
Photochemical ozone pollution in the Valparaiso Region, Chile

Richard A. Toro &Camila S. Donoso &Rodrigo A. Seguel &
Raúl G. E. S. Morales & Manuel A. G. Leiva

Received: 15 August 2013 /Accepted: 24 October 2013 /Published online: 12 November 2013
# Springer Science+Business Media Dordrecht 2013

Abstract The Valparaiso Region is characterized by the pres-
ence of air sheds that modulate the general atmospheric cir-
culation with local winds. The ozone concentration in the
region increases from the west coast toward the mountainous
area, where the concentrations of ozone precursors are lower.
In this study, surface ozone (O3), nitric oxide, nitrogen diox-
ide, nitrogen oxide (NOx), and volatile organic compounds
(VOCs) were measured at four sites, including two upwind
urban sites (Viña del Mar (VM) and Villa Alemana (VA)), an
upwind suburban site (Quillota (QU)) and a downwind semi-
rural site (Los Andes (LA)) during 01 March–07 April 2010.
The purpose of this study is to improve our understanding of
the photochemistry of ozone in urban and semirural areas of
the Valparaiso Region and the transport of ozone pollution in
downwind rural areas. The results show that, in the VM and
VA sites, higher concentrations of ozone precursors, NOx, and
VOCs, are observed in the early morning hours, which is
related to emissions from vehicle traffic, while comparatively

lower ozone precursor concentrations are observed in QU and
LA. In contrast, higher ozone concentrations are found in LA
and QU, and lower concentrations are found in VM and VA.
VOC analysis was performed by gas chromatography, and the
results show that the VOC composition in the studied sites is
similar to and coincident with vehicle emissions. An ozone
formation regime limited by VOCs is found in the area. The
leading contributors to the ozone-forming potential were eth-
ene, propene, xylene, and toluene, which are also anthropo-
genic species and account for more than 70 % of O3 forma-
tion. Thus, benzenes–toluene–xylenes played the most impor-
tant role in O3 formation, followed by alkenes, alkanes, aro-
matic, biogenic, and alkynes during the study periods. Them -,
p -xylene/ethylbenzene relation confirms the reception of aged
air masses in LA. The results of the present study demonstrate
that ozone pollution is a regional problem and that O3 regional
transport is associated with such pollution. Finally, the results
indicate the need to adopt mitigating measures for ozone
pollution that consider the reactivity characteristics of VOCs.

Keywords Pollution—urban and regional . Tropospheric
ozone . Non-methane hydrocarbons . Ozone formation
potential

Introduction

Since the middle of the 1950s, many studies have established
that the formation of ozone (O3) in the troposphere is promot-
ed by the presence of volatile organic compounds (VOCs)
(Fenger 2009). VOCs participate in atmospheric chemistry
through radical oxidation reactions (Denisov 2008).
Generally, for most VOCs, oxidation is initiated by reaction
with hydroxyl radicals (OH). The final result is the formation
of ozone and nitrogen dioxide (available for the formation of
more ozone), the regeneration of the OH radical (available to

R. A. Toro :C. S. Donoso : R. G. E. S. Morales :
M. A. G. Leiva (*)
Centro de Ciencias Ambientales and Departamento de Química,
Facultad de Ciencias, Universidad de Chile, Casilla 653
Santiago, Chile
e-mail: manleiva@uchile.cl

M. A. G. Leiva
e-mail: manleiva@me.com

R. A. Seguel
Centro Nacional del Medio Ambiente, Universidad de Chile,
Avenida Larraín 9975, La Reina, Santiago, Chile

R. A. Seguel
Department of Atmospheric and Oceanic Sciences, University of
California, Los Angeles, CA, USA

M. A. G. Leiva
Department of Land, Air and Water Resources, University of
California, Davis, CA, USA

Air Qual Atmos Health (2014) 7:1–11
DOI 10.1007/s11869-013-0218-7



catalyze ozone formation), and various other chemical species
(Jacob 1999; Morales 2006; Seinfeld and Pandis 2012). Some
VOCs form intermediate compounds that act as temporary
reservoirs and can form less volatile compounds capable of
participating in the formation of secondary organic aerosols
(SOA) (Camredon et al. 2007).

The efficiency of the ozone formation process is deter-
mined by the relationship between the nitrogen oxides
(NOx) and VOCs (Pusede and Cohen 2012; Vivanco 2008),
while the formation rate of ozone is mainly controlled by the
rate of the initial reaction of VOCs with OH radicals. Next, the
contribution of each VOC to the formation of ozone becomes
a function of its reactivity (Avery 2006; Pusede and Cohen
2012; Seguel et al. 2013). In this way, knowing the sources,
concentrations, and chemical reactivity of VOCs in relation to
the formation of O3 and SOA is essential for the development
of photochemical pollution control strategies in areas impact-
ed by ozone, such as the Valparaíso Region (VR) in Chile (see
Fig. 1).

The VR is located in the central area of Chile and is
characterized by the presence of air sheds that modulate the
general atmospheric circulation with local winds, sea–land
breezes at coast locations, and valley breezes at the mountain
locations (DMG 2013). It is the third most inhabited region of
the country and is where the most important port of the
country is located (IGM 2013; INE 2013). As a consequence

of development, the urban areas of this region have experi-
enced decreased air quality in recent years. However, infor-
mation regarding the atmospheric concentrations of ozone and
its precursors is limited and/or non-existent (MMA 2011;
SINCA 2013).

In the present work, we discuss the results of the measure-
ment of various ozone precursors (NOx and 71 VOCs) in the
summer period between March and April 2010 at four sites of
the VR, located from the southwest toward the northwest of the
region (SW-NE). First, the composition and reactivity of each
ambient VOC mixture is characterized in regard to its ambient
concentration and its ozone forming potential; second, the
transport of air masses from the upwind areas to the downwind
areas is evaluated. Finally, the results allow us to extend our
knowledge of the photochemical processes involved in the
formation of ozone in the atmosphere of VR and to evaluate
the ozone formation regime to establish and improve the control
measures of ozone pollution in the study area.

Experimental methods

Study area

The study area corresponds to the VR, which extends between
32°02′ and 33°58′ of S latitude (IGM 2013), as can be seen in

Fig. 1 The sampling sites of Valparaíso Region (VR) in Chile
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Fig. 1. Historically, this region has been the most important
port area of Chile and the third most populous area of the
country, with a population of 1,723,547 inhabitants in the year
2012, corresponding to 10.4 % of the country's total popula-
tion (INE 2013). The region has a surface area of 16,396 km2

and offers a significant percentage of the economic produc-
tivity of the country (IGM 2013). Its main cities are the Viña
del Mar-Valparaiso co-urbanization, Quillota, Villa Alemana,
and Los Andes. The VR presents Mediterranean weather
(DMG 2013), characterized by a rainy winter period and a
dry summer period. Mild temperatures are maintained at the
coast with humidity in the air, materializing as low clouds and
a sea breeze. Additionally, the inland is characterized as
presenting more elevated temperatures and lower relative
humidity (DMG 2013).

A description of the sampling sites and schedule

Four sampling sites were selected (see Table 1 and Fig. 1),
located in the urban centers of Viña del Mar (VM), Villa
Alemana (VA), Quillota (QU), and Los Andes (LA). The
selected sites allow evaluations of the possible impact of the
locally produced emissions as well as their transport toward
the interior of the airshed, in the case of the LA station.

According to their surrounding environments and loca-
tions, the monitoring stations can be described as follows:
VM is located in the central coast, next to the mouth of the
EsteroMarga-Marga to the Pacific ocean, and is an urban area,
which is impacted by the Valparaiso port activity and the
surrounding industrial parks; VA is located in an urban area
oriented toward services, and it is 16 km from VM; QU is a
semi-urban area with agricultural and mining activities, is
characterized by the presence of thermoelectric plants, and is
located 35 km from VM; LA is located in the transitional area
between the Aconcagua valley and the foothills of the Andes
Mountain Range, is an urban area with agriculture and mining
as the main activities, and is located 92 km from VM.

Sampling and monitoring

At each site, the monitoring of the ambient O3 concentration,
NOx, and meteorological variables, i.e., wind speed and wind
direction, relative humidity, and temperature, was performed
with continuous measurement equipment (see Table 1). The
measurements of the O3 and NOx ambient concentrations
were performed using the 49i/Thermo Environmental
Monitor and 42i/Thermo Environmental monitoring equip-
ment (Thermo Fisher Scientific Inc., Waltham, MA, USA),
respectively. The data were validated to identify gaps, dupli-
cated data, and/or anomalous data. For the VOCs, discrete
samplings were performed on week days and weekends for 4-
h periods during the morning (0600 to 1000 hours) and in the
afternoon (1200 to 1600 hours). These periods are character-
ized by anthropogenic emissions during the morning and high
photochemical activity in the afternoon.Measurements during
the evening/night time were also performed at some sites
(1800 to 2200 hours). The measurement campaigns of ambi-
ent VOC concentrations were performed simultaneously in
the four sampling sites.

The speciation of VOCs was performed with individual
stainless steel containers (canisters), each with a 6-l capacity

pressurized sampling method described in the USEPA A-14A
Method (US-EPA 1999a).

Analysis of volatile organic compounds

The canister samples were analyzed at the Desert Research
Institute, Reno, NV, USA. Seventy-one VOCs were measured
(see Table 2) using a gas chromatography/mass spectrometry
technique, according to the EPA Method TO-15 (US-EPA
1999b). The gas chromatography–flame ionization detector–
mass spectrometry (GC-FID/MS) system included a Lotus
Consulting Ultra-Trace Toxics sample pre-concentration sys-
tem built into a Varian 3800 gas chromatograph with a flame

Table 1 The locations of the sampling sites and the sampling period

Sampling stations

Viña del Mar Villa Alemana Quillota Los Andes

Site Code VM VA QU LA

Latitude (S) 33°01′13″ 33°03′19″ 32°53′27″ 32°50′45″

Longitude (W) 71°33′00″ 71°23′27″ 71°12′35″ 70°35′12″

Altitude (masl) 19 144 138 839

O3 and NOx Sampling
period (MM/DD/YY
to MM/DD/YY)

16 March to 6 April 2010 16 March to 7 April 2010 1 March to 7 April 2010 1 March to 6 April 2010

VOCs sampling period
(MM/DD/YY)

17, 18, 21, 24, 25March 2010 17, 18, 21, 24, 25March 2010 24, 25 March 2010 17, 18, 21, 24, 25March 2010

Air Qual Atmos Health (2014) 7:1–11 3
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ionization detector, which was coupled to a Varian Saturn
2000 ion trap mass spectrometer (Agilent Technologies,
Santa Clara, CA, USA). Light hydrocarbons were deposited
onto a Varian CP-Sil5 column (15 m×0.32μm×1 μm), which
was plumbed to a column-switching valve in the GC oven,
and then to a Chrompack Al2O3/KCl column (25 m×
0.53 mm×10 μm), which led to the FID for quantitation of
the light hydrocarbons (C2–C4). The midrange and heavier
hydrocarbons were cryo-focused in the rear trap and deposited
onto a J&W DB-1 column (60 m×0.32 mm×1 μm) that was
connected to the ion trap mass spectrometer. The initial GC
temperature was 5 °C, which was held for approximately
9.5 min before ramping at 3 °C/min to 200 °C for a total run
time of 80 min.

System calibration was conducted using a mixture that
contained the most commonly found hydrocarbons in the
range of 0.2 to 10 ppb. Three-point external calibrations were
run prior to analysis, and one calibration check was run every
24 h. Replicate analyses were conducted at least 24 h after the
initial analysis to allow re-equilibration of the compounds
within the canister.

All detection limits are in the range of 0.01–0.05 ppbv
(depending on VOC) and precision is less than 10 %. All
samples are corrected for lot-specific sampling media blank
values prior to the final concentration calculations.

Results and discussion

The variation of O3 and its precursors (NOx and VOCs)

Figure 2 shows the time series of the variation of ozone, NOx,
and total VOC concentration (TVOC) in the four sites under
study in the VR. It is also possible to characterize two periods
of higher ozone concentration in the sampling campaigns: the
first between days 17 and 21 of March 2010, and the second
between days 23 and 26 of March 2010. Generally, the daily
pattern shows the existence of twomaxima for NOx during the
day: one appears during the morning between approximately
0700 and 0900 hours, and the other appears during the after-
noon after 1800 hours, which is most likely associated with
the hours of higher vehicle transit (Sawyer 2010; Seguel et al.
2012, 2013). This pattern is similar to that observed for the
TVOC case, in which the lower concentrations appear around
noon and the higher concentrations appear during the morning
and the evening. In contrast, O3 has only one maximum at
noon, which is related to the daily solar radiation cycle and is
due to the ozone photochemical nature (Seinfeld and Pandis
2012). The maximum ozone concentration is observed at
1300–1400 hours in the VM and VA sites, but it was delayed
by at least 1 h between 1400 and 1500 hours in the suburban
and rural sites (i.e., QU and LA). The delay in the ozone peaks
is indicative of the possible regional transport of ozone air

masses and their precursors from urban areas, located at the
coast, toward the semi-urban areas located near the interior of
the region (Adame and Sole 2013; Zhang and Ying 2011).

Table 3 shows a statistical summary of the average hourly
mixing ratios of O3 and its precursors, NO, NO2, NOx, and
TVOC. The data indicate that there is a concentration gradient
of the different sampling sites. Generally, the concentrations
of NO, NO2, and NOx are higher in the urban areas located at
the coast (VM and VA) and lower in the semi-urban areas
located toward the interior of the region (QU and LA). The 1-h
average concentrations of NO in VM, VA, and QU are 6.7,
3.8, and 1.7 times higher than that observed in LA (2.29±
4.12 ppbv). For the 1-h average concentrations of NO2, the
values are 0.6 to 0.8 times than that observed in LA (12.2±
6.85 ppbv) for the other stations. No significant variations are
observed between the ambient concentrations for the different
sampling sites of NO2. In the case of the 1-h average of NOx

(NOx=NO+NO2) concentrations, the values are 1.8, 1.2, and

Fig. 2 The time series of the variation of ozone, NOx , and total VOC
concentration (TVOC) in the four sites under study in the VR

Air Qual Atmos Health (2014) 7:1–11 5



0.8 times than that observed in LA (14.5±9.46 ppbv) for VM,
VA, and QU, respectively.

From the analysis of O3 concentrations at ground level, it
can be observed that the LA monitoring site exceeds the
standard of air quality limit level of 61 ppbv average over an
8-h time span. However, in the VM, VA, and QU sites, the
maximum O3 levels have not exceed the O3-8 h of 40-ppbv-
concentration level. Generally, the 1-h average concentrations
of O3 are higher in the semi-urban areas (LA—31.7±
21.5 ppbv and QU—12.4±9.82 ppbv) and lower in the urban
areas located near the coast (VM—10.7±8.03 ppbv and VA—
12.7±9.93 ppbv). This observation can be explained by sur-
face transport phenomena and/or by elevated ozone layer's

Table 3 The average mixing ratios of the hourly concentration of ozone
(O3 in parts per billion by volume), nitric oxide (NO in parts per billion by
volume), nitrogen dioxide (NO2 in parts per billion by volume), nitrogen
oxides (NOx in parts per billion by volume), and total volatile organic
compounds (TVOC in parts per billion by volume) in the stations of Viña
del Mar (VM), Villa Alemana (VA), Quillota (QU), and Los Andes (LA)
(average±standard deviation)

Pollutant (ppbv) Sampling site

VM VA QU LA

O3 10.7±8.03 12.7±9.93 12.4±9.82 31.7±21.5

NO 15.4±15.2 8.75±14.6 3.86±5.33 2.29±4.12

NO2 9.97±5.62 8.73±5.12 7.04±5.14 12.2±6.85

NOx 25.4±18.0 17.5±17.0 10.9±8.58 14.5±9.46

TVOC 28.5±16.2 32.5±22.9 14.4±5.24 17.9±9.08

Fig. 3 The average contribution
percentages for all of the analyzed
samples of each VOC family

Fig. 4 The results of the ambient average concentrations with their
respective standard deviations for each measured VOC in each of the
sites under study in the sampling periods

6 Air Qual Atmos Health (2014) 7:1–11



contribution to local high-ozone episodes (Blumenthal et al.
1978; Seguel et al. 2013).

For the TVOC (71 VOC species, including alkanes, al-
kenes, and aromatic hydrocarbons), the higher concentrations
were observed in VM and VA, which are approximately
double that observed in QU and LA (see Table 3).

An analysis of variance was performed to establish the
existence of significant differences in the concentrations of
O3 and NOx between the sampling sites. The results, which
are not shown here, indicate that, for both O3 and NOx, there
are significant differences between the concentrations record-
ed at the different sampling sites.

VOC speciation

To analyze the species of VOCs, they were first grouped into
different families of organic compounds, i.e., alkynes (ALI),
alkenes (ALE), alkanes (ALA), aromatics (ARO), benzenes–
toluene–xylenes (BTXs), and biogenics (BIO), from which
the first families are mainly emitted by anthropogenic sources,
while isoprene and alpha-pinene are mainly related to biogen-
ic sources.

Figure 3 shows the average contribution percentages for all
of the analyzed samples of each VOC family. These are in the
range of 64–55 % for ALA, 30–19 % for ALE, 15–6 % for
BTXs, 5.2–2.8 % for ALI, 3.6–1.5 % for ARO, and 1.5–0.7 %
for BIO. Generally, the percentage contributions of the differ-
ent VOC families are similar between the different sampling
sites, with similar results found as for other sites reported in
the literature (Chiang et al. 2007; Muezzinoglu et al. 2001; Na
and Kim 2001; Zhang et al. 2008).

Figure 4 shows the results of the ambient average concen-
trations with their respective standard deviations for each

Fig. 5 The contribution
percentages to the OFP by the
VOC families (ALY, ALE, ALA,
ARO, BTX, and BIO)

Fig. 6 Individual contribution of each VOC to the OFP

Air Qual Atmos Health (2014) 7:1–11 7



measured VOC in each of the sites under study in the sam-
pling periods. First, Fig. 4 allows a comparison between the
patterns of the organic species present in the studied sites to
establish whether the contributions are similar. Generally,
coincidence of the VOC atmospheric patterns is observed
between the different studied sites. Second, it is possible to
characterize the individual compounds that mostly contribute
to the TVOC concentration. Hence, in the monitoring stations
under study, the ten most abundant compounds in mass con-
centration are toluene (ID: 47), 2-methylpentane (ID: 26),
pentane (ID: 14), 2-methylbutane (ID: 13), 2-methylpropane
(ID: 12), butane (ID: 11), propane (ID: 5), and ethene (ID: 2).
Also observed in the top ten compounds are propene (ID 4) in
the case of the VM, VA, and QU sampling sites,m -, p-xylene
(ID 53) at the VM and VA sampling sites, and, finally, ethane
(ID: 3) and 2-methylpropene (ID: 9) at the QU and LA
sampling sites, respectively.

Ozone photochemical sensitivity

The ozone photochemical sensitivity can be determined from
an empirical approach based on the mean ambient mixing
ratio of VOCs (in parts per billion carbon) and NOx (in parts
per billion by volume) (Geng et al. 2008; Jimenez and
Baldasano 2004; Prabamroong et al. 2012; Sillman et al.
2003). An important stage in the development of effective
strategies for ozone control is the evaluation of whether an
area is limited by NOx or limited by VOCs (Jimenez and
Baldasano 2004; Prabamroong et al. 2012). To estimate the
VOCs/NOx mixing ratio, the concentrations recorded in the
first hours of the morning are normally used. The results of the
ratio between the concentrations of VOCs and NOx (VOCs/
NOx, in parts per billion carbon/parts per billion by volume)
show that the ratios for the VM, VA, QU, and LA sampling
sites correspond to 1.12±0.1, 1.3±0.2, 0.7±0.1, and 0.9±0.1,
respectively.

According to the VOCs/NOx results, the sites under study
are in an ozone formation regime that is VOC-limited. This
implies that VOCs are sparse and NOx is abundant. Therefore,
the O3 formation is insensitive to the change of NOx levels and
any slight changes of VOCs can significantly impact ozone
formation (Kang et al. 2004; Martilli et al. 2002; Neftel et al.
2002). Consequently, when masses of air carrying a highly
reactive mixture of VOCs and NOx pass through areas with
higher concentrations of VOCwould experience severe ozone
contamination.

Reactivity and ozone production by individual VOCs

In the present study, the reactivity of VOCs is evaluated by
estimating the ozone formation potential (OFP). The proce-
dure to calculate the OFP is described in several articles
available in the literature (Carter 1994; Carter and Heo

2012; Zheng et al. 2009). The OFP is defined as, OFPi=
MIRi×c i. Where OFPi is calculated from the maximum in-
cremental reactivity scale (MIRi, listed in Carter and Heo
2012 and Table 2) and the ambient concentration for each
VOC (c i).

The total OFPs for the sites under study, arranged from
highest to lowest, are 769, 668, 492, and 326 ppbv of O3

production for VM, VA, LA, and QU, respectively. The total
OFP/total VOCs mixing ratio, which indicates the reactivity
of the VOCmixture with respect to the OFP capacity, presents
the same tendency as that of the total OFP, that is, the VOC
mixture is more reactive in VMwith respect to LA, evenwhen
lower concentrations of ozone are observed in VM, which
indicates that air masses with ozone are being transported to
LA.

Figure 5 shows the contribution percentages to the OFP by
the VOC families (ALY, ALE, ALA, ARO, BTX, and BIO). It
can be observed that, in terms of the OFP, the VOC families
with higher contributions are BTX, ALE, ALA, and ARO,
with values in the ranges of 38.6–23.1, 36.4–22.0, 24.1–17.3,
and 18.2–12.1 %, respectively. It can be observed that, for the
BTX and ALA families, the higher contributions are found in
VM, followed by VA, QU, and finally, LA. In contrast, in the
case of ALE and ALA, the higher contributions are seen at the
LA and QU sites, while the lowest contributions are seen at
VM and VA. Finally, the contributions of the BIO and ALY
families are the lowest, with values in the ranges of 4.76–3.70
and 0.25–0.17 %, respectively.

There is a significant difference when calculating the OFP
contribution percentages of each family using the mass con-
centration with respect to the contribution calculated consid-
ering the reactivity. In the calculation that incorporates the
mass concentration, the contribution in decreasing order is
ALA > ALE > BTX > ALY > ARO > BIO; however, when
considering the reactivity, the order is BTX > ALE > ALA >
ARO > BIO > ALY. This difference indicates that more
effective management measures to reduce contamination due

Table 4 The m-, p-xylene/ethylbenzene ratios (mpX/EB) obtained from
the linear regression analysis (correlation coefficient R2) of the data
obtained in the morning hours (0600–1000 hours LT) and in the afternoon
(1200–1600 hours) at the monitoring sites of Viña del Mar (VM), Villa
Alemana (VA), Quillota (QU), and Los Andes (LA)

Sampling
site

Sampling time
(LT)

Ratio mpX/
EB

Correlation coef.
(R2)

VM 0600–1000 0.286±0.004 0.998

1200–1600 0.276±0.003 0.999

VA 0600–10:00 0.320±0.018 0.986

1200–1600 0.350±0.016 0.988

LA 0600–1000 0.319±0.003 0.999

1200–1600 0.428±0.013 0.995

8 Air Qual Atmos Health (2014) 7:1–11



to ozone photochemical reactions must consider the VOC
activities, suggesting that the efforts should be focused on
families or specific compounds.

Figure 6 shows the individual contribution of each VOC to
the OFP. Generally, similar behaviors are observed at all of the
studied sites. In the urbanized sites, such as VM and VA, the
higher contributions are given by m-, p -xylene (ID 53), o -
xylene (ID 55), toluene (ID 47), propene (ID 4), and ethene
(ID 5), all of which are chemical compounds emitted from
anthropogenic sources with the potential to contribute signif-
icantly to the formation of ozone. In the LA location, which is
characterized as a semi-urban site with high agricultural ac-
tivity in its surroundings, it is found that alpha-pinene (ID 59)
is among the VOCs with higher contributions to the OFP,
which indicates that the environment surrounding the LA site
would be impacted by biogenic emissions. Generally, these
species have long atmospheric lifetimes, allowing them to be
transported toward areas that receive wind; as a result, the
areas receiving air masses enriched with VOCs are signifi-
cantly impacted in terms of ozone formation.

Transport and photochemical aging

The m -, p -xylene/ethylbenzene ratio has been widely used to
identify the degree of evolution of the photochemical reac-
tions of the air masses that are transported to a determined
area, also known as the air mass “age” (Zhang et al. 2008;
Nelson and Quigley 1983; Shiu et al. 2007; Shao et al. 2011;
Wang et al. 2008). With a high photochemical activity, the p -
xylene/ethylbenzene ratio becomes higher because the gas
phase m -, p -xylene has a reaction constant with OH, at
2 9 8 K a n d 1 a t m (m - x y l e n e , k OH = 2 3 . 6 ×
10−12 cm3 molecule−1 s−1; p -xylene, kOH=14.3 ×
10−12 cm3 molecule−1 s−1) that is larger in comparison to that
of ethylbenzene (7.1×10−12 cm3 molecule−1 s−1) (Seguel et al.
2013).

Table 4 presents the values of the m-, p -xylene/ethylben-
zene ratio from the linear regression analysis of the available
values for the morning hours (0600–1000 hours LT) and the
afternoon (1200–1600 hours LT), that is, the time of higher
photochemical activity. At the QU monitoring station, it was
not possible to obtain a relation from the linear regression
analysis due to the limited number of data. The results indicate
that the ethylbenzene and m -, p -xylene ambient concentra-
tions at the different sampling sites present a high correlation,
with correlation coefficients (R2) in the range of 0.986 to
0.999 for the three sites (VM, VA, and LA). The latter result
implies that these compounds are emitted from the same
source, i.e., vehicle emissions. Moreover, it can be observed
that the relationship increases from VM to LA during the
afternoon (1200–1600 hours). The results indicate that aged
air masses arrive in the LA area. Furthermore, in the morning,
the relationships are practically the same in the different study

sites, which indicates that the morning is the period of the
maximum emissions of these compounds, associated with the
increased flow of vehicles in the morning.

Finally, the values of mpX/EB in the sites under study are
similar to those observed in other cities around the world, such
as Guangzhou in China (0.21) (Wang et al. 2003), Izmir in
Turkey (0.45) (Muezzinoglu et al. 2001), and Seoul in Korea
(0.30) (Na and Kim 2001).

Conclusions

An intensive measurement campaign was conducted during
the summer of 2010 at four sites located in the area of the V
Region of Valparaiso in Chile. Measurements of O3, NO,
NOx, and 71 VOCs were performed to characterize their
compositions and concentration distributions, to illustrate the
general characteristics of the different types of VOCs, and to
evaluate the OFPs and the ages of air parcels using relational
data techniques.

Higher ozone concentrations were observed in the wind-
ward sites (LA) relative to the leeward sites (VM) due to the
different stages of the photochemical reaction. The VM and
VA sites present higher concentrations of NOx and VOCs
precursors. The organic species patterns show a high coinci-
dence in the studied localities, mainly between the VA, QU
and LA sites. An environmental pattern characteristic of a
composition corresponding to vehicle emissions was
observed.

The OFP estimation is a better indicator than the VOC
mass concentration in order to evaluate the contribution to
ozone formation because these take into consideration of the
reactivity of each VOC. The results indicate that ethene,
propene, toluene, and xylenes are the organic species with
higher contributions to ozone for the sites studied under a
VOC-limited regime.

The results of m -,p -xylene/ethylbenzene ratio provide ev-
idence of the receptor condition of the aged air masses at the
LA site. However, the result does not provide evidence of the
origin of these masses of air, thereby requiring atmospheric
modeling studies.

The results presented in this study reveal that ozone pollu-
tion is a regional problem and that the LA area, which pres-
ently lacks ozone pollution surveillance measures, is affected
by elevated levels of ozone that are not locally produced. In
this way, the results relevant to the obtained data are repre-
sentative of the O3 precursors, especially the VOCs, in an area
under constant development, showing the first signs of air
quality deterioration as a result of photochemical
contamination.
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