also associated with an acidification of the aerosol at the rural and urban receptor site, while at the urban site the aerosol was observed alkaline. The highest average ozone concentration during both the winter and spring seasons were recorded at the urban receptor site (7.2 and 24.0 ppb, respectively). The study reports data showing that the atmosphere in the SMR has a considerable load of particulate organic compounds, [image: image] and [image: image], which are in higher concentrations at urban sites during the winter season. Based on wind patterns and the hourly profiles of chemical species, the study suggests that during daytime the polluted air masses from the urban center can move to the northeast part of the region (namely urban receptor site) leading to the formation of submicron particles as well as photochemical ozone.
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INTRODUCTION

Atmospheric particles with an aerodynamic diameter of <1 micrometer play an essential role in the subsistence of the planet. The so-called submicron particles act as condensation nuclei for cloud formation, and depending on their chemical composition, can absorb or disperse solar radiation (IPCC, 2013).

The genesis of new particles begins with molecular clusters smaller than a nanometer, which progressively merge until reaching larger sizes. The subsequent growth is mainly driven by the condensation of gas-phase precursors, such as nitrate, ammonium, sulfate, and low volatility organic molecules that are subjected to different chemical reactions in the atmosphere (Bzdek and Reid, 2017).

In the last two decades, it has been possible to better understand the sources and conformation of these particles through the use of advanced high-resolution techniques. One of the state-of-the-art instruments is the Aerosol Chemical Speciation Monitor (ACSM), which allows the real-time quantitative measurement of the non-refractory submicron aerosol composition. Worldwide data obtained with the ACSM1 indicates that organic species are ubiquitous and generally predominating in the particle. Organic compounds integrating submicron aerosols cover a range of species, including multiple hydrocarbons, aldehydes, alcohols, and carboxylic acids, among many others (Hoffmann et al., 2011).

In Europe and the United States, research involving the ACSM has been extensively conducted in urban and rural locations, nevertheless, there is still little information on the composition of submicron particles in the main cities of the southern hemisphere. To date, measurements in Latin America have been carried out only in Sao Paulo, Brazil (Almeida et al., 2014), Mexico City (Salcedo et al., 2006), and Santiago, Chile (Carbone et al., 2013; Gramsch et al., 2016).

In specific, the Santiago Metropolitan Region (SMR) contains ~7 million inhabitants, which represents 40% of the country's population (INE)2. Critical episodes of air pollution have become frequent during the autumn and winter seasons, due to the combination of a complex terrain and the rapid urban expansion that occurred in the last three decades (Romero et al., 1999).

The geographical and climatic characteristics of the SMR have been associated to a large extent with unfavorable conditions for the dispersion of air pollutants (Rutllant and Garreaud, 1995; Schmitz, 2005; Ragsdale et al., 2013; Muñoz and Corral, 2017). Approximately 85% of the SMR surface is mountainous terrain that blocks the air circulation in the lower atmospheric layers. Further, the continuous arrival of warm-core low-pressure cells from the Pacific Ocean (coastal lows) can intensify the incidence of high-pollution episodes by decreasing the height of the atmospheric boundary layer (Gallardo et al., 2002; Garreaud et al., 2002). The aerosol vertical distribution in the SMR has been described as restricted to a shallow boundary layer that reaches altitudes near 400 m in cold months and above 800 m in spring and summer (Muñoz and Undurraga, 2010; Muñoz and Alcafuz, 2012).

In the SMR, about 1.9 million vehicles circulate every day (INE)3, which generates significant emissions of traffic exhaust gases, i.e., volatile organic compounds (VOCs) and nitrogen oxides (NOx) in the urban centers. Previously, it has been reported that polluted air masses originating in these places are transported to suburban northeastern areas, namely urban receptor sites, where pollutants are subjected to intensive solar radiation and photochemical reactions that result in increased production of atmospheric oxidants, such as ozone (O3), peroxyacetyl nitrate (PAN), and hydroxyl (OH) radical (Rappenglück et al., 2000; Rubio et al., 2004; Rappenglück et al., 2005; Gramsch et al., 2006; Elshorbany et al., 2009).

In 2011, the first study that assessed the submicron aerosol composition in Santiago (Carbone et al., 2013) showed that organic species contributed to more than half of the particle mass (54%). Further, a considerable proportion of this fraction was identified as oxidized, which supported previous studies indicating the strong photochemical potential of the local atmosphere. The following year, the composition of submicron particles during the wintertime pollution episodes was measured, evidencing a notable increase of fresh particles (non-oxidized) during the night, which were associated with recent emissions of vehicular exhaust and biomass burning (Gramsch et al., 2016).

The next article presents the results obtained in the second long-term study conducted with the ACSM in Santiago, although this time in three different locations that represented contrasting environments. The objective was to investigate the composition of submicron particles at sites that characterize a rural, urban, and urban receptor environment, during two seasons that differ in meteorological conditions and ventilation patterns.

MATERIALS AND METHODS

Study Sites

The SMR is located in central Chile and denotes the administrative division that contains the city of Santiago, the capital of the country. The total area of SMR is 15,400 km2, with most of the population (urban; 97% and rural; 3%) residing in the valley. The latter is an enclosed basin of 80 km long and 35 km wide, placed between the Coastal (~2,000 m.a.s.l) and the Andes mountain ranges (~4,000 m.a.s.l).

The measurements campaigns were conducted during winter and spring of 2016 at a rural, urban, and urban receptor sites (Figure 1). Specific location and details of the sampling campaigns are shown in Table 1.
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FIGURE 1. Geographical representation of the Santiago Metropolitan Region (area marked with a white line) and the monitoring sites. (1): Rural; (2): Urban; (3): Urban receptor.




Table 1. Description of the field campaign sites where the measurements were conducted during winter (w) and spring (s) of 2016.
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The urban and urban receptor sites were sit in monitoring stations that belong to the public air quality network (http://sinca.mma.gob.cl/). The urban monitoring station (Pudahuel) was located on the west side of the metropolitan area, close to major roads and the international airport. The urban receptor station (Las Condes) was located at a higher altitude on the east side of Santiago, within a residential area that is nearby a secondary roadway. The rural station (Melipilla) was located about 60 km southwest of the downtown, in a rural neighborhood dedicated to agricultural activities.

Aerosol Mass Spectrometry

Submicron particle non-refractory species, such as organics, nitrate, sulfate, ammonium, and chloride, were monitored on a basis of 10-min time resolution using the aerosol chemical speciation monitor (ACSM, Aerodyne Research Inc, USA) and the time-of-flight ACSM (ToF-ACSM, Aerodyne Research Inc., USA). Extensive descriptions of the instruments are presented by Ng et al. (2011), Fröhlich et al. (2013), and Timonen et al. (2016).

The ACSM consists of a sampling inlet with an aerodynamic lens (50% transmission range of the lens is 75–650 nm) that focuses the submicron particles into a beam that enters consecutive vacuum chambers. When passing through the chambers, gaseous molecules are pumped out and the submicron aerosol is concentrated. In the last chamber, the particle beam impacts a tungsten oven where the non-refractory species are flash-vaporized at 600°C. The resulting vapors are ionized (70 eV electron impact ionization) and detected using a quadruple mass spectrometer residual-gas analyzer (Prisma plus RGA, Pfeiffer Vacuum Technology, Germany). The ACSM detection chamber uses an effusive source of naphthalene as an internal calibration. The peak associated with naphthalene (m/z = 128) provides an internal standard to calibrate the mass to charge ratios (m/z) of measured species.

The instrument was subjected to a calibration before the sampling campaigns as described in the protocol presented by Ng et al. (2011). The mass calibration is based on the response of the ACSM to a known concentration of ammonium nitrate (NH4NO3) aerosol particles. For this procedure, 300 nm monodisperse NH4NO3 aerosol was generated by an ultrasonic nebulizer (NE-U17, OMRON), a silica gel diffusion dryer (TOPAS DDU 570/L) and a Hauke-type differential mobility analyzer. The particle number concentration was measured by a condensation particle counter (CPC 3010, TSI). This value was used to estimate the NH4NO3 mass concentration assuming a spherical-particle density and diameter. The generated aerosol was diluted to range from 0 to 1,000 particles cm−3, which corresponded to 0–15 μg m−3 of nitrate detected by the ACSM.

In the ToF-ACSM, the inlet, vaporization and ionization processes are similar to the ACSM, however, in the ToF-ACSM the ions are introduced into a compact time-of-flight mass analyzer (ETOF, TOFWERK AG, Thun, Switzerland) and extracted orthogonally using pulsed extraction for subsequent detection with a discrete dynode detector. The ToF-ACSM was calibrated similarly to ACSM prior to the sampling campaigns. The ionization efficiency (IE) for nitrate was 2.75−11 ions pg−1. Other measured ions were calculated based on the IEnitrate using relative ionization values of 4, 1.2, 1.4, and 1.3 for ammonium, sulfate, organics, and chloride, respectively. The ACSM was used at the rural and urban site while the ToF-ACSM was used at the urban receptor site. Both instruments had a collection efficiency of 0.5.

Black Carbon Analyzer

A continuous optical analyzer (SIMCA, University of Santiago de Chile) was used to measuring the BC concentrations. A detailed description of this instrument can be found elsewhere (Horvath et al., 1997; Gramsch et al., 2000, 2004). Briefly, the SIMCA is based on the Aethalometer principle to estimate the absorption coefficient of light that passes through the particles collected in a filter. The instrument includes a metallic cylinder where is deployed a filter (Nucleopore, 0.2 μm pore), two light-emitting diodes, two photo-detectors and amplifier electronics. A pump entered an air sample every 15 min, which was collected in the filter. Immediately, the absorption of the light was measured and the resulting value was converted to BC mass concentration (as described by Gramsch et al., 2004).

Ozone and Meteorological Data

O3 concentrations were measured using a UV photometric monitor (49i Ozone Analyzer, Thermo Fischer Scientific Inc., USA) in the public air quality monitoring stations located in Las Condes, Pudahuel and Talagante (27 km from Melipilla). One-hour average concentrations were downloaded from the network's webpage (sinca.mma.gob.cl). Meteorological parameters (1-h average wind speed, wind direction, temperature, and relative humidity) were obtained from the same stations. Solar radiation was downloaded from different but closest meteorological stations, as detailed in Supplemental Material (Supplementary Figure 1).

Data Analysis

The ACSM spectrometer data files were analyzed using the IGOR 6.11 software (Wavemetrics, Lake Oswego, USA) and the data analysis packages ACSM Local 1.6.0.1 and Tofware version 2.5.10 (ToF-ACSM; www.tofwerk.com/tofware). The 1-h average species concentrations were analyzed with the R programming language and RStudio statistical software (R Foundation for Statistical Computing, Vienna, Austria). The time series were constructed using the time variation function available in the OpenAir package (Carslaw and Ropkins, 2012). Descriptive statistics, such as the arithmetic mean, standard deviation (SD), and the 95% confidence interval in the mean (95% CI), were used to report meteorological parameters and species concentrations.

RESULTS

Meteorology and Wind Patterns

Previously, it has been reported that the SMR has a characteristic wind pattern defined by easterly winds prevailing at night (after 18:00) and southwesterly winds that predominate during the day (Schmitz, 2005).

Figure 2 shows the distribution of wind speed and wind direction observed in each station during the measurement campaigns. In the rural location, low-speed winds from the southwest were prevalent (in time), both during the winter and spring seasons. At the urban and urban receptor sites, the predominant winds followed an easterly direction in winter but changed to a predominant southwesterly direction in spring.


[image: image]

FIGURE 2. Wind rose plots showing the winds speed (m/s), wind direction, and frequency in time (%) observed at the rural, urban, and urban receptor sites.



Table 2 shows the 1-h average temperature, relative humidity and solar radiation, among the average wind speed and percentage of calm situations, the latter referring to hourly records with low-speed winds (< 1 m s−1). At the urban receptor site, calm situations were barely observed (~1–2%) and the average wind speed was ~five-fold greater than the average wind speed observed at the urban and rural sites. In these stations, a strong atmospheric stability was observed (i.e., little air movement or slow winds), especially during the winter season. The percentage of calms recorded at the rural site during winter reached 82.7% while at the urban site calms situations were observed in 69.1% of the wind records (Table 3).


Table 2. Temperature (T), relative humidity (RH), solar radiation* (SR) during the sampling campaign.
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Table 3. Wind speed (WS) and distribution of calm situation (WS < 1 m s−1) during the sampling campaign.
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The average temperature was around 10°C in winter and between 15 and 18°C in spring. These are typical values for the Mediterranean-type climate of central Chile. In both seasons, the highest solar radiation was recorded at the urban receptor site, which could support the phenomenon of greater photochemical activity observed earlier by Rappenglück et al. (2005) in the same area.

Ozone Concentration

Ground-level O3 is a highly oxidizing secondary pollutant produced by several complex photochemical reactions that involve solar radiation and gaseous precursors such as carbon monoxide, NOx and VOCs, typically emitted by traffic.

As shown in Table 4, the urban receptor site had the highest average O3 concentrations during both winter (7.25 ppb) and the spring season (24.06 ppb). Lower ozone concentrations were measured at all stations in the winter season. The transition to spring at all sites was associated with an increase in O3 concentrations that are likely explained by the increase in solar radiation.


Table 4. One-hour average ozone concentration.
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Figure 3 shows the diurnal and weekly ozone cycle recorded at each site. The production of diurnal photochemical O3 varied throughout the day, reaching a maximum concentration approximately at 15:00 in winter and 13:00 in spring. Following these peaks, the O3 levels decreased progressively, suggesting atmospheric removal during the afternoon, which could be related to processes such as dry deposition and the reaction with nitric oxide (NO). Among all sites, the urban receptor was the only that showed a tendency to increase the O3 concentrations at dark hours and over the weekdays as well. The maximum average O3 concentration in the urban receptor site was reached on weekends (Figure 3).


[image: image]

FIGURE 3. Diurnal and weekly variation of 1-h average O3 concentration (ppb) during winter and spring campaigns. Mean (solid line) and 95% confidence intervals in the mean (darkened area/shadow bars around mean) indicated in plot.



Submicron Particle Species Concentrations

Table 5 and Figure 4 show the concentration of refractory (BC) and non-refractory species of submicron particles at all sites during both measurement campaigns. Non-refractory species refers to chemical compounds that volatilize at temperatures below 600°C, in this article, chloride, sulfate, nitrate, ammonium, and organics.


Table 5. One-hour average mass concentrations of BC and non-refractory species (μg m−3).
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FIGURE 4. Chemical composition of submicron particle during winter and spring. Seasonal 1-h average concentrations.



Chloride was the non-refractory species in the submicron particle that presented the lowest concentration among all measured. At the rural site, seasonally averaged chloride concentration was nearly similar in winter and spring (0.13 and 0.14 μg m−3, respectively). The highest average chloride concentration was measured during winter at the urban site (1.23 μg m−3), while at the urban receptor the average concentration was close to the level observed in the rural location. In contrast, and despite that the sulfate concentration was low at all sites (< 2 μg m−3), it was the only that increased from winter to spring, diverging from the trend observed for the other species.

In the winter season, average nitrate concentration was significantly higher at the urban receptor site (12.32 μg m−3) compared to the average concentrations measured at the urban (6.42 μg m−3) and rural sites (3.38 μg m−3). During the spring season, the average nitrate concentration decreased at the urban receptor and urban sites, whereas at the rural site increased slightly.

The average ammonium concentration was measured higher at the urban receptor site during winter (4.48 μg m−3), followed by the urban (3.10 μg m−3) and the rural site (1.06 μg m−3). In spring, the urban site was the only one that experienced an increase in ammonium concentrations.

For organics, the highest concentrations were observed at the urban and urban receptor sites during winter (32.16 and 20.15 μg m−3, respectively). These concentrations were significantly reduced in spring (16.79 μg m−3 and 11.41 μg m−3 at the urban receptor site and urban site, respectively). From winter to spring, the average organics concentration increased approximately twice at the rural site (5.34 to 11.64 μg m−3, respectively).

Similarly, average BC concentrations were observed higher during the winter season at all monitoring stations, especially at the urban site (4.35 μg m−3), followed by the rural (3.38 μg m−3) and the urban receptor sites (3.23 μg m−3). In spring, the average BC concentration at the urban site (1.88 μg m−3) was slightly below the averages observed at the rural and urban receptor sites (2.57 and 2.41 μg m−3, respectively).

Considering the total non-refractory species measured in each season, the highest average mass concentration was observed in winter at the urban site (44.0 μg m−3), followed by the urban receptor site (38.3 μg m−3). Several high-pollution episodes, defined as 1-h average concentrations above 100 μg m−3, were observed during winter at both sites (Figure 5).


[image: image]

FIGURE 5. Average concentrations (μg m−3) of total non-refractory species during winter and spring campaigns. The black line at the middle of box represents the average value in each season. The circles represent 1-h concentrations outside the 95% confidence intervals in the mean.



Submicron Aerosol Acidity

The submicron aerosol acidity was determined as the ratio between the measured and predicted ammonium concentration. Predicted ammonium represents the concentration of ammonium needed to neutralize acidic atmospheric species, for example, sulfuric acid (H2SO4), nitric acid (HNO3), and hydrochloric acid (HCl). A ratio of one indicates that all the acidic species were neutralized. The predicted ammonium concentration was estimated using the Equation (1), as described by Carbone et al. (2013).

[image: image]

As shown in Table 6, all sites presented a ratio >1 in winter, suggesting that atmosphere was slightly alkaline during this season. In spring, the ratio increased at the urban site but decreased at the rural and urban receptor site to an average value lower than 1. Lower ratios observed at these sites suggested that transition to spring was associated with aerosol acidification in the rural and urban receptor locations.


Table 6. Ratio between measured ammonium and predicted ammonium.
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The hourly temporal variation of aerosol acidity in both seasons is shown in Figure 6. During the winter at the rural and urban receptor sites, the aerosol significantly increased its alkalinity during the morning and then decreased after 18:00 h. At the urban site, the aerosol remained slightly alkaline (ratio = 1.11), with little variation observed between day and night. At the same site, but in the spring season, the ratio significantly increased to 1.55, suggesting an excess of ammonium in the urban area. This feature diverges from that observed at the rural and urban receptor sites, where an ammonium deficit was noted (ratio = 0.94 and 0.91, respectively).
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FIGURE 6. Diurnal variation of the measured vs. predicted ammonium ratio. Mean (solid line) and 95% confidence intervals in the mean (darkened area around mean) indicated in plot.



Spatiotemporal Variation in Submicron Particle Composition

Figures 7, 8 show the hourly profiles of the average species concentrations measured in winter and spring, respectively.
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FIGURE 7. Hourly temporal profile of 1-h average concentrations (μg m−3) during the winter season. (A) chloride, (B) sulfate, (C) ammonium, (D) nitrate, (E) organics, (F) black carbon. Mean (solid line) and 95% confidence intervals in the mean (darkened area).
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FIGURE 8. Hourly temporal profile of 1-h average concentrations (μg m−3) during the spring season. (A) chloride, (B) sulfate, (C) ammonium, (D) nitrate, (E) organics, (F) black carbon. Mean (solid line) and 95% confidence intervals in the mean (darkened area).



Chloride was present in low concentration in both the winter and spring seasons at all sites, with the lowest concentrations observed at the rural site. The hourly pattern for chloride (Figures 7A, 8A) showed that the maximum concentrations were recorded at the urban site and during night hours.

Even when sulfate concentrations increased during the spring season, this compound was present in low concentrations at all sites (< 2.0 μg m−3). In winter, the urban site presented the maximum concentrations in the period comprised between 08:00 and 16:00, contrasting the pattern observed at the urban receptor site, where the minimum concentrations were observed at the same time (Figure 7B). During the spring, the hourly profiles between the urban and urban receptor sites were practically coincident at all hours, presenting a slight increase afternoon (Figure 8B).

Ammonium and nitrate presented analogous profiles in winter, with the highest averages concentrations measured at the urban receptor site after 08:00 h (Figures 7C,D). The pattern also suggested that greater generation of ammonium nitrate particles (NH4NO3) occurred at the urban receptor site in winter, approximately at 15:00 h. As same as observed in winter, during the spring season a coincident hourly profile of ammonium and nitrate concentrations was observed at the urban receptor site, however, the maximum concentrations occurred earlier, at ~11:00 h in the morning (Figures 8C,D). Overall, higher nitrate concentrations were observed at the urban receptor site in both seasons, but notoriously at the rural site in spring (Figure 8D).

The organics concentration at the urban site presented a dissimilar hourly pattern between both seasons. In winter, the organics concentration began to increase after 18:00 and remained high during the night (Figure 7E), while during spring the maximum concentrations occurred in the morning (after 07:00) but also in the evening (Figure 8E). In spring, the urban receptor site had the highest concentrations of organic throughout the day, with a trend that resembles the traffic rush hours. A similar hourly pattern was also observed at the rural site during the same season.

The concentration profiles for organics and BC were similar at the urban site during winter (Figures 7E,F). Conversely, the rural and urban receptor sites showed the most coincident temporal variation in spring (Figures 8E,F). In this season, the BC concentration increased during the morning and remained high through the day, suggesting a likely contribution of vehicular sources.

The weekly variation for each species is shown in Figures 9, 10. During winter and at all monitoring sites, a noticeable pattern for nitrate and ammonium was observed; for both species, concentration presented a sustained increase from weekdays to weekend, reaching the maximum on Saturday (Figures 9C,D, respectively). This pattern was largely evident at the urban receptor site, where the trend was coincident with the profile observed for O3 concentrations (Figure 3). Organic species also increased toward the weekend and to a greater extent at the urban site (Figure 9D).


[image: image]

FIGURE 9. Weekly temporal profile of 1-h average concentrations (μg m−3) during the winter season. (A) chloride, (B) sulfate, (C) ammonium, (D) nitrate, (E) organics, (F) black carbon. Mean (solid line) and 95% confidence intervals in the mean (transparent bar).
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FIGURE 10. Weekly temporal profile of 1-h average concentrations (μg m−3) during the spring season. (A) chloride, (B) sulfate, (C) ammonium, (D) nitrate, (E) organics, (F) black carbon. Mean (solid line) and 95% confidence intervals in the mean (transparent bar).



During spring, nitrate and organic species showed a similar pattern at the urban receptor site, this means a progressive increase in their concentrations toward the weekend. Again, the pattern coincided with what was observed for O3.

In Supplementary Material, a detailed weekly series is presented for each monitoring site (Supplementary Figure 2), as well as the complete time series for each of the species (Supplementary Figure 3). Based on these profiles, it may be hypothesized that in the SMR an accumulation of gaseous pollutants likely occurs during weekdays, giving a larger production of particles due to the strong photochemical potential and the increase in the concentration of ozone in the local atmosphere. The phenomenon would develop with greater force during the winter when the ventilation conditions decrease considerably.

DISCUSSION

In this study, the average concentrations of species in submicron aerosol were comparable to those reported in previous research. Carbone et al. (2013) reported concentrations for an urban location 6 km east from the actual urban site, which was monitored over 100 days and covered the transition period from winter to spring in 2011. The average non-refractory species concentrations measured at the urban site in 2011 and 2016 (spring), are as follows: organics (10.2 and 11.4 μg m−3), nitrate (2.0 and 1.6 μg m−3), ammonium (2.1 and 2.0 μg m−3), sulfate (2.8 and 1.7 μg m−3), and chloride (0.27 and 0.48 μg m−3).

Results obtained with the ACSM in other large cities, such as Barcelona and Mexico City, showed similarities, for example, that organics are predominant in the mass of the submicron aerosol. In spite of the above, a greater contribution of sulfate was found in both cities, in comparison to that measured in the SMR. In Barcelona, Mohr et al. (2012) reported that the submicron particle was composed of 43% organics, followed by nitrates (18%), sulfate (16%), BC (12%), ammonium (9%), and chloride (1%). In the current study the composition of the submicron particle at the urban site (the average of both seasons) was distributed in 67% organics, 13% nitrates, 2% sulfate, 9% BC, 6% ammonium, and 3% chloride. In Mexico City (Salcedo et al., 2006), a campaign that did not consider BC measurement, reported that organics reached 70%, and was followed by nitrate (12%), sulfate (10%), ammonium (7%), and chloride (1%).

Regarding temporal patterns, the diurnal variation of nitrate and ammonium concentrations at the urban receptor site suggests that submicron particle generation is likely influenced by the greater solar radiation and ozone found in that area. The combination of high solar radiation and accumulation of nitrogen monoxide (NO), emitted to a large extent by vehicular sources, could be the main source of ozone. Considering the high oxidative potential of the atmosphere at the urban receptor site, the NO can rapidly transform into nitrogen dioxide (NO2) and HNO3, causing acidification of the aerosol. Additionally, the increases in SO2 concentration observed in spring at the rural and urban receptor site may contributed to the aerosol acidification as well.

On the other hand, ammonia has been described as highly abundant at the urban site, due proximity to major sources, such as agricultural areas, sewage treatment plants, and industries (Toro Araya et al., 2014a). At this site, the increase in ammonium concentration observed in spring could be related to the greater alkalization observed in the urban aerosol during that season.

According to wind patterns, circulation of polluted air masses follows an easterly direction during the day and then changes to a westerly direction at night. This movement could explain the temporal profile of organics at the urban receptor site, where higher concentrations were observed afternoon. The difference between the wind speed measured at the sampling sites is based on the greater turbulence of air masses produced in the eastern part of the region where the urban receptor site is located. Previous research has shown that higher wind speeds in this area occur when cold air masses begin to descend from the Andes during the evening hours (Muñoz and Corral, 2017).

Even when chloride was present in low concentrations, its origin could be associated with marine salts that reach the SMR. Previously, it has been established that 90% of chloride in the PM2.5 (Da < 2.5 μm) found in Santiago comes from marine aerosols (Barraza et al., 2017). In an atmosphere saturated with HNO3, a reaction between this compound and sodium chloride (NaCl) produces hydrochloric acid (HCl) which is then neutralized by ammonium. The latter reaction results in particulate ammonium chloride (NH4Cl), which was the species measured in the submicron aerosol.

The presence of sulfate in the submicron aerosol can be related to the oxidation of sulfur dioxide (SO2) by the increased concentration of photochemical product OH to form sulfuric acid (H2SO4). The acid is neutralized by ammonium to form a particulate salt (ammonium sulfate). Due to the low sulfur content in vehicular fuel used in the country (<15 parts per million), sulfate in the aerosol have been historically associated with the long-distance industrial SO2 emissions, mainly from the three large copper smelter plants located ~100 km South and ~90 Northwest from the urban center (Olivares et al., 2002). Based on the dissimilar hourly profile between sulfate and ammonium, it can be suggested that the ammonium sulfate measured in the aerosol could be previously formed and transported from a long range. Despite that, it is recognized that the current study does not incorporate a trajectory analysis, and for that reason, this presumption is founded only on dispersion models presented in previous research (Gallardo et al., 2002; Olivares et al., 2002).

The hourly trends of organics and BC registered at the urban and urban receptor sites are coincident with the temporal patterns shown in other studies developed in the same monitoring stations (Toro Araya et al., 2014b). The increase in organic and BC concentrations measured at the urban site during the winter season, could be the effect of a greater number of residential sources burning wood (Gramsch et al., 2014).

The O3 increases during the weekend have been previously described at the urban receptor site by Seguel et al. (2012). As we suggested before, the so-called “weekend effect” could be the result of continued accumulation of nitrate, ammonium, and VOCs during the weekdays. A greater availability of O3 during the weekend, especially Saturdays in winter, likely increase the rate of organic oxidations and, therefore, increase the production of submicron particles.

Although we have presented information obtained with state-of-the-art instrumentation, the data has limitations, as for example, that the mass concentrations were obtained with a detection limit of 0.2 μg m−3 (for 30 min of signal averaging), which supposes uncertainties for species such as chloride and sulfate. Also, the sampling period was not exactly the same at all the sites, however, the representativeness of the measurements for each of the season studied can be assured since the temporal trend does not indicate considerable variations.

Finally, it can be indicated that the study presents, for the second time in Chile, a detailed characterization of the non-refractory species contained in the submicron aerosol. The spatiotemporal analysis presented in this article can be considered useful for stakeholders involved in the design of the next atmospheric decontamination programs in the SMR.

CONCLUSION

Based on advanced instrumentation, the study reported concentrations of BC and non-refractory submicron aerosol species in the Metropolitan Region of Santiago, Chile. During the winter and spring seasons of 2016, the organics species were the predominant, followed by nitrate and ammonium. The study concludes that at a general level the atmosphere in Santiago contains a large load of organic species and nitrate, which are found in higher concentrations during the winter season. At a temporary level, these species increase in the morning in coincidence with the increase in traffic. Based on the hourly profiles and the prevalent air movement, the study suggests that the polluted air is likely transported to the northeast part of the city, at higher altitudes and near the Andes. This area can be defined as an urban receptor site, which is characterized by a greater photochemical activity that results in an increase in the concentration of ozone and formation of particulate matter as well.
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