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RESUMEN

En este trabajo se caracterizan compuestos organicos volatiles (VOC, por sus siglas en inglés) en aire ambiente en
tres sitios de monitoreo ubicados en el perimetro urbano de Bogota, Colombia. Se realizaron mediciones
en linea de VOC con una resolucion temporal de 30 min utilizando un cromatografo portatil Synstech Spectras.
Las concentraciones medias de VOC fueron mas altas en los dos sitios de muestreo, que se distinguen por
sus actividades industriales y comerciales, asi como por contar con una alta actividad vehicular. Los analisis
del comportamiento diurno de los VOC mostraron que las concentraciones tienden a ser mayores durante la
maifiana (alrededor de las 8:00 a.m.) y la noche (alrededor de las 10:00 p.m.). Estas tendencias sugieren la
influencia del trafico vehicular en los niveles de los VOC en las inmediaciones de los sitios de medicion. De
acuerdo con los resultados obtenidos, los alcanos son los hidrocarburos mas abundantes en el aire ambiente
de Bogota (cerca de 80% del total de VOC), en tanto que los alquenos representan inicamente 15% del total
de VOC. Se calcul¢ el potencial de formacion de ozono (OFP, por sus siglas en inglés) utilizando el concepto
de maxima reactividad incremental (MIR, por sus siglas en inglés) y se evalud el papel de cada VOC en la
formacion de O;. Estos resultados muestran que el eteno, el propeno, el n-butano, el i-pentano y el isopreno
son las especies con mayor OFP (resultando que las altas concentraciones no necesariamente estan asociadas
amayor potencial para la produccion de O;). Finalmente, se hizo un analisis de componentes principales para
identificar las fuentes de los principales VOC. Los resultados muestran que la mayoria de los compuestos
incluidos en este estudio proceden del trafico vehicular. La modelacion de receptores también muestra que
los cinco principales compuestos en términos de produccion de O; proceden primordialmente de los tubos
de escape de vehiculos a gasolina.

ABSTRACT

In this article, volatile organic compounds (VOC) were characterized in ambient air at three different mon-
itoring sites within the urban perimeter of Bogota, Colombia. On-line VOC measurements were conducted
using a Synstech Spectras portable gas chromatograph with a temporal resolution of 30 min. Average VOC
concentrations were higher at two of the sampling sites, which are characterized by intensive industrial and
commercial activities, and high vehicular activity. Analyses of the diurnal behavior of total VOC showed that
concentrations tend to be higher in the morning (at around 8:00 LT) and during the evening (around 22:00 LT).

© 2015 Universidad Nacional Autéonoma de México, Centro de Ciencias de la Atmosfera.
This is an open access article under the CC BY-NC-ND License (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Such trends suggest the influence of road traffic activity in the surroundings of the measuring sites on VOC
levels. According to our results, alkanes are the most abundant hydrocarbons in the ambient air in Bogota
(about 80% of the total VOC), while alkenes represent only 15% of the total VOC. We computed the ozone
formation potential (OFP) using the maximum incremental reactivity (MIR) concept and evaluated the role
of each VOC in the O; formation. These results show that ethene, propene, n-butane, i-pentane and isoprene
are the species with the highest OFP (noting that high concentrations are not necessarily linked with elevated
O; production). Finally, we used principal components analysis to identify the sources of different VOC. Our
results showed that most of the compounds included in this study are emitted by road traffic. The receptor
modeling also shows that the top-five compounds in terms of O; production come mainly from the exhaust

of gasoline vehicles.

Keywords: Urban air pollution, on-line VOC monitoring, ozone formation potential, source identification.

1. Introduction

Reducing air pollution is considered an environ-
mental challenge in the major cities of the world,
mainly in developing countries (Chow et al., 2004),
where rapid urbanization has resulted in increasing
emissions (Gurjar et al., 2008). Bogota, the capital of
Colombia and one of the largest cities in Latin Amer-
ica, has been ranked as one of the most air-polluted
cities in the region (WHO, 2005, 2014; EIU, 2011),
primarily because its ambient inhalable particulate
matter (PM,,) concentrations are well above local
and national air quality standards (WMO, 2012).
Despite the efforts conducted by local authorities
during the last few years, much is yet to be done to
better understand the city’s air pollution scenario.

While most of the research in Bogot4 has been
focused on the study of particle-related pollutants,
relatively no attention has been given to other
contaminants such as volatile organic compounds
(VOC). These species are defined as hydrocarbons
which vapor pressure at 20 °C is between 0.13 and
101.3 kPa (Hester and Harrison, 1995). VOC are im-
portant atmospheric pollutants not only because they
affect human health (some of them are carcinogenic),
but also because these compounds play a key role in
the production of tropospheric O; and aerosols. As
soon as VOC are emitted to the atmosphere, they
react with other air pollutants (i.e., nitrogen oxides)
to produce tropospheric ozone and aerosols (Carter,
2004).

VOC monitoring in ambient air has been usually
conducted by analyzing in the laboratory integrated
samples manually collected in canisters at different
urban environments. Recently, instruments able to
identify and quantify online VOC concentrations
have been developed. Such instruments are fully
automatic portable gas chromatographs. With this

sampling and analytical technique it is possible to
obtain an important amount of data with a time res-
olution of minutes.

The identification of emission sources is a key
factor in the implementation of effective strategies
to control air pollution in an urban center. There are
different methodologies to identify emission sources of
air pollutants, such as emissions inventories. However,
in some cases the required information to build these
inventories is insufficient or even inexistent. An alter-
nate approximation is receptor-oriented modeling. Re-
ceptor models are mathematical procedures to identify
sources of ambient air pollutants and to quantify their
impact at a site named receptor, based on concentration
measurements at this receptor site. Receptor modeling
has also been used as an independent check to evaluate
the accuracy of existing emission inventories (Jorquera
and Rappengliick, 2004).

Despite the relevance of VOC in the air quality of
an urban center, in many cities of the world including
Bogota, VOC concentrations and its emission sources
have not been formally evaluated. Within this con-
text, the main objective of this study was to quantify
ambient VOC concentrations in Bogota to understand
their impact on ozone formation and to identify their
emissions sources by means of the receptor modeling
technique. Although this study was carried out be-
tween 2008 and 2010, it is still the latest information
regarding VOC concentrations in Bogota.

2. Methods

2.1 Study location and sampling sites

The study was conducted in the urban area of Bo-
gota (Colombia’s capital and largest city), located
2600 masl in the Andes Mountain Range. The city’s
annual average temperature is 15 °C, with alternate
periods of rain and drought. Bogota exhibits one of
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the highest population densities in America, with
close to 8000 000 people living in less than 30 000 ha
of urbanized land (DANE, 2011). Similar to many
cities in the developing world, the majority (60%)
of the travels in the city are carried out on public
transportation. The economy of Bogota represents
about 25% of the country’s gross domestic product
(GDP). Even though there is an important number
of industrial facilities in different areas of the city,
production activities represent less than 10% of Bo-
gota’s GDP (Luna and Behrentz, 2011).

VOC concentrations were characterized at three
different monitoring sites. The sampling sites selec-
tion was determined by its predominant socio-eco-
nomic activities as well as the air quality condition
of the zones in which those sites were located. In
addition, logistic concerns such as equipment’s se-
curity were considered in the site selection. Figure
1 shows the geographical location of the selected
monitoring sites. Sampling site 1 was located at
the central-east side of Bogota. This location corre-
sponds to a low air pollution area of the city. Site 2
was located at the central-west side of the city and
it is under the influence of an industrial zone. Site
3 was located at the southwest of Bogota where
commercial activities are predominant. Sites 2 and
3 are considered highly air-polluted areas of the
city. Table I presents relevant information about
the sampling sites.

2.2 Field campaign

A field monitoring campaign was conducted between
November 2008 and July 2009. During this time,
20 different VOC (C2-C6) ambient concentrations
were measured online at the three selected sampling
sites. VOC measurements were conducted using a
continuous portable gas chromatograph (GC) with a
30 min integration time. During the time when the GC
was operating, meteorological variables were also
measured. Information about ambient concentrations
of other pollutants was also collected at sites 2 and 3.
Since there was only one GC available for this study,
it was only possible to measure VOC concentrations
at one place at a time. Days with valid data at each
sampling site are shown in Table I. Forty-eight sam-
ples were collected per day (each sample corresponds
to the 30-min analysis of 20 VOC). The total number
of valid samples taken during the whole field camping
was over 4000.

® Sampling sites
&®  Monitoring network
Contour line (100m)

[ ] urbanarea
- Forest area

Kilometers

Fig. 1. Geographical location of the measuring sites in
Bogota.

2.3 Instrumentation

The identification and quantification of VOC concen-
trations were conducted using a Synstech Spectras
GC955 gas chromatograph (Synspec b.v., Gronin-
gen, The Netherlands). This instrument monitors
hydrocarbons (C2-C6) concentrations continuously
and simultaneously. The equipment measurement
technique is based on the operation of two different
detectors (a photo-ionization detector [PID] and a
flame ionization detector [FID]). The air sample is
transported using a carrier gas (nitrogen) through
the pre-concentration chamber and then through the
stripping and analysis columns. Chromatograms are
displayed in real time in the instrument’s screen and at
the same time they are saved in the GC’s internal hard
disk. The instrument was installed in a temperature
and relative humidity controlled room. At sites 2 and 3
the equipment was placed inside a city’s air quality mon-
itoring network station where data for other pollutants
concentrations and meteorological data were available.
At site 1, meteorological conditions were registered



Table I. Relevant information about the sampling sites and experimental matrix.
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using a Davis Vantage Pro2 Plus station (Davis In-
struments Corp, California, USA).

The GC was calibrated according to factory
recommendations. A complete calibration was
conducted at the beginning of the measurements in
each sampling site. Span checks were performed
weekly during the measurements. The calibration
procedure was carried out using a Scoot Specialty
Gases standard mix. Five different points with known
concentrations were selected. Each sampling point
was run three times so the generated calibration curve
had between 15 to 20 points for each of the 20 VOC.

2.4 Data analysis

Once chromatograms were saved in the GC hard disk,
a reprocessing procedure was carried out. This oper-
ation consisted in checking if concentrations peaks
for each compound were located in its corresponding
time window on the chromatogram. Information about
other pollutant concentrations and meteorological data
registered at sampling sites 2 and 3 was provided by
the local environmental authority (which is the entity
responsible for the operation of the air quality network
in Bogotd). These data were also validated. With all the
information assembled in the same dataset, we con-
ducted a descriptive statistical analysis and obtained
time trends for each variable. Data reprocessing and
validation, dataset generation and the regarding data
analysis was carried out from July 2009 to June 2010.

2.5 Calculation of the ozone forming potential

We computed the contribution of each individual
VOC to the O; formation by using the maximum
incremental reactivity (MIR) scale. The MIR coeffi-
cient, developed by Carter (1994), is the amount (in
grams) of ozone formed per gram of VOC added to a
reference atmosphere. It has been reported in the at-
mospheric chemistry literature (Seinfeld and Pandis,
2000) that reactions of VOC and NOj in the presence
of sunlight are the major source of tropospheric O;.
So and Wang (2004) evaluated VOC reactivity with
respect to their O; forming potential, which is defined
as follows:

O; forming potential (j) = concentration (j) x MIR
where concentration (j) — VOC mass concentration .

This equation was used to calculate the O; forming
potential for each VOC measured in this study.
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2.6 Source identification
Receptor models are statistical tools that help iden-
tifying the sources of pollutants from measurements
collected at a receptor site. These techniques have
been recently used to identify VOC sources in some
cities of the world (Guo et al., 2004; Song et al.,
2006; Leuchner and Rappengliick, 2010). In par-
ticular, principal components analysis (PCA) is a
mathematical and statistical method used to reduce
a number of correlated variables into a smaller
number of uncorrelated variables called principal
components (PC). PCA extracts the PC from an i,/
matrix, where i corresponds to the number of samples
and ; to the number of pollutants measured (correlated
variables, in this case all the VOC species measured).
The PC extracted corresponds to VOC sources.
The number of PCs that can be extracted from
the measurements depends on the variability of the
available data and on the number of monitored sub-
stances. The first PC extracted includes the highest
possible variability, and each succeeding compound
accounts for as much as possible of the reminding
variability. The number of PCs that can be extracted
depends on the retained variance of each PC. A ma-
trix property called eigenvalue is used to standardize
the number of PCs that can be extracted. Typically,
all the PCs with eigenvalues greater than 1.0 are
considered as extracted PCs. In this study, a varimax
rotation with Kaiser normalization was applied in
order to simplify the interpretation of results. The
compounds with more than 70% of their data below
the detection limit are also excluded from the mod-
eling. Additionally, for the purpose of this exercise
only source identification results for sites 2 and 3
are included.

3. Results

3.1 Ambient VOC concentrations in Bogota

Table II shows VOC and other pollutants concen-
trations found at each of the study’s sampling sites.
Also shown is the total VOC concentration, which
corresponds to the sum of concentrations of the mea-
sured hydrocarbons in parts per billion of carbon units
(ppbC). The comparison of total VOC concentrations
at the three sampling sites showed that they were high-
er atsites 2 and 3 (characterized by intensive industrial
and commercial activities with high vehicular traffic).
Total VOC concentration at site 2 was 2.5 times higher
than at site 1 and 1.5 times higher than at site 3. It is

important to note that more than 50% of VOC concen-
trations at site 1 were below the GC detection limit.
According to these results, alkanes are the most
abundant hydrocarbons in the ambient air of Bogota.
Species such as pentane and butane isomers (i.e.,
n-pentane, i-pentane, n-butane, i-butane) area clas-
sified in this category. This condition was present
at all three sampling sites, where these compounds
represent about 80% of the total documented hy-
drocarbons. Alkenes (i.e., ethene, propene, pentene)
represent 15% and aromatics 5% of the total VOC.

3.2 VOC temporal distribution

Figure 2 shows hourly temporal distribution (site
2, all sampled days) for some VOC, NO,, SO, and
O;. NO, and VOC rise to a maximum concentration
in the early morning (probably due to peak vehic-
ular traffic) and O; concentration rises during the
day when sunlight is present. This phenomenon is
explained by photolysis reactions and has been re-
ported in literature as a normal daily trend in urban
centers (Finlayson-Pitts and Pitts, 2000). Figure 3
also present O; hourly average concentration at
site 2 and solar radiation. O; mean concentration and
maximum values are between the concentration ranges
previously documented for Bogota and other Latin
American cities (WMO, 2012).

Figure 4 shows hourly total VOC mean concentra-
tions at each of the three sampling sites (categorized by
weekdays and weekends). The black curve in this figure
represents the hourly variation of total hydrocarbons
concentrations during a weekday and the grey curve de-
scribes the same variable for a day during the weekend.
According to these results, at site 2 (characterized by
industrial and commercial activities and high vehicular
traffic) the total VOC levels during a weekday begin
to increase around 5:00 LT and reach their highest
peak between 7:00 and 8:00 LT. This period coincides
with the morning rush hours of the city. Subsequently,
total VOC concentrations start to decrease and keep
constant until the final hours of the day, when they
increase again reaching another concentration peak
around 10:00 LT. The behavior at site 3 is similar to
that observed for site 2.

3.3 Ozone forming potential

The evaluation of the role of each VOC in the O,
formation process showed that ethene, propene, n-bu-
tane, i-pentane, and isoprene are the species with the
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Table II. VOC and other pollutants concentrations (in ppbC).

Site 1 Site 2 Site 3
Compound
Mean SD* Mean SD* Mean SD*
Ethane 10 9.6 334 256 234 20
Ethene 5.1 4.6 5.9 6.1 6.6 5.4
Propane 5.9 49 11.2 9.4 9.5 7
Propene 0.2 0.8 25 38 1.5 2.5
i-butane 1.9 29 0.7 2.2 3.7 3
n-butane 2.5 2.8 19.3 9.4 11 7.3
Trans-2-butene 0 0.1 0.5 1.3 0.1 0.5
1-butene 0.4 0.3 1.1 1 0.9 0.7
Cis-2-butene 0 0.1 0.6 1.4 04 0.7
i-pentane 8.9 7.2 234 205 10.7 8.4
n-pentane 3.7 2.8 77 7.8 4.1 3
Trans-2-pentene 0.1 0.2 1.7 3 0.8 1
Cis-2-pentene 0.1 0.2 1.1 1.8 0.5 0.6
1-pentene 1.3 0.7 23 1.6 1.4 0.7
2.2-dimetilbutane 0.1 0.2 03 0.4 0.1 0.2
Hexane 0.5 2.7 6 7.9 5.4 6.4
2.3-dimetilbutane 0.5 0.6 0.8 1.1 0.7 0.8
Benzene 2.3 32 2.8 2.5 4.6 34
Isoprene 0.2 0.4 3.6 3.1 1.5 1.1
1-hexane 04 0.5 03 0.7 0.1 0.1
Total VOC 44 29.5 1252 71.6 872 56.7
PM,, (ng/m®) 504 32.1 91.8 394
PM2.5 (ng/m®) 35 16.4
CO (ppm) 0.8 0.3
O; (ppb) 13.2 6.7
NO (ppb) 29.5 2438
NO, (ppb) 11.9 7.2
NO;x (ppb) 41.5 295
SO, (ppb) 8.0 7.4 4.6 4.7
* Standard deviation.
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Fig. 2. Hourly distribution of VOC and other air pollutants ~ Fig. 3. Daily ozone behavior in Bogota (site 2).
at site 2.
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Fig. 4. Total VOC hourly concentrations at each of the monitoring sites: (a) site 1, (b) site 2, and (c) site 3.

highest OFP. Table I1I shows the mean concentration
of the 20 hydrocarbons sampled together with their
ozone formation potential. These results suggest that
a high concentration of VOC is not directly linked
to elevated O; production; however pollution man-
agement strategies in the city should be oriented to
controlling the emission of both high-concentration
and high-OFP VOC.

3.4 Source identification

3.4.1 Site 2

The PCA model was able to extract three PCs (see
Table IV) at site 2. The variance retained by these
three PCs is equal to 68% and the eigenvalues are
greater than 1.0. Table V shows that PC-1 has high
loadings of all the pentanes, mainly i-pentane and
n-pentane which are associated to evaporative
emissions. PC-1 also shows high loadings of iso-
prene, which may indicate that this component is
associated to biogenic emissions. In the same way,
PC-2 corresponds to vehicle exhaust emissions and
PC-3 to liquefied petroleum gas (LPG). PC-3 also

has high loadings of other compounds (i.e., ethane
and hexane). Recent studies have included available
measured concentrations of primary pollutants in the
principal components analysis to increase the number
of extracted PCs. At this site the concentrations of
CO, NO, and SO, were also monitored, thus these
compounds were also included in the modeling (see
Table V).

As can be seen, the number of extracted PC re-
mains unchanged when these three primary pollutants
are included. Moreover, the VOC profiles remain
also nearly the same. In this case, CO and NO, ap-
pear related to PC-2. These two compounds are also
associated to vehicle exhaust emissions. These results
confirm the previous findings: all the compounds that
have a high loading in PC-2 are related to vehicle
exhaust emissions. On the other hand, SO, is not re-
lated to any PC. Available emission inventories made
for Bogota city conclude that SO, is mostly emitted
by industrial activities (Zarate et al., 2007), which
confirms that all the compounds that are presented in
Table IV (except SO,) are associated to road traffic.
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Table III. Ozone forming potential for sampled VOC.

Mean concentration (ug/m?*) Os forming potential (ug/m®)

Compound MIR

Site 1  Site2  Site 3 Sitel  Site2  Site3
Ethane 0.3 6.2 20.9 14.6 1.6 5.2 3.7
Ethene 7.4 3 34 3.9 21.9 254 28.6
Propane 0.5 3.6 6.8 5.8 1.7 33 2.8
Propene 9.4 0.1 1.4 0.9 1.3 13.5 8.4
i-butane 1.2 1.2 0.4 2.2 1.4 0.5 2.7
n-butane 1 1.5 11.7 6.6 1.5 11.9 6.8
Trans-2-butene 10 0 0.3 0.1 0 2.6 0.8
1-butene 8.9 0.2 0.7 0.5 2 5.9 4.8
Cis-2-butene 10 0 0.4 0.2 0 3.7 2.1
i-pentane 1.4 53 14 6.4 7.3 19.3 8.9
n-pentane 1 2.2 4.6 2.5 23 4.8 2.6
Trans-2-pentene 8.8 0 1 0.5 0.3 9.1 4
Cis-2-pentene 8.8 0.1 0.7 0.3 0.7 5.8 2.7
1-pentene 6.2 0.8 1.4 0.9 4.7 8.6 54
2.2-dimethylbutane 0.8 0.1 0.2 0.1 0.1 0.1 0.1
Hexane 1 0.3 3.6 3.2 0.3 35 3.1
2.3-dimethylbutane 1.1 0.3 0.5 0.4 0.3 0.5 0.4
Benzene 0.4 1.2 1.5 2.5 0.5 0.6 1.1
Isoprene 9.1 0.1 2 0.9 1.2 18.4 7.8
1-hexane 4.4 0.2 0.2 0.1 1 0.9 0.3

Table V. Loadings, variance (%) and eigenvalues
calculated for each of the PC extracted from data collected

Table IV. Loadings, variance (%) and eigenvalues t site 2* (CO. NO. and SO included in th lvsi
calculated for each of the PC extracted from data collected atsite 2* (CO, xan » are included in the analysis).

at Site 2*. PC-1 PC-2 PC-3

PC-1 PC2  PC-3 Ethane 0.7
Ethene 0.8

Ethane 0.7 Propane 0.5 0.5

Ethene 0.8 Propene 0.7

Propane 0.6 0.4 n-butane 0.6

Propene 0.9 1-butene 0.6 0.5 0.5

n-butane 0.5 0.5 Cis-2-butene 0.9

I-butene 0.6 i-pentane 0.9

Cis-2-butene 0.8 n-pentane 0.9

i-pentane 0.9 Trans-2-pentene 0.9

n-pentane 0.9 Cis-2-pentene 1.0

Trans-2-pentene 0.9 1-pentene 0.9

Cis-2-pentene 1.0 Hexane 0.7

1-pentene 0.9 2-3-dimethylbutane

Hexape 0.7 Benzene 0.6 0.6

2-3-dimethylbutane Isoprene 0.8 0.4

Benzene 0.6 CO 0.8

Isoprene 0.8 NO, 0.8

% of variance 49 11 8 SO,

Eigenvalues 7 1.8 1.3 % of variance 47 12 8

. . . Ei 1 8.9 2.3 1.4
* Extraction method: PCA. Rotation method: Varimax leenvaues

with Kaiser normalization. Only loadings higher than 0.4 % Extraction method: PCA. Rotation method: varimax
are shown. with Kaiser normalization. Only loadings higher than
0.4 are shown.
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3.4.2 Site 3

Table VIshows the variances (in percentage) and eigen-
values calculated for each of the PCs extracted. Asitcan
be seen, the first two PCs retain 72% of the variance
and only the first two PCs have eigenvalues greater
than 1.0, which indicates that the PCA model can only
extract two PCs from this database. This number of
PCs is insufficient to identify VOC sources. There-
fore, despite the fact that the PCA model is easy to
use, its main weakness is that it extracts a reduced
number of PCs in some cases. In order to identify
the sources of the VOC at site 3 it would be useful
to run a more advanced tool like the positive matrix
factorization (PMF) model.

Table VI. Variance (%) and eigenvalues calculated for each
PC extracted from data collected at site 3.

PC-1 PC-2 PC-3
% of variance 65.0 7.0 6.0
Eigenvalues 10.3 1.1 0.9

4. Discussion and conclusion
For the first time, ambient concentrations of C2-C6
VOC species were documented at three different ar-
eas of Bogota. Scientific literature has reported a large
number of studies related to VOC concentrations in
many places, however studies of VOC characteriza-
tion in ambient air in Latin American cities are still
limited. A study developed in Dallas (Qin et al., 2007)
determined non-methane hydrocarbon concentrations
during the period between 1996 and 2004. In addition
to the O; forming potential, authors reported an av-
erage concentration of 99 ppbC for the total amount
of VOC. This value is in range with the concentra-
tions found for this study (44-125 ppbC). Cheng
and Sandhu (1997) developed a study in Edmonton
(Canada), in which temporal variation of some VOC
concentrations in ambient air was analyzed. The
mean concentration values reported for compounds
such as propane, propene, butane and benzene were
25, 5,22 and 6 ppbC, respectively. These values are
higher compared to the data obtained for the same
compounds in Bogota.

Dollard et al. (2007) measured the concentration
trends of hydrocarbons C2 and C8 from 1993 to
2004 in different zones of the United Kingdom. The

authors reported concentrations between 4-11 ppbC
for aromatic species such as benzene. In addition,
their results evidence a trend to lower concentrations
over that period of time due to the enforcement of
control policies such as the mandatory use of catalytic
converters for gasoline vehicles.

As a result of the high levels of O; reported in
some Asian cities, VOC monitoring in countries like
China and India became more important. So and
Wang (2004) analyzed concentrations of C2-C12
in Hong Kong, concluding that higher VOC levels
correspond to sites located closer to roads of high
traffic. They also found that the lowest concentra-
tions were present in rural areas. The average total
concentrations of VOC were reported to be in the
range of 100-160 ppbC in a place of the city where
industrial activity and heavy-duty vehicles were pre-
dominant. The average concentration found in site 2
(corresponding to the industrial zone of Bogotd) is
in that range also. Duan et al. (2008) assessed VOC
concentrations during an episode of high O; concen-
trations in Beijing (China). The mean concentration
of total VOC during this episode was 379 ppbC,
being alkanes and aromatic compounds the ones with
highest concentrations among the registered species.
Guo et al. (2011) studied atmospheric non-methane
hydrocarbons during high PM,, episodes in Foshan
(China). These authors documented ethyne, ethene,
i-pentane, toluene, ethane and propane as the more
abundant hydrocarbons (accounting for around 80%)
and concluded that vehicular emissions were respon-
sible for most hydrocarbons.

In South America, Gee and Sollars (1998) ana-
lyzed the concentrations of some VOC species in cit-
ies of Brazil, Ecuador, Chile and Venezuela, reporting
concentrations for benzene between 10 and 35 ppbC.
Quito (Ecuador) exhibited the lowest concentrations
and Sao Pablo (Brazil) the highest values. For other
species assessed during the study, such as hexane and
toluene, concentrations were between 30 and 42 ppbC,
being Santiago de Chile the city with highest con-
centrations of this compounds. Authors concluded
that those values are relatively high compared with
concentrations reported for cities from the USA and
Europe but lower than Asian cities.

A study developed in Mexico (Arriaga-Colina et
al., 2004) assessed VOC concentrations in the metro-
politan area of Mexico City. Data were collected for
nine years between 1992 and 2001. Authors reported
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VOC total concentrations in the range of 1130- 6700
ppbC. These levels are significantly higher than the
values found in this study for Bogota. In Colombia
there is a lack of information regarding ambient VOC
concentrations, as none air quality-monitoring station
in the country reports VOC data. According to our
results, total VOC levels in Bogota are lower than
those reported in peer-reviewed literature for other
cities in Latin America. One of the possible reasons for
such situation may be the predominant meteorological
conditions in the city, in particular its wind pattern.

In terms of the OFP, the top five compounds
found in the present study were mostly the same
in sites 2 and 3. So and Wang (2004) sampled 39
different hydrocarbons in Hong Kong, and they
also reported the top ten VOC in terms of ozone
production. Five of those match the compounds we
identified in this study as the most important in terms
of ozone production. Duan et al. (2008) assessed
57 VOC including alkanes, alkenes, aromatics and
aldehydes in Beijing. They also determined the O;
forming potential for each gas measured. Excluding
aldehydes (not considered in this study), five of those
compounds (ethene, i-pentane, isoprene, propene
and n-butane) match the top eight compounds with
higher O; forming potential for sampling sites 2 and
3 in this study. Another research project developed
in California (Qin et al., 2004) reported ethane as the
VOC with highest concentrations, but this gas was
not among the top 10 most relevant gases involved
in the O; formation. That list included hydrocarbon
species such as ethene, propene, i-pentane, n-butane
and isoprene, which are also in the top 10 of the most
important compounds related to the O; formation in
Bogota.

The receptor modeling showed that most of the
VOC species documented in this study at site 2 are
emitted by motor-vehicles emissions and gasoline
vaporization. This analysis also confirms that the
top five compounds in terms of O; production come
mainly from road traffic. The results of this work
provide a technical basis to local environmental
authority, primary in air pollutants such as VOC that
are not normally followed by the city’s monitoring
network. However, further research is needed in
order to better understand Bogota’s air pollution
scenario and to develop environmental policies
and strategies aimed at improving the air quality
of the city.
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