atmosphere @\Py

A

Article

PM1 Chemical Characterization during the ACU15
Campaign, South of Mexico City

2

Dara Salcedo */, Harry Alvarez-Ospina 2, Oscar Peralta > and Telma Castro 3

1 UMDI-Juriquilla Facultad de Ciencias, Universidad Nacional Auténoma de México, Blvd. Juriquilla 3001,

Querétaro 76230, Mexico

Facultad de Ciencias, Universidad Nacional Autonoma de México, Ciudad Universitaria,

Ciudad de México 04510, Mexico; harry02co@gmail.com

Centro de Ciencias de la Atmodsfera, Universidad Nacional Autonoma de México, Ciudad Universitaria,
Ciudad de México 04510, Mexico; oscar@atmosfera.unam.mx (O.P.); telma@atmosfera.unam.mx (T.C.)

*  Correspondence: dara.salcedo@ciencias.unam.mx; Tel.: +52-442-192-6209

check for
Received: 20 April 2018; Accepted: 12 June 2018; Published: 15 June 2018 updates

Abstract: The “Aerosoles en Ciudad Universitaria 2015” (ACU15) campaign was an intensive
experiment measuring chemical and optical properties of aerosols in the winter of 2015, from
19 January to 19 March on a site in the south of Mexico City. The mass concentration and chemical
composition of the non-refractory submicron particulate matter (NR-PM;) was determined using
an Aerodyne Aerosol Chemical Speciation Monitor (ACSM). The total NR-PM; mass concentration
measured was lower than reported in previous campaigns that took place north and east of the city.
This difference might be explained by the natural variability of the atmospheric conditions, as well as
the different sources impacting each site. However, the composition of the aerosol indicates that the
aerosol is more aged (a larger fraction of the mass corresponds to sulfate and to low-volatility organic
aerosol (LV-OOA)) in the south than the north and east areas; this is consistent with the location
of the sources of PM and their precursors in the city, as well as the meteorological patterns usually
observed in the metropolitan area.

Keywords: ACSM; organic aerosol; sulfate; aged aerosol

1. Introduction

The Mexico City Metropolitan Area (MCMA) has had bad air quality problems for at least 30 years
due to high concentrations of ozone and particulate matter (PM) [1], caused by the large number of
sources of pollutants and their precursors within a relatively small area surrounded by mountains on
three sides, which limits ventilation. In addition, the city is located in a tropical latitude (19° N) and
high altitude (2240 m above sea level), which promotes the production of secondary pollutants [2].
The MCMA frequently presents regular or bad air quality with respect to PM [1,3-6], which represents
a health hazard for the more than 20 million people living there [7].

In general, the spatial distribution of air pollutants in the MCMA is very heterogenous as a
reflection of the distribution of the sources and the meteorological patterns within the basin [4,8].
The major sources of CO and NOx in the city are the vehicles emissions (96.1% and 78.5%, respectively,
of total emissions); hence the highest concentrations of these pollutants usually occur in the center and
north of the city, where the highest traffic density occurs. For volatile organic compounds (VOCs), area
sources (such as industrial solvents and household products) account for 63.7% of the total emissions,
while mobile sources account for only 20%. VOC sources are more homogenously distributed in
the city, but still show larger concentration in its center. Ozone precursors (NOx and VOCs), which
are emitted in higher concentrations in the center and north of the city, are usually transported
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towards the south, where they accumulate due to the mountains, causing the highest concentrations of
ozone. PMj displays the highest concentration toward the north, where the agricultural activities and
resuspension in eroded areas are important, in addition to the vehicular sources. PM; 5, on the other
hand, shows more homogeneous concentrations across the city. The main source of SO; in the city
is the Tula Industrial Complex (see Figure 1), located approximately 77 km north from the center of
the city; together with other area sources in the north part of the metropolitan area. Because of this,
the concentration of SO, decreases from north to south [9].

The chemistry, and processes of the atmosphere in Mexico City have been broadly studied in
two large campaigns: MCMAO3 which occurred in April of 2003 [10], and MILAGRO (Megacity
Initiative: Local And Global Research Observations) in March 2006 [11]. MCMAO03 focused on mobile
laboratory measurements, and on a highly instrumented “supersite” at the urban site CENICA (CEN)
located east of the city. During MILAGRO, a much wider range of instruments at ground sites, on
aircrafts, and satellites was used; the urban “supersite” T0O was located north of the city (see Figure 1).
During these studies, a large amount of information regarding the PM in the MCMA was collected in
real-time with high resolution, using Aerodyne Aerosol Mass Spectrometers (AMSs) [12-18]. A more
recent similar study was published by Guerrero et al. [19] describing the PM; chemical composition in
a site near TO (Laboratorio de Andlisis Ambiental, LAA) during the 2013-2014 winter/spring season,
using an Aerodyne Aerosol Chemical Speciation Monitor (ACSM) [20]. These studies showed that the
composition of the submicron particulate matter (PM;) during the spring is very similar in both areas of
the city (north and east), and that it has not changed significantly from 2003 to 2014. The organic matter
represents the most abundant fraction of the aerosol, which has a primary component, an oxygenated
one, and some contribution from biomass burning and other industrial sources. The nitrate concentration
correlates well with the local photochemical activity in the atmosphere; while sulfate is produced on a
regional scale. During March and April, the aerosol appears to be neutralized most of the time; however,
in November and December the aerosol can be acidic due to lower NHj3 concentrations.

Figure 1. Map of the Mexico City Metropolitan Area, showing the sites mentioned in the text (red stars).
Thick black lines represent state boundaries, and thin grey contour lines represent topographical
features. Urban areas are colored in grey. LAA: Laboratorio de Analisis Ambiental; CCA: Centro de
Ciencias de la Atmosfera.
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No similar studies to MCMAO3 or MILAGRO have been performed south of Mexico City.
The “Aerosoles en Ciudad Universitaria 2015” (ACU15) campaign was an intensive experiment
measuring chemical properties of aerosols during the beginning of 2015 at a site south of Mexico City.
The campaign intended to describe and understand differences observed in the atmospheric aerosol in
this area with respect to the north and south. In this paper, we discuss the chemical composition of
PM; determined using an ACSM. Its variations are analyzed along with other meteorological variables
and pollutants concentrations, and compared with results from previous similar campaigns.

2. Experiments

2.1. ACU15 Campaign

The “Aerosoles en Ciudad Universitaria 2015” campaign took place in the winter of 2015, from
19 January to 19 March. During this time, data and samples were collected on the roof of Centro
de Ciencias de la Atmosfera (CCA), located at 19°19/34.12” N, 99°10/33.86" W within the Mexico
National University Campus (Ciudad Universitaria, CU) in Mexico City. CU consists of a large closed
area (1,765,000 Ha), where only private vehicles can enter; it includes part of the Pedregal Ecological
Reserve, and large green and open areas. Approximately 300 m away from the CCA site, there is a
large public transportation station with heavy traffic all day. The campus is in the southern part of the
MCMA, which is mainly residential (see Figure 1).

The ACU15 campaign occurred during the cool-dry season in Mexico City (approximately from
November to March), when rain is scarce. In general, this season is followed by a warm-dry period
until May, when the rainy season starts and extends until October with an average annual rainfall of
more than 1000 mm [21].

2.2. Aerosol Chemical Speciation Monitor (ACSM)

An ACSM (Aerodyne Research Inc., Billerica, MA, USA) sampled ambient air from a PM; 5
cyclone (model 2000-30EQ, URG Corp., Chapel Hill, NC, USA) at a flow rate of ~3.2 L min~! through a
~3m, 3/8” OD (outside diameter) copper line. A multi-tube Nefion dryer Module (Aerodyne Research
Inc., Billerica, MA, USA) was used to dry the ambient air coming into the instrument, keeping its
relative humidity (RH) < 40%. Using the Particle Loss Calculator tool [22] we estimated that the wall
losses in the inlet line, given its total length and configuration, are in the range of 1 to 1.5% for particles
in between 0.1 and 1 pm.

The ACSM was calibrated for ionization efficiency (IE) with ammonium nitrate and ammonium
sulfate, following the procedures detailed by Ng et al. [20]. During ACU15, the ACSM was operated
with a time resolution of approximately 30 min from m/z 10 to 148. The ACSM data were analyzed
for the mass concentrations and composition with the standard ACSM data analysis software written
in Igor Pro (WaveMetrics Inc., Tigard, OR, USA). A collection efficiency (CE) of 0.5 was assumed to
account for detection losses due to bounce of particles off the vaporizer [23]. This value was chosen in
accordance to previous studies in Mexico City using other AMSs [13,18].

The ACSM measures the concentration of the non-refractory components in submicron particles
(NR-PM;), which includes sulfate, nitrate, ammonium, chloride, and organic matter. The instrument is
not able to detect components such as black carbon (BC), geological or metallic material, and salts with
high fusion temperature. The uncertainties for the NR-PM; are estimated to be —30 to +10% [13,18].

The PM; organic mass spectra were analyzed using the Positive Matrix Factorization (PMF)
version 4.2 [24] and the PMF Evaluation Tool (PET, v3.01) [25].

Aerosol mass concentrations are in jtg m ™~ at local ambient pressure and temperature conditions
(local pressure is approximately 76 kPa). All data in this paper are reported in Local Time, which
corresponds to Central Standard Time (CST) or Coordinated Universal Time (UTC) minus 6 h. We used
the built-in fitting routines included in Igor Pro 6.36 data analysis software [26] for the statistical
analysis. In all cases, we use Pearson’s r (r) to describe the linear dependence between two variables.
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2.3. Other Co-Located Measurements

A Photoacoustic Extinctiometer (PAX, Droplet Measurement Technologies, Longmont, CO, USA)
was used to measure the black carbon (BC) mass concentration in ambient air from a PM; 5 cyclone
(model 2000-30ED, URG Corp., Chapel Hill, NC, USA). The PAX use a modulated diode laser to
simultaneously measure in-situ light absorption (Babs) and scattering (Bscat) of aerosol particles, from
which it derives extinction, single scattering albedo, and BC concentration. The Babs is measured
using a photoacoustic sensor, and the Bscat a nephelometer; both measurements are performed
at 870 nm [27]. The PAX was calibrated before and after the campaign according to the method
recommended by Droplet Measurement Technologies using ammonium sulfate particles and soot
particles at high concentrations [28], following the procedure in the PAX Operator Manual. A value of
the mass absorption efficiency (MAE) = 4.74 m? g~! was used to estimate black carbon concentrations
at 870 nm, which was derived using the A~! correction to the 7.5 m? g~! value recommended by Bond
and Bergstrom [29]. There is evidence suggesting that BC optical properties are affected by aging
processes [30], which was investigated during ACU15 [31]. However, there are large uncertainties
on the best value of MAE to use, the variables that affect it, and how those variables would affect
the calculation of BC concentration. On the other hand, in this manuscript, only the total average BC
concentration is used to estimate the non-refractory material in the PM and we do not expect that the
conclusions would be affected by this issue.

Concentrations of other pollutants (CO, SO, NO, NO,, O3, and PM; 5) were obtained using
an Airpointer unit (Mlu-Recordum Environmental Monitoring Solutions, Wiener Neudorf, Austria).
Air quality data were also available from the Mexico City’s Atmospheric Monitoring Network (Sistema
de Monitoreo Atmosférico de la Ciudad de México, SIMAT) [32] at the CCA site.

3. Results and Discussion

3.1. PM Concentrations

A comparison of the time series of the mass concentration of the total NR-PM; (organics + sulfate
+ nitrate + ammonium + chloride) and PM; 5 (from the Airpointer unit and SIMAT) during ACU15 is
shown in Figure S1. All PM; and PMj; 5 concentrations showed a good correlation (r > 0.862), being
the correlation between ACSM NR-PM; and PM; 5 Airpointer the best one (r = 0.929). This supports
the reliability of the ACSM data. During ACU15, NR-PM; represented approximately 100% of the
PM; 5, indicating that the non-refractory components (BC and crustal material, for example) comprised
only a small fraction of the fine particles.

Table 1 presents the average PM concentrations measured during ACU15, at LAA [19], and
during other previous campaigns in Mexico City using an Aerodyne AMS (MCMA-03 [18], and
MILAGRO [13]). The concentrations of NR-PM;, BC, and PM; 5 showed some variability among
campaigns, with the largest concentrations in 2003 and the lowest in 2015. However, it is not possible
to conclude that there has been a reduction of the PM concentrations in Mexico City from 2003 to
2015, given the yearly variability observed in between the campaigns. Figure S2 shows the PM; 5
average monthly concentrations reported by the Mexico City’s Atmospheric Monitoring Network
(SIMAT) [32] at three different sites from August 2003 to December 2015 (PM; 5 concentrations were
not reported prior to 2003). Camarones (CAM) is the network’s station closest to TO and LAA,
UAM Iztapalapa (UIZ) to CEN, and Coyoacan (COY) to CCA. PM; 5 concentrations in the three sites
were very variable on a monthly basis, and each site showed periods with the lowest or highest
concentrations at different times.
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Table 1. Summary of PM data during ACU15 and previous studies in Mexico City involving an AMS.

ACU15 (CCA) LAA [19] MILAGRO (T0) [13] MCMAO03 (CEN) [18]
21 January-23 March 2015 13 November 2013-30 April 2014 1 March-4 April 2006 31 March—4 May 2003
(ngm™3) % (ugm~3) % (ugm™3) % (ugm™3) %
organics 8.1 53.2 12.0 59.3 17.3 64.6 21.6 69.9
sulfate 43 24.8 3.2 16.1 3.6 13.4 3.1 10.1
nitrate 2.7 12.2 2.9 14.4 35 13.1 3.7 11.9
NR-PM; ammonium 1.8 9.5 1.8 9.0 2.0 7.7 2.2 7.0
chloride 0.05 0.3 0.2 12 0.4 15 0.3 1.0
ACSM total 16.9 20.2 26.8 30.9
BC (PM35) 2.12 3.032 4.2*¢ 3.4*¢
soil (PMy5) 178 2.1
metals (PMy5) 1.0
b b
PMys 17.5 v 16.1 370" 1004 [33] 35.7 K 40.0
PM; 278" 33.09[33]

* PMpo; § PM;; @ PAX (Photoacoustic Extinctiometer); © Tapered element oscillating microbalance (TEOM);
¢ Nephelometer; 9 Optical particle counter (OPC); ¢ Dusttrak. PM: particulate matter; ACU15: Aerosoles en
Ciudad Universitaria 2015; AMS: Aerosol Mass Spectrometer; CCA: Centro de Ciencias de la Atmosfera; LAA:
Laboratorio de Analisis Ambiental; MCMA: Mexico City Metropolitan Area; MILAGRO: Megacity Initiative:
Local And Global Research Observations; NR-PM;: non-refractory submicron particulate matter; ACSM: Aerosol
Chemical Speciation Monitor; BC: black carbon.

According to Table 1, PM; represented a larger fraction of PM; 5 during ACU15 than during
previous campaigns, probably reflecting a different aerosol composition due to the specific sources
impacting each site. The CCA site is situated south of Mexico City, which is mainly a residential
area with a minimum of industry, while the other sites are north (TO and LAA) and east of the city
(CEN), with a larger presence of diverse industries. Traffic density is also larger north of the city, and
much diverse (light and heavy vehicles) than in the south. In addition, agricultural activities and
resuspension in eroded areas are more important in the latter [34].

3.2. NR-PM1 Chemical Composition

Figure 2 shows the time series of the mass concentration and composition of the NR-PM; measured
with the ACSM during ACU15, the meteorological variables (temperature (T), relative humidity (RH),
wind speed (WS) and direction (WD), and rain), and the concentration of BC, and other pollutants (CO,
SO,, O3, and NOx) measured with the Airpointer unit. The average concentration and composition of
the NR-PM; during the campaign are shown in Table 1 and are compared with results from previous
AMS campaigns in Mexico City. The concentration of the NR-PM; components followed the same
trend as the total mass concentration: they were largest during MCMAO03, and lowest during ACU15;
except for sulfate, which had the largest concentration in 2015. In all cases, the organic fraction was the
major component, ranging from 69.9% in 2003 to 53.2% in 2015. On the other hand, while the mass
fraction of nitrate and chloride, remained approximately constant, the mass fraction of sulfate showed
a large variability from 10.1% during 2003 to 24.8% in 2015.

The pie chart and the diurnal profile in Figure 3 show that, although the organic fraction was the
major one in the NR-PMj, the sulfate represented 25% of the aerosol mass during ACU15, which is a
larger fraction than found in the north and east of the city. The relatively high contribution of sulfate to
the aerosol mass at CCA can probably be partly explained by the fact that the site is farther away from
the main sources of SO, (precursor of sulfate) in the MCMA than the other sites, which gives more
time for the conversion of SO, to sulfate. Sulfur dioxide’s major source is the Tula Industrial Complex,
located about 77 km northwest of the MCMA (see Figure 1). The other important urban sources, which
correspond to smaller industries, are also located in the northern part of the city. The Popocatepetl
Volcano (Popo, see Figure 1) is located 67 km southeast from the center of the MCMA; however, it is
usually a minor source, on a regional scale, of SO, impacting the MCMA [9,34]. Given that sulfate is
formed in a regional scale [13,18], a larger fraction of this component could also indicate that the aerosol
was more aged than in other sites during previous campaigns, which is consistent with the patterns of
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air circulation that have been described in the Mexico City basin by de Foy et al. [35] during the month
of April 2003 for the MCMAO3 campaign. The same patterns were observed during the MILAGRO
campaign in 2006 [36], and are expected to have occurred during ACU15 because the three campaigns
occurred in the dry season. In general, northerly surface winds in the morning meet a southwest flow
from a mountain gap south east of the Mexico City basin, which generate a convergence zone in the
afternoon where the highest ozone concentrations of the day are detected. Depending on the relative
strength of both flows, the convergence zone is located south (O3-South pattern) or along south-west
area (O3-North). During “el Norte events” (Cold-Surge), stable conditions cause larger concentrations
of pollutants in the center of the city. In all cases, the northerly winds could transport SO, from north to
south, causing larger concentrations of sulfate generated during the transport. De Foy et al. [9] showed
some examples during MILAGRO, where a plume from Tula takes few hours to move from the north
of the city to the south. This might be enough time to generate few pug m = of sulfate (depending on
the SO, concentration, temperature, and RH) as Salcedo et al. [18] estimated sulfate production rates
from only gas phase oxidation of 0.1-0.2 g m~2 h~! during MCMAO03 at CEN.
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Figure 2. Time series of the mass concentration and fraction of the non-refractory submicron particulate
matter (NR-PM;) components (organics, sulfate, nitrate, ammonium, and chloride), meteorological
variables (temperature (T), relative humidity (RH), wind speed (WS) and direction (WD), and rain),
black carbon (BC), and other pollutants (CO, SO,, Oz, and NOx) during ACU15. The gray area
highlights the acidic periods mentioned in Section 3.3. ACU15: Aerosoles en Ciudad Universitaria 2015.
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Figure 3. Average mass fraction diurnal profile and average percent composition of NR-PM; as
determined by the Aerosol Chemical Speciation Monitor (ACSM) during ACU15.

Diurnal profiles of all the components of the NR-PM; during all the campaigns are compared
in Figure 4. Nitrate, ammonium, and chloride had similar diurnal cycles during all the campaigns.
Chloride, which may have an industrial source, had a maximum early in the morning due to its high
volatility. Nitrate and ammonium showed a maximum in the mid-morning related to photochemistry,
which produced nitric acid from the NOx emissions of the morning rush hour. The acid combines
with NHj3 to condense as ammonium nitrate; however, as the temperature increases, the gas-particle
equilibrium of the salt shifts towards the gas phase. On the other hand, sulfate exhibited a more
variable diurnal cycle because it is produced on a regional scale and, hence, it is more dependent on the
meteorology. Finally, the diurnal cycles of the organic fraction were very similar at the CEN, T0, and LAA
sites; however, it behaved uniquely a the CCA site. This difference will be further explored in Section 3.4.
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Figure 4. Average diurnal profiles of the mass concentration of the total NR-PM; and its component
during ACU15 and previous studies in Mexico City involving an AMS [13,18,19]. AMS: Aerosol
Mass Spectrometer.



Atmosphere 2018, 9, 232 8 of 15

3.3. NR-PM; Acidity

In Figure 5a, we calculated the necessary ammonium to completely neutralize the nitrate, sulfate,
and chloride (ammonium_pred) in the aerosol during ACU15 and plotted it against the measured
ammonium to identify the acidity of the aerosol at CCA. Most of the data in the scatter plot fall on
the 1:1 line, indicating that the aerosol was neutralized most of the time. The data points on the
upper part of the line correspond to an acidic aerosol because there is not enough ammonium to
completely neutralize the anions. The difference between ammonium_pred and ammonium is the
ammonium missing (ammonium_mis) for a neutral aerosol, and its time series is plotted in Figure 5b.
For visualization purposes, data points with ammonium_mis larger than the average plus one standard
deviation are colored in black. During ACU15, there were two distinct periods with an acidic aerosol:
from 13 to 15 February, and on 6 March from 6:20 to 15:24. In both cases, the acidity is related to higher
concentration of sulfate in the particles (see Figure 2).
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NH; (ug mia) local time (day/month)

Figure 5. (a) Scatter plot of the predicted ammonium assuming neutrality (ammonium_pred) vs.
the measured ammonium. (b) Time series of the extra ammonium needed to neutralize the aerosol
(ammonium_mis). Data points with ammonium_mis larger than the average plus one standard
deviation are colored in black for visualization purposes.

During the first acidic period, the meteorological conditions (wind speed and direction,
temperature, and relative humidity) were different from the rest of the campaign: the temperature
was lower (Tacidic-period = 11.9 °C, Tcampaing-average = 15.2 °C) and the relative humidity higher
(RHacidic-period = 57-7%, RHcampaign-average = 46.0%). In general, both conditions promote the acidity of
aerosols because a lower temperature shifts the phase equilibrium of nitric acid to the condensed phase,
and a higher relative humidity enhances the conversion of SO, to sulfate [37]. The wind patterns also
showed a different behavior than average during the acidic period as shown in Figure 6. Panel a,
shows the wind direction (5-min average) as a function of time of day; the median WD and WS during
the whole campaign are also shown. In general, there were north-westerly winds during the night,
which shifted direction (south-easterly) around 8 a.m., with increased speed. The wind direction in the
afternoon was very variable, with a median from the south-east until 9 p.m. However, panel b shows
that during the acidic period the afternoon wind came predominantly from the north, with highest
wind velocities around 5 p.m. Northerly winds, in general, are expected to transport air from the
main sources of SO, in the metropolitan area [9,34]. Although the SO, concentration during the acidic
period was relatively high (see Figure 2), there were other periods with higher SO, concentration with
no acidic characteristics. This is an indication that all conditions (northerly winds, low temperatures,
and high relative humidity) were responsible for the acidity during the discussed period.
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Figure 6. Wind speed (WS) and wind direction (WD) vs. hour of the day. Black circles represent the
median WS during the campaign, and black horizontal bars in both panels represent the median WD
during the campaign. Colored small circles, are 15 min wind data for the whole campaign (a) and
during the first acidic period (b).

The second period (3 March from 6:20 to 15:24) was very short and the meteorological conditions
were not significantly different from the rest of the campaign.

Another explanation for the ion imbalance observed could be the presence of organic nitrates
(ON), which would generate nitrate ions in the mass spectrometer, but would not contribute to the
acidity of the particles. Unfortunately, the identification of ONs, especially with a unit mass resolution
spectrometer such as the ACSM, is difficult because they are expected to occur along with the inorganic
nitrate, which generates a large background signal. To date, there is no known unambiguous ion
marker to identify the organic nitrates [38]. It is expected that organic nitrates are present in secondary
organic aerosol (SOA); however, during the acidic periods described above, the oxygenated organic
aerosol (OA, see next section for details) did not correlate with ammonium_miss, while sulfate did.
Hence, the effect of the presence of ON on the ion balance might be small, which is consistent with
results during MILAGRO, when little indication was found of the presence of a large amount of ON in
the atmosphere [13].

3.4. Organic Fraction

The PMF model was used to further investigate the nature of the organic fraction of the aerosol.
A solution with three factors was chosen based on the suggestions from Zhang, et al. [39] to evaluate
the results of the model. In addition, mass spectra profiles, time series, diurnal cycles, and correlations
with other species were analyzed too, as described below.

The PMF solution chosen consisted of three factors which were assigned to hydrocarbon-like
organic aerosol (HOA), semi-volatile oxygenated organic aerosol (SV-OOA), and low-volatility
oxygenated organic aerosol (LV-OOA). Figure 7 shows the mass spectra of the three profiles. The HOA
factor is compared to the HOA factor found during MILAGRO, where the ion series ChH* 5,41 and
CnH?%**5,_1 (which includes m/z 41, 43, 55, 57) are distinguishable. The two OOA factors are compared
to the one OOA factor found during MILAGRO, where the ion at m/z 44 (CO;,™) is predominant [40].

The classification of the organic factors is further justified in Figure 8, by comparing their diurnal
profiles to those of other species. The HOA factor, as expected from fresh organic emissions from
vehicles, shows a maximum at 9 a.m. together with CO and NOx which is the time at which most
activity starts at the university campus. NO and BC seems to peak one hour before, which probably is
explained by the public transport station located approximately 300 m from the site, where activities
start earlier. On the other hand, the SV-OOA factor has a maximum similar to the “total oxidant”
Ox (Ox = O3 + NOy,), which is a proxy for the “real” photochemical production of O3 because it
takes into account the rapid interconversion between NO, and O3 [41]. This similarity is indicative
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of fresh production of secondary organic aerosol. Although the increase of the SV-OOA component
starts at the same time as the nitrate, the latter decreases around noon while the organics remain
high. This observation is probably related to the relative volatility of both aerosol components: the
ammonium nitrate might be more volatile and tend to evaporate faster as the temperature increases
during mid-morning. Finally, the LV-OOA has a diurnal cycle very similar to sulfate and SO,. In the
figure, the acidic period was not included in the calculation of the hourly averages. As explained above,
the SO, is primarily emitted in the northern part of the city and the sulfate is known to have a regional
character in the MCMA [18]; hence, the LV-OOA probably corresponds to an aged organic aerosol.
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Figure 7. Mass spectra of the Positive Matrix Factorization (PMF) organic factors during ACU15 and
MILAGRO (Megacity Initiative: Local And Global Research Observations) [13]. HOA: hydrocarbon-like
organic aerosol; SV-OOA: semi-volatile oxygenated organic aerosol; LV-OOA: low-volatility oxygenated
organic aerosol.

g T 2.0 )
Te 5 (@) — 120
139 ] :—@—HOA
9;4_1 | == BC 15 *IOOZ
£ || =@ NOx A fol
g : o 8
o 3 —
5 105 o]
£ = el X
£ 2 z o]
S 40 2
J - 0.5 <
g1 - 20
= j i i
0 \||||\|| TTTrTrrTTor 0.0 -0
1 3 7: 59 11 13 15 17 19 21 23
hour of day
~ 8 —~ T 7 r8
o &= SY-00A D) Lg “Led©@ LRl O0A6)
g ) 54 - 50,
27O N 25 -6
= EAEEE 8
25 P £ i 20
£ Hns £3 =
g 2 8 E
E =5 gz ~
J 24 L 20 o 2
g .1
= = EREE
Q |||\_||||| I 0 04T T 1T 1JTTIIr 0
133791113 517 19 21 23 1?5791113151719212;
hour of day hour of day

Figure 8. Average diurnal profiles of the mass concentration of the PMF-AMS organic factors during
ACU15. Each factor is compared with other atmospheric species as markers of primary emissions (a),
photochemistry (b), and regional transport (c).

The PMF model was not able to resolve a biomass burning organic aerosol factor (BBOA, with a
relatively large contribution of the ion ate m/z 60), which was found during MILAGRO using high
resolution mass spectra, probably due to the low resolution in time and m/z of the ACSM. Figure 9
shows the time series of the ions at m/z 60, which had two periods with large plumes at the end
of February and the beginning of April. Plumes of HOA and SV-OOA were also observed during
those periods.
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Figure 9. (a) Time series of the signal of ion m/z 60 during ACU15. (b) Times series of the signal
of ion m/z 60, organics in NR-PM;, and hydrocarbon-like organic aerosol (HOA) and semi-volatile
oxygenated organic aerosol (SV-OOA) PMF factors from 27 February to 5 March. All signals are
scaled arbitrarily.

The time series, and diurnal cycles of the PMF organic factors are shown in Figure 10. The percent
composition of the OA is also shown in the figure. The LV-OOA is the largest fraction of the OOA
(63%), followed by HOA (22%), and SV-OOA is the smallest fraction (15%). During MILAGRO the
HOA comprised a larger fraction (29%) [13], which is an indication of the impact of the primary
sources, which are larger in the north of the city [34]. The OOA contribution to the organic
mass (SV-OOA + LV-OOA = 78%) is larger during ACU15 than during MILAGRO (OOA 46%), even
including BBOA (16%), due to the importance of the LV-OOA.

=
S

— organics
l LV-O0A
Wl SV-00A
B HOA

=

]
(=1

—
=

mass concentration (ug m )

24/01 31/01 7/02 14/02 21/02 28/02 7/03 14/03 21/03

mass fraction

135 7 911131517 192123
hour of day

Figure 10. Time series, diurnal profiles, and percent of total organic mass of PMF organic factors.

The triangle plot described by Ng et al. [40] can be of further help to classify the organic
components described above. The analysis uses ions m/z 44 and m/z 43 as a diagnostic for the
aging of the OA. By plotting fgy vs. f3 (f/, is the fraction of the ion’s signal to the total signal of
the component), it is easy to see that the OOA components tend to become similar to fulvic acid and



Atmosphere 2018, 9, 232 12 of 15

HULIS (humic-like substances). In Figure 11, f44 data during ACU15 are plotted vs. f43. The average
f44 vs. f43 for all the AMS campaigns is also shown. The lines in the figure are added as guidelines and
define region where ambient OOA data fall. In this diagram, the closer the data are to the intersection
of the lines, the more oxidized is the organic component, i.e., it is more aged. Hence, the position that
corresponds to the ACU15 indicates more aged aerosol than the observed previously, which is also
consistent with a larger fraction of sulfate as previously discussed. In addition, the LV-OOA is also
more oxidized than SV-OOA, which is consistent with the classification.

0.30
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® 1AA
0.25 M MILAGRO
| v momaos
0.20 4
# 015
MILAGRO
O0A
0.10
0.05 . o
A MILAGRO
5 HOA \
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43

Figure 11. f44 vs. f43 of the Organics mass spectra. Grey points correspond to all data points during
ACU15. Black symbols correspond to average f44 vs. 43 during the AMS campaigns [13,18,19].
Red symbols correspond to the PMF OOA factors during ACU15 and MILAGRO [13].

4. Conclusions

The chemical composition of NR-PM] in a site south of Mexico City was reported for the first time
with a high time resolution. The mass concentration in the site was lower than reported in previous
campaigns that took place north and east of the city, using similar equipment. This difference in
total NR-PM; mass concentration might be explained by the natural variability of the atmospheric
conditions, as well as the different sources impacting each site.

In general, the daily variability of all the aerosol components were as expected from previous
campaigns. However, regarding the chemical composition of the aerosol, we found significant
differences which indicate that the aerosol is more aged in the south than the north and east of
the MCMA. During ACU15, half of the NR-PM; mass consisted of organic matter, of which almost
three quarters correspond to a low volatile oxygenated organic aerosol. In addition, one quarter of the
total NR-PM; mass corresponded to sulfate, which was significantly higher than what was reported in
other sites. These observations are indicative of a more processed aerosol, which is consistent with
the distribution of the PM sources and precursors within the city, as well as with the meteorological
patterns that usually occur in the metropolitan area.

The results presented in this study suggest that the aerosol composition across Mexico City, as
well as the processes associated with them, are more heterogenous than previous studies (which
occurred in specific sites and time of the year) had suggested. Hence, it is important to have more
studies on larger time and space scales, in order to understand the aerosol chemistry in the city under
different meteorological conditions, and in sites with different characteristics.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4433/9/6/232/s1,
Figure S1: Time series and scatter plots of PM mass concentration from co-located instruments, Figure 52: Time
series of PM, 5 monthly concentration at three sites of the Mexico City’s Atmospheric Monitoring Network.
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