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Abstract: Volatile organic compounds (VOCs) are major ingredients of photochemical smog. It is
essential to know the spatial and temporal variation of VOC emissions. In this study, we used the
Positive Matrix Factorization (PMF) model for VOC source apportionment in Mexico City. We first
analyzed a data set collected during the ozone season from March–May 2016. It includes 33 VOCs,
nitrogen oxide (NO), nitrogen dioxide (NO2), the sum of nitrogen oxides (NOx), carbon monoxide
(CO), sulfur dioxide (SO2) and particle matter with a diameter < 1 µm (PM1). Another PMF analysis
focused only on VOC data obtained in the month of May between the years 2016, 2017, 2018, 2021,
and 2022 to gain insights into interannual variations. While the use of fossil fuel through combustion
and evaporation continues to be major fraction in Mexico City, additional sources could be identified.
Apart from biogenic sources which become more important closer to the end of the ozone season, a
second natural emission factor termed “geogenic”, was identified. Overall, anthropogenic sources
range between 80–90%. Diurnal plots and bivariate plots show the relative importance of these
emission source factors on different temporal and spatial scales, which can be applied in emission
control policies for Mexico City.

Keywords: positive matrix factorization; volatile organic compounds; Mexico City; bivariate plot

1. Introduction

Volatile organic compounds (VOCs) are a wide group of atmospheric organic sub-
stances with a high vapor pressure at ambient temperatures [1,2]. As VOCs are oxidized in
the troposphere by ozone (O3), nitrate (NO3), hydroxyl (OH), and chlorine (Cl) radicals,
they produce intermediates, such as hydroperoxy radicals (HO2) and organic peroxy radi-
cals (RO2), that generate nitrogen oxides (NOx) and impact photochemical reactions [3–5],
leading to the production of tropospheric O3 [6] and secondary organic aerosols (SOA),
among other species [7–9]. In addition, several VOCs are categorized as harmful air pollu-
tants and cause adverse short-term or long-term health consequences [10,11], including
irritating mucous membranes, eyes, and throat, and cancer [1,12–14].

Therefore, to effectively mitigate the harmful impact of VOC emissions in highly
industrialized and populated urban areas, it is necessary to assess VOC emission sources
and understand their source-receptor relationships. Important tools include source appor-
tionment models to identify and distinguish emissions in combination with polar scatter
plots, which provide valuable insights into the spatial distribution of emission sources.

The Mexico City Metropolitan Area (MCMA) is located in central Mexico, in an
elevated basin with an altitude of 2200–2300 m above sea level (a.s.l) enclosed by mountain
ranges on three sides and some openings in the north and southwest [15]. This specific
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topography impacts the local meteorology and climate [16] and leads to thermal inversions
and pollutant stagnation, as demonstrated for a recent ozone event [17].

The ozone season, which occurs during the dry warm period between March and May,
provides favorable conditions for photochemical reactivity, leading to O3 formation [18].
According to [19], increasing hydrocarbon (HC) emissions during daytime in Mexico City
leads to higher ozone levels, while increasing nitrogen oxide (NOx) emissions results
in lower ozone levels. However, recent findings [20] point to a more complex relation
depending on the specific location within the MCMA. Due to its significant emissions,
resulting from a densely populated area with over 21 million inhabitants spread across
7866.1 km2, 6.3 million residential units, 6 million automobiles, 1900 regulated industrial
facilities and 2800 businesses, and a plethora of regulated services such as gas stations,
repair shops, catering service, and laundry services, the MCMA poses a severe threat to its
residents’ environment and health [21].

Earlier research [22] investigated the sources of non-methane hydrocarbon (NMHC)
emissions by applying the Chemical Mass Balance (CMB) for three sites, Xalostoc, La
Merced, and Pedregal in the spring (March) and fall season (November–December), in 1996.
They found that in March, the largest contribution to the ambient NMHC concentrations
came from vehicular exhaust at La Merced (60.4%), followed by Xalostoc (52%), and
Pedregal (55.3%). With regard to Liquified Petroleum Gas (LPG) emissions, the highest
contribution was observed at Xalostoc (29.4%), followed by La Merced (25.4%) and Pedregal
(15.4%). In November, La Merced still had the highest contribution from vehicular exhaust
emissions, followed by Pedregal and Xalostoc, with increases of 6.9%, 4.2%, and 1.8%,
respectively, when compared to the data from March. LPG emissions experienced an
increase at all the three sites in November in comparison to March, with the Pedregal site
observing the largest increase of 9.1%, followed by La Merced with a 2.9% increase, and
Xalostoc with a 1.8% increase, ref. [23] utilized the CMB receptor model to investigate
emissions sources at the same sites in Mexico City, from February to March in 1997. Their
findings indicated that vehicle sources, specifically gasoline and diesel, were the primary
contributing factor, accounting for 58% of total emissions at all the three measurement sites,
with Pedregal having the highest contribution from vehicular exhaust and Xalostoc having
the highest contribution from LPG. The percentages of contribution were 58% and 15% at
La Merced, 50% and 22% at Xalostoc, and 59% and 21% at Pedregal for vehicular exhaust
and LPG, respectively. In summary, these two studies, performed in the late 1990s, found
that vehicular exhaust and LPG emissions were highest in certain areas of Mexico City in
March, with Pedregal having the highest vehicle source contribution and Xalostoc having
the highest LPG contribution, but both sources showed an overall decrease from 1996 to
1997 [22,23].

Earlier research [24] found that the concentration of more than 50 VOCs could have
stabilized or decreased in Mexico City during 2002–2003, while ref. [25] identified a decrease
observed in alkanes and aromatics, but an increase in alkenes in the MCMA between 2000
and 2007. These studies may explain why efforts to reduce ozone and fine aerosols have
had only moderate success in those years [18], as the decrease of less reactive alkanes
and aromatics might have been compensated by the increase of higher reactive alkenes.
Ref. [18] revisited La Merced, and Pedregal NMHC data for the years between 2003 and
2012 and performed updated source apportionment studies. The study revealed that the
primary sources of NMHCs in the city remained vehicle traffic, evaporative emissions from
fossil fuels and solvents, and LPG consumption. While reductions in alkanes and aromatics
totaling 12% and 50% were identified at both sites, respectively, the mixing ratios of alkenes,
except ethylene and trans-2-butene, increased by 10% and 16% at La Merced and Pedregal,
respectively, over that decade.

Vega et al. [26] conducted a source apportionment study for the same two sites, Merced
and Pedregal, in 2006 and 2012 and identified more factors compared to ref. [18]. Their
study suggested a mixture of sources caused by correlations among the variables that were
not separated by the Positive Matrix Factorization (PMF). In addition, ref. [26] included
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carbonyls in the PMF input data, which have modified the contribution of the factors. Their
analysis revealed that LPG and food cooking (Food C) were primary sources at Merced,
decreasing by 1.5% and 3.7%, respectively, while LPG/Food C and light duty vehicle (LDV)
exhaust were the main sources at Pedregal, with LPG/Food C increasing by 7.9% and
LDV decreasing by 3.3% from 2006 to 2012, and that LPG leakage was found to be about
4–8% less in their PMF analysis compared to around 11% according to the 2006 Emission
Inventory [27,28]. Over this 6-year period, all of the aromatics as well as the acetylene
decreased, while some alkanes and alkenes showed both decreasing and increasing trends
at the Merced and Pedregal sites.

For the year 2006, ref. [26] studied VOCs at Tepeji and Jasso. While those two sites are
located outside the MCMA, their study provided insights into additional source signatures
as they included carbonyls. For instance, they found that apart from heavy-duty vehicles,
domestic heating/cooking were also among the top emission sources at the Jasso site,
whereas plastic manufacturing and heating/cooking were predominant VOC sources at the
Tepeji site. The further expansion of available pollutants led to a better resolution of source
contributions and, thus, to a deeper insight of the variety of emission sources impacting a
receptor site.

Recent studies [29] have recently applied the PMF model to identify major emission
sources contributing to O3 formation during a severe O3 episode in the MCMA. Their
findings indicate that traffic exhaust is the primary contributor to air pollution (48.8%),
followed by fuel combustion and evaporation (30.2%), while secondary aerosol precursors
and geogenic sources contribute 11.9% and 9.1%, respectively. While geogenic sources of
aerosols have been documented in the region [30], the PMF model indicates that VOCs
may also be present in geogenic sources.

The CMB and PMF models are two distinct techniques utilized for determining the
extent to which various sources of emissions contribute to air pollution at specific loca-
tions [31]. The CMB model uses both chemical species concentrations with uncertainties
and source fingerprints, while the PMF model only relies on chemical species concentra-
tions with uncertainties since the model generates the factor/source profiles as outputs [32].
The CMB model is susceptible to the choice of sources used and the similarity of their
tracers [33]. On the other hand, the PMF model is capable of identifying specific fac-
tors/sources and handling missing data and outliers, making it a more versatile tool for
analyzing complex datasets with high variability [32,34].

The goals of this research are (1) to investigate the sources of VOCs emissions using a
wide range of datasets during the ozone season, between March and May 2016, (2) to utilize
a commixture of primarily emitted gas–phase compounds, including VOCs, CO, SO2, NO,
NOx, and particulate matter (PM1), to explore a larger breakdown of potential emission
factors compared to previous research (Mugica et al., 2003 [23]; Vega et al., 2022 [26]),
including further studies on the potential geogenic source of VOCs proposed by [29]. PMF
is more appropriate than CMB for source apportionment in cases of insufficient knowledge
of local source emission characteristics, as the latter is sensitive to source profiles [31], while
PMF factors can represent robust result for mixtures of primary and secondary compounds
with contributions from multiple sources, as demonstrated by [31]. Therefore, this study (3)
expands on earlier studies emission source and ratio analysis in the MCMA area (e.g., [26]),
using diurnal plots and bivariate plots of source factors extracted from PMF, to identify
the relative importance of these emission source factors on different temporal and spatial
scales, which can be applied in emission control policies for Mexico City.
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2. Materials and Methods
2.1. Measurements Setup

The Environmental Analysis Laboratory (EALab; 19.48◦ N, 99.15◦ W; 2255 m a.s.l.) of
the Atmospheric Monitoring System (SIMAT, by its Spanish acronym) carried out contin-
uous monitoring of VOCs, criteria pollutants such as nitrogen monoxide (NO), nitrogen
dioxide (NO2), carbon monoxide (CO), nitrogen oxides (NOx), sulphur dioxide (SO2), and
particulate matter with diameter < 1 µm (PM1), along with surface meteorological param-
eters such as temperature, humidity, relative humidity, wind speed, and wind direction,
from 1 March to 31 May 2016. Detailed description of the measurements are described
in [29]. Briefly, VOCs in the range of C2–C12 were analyzed using a PerkinElmer gas
chromatograph (GC) Clarus ATX 580 (Waltham, MA, USA) and a TurboMatrix Thermal
Desorber (model 650 ATD) equipped with two chromatographic columns. Measurement
precision was <10% for different components, and limits of detection < 0.1 ppbv. Data of
NO, NO2, NOx, CO, and SO2 were retrieved as hourly values from the local air quality
monitoring network using commercial (precision of ±10%). PM1 hourly mass concentra-
tion was determined using Tapered Element Oscillating Microbalance monitors (TEOM
Model 1400AB, Rupprecht & Patashnik Co., Inc., Albany, NY, USA) coupled with a Fil-
ter Dynamics Measurement System (FDMS) and equipped with standard PM10 inlet fol-
lowed by a 1 µm cut-size cyclone (SCC 2.229, BGI, Butler, NJ, USA), set to a flow rate of
16.67 L min−1.

2.2. Emission Source Identification by PMF

Here, we apply the United States Environment Protection Agency’s Positive Matrix
Factorization model (EPA PMF 5.0; [35]). The PMF model, developed by [36–38], is a
receptor model that aims to solve the chemical mass balance between the concentration
and the factor profiles of each species. The optimal number of factors in the Positive
Matrix Factorization (PMF) analysis was determined using three error estimation methods:
bootstrapping, displacement mapping, and bootstrap-displacement. Uncertainties in the
factors were estimated using a method described by [38].

We consider the signal, dij, as the ratio between the difference of the concentration
(xi) and the uncertainty (ui), and ui. In case xij ≤ uij, dij is considered zero (Equation (1)).
However, if xij > uij, Equation (2) was utilized. Finally, the signal-to-noise (S/N) ratio was
computed by averaging the dij values for each sample, using Equation (3).

dij = 0 (1)

dij =

(
xij − uij

uij

)
(2)

(
S
N

)
j
=

1
n

n

∑
i=1

dij (3)

In accordance with the aforementioned criteria, a total of 38 air pollutant species, in-
cluding 33 VOCs, NO, NO2, CO, SO2, and PM1 were selected for the purpose of conducting
a PMF analysis.

The selected species were first subjected to classification into three categories, namely
“strong”, “weak”, and “bad”, based on their respective signal-to-noise ratios (S/N) and
observed/predicted values (R2), as prescribed by [35]. The final number of factors were
confirmed by several statistical metrics, including a percentage change in dQ, swaps by
BS-DISP, and Qrobust/Qexpected, as determined by principal component analysis.

Qexpected is a calculation used in the positive matrix factorization (PMF) to determine
the expected value of the Q metric, which assesses the fit of the model to the data. The
Qexpected value is calculated using the following formula:

Qexpected = (N × P) − [(F × N) + (F × P)] (4)
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where N is the total number of samples, P is the number of strong species, and F is the
number of factors being considered. The Qexpected value represents the minimum value that
the Q metric should achieve in a satisfactory PMF model fit. If the calculated Q value is
less than the Qexpected value, then the model is considered to be satisfactory. For example,
in the current study, for 9 factors F, 38 samples N, and 34 strong species P, Qexp equals
644 (Qexp = (38 × 34) − (4 × 38) + (4 × 34)). Here, moving from 7 to 8 factors leads to a
decrease in Qrob/Qexp from 104.3 to 99.54, and while moving from 9 to 10 factors a smaller
decrease in Qrob/Qexp from 99.54 to 83.72 is observed, suggesting a nine-factor solution may
be the appropriate number of factors (see Table S1). This change is a necessary, albeit not
a sufficient criterion. Finally, analyzing the error estimation (DISP, BS, and BS-DISP), the
appropriate number of factors can be selected. In the analysis that involved nine factors,
there were no changes in the %dQ and no swaps were made in the DISP analysis. All of the
factors were consistently mapped with 100% bootstrap factors with regard to base factors
in 20 runs, as shown in Table S2. Additionally, there were >80% of the cases found in the
bootstrap-displacement (BS-DISP) analysis of the DISP analysis, when nine factors were
resolved. This is well above the 50% threshold considered acceptable according to [39].

2.3. PMF Method and Error Estimation

As mentioned before, the PMF model aims to solve the chemical mass balance between
the concentration and the factor profiles of each species. This is achieved by minimizing the
Q value, which is determined based on the estimated uncertainties (uij) and by considering
the mass contribution (gik) of the k-th source to the i-th sample and the residual (eij) of the
j-th species to the i-th sample.

xij =
p

∑
k=1

gik fkj + eij (5)

Q =
n

∑
i=1

m

∑
j=1

[
xij − ∑

p
k=1 gik fkj

uij

]2

(6)

Paatero’s Positive Matrix Factorization (PMF) offers two versions of the Q value:
Qtrue and Qrob. Qrob only considers well-fitted data points, with eij/uij < 4, while Qtrue

considers all data points. PMF uses two sets of data files for the analysis: concentration
and uncertainty. Prior to the PMF run, species with more than 60% of missing values
are removed, and concentration values below the compound-specific method detection
limit (MDLj) are replaced by 0.5 × MDLj. Missing values are substituted by the median
concentration, and outlier values are defined as solitary values xj > X−

j + 3σj or xj < X−
j −

3σj.
For the uncertainty calculation, Equation (7) was used, in the case of the concentration

of given species xj > MDLj:

uj =

√(
[z j × xj

)
]
2
+
(
0.5 × MDLj

)2 (7)

where zj is the measurement error fraction of the j-th species expressed as percentage. In
case xj ≤ MDLj, then the uncertainty was calculated based on Equation (4):

uj =
5
6
× MDLj (8)

Uncertainty values for VOCs were within the range of 5% to 30%, as assigned in the
studies conducted by [40,41]. In addition, 8% values were assigned for NO, NO2, CO and
SO2, in alignment with earlier analyses [39].
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2.4. Bivariate Polar Plots

Our research employs the approach by [42] of generating bivariate polar plots, to
identify potential source locations of PMF analysis results, using wind speed and direction
data. The openair package in R was employed to generate bivariate polar plots [43], and for
interpolation, the package utilized the Generalized Additive Model (GAM) interpolation
method, as proposed by [44].

The bivariate polar plots were generated using a Non-Parametric Wind Regression
(nwr) approach that relies on Kernel smoothers, as described by [45].

3. Results and Discussion
3.1. Source Apportionment

Table S3 shows the statistical results for all trace gases measured during the entire
time frame from March to May 2016. The most abundant VOCs were alkanes, with the
highest median values for propane (33.27 ppb), n-butane (5.48 ppb), isopentane (3.94 ppb),
and ethane (3.86 ppb). Among alkenes, ethylene (4.20 ppb) and propylene (1.45 ppb), and
among aromatics, toluene (3.91 ppb), m-&p-xylene (1.63 ppb), and o-xylene (0.65 ppb)
showed the highest median mixing ratios. The median mixing ratios of CO, NO, NO2 and
SO2 are 500 ppb, 5.4 ppb. 35.0 ppb and 22.3 ppb, respectively.

The PMF analysis yielded nine emission factors (Figure 1). The most significant con-
tributor to atmospheric composition is the factor secondary aerosol precursors, accounting
for 21.7% of the total mass, followed by the source factors NO2 (20.4%), gasoline exhaust
(19.3%), diesel exhaust (16.2%), with liquefied petroleum gas (LPG) (7.3%), geogenic (5.3%),
biogenic (4.8%), evaporative emission (2.7%), and solvents (2.3%) each contributing less
than 10% (Figure 2). Overall, anthropogenic sources contribute almost 90%.
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3.2. Biogenic Factor

The biogenic factor primarily comprises isoprene, a chemical tracer of biogenic emis-
sions that is predominantly emitted by deciduous trees and shrubs and is known to increase
with higher temperatures and solar radiation [46–48]. Isoprene showed a high loading
of 67.8% of substance mass apportioned to this biogenic factor. Despite being primarily
associated with biogenic emissions from trees and shrubs, isoprene can also be emitted into
the atmosphere from anthropogenic sources such as vehicle exhaust and human exhala-
tion [49–54]. Previous field campaigns did not find a significant biogenic contribution to the
VOC burden within the MCMA (Molina et al., 2007, 2010 [55,56]), and some studies [57,58]
concluded that observed isoprene was associated with traffic emissions rather than vegeta-
tion, which may have been a result of limited study duration [18]. For the first time, ref. [18]
found elevated isoprene in Mexico City associated with both traffic and biogenic emissions.
They found that the biogenic peak of isoprene became more prominent from March to May,
with peak isoprene values occurring between 13:00–15:00 local time (LT), in agreement with
the prediction by [59] of the highest isoprene emissions due to the highest solar radiation
at the end of the dry-warm season in the Valley of Mexico. Increasing ambient temperature
from March to May would be another parameter regulating isoprene emissions [60].

In our study, we found an alignment of the temporal variation of isoprene mixing
ratios with CO, a typical tracer for vehicle related emission, in the morning rush hour
between 6:00–9:00, which indicates a potential source of traffic-related isoprene emissions
(Figure 3), which agrees with earlier findings by [18]. Furthermore, the moderate correlation
(R2 = 0.54) between the gasoline combustion tracer acetylene and isoprene during the night
and the poor correlation (R2 = 0.08) during the day suggest that isoprene emissions at night
may originate from gasoline combustion, according to our study. Figure 3 also shows that
in March, isoprene values were highest during the early morning rush hour, while the
isoprene peak in the afternoon increased from March to May with increasing temperature
and global radiation.

The findings from the biogenic polar plot (Figure 4) reveal that the isoprene factor
plays a significant role (with levels ranging from 1 to 1.5 µg/m3) when the wind direction
was either from the NW or SE directions. Notably, the NW direction was found to be
linked to the Sierra de Guadalupe, which is situated approximately 15 km northwest of the
study area. Also, the gardens of the National Polytechnic Institute aligned in this direction
could be a source area. Additionally, forests in the mountain areas surrounding the MCMA,
especially under SE winds, could impact the receptor site.
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3.3. Gasoline Exhaust

Factor 2 is predominated by ethylene (59.7% of substance mass apportioned to
the gasoline exhaust factor), acetylene (62%), and 1,3-butadiene (37.2%), with contri-
butions from other compounds associated with vehicular combustion, such as toluene
(20.1%), m-&p-xylene (16.3%), ethane (34%), propane (27.8%), and 2,2,4-trimethylpentane
(18.5%) [29,61,62], indicating vehicular exhaust as the source, as supported by significant
CO contributions (24.2%), which according to [18] is clearly associated with traffic com-
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bustion in MCMA. Our study found strong correlations of CO with acetylene (R2 = 0.88,
p < 0.0001) and 1,3-butadiene (R2 = 0.8, p < 0.0001), which largely agrees with [29].

The polar plots (Figure 5) reveal that winds coming from the West, where the Avenida
Calzada Vallejo, a highly congested primary road, is only 300 m away from the sampling
site, result in a higher contribution (1 to 1.4 µg/m3) for this factor. Additionally, winds from
the East, where the Avenida Lázaro Cárdenas, another highly frequented road is located
about 400 m away from the sampling site, is also responsible for a higher contribution (0.8
to 1.4 µg/m3).
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3.4. Diesel Exhaust

Maximum loadings of NO (82.4%), and SO2 (20.8%), and CO (19.1%) were observed
in another particular traffic factor (here denoted as Diesel Exhaust). Previous studies have
reported that these pollutants are primarily associated with diesel- and gasoline-driven
vehicular emissions [63–65]. Tailpipe emissions are the primary contributor to nitrogen
oxide release, while incomplete combustion during vehicular operation causes CO to
release into the air [66].

Previous studies by refs. [67,68] have demonstrated that the CO to NOx ratio is an
accurate indicator of emission ratios from vehicular traffic during rush hour periods. This
study investigated the relationship between CO and NOx concentrations in ambient air
during rush hour periods (Figure 6). The results show a strong correlation (R2 > 0.8)
between CO and NOx, indicating that both are emitted by vehicular traffic. As CO is a
tracer for combustion process of VOCs, in this factor VOCs are strongly associated with
vehicular traffic. The average mixing ratio between CO and NOx observed in this study
(10.03) was similar to those reported for US cities in the mid-1990s [69] and are about the
magnitude found for annual averages in Mexico City in 2016 by [20]. The slopes shown
in Figure 6 are indicative of the CO/NOx emission ratios, and are slightly below those
estimated by [20] for the same year.
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The polar plots (Figure 7) indicate a few potential source areas, as indicated by the
range of 0.8 to 1.6 µg/m3 of contribution to the Diesel Exhaust emission factor. These
include, again, Avenida Calzada Vallejo and Avendia Lázaro Cárdenas. These roads have
an important circulation of cargo transport vehicles. There might be additional traffic and
activities contributing to this factor, among them the Bus Terminal (Terminal del Norte)
close to the site, the RT Metrobús line which circulates on Calzada Vallejo for the transport
of passengers, and the industrial zone to the northeast, where transport, loading, and
unloading activities are carried out. These heavy-duty vehicles run on diesel engines,
which likely contribute to the SO2 in this source factor.
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3.5. Liquified Petroleum Gas (LPG)

Our study identified propane (57.27%), isobutane (51.3%), and n-butane (49.3%) as
major sources of VOCs related to LPG leaks, highlighting the significant and continued
impact of LPG leaks on the VOC burden, as found in earlier studies [18,22,23,70]. The Mex-
ican LPG contains mostly propane (around 60%) and butane (a combination of isobutane
and n-butane, approximately 40%) [18, and references therein]. Due to the high abundance
of propane and isobutane and their strong correlation (R2 = 0.91), it can be inferred that
they have the same emission source [71]. LPG leaks can occur at any stage of storage,
transportation, distribution, and gas consumption, with LPG being widely used as fuel for
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heating and cooking in domestic and commercial settings [71,72]. Our study shows a strong
correlation (R2 = 0.99) between i-butane and n-butane, indicating their continuous emission
from anthropogenic sources, primarily from LPG leakages at domestic installations and,
to a lesser extent, LPG-converted vehicles [21,73]. Gasoline evaporation could be another
source of iso- and n-butane [62,70].

The findings of the study have revealed that there is a noticeable increase in LPG
emissions during the occurrence of NW and E winds, specifically when the wind velocity
is below 3 m/s. This trend suggests that the primary source of these emissions could be
traced back to the Parque Industrial Cuautitlán Izcalli and Parque Industrial San Martin
Obispo (Figure 8). Furthermore, it is pertinent to note that the Industrial Vallejo, located at a
distance of approximately 3–4 km from the Ealab research site, may also be held responsible
for the LPG leakage.
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3.6. Source Factor NO2

High loads of NO2 (73.8%) were found in this factor, accompanied by minor fractions
of CO, SO2, and VOCs. NO2 can originate from primary sources, such as the combustion of
fossil fuels, transportation, industrial processes, and biomass burning, as well as secondarily
through conversion of NO to NO2 in reactions with peroxy radicals (RO2), which in turn
are produced in reactions of the hydroxyl radical (OH) with reactive hydrocarbons and
CO or O3 [74]. Figure 9 displays the spatial distribution of this source, which shows the
highest values along an axis from WNW to ESE covering large areas of highly frequented
road networks.
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3.7. Evaporative Emissions

The significant percentages of cis-2-pentene (60.4%), trans-2-pentene (37.4%), cis-2-
butene (39.3%), and trans-2-butene (36.7%) suggest that evaporative is the most likely
source for this factor [75,76]. Based on the polar plot analysis (Figure 10), NW winds are
highly associated with this factor. Potential sources include the Avenida Ceylan, which is
located close to the research site, and the industrial zone Vallejo, located ~ 2–4 km NW of
the receptor site.
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3.8. Secondary Aerosol Precursors

Factor 7 contains a high load of PM1 (93.8% of the substance mass apportioned to
this factor), SO2 (57%), and 2,4-dimethyl pentane (34.3%). Additionally, this factor consists
of 23.1% of the 3-methyl heptane mass, 16% of the n-octane mass, and 7.2% of the NO2
mass. These compounds are known to act as precursors to secondary organic aerosols,
in accordance with the findings by [29]. A small percentage of medium volatile VOCs,
including benzene (13%), 2,2,4-trimethylpentane (12.9%), and ethylbenzene (12.8%) also
indicate that the factor is composed by secondary aerosol precursors [77].

Based on the polar plot analysis shown in Figure 11, it can be inferred that winds
blowing from the NE, E, NW carry the components of this source factor to the receptor site.
This is in agreement with findings by [29], who suggested as a potential source, the former
landfill “Bordo Xochiaca” located in the east of the MCMA, based on high amounts of ions
found in PM samples originating from that location. Other potential source areas for that
factor are several industrial zones, including Industrial Tlalnepantla and Parque Industrial
Cuautitlán, which are situated 10–15 km away from the research site.
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3.9. Geogenic Emission

These sources may be related to biomass activity and sediment conditions and can vary
in type and amount based on environmental conditions and soil types [78,79]. Soils have
been found to both absorb and emit VOCs, with enhanced emissions observed under certain
conditions, such as increased soil temperature and decreased soil water availability [80,81].
Specific surface conditions, such as drying of lakes and dust from dry lake beds, may also
influence geogenic VOC emissions in Mexico City [82].

Ref. [81] examined the emissions of nonmethane VOCs following soil rewetting,
and found that all soils emitted a pulse of VOCs after rewetting, with the amounts and
types of VOCs emitted varying with time and soil type. Acetone and simple alkane
small hydrocarbons (including i-pentane and n-pentane) were found to be the dominant
compounds emitted from soils.

The study by [29] already pointed to the existence of such an emission source, based on
VOC and concurrent measurements of a suite of ions which are related to geogenic sources.
They also found elevated contributions of i-pentane and pentane in this factor. However,
their study was limited to 10 days. Here we use a larger database. Our results also find
a high presence of i-pentane (71.6%) and pentane (50%) in this specific factor, which is in
agreement with [29]. We, therefore, designate this factor as the geogenic emission factor.
Additionally, the absence of significant changes in the polar plot during the night suggests
that this source is likely to be non-anthropogenic. According to the bivariate plot (Figure 12),
“Lago Texcoco”, which is situated approximately 15 km SE of the research site, may be the
emission source of geogenic VOCs, which is line with Figure S4 in [29], which shows the
location of ancient lakes and lagoons in the basin of Mexico-City.

3.10. Solvents

The high contribution of n-heptane (74.3%), a commonly used solvent in industrial
and laboratory applications, makes it likely that this factor is associated with solvents
in general, due to its physical and chemical properties [83,84]. According to [85], the
significant presence of aromatics (BTEX) in high concentrations indicates that the source
factor represents the effects of solvents in industrial and painting activities [18,23]. Toluene
(32.2%), benzene (18.7%), ethylbenzene (45.1%), m,p-xylene (46%), o-xylene (44%) recorded
the highest concentrations among the aromatic species reported in Mexico City, which
is in agreement with previous studies [57,86]. The relationship between toluene and n-
heptane (R2 = 0.55, p < 0.0001) indicates the possibility of a merge of fossil fuel and solvent
evaporation [18].

According to the polar plot analysis (Figure 13), the industrial zone Vallejo, located
approximately 3–4 km west of the research site, which involves manufacturing, and assem-
bly of various products, including automobile parts, machinery, and electronic equipment,
could be a significant factor contributing to the presence of solvents in that area.
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3.11. Diurnal Variations of Different Source Types

Figure 14 shows the diurnal variations of the different source types. The diurnal
variation of VOC sources is influenced by physical processes, chemical reactions, emission
sources, and environmental and meteorological conditions, resulting in a prominent morn-
ing peak of secondary aerosol precursors, and solvents due to traffic rush hour and the
shallow boundary layer in the morning [62,85]. Biogenic emissions demonstrate a pattern
showing two peaks: one morning rush hour (6:00–9:00 LT), because of traffic [59] and
industrial activities [12], and another peak aligned with ambient temperature and sunlight
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intensity, resulting in high ambient concentrations at 13:00–15:00 LT during the day, and
low emissions during the night [59,87]. The Gasoline Exhaust source factor shows one
prominent peak during the morning (6:00–9:00 LT) and some slight increase later during
the day (18:00–21:00 LT), whereas the diesel Exhaust source factor exclusively shows one
significant peak during the morning rush hour. The LPG source shows highest contribu-
tion in the morning, which might be due to domestic cooking, whose emissions would
accumulate in the shallow morning boundary layer. Notably, for the pollutant of NO2, a
significant peak occurs around 11:00 LT, i.e., after the morning rush hour, which is likely
associated with the buildup of this compound. The contribution of secondary aerosol
precursors is higher throughout the day, indicative of the photochemical processes related
to this factor. The geogenic factor exhibits a greater distribution in the morning, owing to
the lower boundary layer height (BLH) and a lower contribution displayed throughout
the day due to dilution processes. In the morning, the contribution of solvents is more
significant compared to nighttime, due to increased industrial activity, while the BLH
reaches its daytime minimum [17].
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4. Interannual and Diurnal Variation

Additional VOC data sets were obtained in the subsequent years 2017, 2018, 2021,
and 2022, albeit with slightly different time frames. However, all these data sets included
the month of May as the 2016 data set. In order to compare similar seasonal conditions,
we will focus on PMF analyses for this month for all the five years hereinafter, enabling
a thorough comparative analysis. Another constraint is the focus on VOCs only, due to
varying availability of ancillary pollutant data other than VOCs. The PMF profiles of source
factors for each case are shown in Figures S1–S5. However, when comparing the results of
the 2016 PMF analysis presented extensively in the preceding chapters with the 2016 PMF
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analysis for the month of May 2016 focusing on VOC data only, quite similar results were
obtained (see Figure 15 and Figure S1). The PMF source factors in 2016, considering VOCs
and other pollutants such as CO, NO, NO2, SO2, and PM1, share common elements with
the May 2016 PMF factors when only VOCs are considered, including gasoline exhaust,
diesel exhaust, LPG, solvents, geogenic, biogenic, and evaporative sources. Additionally,
in the case of the PMF 2016 analysis with all pollutants, two more factors emerge: a source
related to NO2 and another related to secondary aerosol precursors. On the other hand, for
the PMF 2016 case with only VOCs, an additional factor is identified, associated with the
storage and dispersion of fossil fuel.
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The PMF analysis for the years 2016, 2017, 2018, 2021, and 2022 reveals a consistent
set of common eight emission source factors across these five years (for reference see
Figures S1–S5). These include contributions from gasoline and diesel exhaust, LPG, solvents,
geogenic, biogenic, and evaporative emissions, as well as contributions from storage and
dispersion of fossil fuel, which provides a basis for comparative analysis and understanding
the contribution to air quality over this period.

The examination of the pie charts in Figure 15 elucidates consistent LPG contributions
for 2017, 2021, and 2022, ranging from 23.7% to 25.4%, while the highest proportion is
observed in 2016 (34.8%) and the lowest in 2018 (19.1%). Gasoline exhaust usually ranges
between about 20–30% with a slight deviation in 2018 (33.5%). Diesel Exhaust contributions
remain fairly consistent for 2017, 2018, 2021, and 2022, varying from 15.3% to 19.9%, with
2016 recording the lowest at 9.8%. The geogenic contribution shows little variation among
the years, between 6.2% to 8.8%, with the exception of 2016, which shows slightly elevated
values (12.5%). Solvents contribute similarly from 2016 and 2022, ranging from 8.6% to
10.5%, with 2021 exhibiting the lowest at 5.3%. The contribution from storing and dispersing
fossil fuel is usually below 5%, but demonstrates higher proportions, ranging from 7.5%
to 8 in the years 2018 and 2022, respectively. Evaporative contributions remained pretty
stable through 2016–2018 (3.2–3.3%), but experienced a significant rise from 8.3% in 2021 to
9.7% in 2022. Biogenic contributions only varied slightly from 3% to 5.3% throughout the
five years.

Overall, anthropogenic VOC sources accounted for about 82.2% (May 2016) to about
90.2% of the mass (May 2018). While the March–May 2016 data set analyzed in the earlier
section showed somewhat higher anthropogenic source contributions (about 90%) when
compared to the analysis restricted to May 2016, it should be noted that the May 2016 PMF
analysis focused on VOCs only and also yielded some variations in the sources. The May
2016 VOC PMF results can be considered as a lower limit for anthropogenic VOCs, which
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needs to be accounted for in emission control policies. Major anthropogenic VOC source
contributions come from LPG, gasoline and Diesel exhaust, with altogether 60.3–72.8%
throughout the five years.

Figure 16 provides a detailed insight into the diurnal variations of relative contribution
of the different emission source factors, which eliminates potential impacts of diurnal
variations of the BLH as prevalent in Figure 14. In the following discussion we split the day
into four time windows: (I) early morning before sunrise (0:00–6:00 LT) which is usually
characterized by lowest wind speeds [29] and low stable nocturnal BLHs [17], (II) the
morning rush hour (6:00–9:00 LT) when the highest traffic volume occurs, while the BLH
is either at its daytime minimum and/or on the decrease, but the residual layer contents
has not yet been mixed with the surface layer, (III) the daytime (9:00–18:00 LT), when solar
radiation is present [29], the daytime atmospheric mixing is highest and the convective
boundary layer fully developed with maximum BLH [17], and (IV) the evening hours after
sunset (18:00–23:00 LT), when the surface boundary layer starts to develop and decouples
from the residual layer aloft [17].

Atmosphere 2024, 15, x FOR PEER REVIEW 24 of 32 
 

 

boundary layer fully developed with maximum BLH [17], and (IV) the evening hours after 
sunset (18:00–23:00 LT), when the surface boundary layer starts to develop and decouples 
from the residual layer aloft [17]. 

 

 
 2017 

2016 

Figure 16. Cont.



Atmosphere 2024, 15, 179 24 of 31

Atmosphere 2024, 15, x FOR PEER REVIEW 24 of 32 
 

 

boundary layer fully developed with maximum BLH [17], and (IV) the evening hours after 
sunset (18:00–23:00 LT), when the surface boundary layer starts to develop and decouples 
from the residual layer aloft [17]. 

 

 
 2017 

2016 

Atmosphere 2024, 15, x FOR PEER REVIEW 25 of 32 
 

 

 
 

 

 
 
 
 
 

2018 

2021 Figure 16. Cont.



Atmosphere 2024, 15, 179 25 of 31

Atmosphere 2024, 15, x FOR PEER REVIEW 25 of 32 
 

 

 
 

 

 
 
 
 
 

2018 

2021 

Atmosphere 2024, 15, x FOR PEER REVIEW 26 of 32 
 

 

 

Figure 16. Diurnal variation of the relative contribution of each factor. The dominant factor for each 
hour is indicated by dots. 

Figure 16 indicates the dominant source contributions for each hour. They may 
change from hour to hour, when source contributions are of similar magnitude and would 
not differ much, but for other hours, the dominating source signals may be prevalent for 
several consecutive hours, if not for the entire time window. In general dominant source 
contributions in the early morning hours (0:00–6:00 LT) originate from four sources: sol-
vent, evaporative, geogenic, and diesel exhaust emissions, with varying contributions 
from hour to hour and year to year, but mostly between 12–25% each. The first three 
sources have in common that these are usually continuously emitting area sources which 
eventually will accumulate in the shallow nocturnal boundary layer. Their emission 
strength also depends on the ambient temperature and this may explain the temporal var-
iability. Diesel exhaust is closely tied to heavy duty vehicles and is mostly linked to dis-
tribution of merchandise within Mexico City, as well as transportation from outside into 
the city in these early hours [29]. 

During rush hours (6:00–9:00 LT), combustion related emissions, as well as the stor-
ing and dispersing of fossil fuel, are the most important VOC emission sources. While 
their contributions also do vary from hour to hour and year to year, it should be noted 
that each source can reach high contributions of more than 20% each, with maximum val-
ues of 27% for storing and dispersing of fossil fuel (2017) and 28% for diesel exhaust (2021). 
Interestingly, storing and dispersing fossil fuel is even the dominant source in 2016, 2017, 
and 2021 during the rush hours, which should be considered in emission control strate-
gies. As mentioned earlier, this rush hour time window is usually associated with low 
horizontal and vertical atmospheric mixing, making it a critical time in photochemical 
process that start after sunrise. 

As can be expected, biogenic emissions are largely dominating during daytime (9:00–
18:00 LT) throughout the five years, with 25–48%, as biogenic emissions are known to be 
triggered by solar radiation and temperature, even more in the month of May. 

2022 

Figure 16. Diurnal variation of the relative contribution of each factor. The dominant factor for each
hour is indicated by dots.



Atmosphere 2024, 15, 179 26 of 31

Figure 16 indicates the dominant source contributions for each hour. They may change
from hour to hour, when source contributions are of similar magnitude and would not
differ much, but for other hours, the dominating source signals may be prevalent for
several consecutive hours, if not for the entire time window. In general dominant source
contributions in the early morning hours (0:00–6:00 LT) originate from four sources: solvent,
evaporative, geogenic, and diesel exhaust emissions, with varying contributions from hour
to hour and year to year, but mostly between 12–25% each. The first three sources have in
common that these are usually continuously emitting area sources which eventually will
accumulate in the shallow nocturnal boundary layer. Their emission strength also depends
on the ambient temperature and this may explain the temporal variability. Diesel exhaust
is closely tied to heavy duty vehicles and is mostly linked to distribution of merchandise
within Mexico City, as well as transportation from outside into the city in these early
hours [29].

During rush hours (6:00–9:00 LT), combustion related emissions, as well as the storing
and dispersing of fossil fuel, are the most important VOC emission sources. While their
contributions also do vary from hour to hour and year to year, it should be noted that
each source can reach high contributions of more than 20% each, with maximum values
of 27% for storing and dispersing of fossil fuel (2017) and 28% for diesel exhaust (2021).
Interestingly, storing and dispersing fossil fuel is even the dominant source in 2016, 2017,
and 2021 during the rush hours, which should be considered in emission control strategies.
As mentioned earlier, this rush hour time window is usually associated with low horizontal
and vertical atmospheric mixing, making it a critical time in photochemical process that
start after sunrise.

As can be expected, biogenic emissions are largely dominating during daytime
(9:00–18:00 LT) throughout the five years, with 25–48%, as biogenic emissions are known to
be triggered by solar radiation and temperature, even more in the month of May. Neverthe-
less, still diesel exhaust and fossil fuel storage and dispersing can reach appreciable values
of more than 20% in some years and rank among the next important VOC emission sources
during daytime.

In the evening hours (18:00–23:00 LT), i.e., after sunset, with developing of a stable
surface boundary layer, VOC emission sources which are among the prevalent sources
in the morning hours gain importance again. These include evaporative and geogenic
emissions, with about 20–25% each. Apart from those, also fossil fuel storage and dispersion
is important at times (about 20–22%), and also biogenic emissions can still be appreciable
(up to 26% in 2017), which is different from early morning hours. The latter two sources also
depend on temperature, and temperatures are still higher in the evening hours compared
to early morning hours, which can explain these differences.

5. Atmospheric Implications

The abundance of VOCs in the atmosphere is determined by emissions, transport
processes, chemical transformations, and ultimately removal processes through deposition
processes (also through SOA formation), which largely depend on the volatility and solu-
bility properties of the specific VOC. In addition, boundary layer variations modulate the
diurnal variation of VOC concentrations in the lower atmosphere. Daytime photochemical
transformation processes of VOCs, mostly with OH, but also O3, lead to the formation
of O3 and SOA, as outlined in the Introduction section. Nighttime chemistry involves
NO3 reactions with selected VOCs, e.g., isoprene, 1.3-butadiene and i-butene [88], and
can alter the NOx and VOC budget. Cl radicals would react with VOCs, regardless of the
daytime. However, these radicals are more prevalent in coastal areas and/or are related
to specific industrial activities. With regard to O3 formation potentials in the MCMA, [29]
found that most important individual VOCs include the alkenes ethylene and propylene,
the aromatics m/p-xylene and toluene, and also isoprene. The most important alkane is
propane, mostly due to its high abundance. Most important sources for these VOCs include
gasoline and diesel exhaust (e.g., for ethylene and aromatics), LPG (for propane), solvents
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(for aromatics), and biogenic (and exhaust) sources for isoprene. While some of these
sources are prominent in specific time frames (e.g., rush hour), some are related to broader
daytime activities (e.g., LPG, solvents) and some also depend on the ambient temperature
(solvents) or solar radiation (biogenic isoprene emissions). Each of these emissions would
have varying contributions to O3 and SOA formation during the daytime, depending on its
abundance and reactivity.

6. Policy Regulations

Our results show that anthropogenic VOC emissions account to about 80–90% of the
total VOC mass and implies that regulating VOC emissions is critical. [29] used boundary
layer height data to normalize pollutant concentration. This work revealed that photochem-
ical processes were maintained for an appreciable period of time extending into the late
afternoon. This is due to ongoing emissions, accumulation, but also due to recirculation
processes which occur in the basin of MCMA during severe O3 episodes. [29] suggested
modified O3 mitigation strategies which would focus on specific time periods during the
day. This included disentangling traffic flows considering different work and school times
and on the other hand, moving heavy-duty vehicle transport to other time slots when
photochemical processes are slowing down or at a minimum (e.g., afternoon or night).
Our findings suggest that, additionally, emission sources which also depend on ambient
temperature should be reduced in particular during the time of the day when highest
temperatures occur. This would include the emissions of solvents (e.g., for the use of
painting, etc.), for instance. This would be important as those are the times of the day, when
biogenic isoprene emissions tend to reach the daytime maximum.

7. Conclusions

Our study employed hourly measurements of VOCs, NO, NO2, CO, SO2, and PM1,
to identify potential sources in Mexico City during the ozone season from March to May
2016. Compared to earlier studies, we utilized data from these months to derive a more
robust source apportionment solution using the Positive Matrix Factorization (PMF) and
applied bivariate plots to locate potential emission source areas. Our analysis revealed
a total of nine sources, including secondary aerosol precursors (21.7%), NO2 (20.4%),
Gasoline Exhaust (19.3%), Diesel Exhaust (16.2%), LPG (7.3%), geogenic (5.3%), biogenic
(4.8%), Evaporative (2.7%), and solvents (2.3%). Our results show that anthropogenic VOC
emissions account for about 80–90% of the total VOC mass. Natural sources, like biogenic
and geogenic sources, play a marginal, albeit non-negligible role. Biogenic emissions tend
to become more important towards the end of the ozone season. However, isoprene, can be
found in traffic emissions throughout the ozone season. Our analysis confirms a geogenic
source factor throughout the three months measurement period, which confirms earlier
suggestions by [29] based on a short-term analysis. This factor is low in magnitude and
based on the major components i-pentane and pentane, likely much less reactive than
isoprene in the biogenic source factor.

In an extended study focusing on VOC data obtained in the months of May of the years
2016, 2017, 2018, 2021, and 2022, interannual and diurnal variations of VOC sources were
obtained. The PMF results revealed eight emission factors: gasoline and diesel exhaust,
LPG, solvents, geogenic, biogenic, and evaporative emissions, as well as contributions from
storage and dispersion of fossil fuel. Major anthropogenic VOC source contributions come
from LPG, gasoline and diesel exhaust, with 60.3–72.8% in total through the five years.

The analysis of the diurnal variation of the relative contribution of each emission
factor showed that, in general, continuously emitting area sources are dominant at night
times. These include solvent, evaporative, and geogenic emissions in the early morning
hours (00:00–6:00 LT), while during the evening hours (18:00–23:00 LT) biogenic emissions
and emissions from fossil fuel storage and dispersion may also contribute appreciably. All
these sources have in common that they are temperature dependent. Apart from these
sources, diesel exhaust can contribute substantially during the morning hours due to heavy-
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duty trucks for distributing merchandise. During rush hours (6:00–9:00 LT) combustion
related emissions as well as storing and dispersing of fossil fuel are the most important
VOC emission sources. Biogenic emissions dominate during daytime (9:00–18:00 LT) in all
the five years. Apart from biogenic emissions, diesel exhaust and fossil fuel storage and
dispersing rank among the next important VOC emission sources during daytime.

Our spatiotemporal variability analysis of identified VOC sources provides valuable
insights for evaluating and optimizing emission control policies and effective strategies to
reduce ambient VOC concentrations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos15020179/s1, Figure S1: Profiles of source factors determined
for VOCs by PMF for the month of May 2016; Figure S2: Profiles of source factors determined for
VOCs by PMF for the month of May 2017; Figure S3: Profiles of source factors determined for VOCs
by PMF for the month of May 2018; Figure S4: Profiles of source factors determined for VOCs by PMF
for the month of May 2021; Figure S5: Profiles of source factors determined for VOCs by PMF for
the month of May 2022; Table S1: Summary of PMF runs for seven, eight, and nine-factor solutions;
Table S2: Bootstrap analysis results for 9 factors (F) solution based on 20 bootstrap runs; Table S3:
Statistical parameters for VOCs, NO, NO2, CO, and SO2. VOCs are ordered according to their elution
in the gas chromatogram. Data in ppb for VOCs, NO, NOx, CO, SO2 and µg/m3 for PM1.
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