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Abstract. A wide array of volatile organic compound (VOC) burden (in ppbC) was dominated by alkanes (60%), followed
measurements was conducted in the Valley of Mexico dur-by aromatics (15%) and olefins (5%). The remaining 20%
ing the MCMA-2002 and 2003 field campaigns. Study siteswas a mix of alkynes, halogenated hydrocarbons, oxygenated
included locations in the urban core, in a heavily industrial species (esters, ethers, etc.) and other unidentified VOCs.
area and at boundary sites in rural landscapes. In addition, Blowever, in terms of ozone production, olefins were the most
novel mobile-laboratory-based conditional sampling methodrelevant hydrocarbons. Elevated levels of toxic hydrocar-
was used to collect samples dominated by fresh on-road vebons, such as 1,3-butadiene, benzene, toluene and xylenes,
hicle exhaust to identify those VOCs whose ambient con-were also observed. Results from these various analytical
centrations were primarily due to vehicle emissions. Fourtechniques showed that vehicle exhaust is the main source
distinct analytical techniques were used: whole air canistef VOCs in Mexico City and that diurnal patterns depend on
samples with Gas Chromatography/Flame lonization Detecvehicular traffic in addition to meteorological processes. Fi-
tion (GC-FID), on-line chemical ionization using a Proton nally, examination of the VOC data in terms of lumped mod-
Transfer Reaction Mass Spectrometer (PTR-MS), continu-eling VOC classes and its comparison to the VOC lumped
ous real-time detection of olefins using a Fast Olefin Sensoemissions reported in other photochemical air quality mod-
(FOS), and long path measurements using UV Differentialeling studies suggests that some alkanes are underestimated
Optical Absorption Spectrometers (DOAS). The simultane-in the emissions inventory, while some olefins and aromatics
ous use of these techniques provided a wide range of indiare overestimated.

vidual VOC measurements with different spatial and tempo-
ral scales. The VOC data were analyzed to understand con-

centration and spatial distributions, diurnal patterns, originy |ntroduction
and reactivity in the atmosphere of Mexico City. The VOC

Volatile organic compounds (VOCSs) play a key role in pho-
Correspondence tdz. Velasco tochemical air quality in urban atmospheres. In the pres-
(evelasco@mce2.0rg) ence of sunlight and nitrogen oxides (NQVOCs oxida-
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330 E. Velasco et al.: Measurements of volatile organic compounds in the Valley of Mexico

of ~9 years). The elevated anthropogenic emissions, the in-
tense solar radiation and area’s topography with mountains
to the west, east and south of the valley (see Fig. 1) produce
elevated levels of photochemical pollutants on a daily basis
(Molina and Molina, 2002).

Many researchers have addressed the VOC pollution prob-
lem in Mexico City. Ambient VOC concentrations have been
evaluated since the early 90’s (Raga et al., 2001 and refer-
ences therein). All of these studies have consistently reported
high concentrations of propane, butane and other low molec-
ular weight alkanes, which have been attributed to liquefied
petroleum gas (LPG) leakage during handling, distribution
and storage. LPG is the main fuel for cooking and water heat-
ing in Mexican households. High ambient concentrations of
photochemical reactive VOCs, such as olefins and aromatics,
have been reported as well (Mugica et al., 2002a; Arriaga et
al. 1997). These two VOC groups have been identified as
the main species responsible for the ozone and secondary or-
ganic aerosol (SOA) formation in Mexico City (Gasca et al.,
2004; Mugica et al., 2002a). High levels of aromatic hydro-
carbons, particularly of toluene, benzene and xylenes, have
Fig. 1. Sampling sites during MCMA-2002 and MCMA-2003 field  peen detected in different microenvironments and associated
campaigns. Points indicate the location of the sampling sites anqyith diverse public transport systems in Mexico City (Shio-
numbers correspond to the sites listed in Table 1. The Shado"hara et al., 2005: Gomez-Perales et al., 2004: Cruzeldet

"mite.d by .the black contour represents the boundary OT the Ca”edal., 2003; Bravo et al., 2002; Ortiz et al., 2002; Meneses et
“Mexico City Metropolitan Area”, while the blue contour limits the al., 1999)

Federal District. The Mexico City Metropolitan Area is more a po- F . di it has b d
litical name than a topographic denomination to identify the exten- | rom source appo_rtlonment st_u les, It _as een deter-
sion of Mexico City. mined that motor-vehicles, especially gasoline-powered ve-

hicles, are the main source of aromatic hydrocarbons (Mug-

ica et al., 2003). Emissions profiles for on-road motor-
) ) ) ) vehicles have been obtained from tunnel studies (Mugica et
tion produces secondary products including radicals (e.g.aL’ 1998). Schifter et al. (2003) estimated on-road emis-
hydroxyl, hydroperoxy, organoperoxy), oxygenated organ-gions of total hydrocarbons using remote sensors, and re-
!cs (e.g._, aldehydes, ketones, a_cids, nitrates, peroxides), ar&.nﬂy Zavala et al. (2006) and Rogers et al. (2006) quan-
inorganics (e.g., carbon monoxide, ozone, hydrogen peroXjitied mobile emissions of benzene, toluene, formaldehyde
ide, nitric acid) (Finlayson-Pitts and Pitts, 1997). It has beeng acetaldehyde via mobile laboratory “chase” experiments
demonstrated that many of these secondary compounds Mgy, req| on-road conditions. However, vehicular emissions
have direct health impacts (Evans et al., 2002, and referenceg wvexico City are still uncertain due to the lack of reliable
therein), and that some individual VOCs are extremely toXiCfiget emission factors and daily activity levels (Gakenheimer
pollutants (e.g., the carcinogens benzene and 1-3-butadieng); 51 2002). VOC emission profiles are also available for

Mexico City with a population of 19 million is a good ex- food cooking, asphalt application and painting operations,
ample of a megacity with severe air pollution problems. It among other types of sources in Mexico City (Vega et al.,
is situated in the Valley of Mexico and is the capital city 2000; Mugica et al. 2001a). The biogenic component in the
of a developing country. Mexico City is in the subtropical VOC emission burden has been estimated to contribute no
zone and at high altitude which makes combustion processesiore than 7% in the Valley of Mexico (Velasco, 2003).
less efficient, leading to enhanced VOC emissions. Mexico During the last decade, a number of policies and actions
City’s high altitude ¢2240 m) and low latitude (P25 N), have been enacted to decrease VOC emissions in Mexico
result in subtropical weather and intense solar radiation thaCity, among them, the installation of vapor recovery sys-
accentuate the VOC evaporative emissions from a variety ofems in fuel service stations, the banning of heavy fuel oil,
sources such as storage and distribution of gasoline, solventhe phasing out of leaded gasoline, the availability of diesel
base cleaning, painting, and industrial processes. Howeverwyith reduced sulfur content and the substantial reduction of
the main contributors to high VOC concentrations in Mex- olefins, as well as benzene and other aromatic hydrocarbon
ico City are the extensive presence of aged industrial operacontent in gasoline. Arriaga-Colina et al. (2004) reported
tions (more than 53 000 industries) and a relatively old vehi-that, as result of these emission control measures, ambient
cle fleet (more than 3.5 million vehicles with an average ageVOC concentrations have stabilized and possibly decreased
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in the last 10 years, despite the growth in the vehicular flee2 Monitoring sites
and other activities. However, ambient VOC levels still re-
main high and contribute to the exceedences of the nationdDuring the MCMA-2002 study, five sites were selected for
air quality standard for ozone on 70% of the days each yeameasuring ambient VOCs with instantaneous canister sam-
(110 ppb/1 h average; GDF, 2004). ples. For the MCMA-2003 study, two 2002 sites were ex-
cluded and three new sites were added, and diverse mea-
surement techniques were implemented. Figure 1 shows a
Although some advances have been achieved, it is cleamap of the Valley of Mexico indicating the monitoring sites
that a better understanding of photochemical pollution in thewhere VOC measurements were performed in both cam-
complex urban ecosystem of Mexico City is needed to sup{aigns. Overall, eight sites were employed; four locations
port effective air quality emission control strategies. In this were urban sites with different mixtures of commercial, res-
context, a number of US and Mexican institutions and agen-dential, and light industrial activity (La Merced, Consti-
cies participated in the Mexico City Metropolitan Area 2002 tuyentes, Pedregal and CENICA), one location was in an
and 2003 (MCMA-2002 & MCMA-2003) field campaigns. industrial section of the city (Xalostoc), and three locations
MCMA-2002 was an exploratory campaign performed in were boundary sites in rural areas (La Reforma, Teotihua-
February 2002, and MCMA-2003 was an intensive five-weekcan and Santa Ana Tlacotenco). Table 1 lists a summary of
field study during April and May, 2003. The goals of both these sites and VOC measurement techniques used during the
field studies were to update and improve the emissions inMCMA-2002 and MCMA-2003 field campaigns.
ventory of Mexico City, and to gain a better understanding
of the chemistry and transport processes driving atmospheric
pollution in the valley. As part of the effort to meet these 3 Instrumentation
goals, a wide array of VOC measurements was conducted at
airshed boundary sites, central urban core sites, and dowrB.1 Gas chromatography separation and flame ionization
wind urban receptor sites. Four different analytical methods detection (GC-FID)
were used: VOC speciation by Gas Chromatographic anal-
ysis using Flame lonization Detection (GC-FID), olefin de- Ambient VOC samples were collected from all monitoring
tection with a Fast Olefin Sensor (FOS), determination of asites in Summa® electro-polished stainless-steel canisters.
number of oxygenated and aromatic VOCs by Proton Reacburing the MCMA-2002 study, 46 samples were filled in-
tion Transfer Mass Spectroscopy (PTR-MS), and measurestantaneously, while for the MCMA-2003 study, 184 sam-
ments of selected VOCs using Differential Optical Absorp- ples were collected in periods of 30 min, 1 and 3 h using au-
tion Spectroscopy (DOAS). Key aspects of these VOC meatomated samplers. The different duration of the sampling
surements were the large number of individual species meaperiods was due to the specific sampling objectives at each
sured under a variety of spatial and temporal scales employesite. From both studies, 64% of the samples were collected
in the measurements. during the morning rush traffic period (6:00 to 9:00 h) when
VOC concentrations are strongly related to traffic emissions
and before photochemical processing has started. The re-
This manuscript presents a summary of results from themaining samples were collected during the late morning and
different VOC measurements in terms of the distribution, early afternoon hours.
magnitudes, and diurnal patterns of selected VOCs. Ratios Canister samples were collected and analyzed by two dif-
of individual VOC species are used to characterize differentferent research groups: Washington State University (WSU)
sites, to investigate the relative reactivity of different speciesand the Mexican Petroleum Institute (IMP). WSU collected
and to determine their origins through comparisons withand analyzed 78% of the samples. During the MCMA-2003
source signatures, in particular with vehicle exhaust profilesstudy, WSU collected all its samples with a XonTech, Inc.
In addition, the ambient VOC data have been compared to théir Sampler model 910PC. Half of the samples were ana-
lumped VOC emissions classes reported by West et al. (2004yzed on-site within 24 h of collection; the remainder sam-
to model the photochemical processes in the atmosphere gfles were returned to WSU for analysis. IMP collected sam-
Mexico City. It has been suggested that VOC emissions argles only in 2003 using an AVOCS Anderson Automated
underestimated in the official emissions inventory by a factorSampler with a Viton diaphragm pump. Both groups an-
of 3 from analysis of the VOC/NQratio (Arriaga-Colina et  alyzed their samples using methodology similar to the US
al., 2004) and from ozone modeling exercises (West et al. EPA compendium methods TO-14/15 (USEPA, 1999a). The
2004). However, eddy covariance flux measurements of seGC analysis utilized cryogenic pre-concentration by drawing
lected VOCs during the MCMA-2003 campaign suggest thatair from the canisters through a stainless-steel loop contain-
for the VOC classes measured, the VOC emissions reportethg glass beads (60/80 mesh) and cooled to liquid oxygen
in the emissions inventory are generally correct (\Velasco etemperature. WSU employed a Hewlett-Packard 6890 Series
al., 2005). chromatograph. The GC was equipped with a 30-m fused
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Table 1. Description of the VOC monitoring sites during the MCMA-2002 (7—24 February) and 2003 (1 April-5 May) field campaigns. The
numbers in parenthesis in the column of methods indicate the number of collected samples in canisters or the number of days monitored by
PTR-MS, DOAS or FOS.

Site# Site and position Year Site description Method
1 CENICA 2003 MCMA-2003 super site located in the Autonomou€anister sampling and
(N19.358, W99.073) Metropolitan University campus Iztapalapa at thé&SC-FID analysis (56).

southeast of the city in a mixed area with residenceRTR-MS (23).
light and medium industries, services and commerceFOS (23).
The traffic is heavy and composed by old and new veBOAS (30).
hicles on paved roads.
2 Constituyentes 2002 Western suburban neighborhood close to Chapultep@anister sampling and
(N19.400, W99.210) park. GC-FID analysis (13).
Heavy traffic on paved roads composed by private cars
and heavy-duty diesel buses.

3 La Merced 2003 Central city section composed by a mix of residence€anister sampling and
(N19.424,W99.119) small and medium commerce, light industries and &C-FID analysis (41).
busy market. PTR-MS (3).

Heavy traffic on paved roads with private cars, lightbOAS (30).
duty vehicles and modern heavy-duty diesel buses.

4 La Reforma 2003 Southwestern downwind site from Pachuca, city witGanister sampling and
(N19.976, W98.697) 245 000 inhabitants located to the northeast of Mexic&C-FID analysis (13).
City.

Rural site close to urban areas with reduced vehicular
traffic on paved and unpaved roads.
5 Pedregal 2002 & 2003  Southwestern suburban neighborhood with paved reSanister sampling and
(N19.325, W99.204) dential roads lightly traveled. GC-FID analysis (66).
This site is in the prevailing downwind direction fromPTR-MS (4).
the center of the city.

6 Santa Ana Tlacotenco 2003 Rural site to the southwest of Mexico City, close to th€anister sampling and
(N19.17P, W98.99) gap in the mountains at Amecameca. GC-FID analysis (13).
Paved and unpaved roads with minimum traffic. PTR-MS (3).
7 Teotihucan 2002 Northern upwind boundary site of Mexico City withCanister sampling and
(N19.688, W98.870) pollution influence from a large power plant and large&sC-FID analysis (7).
industries around the region.
8 Xalostoc 2002 & 2003  North-eastern industrial section of the city with light t@€anister sampling and
(N19.527, W99.076) medium industries. GC-FID analysis (21).

Heavy traffic on paved and unpaved roads formed by a
mix of new and old gasoline and diesel vehicles.

silica DB-1 column (0.32 mm i.d. andg/m film thickness) temperature started at 08D and was heated up to 20D
with a 2 mImirr? carrier flow. Prior to sample injection, the at a rate of 8 min-1. The FID response was calibrated
oven was cooled te-50°C. During analysis, the oven tem- with a certified high-purity propane standard from Praxair.
perature was raised at@min~! to a final temperature of The detection limit was determined to be 1 ppbC. Individual
15(°C. The total analysis time was approximately one hour.species were identified by retention times using a mixture
Detector response was calibrated with NIST traceable 2,2of 55 hydrocarbons (Scott Specialty Gases NIST Traceable),
dimethylbutane standard. A detection limit of 20 pptC was and a certified mixture of 33 halogen-containing compounds
determined. Individual species were identified by retention(Spectra Gases, with 10% analytical accuracy).
times.

IMP conducted their analysis using a Hewlett-Packard3.2 The Proton Transfer Reaction Mass Spectrometry
5890 Series Il chromatograph containing a 60-m Quadrex (PTR-MS)
fused silica glass capillary column with a phase designation
007 series methyl-silicone (0.32mm i.d. and coated withThe Proton Transfer Reaction Mass Spectrometry identifies
a 1um film thickness) at a flow of 2mIimint. The oven  VOCSs in ambient air as their molecular mass plus one. This
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technique creates ions by transferring @ flom H3zO™ to are present, it is necessary to evaluate the FOS response to
the VOCs followed by mass spectroscopy detection of theas many olefins as possible. For Mexico City, we determined
product ions (Lindinger et al., 1998). The PTR-MS does response characteristics for five olefins (propylene, ethylene,
not employ a column, so response times are short (sedsoprene, 1-butene and 1-3 butadiene). Since NO levels are
onds) and automated, continuous measurements can be makleown to be high in the Mexico City atmosphere, we inves-
over extended periods of time. Specificity in the PTR-MS tigated potential interferences due to its reaction with ozone.
is achieved by the soft ionization (minimal fragmentation) Nitric oxide gave no response in this test. Response results
and the response is limited to species with proton affinityfor the olefins are shown in Table 2 along with their corre-
greater than water. In cases where several VOCs producsponding relative sensitivities to propylene. It was found that
the same M+1 ion, it is not possible to quantify individual the FOS is more sensitive to 1-3-butadiene and isoprene than
species. For example, the signal at mass 12thghzenes) to propylene; however, their ambient concentrations were
is comprised of i- and n-propylbenzene, three ethyltoluenemuch lower than the ambient levels of propylene. In contrast,
and three trimethylbenzenes isomers. Validation of PTR-MSspecies with a lower sensitivity than propylene, but with high
measurements have been performed by de Gouw et al. (2008pncentrations in urban atmospheres (e.g., ethylene) can pro-
and Warneke et al. (2003) to determine the set of VOCs thatluce large signals.
are suitable for measurement with this technique. During the campaign, the FOS was calibrated 3 times per
During the MCMA-2003 field campaign, two PTR-MS day using dilutions from a propylene standard (Scott Spe-
instruments were used. One was operated at the CENICAialty Gases, 10.2 ppm;5% certified accuracy). The linear
site by the Pacific Northwest National Laboratory (PNNL), slope of instrument response versus propylene concentration
and the second PTR-MS instrument, belonging to Montanaand the zero level exhibited relatively little drift during the
State University (MSU), was housed in a mobile laboratory study period: 14% and 9%, respectively.
for on-road vehicle emissions studies and both fixed site and
mobile ambient pollutant measurements (Kolb et al., 2004;3.4 Differential Optical Absorption Spectroscopy (DOAS)
Herndon et al., 2005; Zavala et al., 2006; Rogers et al.,
2006). During selected periods, the mobile laboratory wasTwo research grade, long path DOAS instruments were in-
employed as a fixed monitoring station at La Merced, Santsstalled at the CENICA site during the MCMA-2003 study.
Ana Tlacotenco and Pedregal sites. This manuscript presenfSOAS is based on the UV-molecular absorption of atmo-
only PTR-MS measurements from fixed-sites. The speciespheric gases and measures continuously concentrations of
monitored by PTR-MS included benzene, toluene, styrenea number of trace gases averaged over a long optical path.
Cy-benzenes, &benzenes, naphthalene, phenol, cresols|n brief, for these two DOAS, light from broadband UV/vis
methanol, acetaldehyde, acetone and acetonitrile. THhe C light sources (Xe-short arc lamps) were projected into the
benzenes are represented by mass 107, which has contribapen atmosphere onto a distant array of retro reflectors,
tions from ethylbenzene, o-, m- & p-xylene, and benzalde-which folded the light paths back into the instruments where
hyde (de Gouw et al., 2003). spectra were recorded using Czerny-Turner type spectrom-
Both of the PTR-MS instruments were calibrated in the eters coupled to 1024-element PDA detectors. One DOAS
field using a multi-component gas standard containing theneasured formaldehyde and glyoxal, and its results are dis-
species reported here. The calibration standard was dilutegussed elsewhere (Volkamer et al., 2005). The second DOAS
with humidified zero air in order to generate a multipoint measured a larger number of VOCs: formaldehyde, ben-
calibration curve from 1 to 50 ppbv. Calibrations were per- zene, toluene, m-xylene, p-xylene, mono-substituted alkyl-
formed every 2-3 days. The instrument background was aubenzenes (£and higher), phenol, p-cresol, styrene, naph-
tomatically recorded every 3 h by switching the sample flowthalene and benzaldehyde. These VOCs were measured
to a humid zero air stream. Zero air was continuously generby observing their unique specific narrow-bandSHm)
ated by passing ambient air through a Pt-catalyst trap heate@dbsorption structures through a light path of 430m (total
to 300°C. Background count rates were subtracted from the860m) at a height of 16 m. Spectra were recorded by se-

ambient data. quentially observing 40-nm wide wavelength intervals in
the wavelength range between 240 and 375nm at 0.2nm
3.3 Fast Olefin Sensor (FOS) FWHM spectral resolution. The time resolution of record-

ing a full cycle of spectra varied between 30s and 4 min,
Continuous real-time measurements of olefin concentrationslepending on the abundance of UV-light absorbing ozone.
were made at the CENICA site during the MCMA-2003 Absorptions of atmospheric oxygen were eliminated using
study by WSU using a FOS. The FOS is a fast isoprene senthe interpolation approach of Volkamer et al. (1998), using
sor (Guenther and Hills, 1998) based on chemiluminescencexygen column densities of 3<10' molecules cm? and
that occurs when an olefinic bond reacts with ozone. The4.1x 10 molecules cm?, and updated evaluation routines.
chemiluminescent response varies considerably for individ-Reference spectra of aromatic compounds were recorded by
ual olefins. In an urban atmosphere where numerous olefingitroducing quartz-cuvettes filled with vapor into the light
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Table 2. Sensitivities, average concentrations measured during selected days throughout the MCMA-2003 campaign between 6 and 10 am
by a canister sampling system and GC-FID analysis, FOS responses to those average concentrations, and relative sensitivities to propylen
for six compounds.

Compound Sensitivity Average conc., 6-10am  Average FOS response Relative sensitivity
(photons ppbts—1) (ppb) (photons s1)¢ to propylend

Propylene 25.4 7.50 191 1.00

Isoprene 4.7 0.304 23 2.94

Ethylene 17.7 20.7 366 0.70

1-3 butadiene 49.8 0.791 39 1.96

1-butene 7.9 3.90 31 0.31

NO ~0.0 61.2 0 ~0.0

a As i-butene

b From continuous monitoring during the entire campaign
¢ Average response = (sensitivity)(average conc.) + (zero value)
d Relative sensitivity = (compound sensitivity)/(propylene sensitivity)

beam, and these spectra were calibrated to the absorpticthe La Merced site. Both figures show generally good tempo-
cross-sections (Etzkorn et al., 1999). The mean detectiomal agreement for benzene and toluene. Some differences be-
limits in ppbv were: 5 (formaldehyde), 1 (benzene, toluene,tween concentration levels measured by DOAS and the other
m-xylene), 0.3 (p-xylene), 1.8 (ethylbenzene-equivalents)two methods are to be expected. The DOAS signal repre-
0.5 (styrene), 0.06 (phenol, p-cresol), 0.2 (benzaldehyde)sents average concentrations over an open path distance of
and 0.08 (naphthalene). about 426 m while the PTR-MS and GC data are from mea-
Also, during the MCMA-2003 study the National Au- surements at a specific location. The PTR-MS technique is
tonomous University of Mexico (UNAM) deployed a com- the most sensitive to transient plumes from close-by sources
mercial DOAS system (Opsis, Model AR500) at the La because it measures in real-time with very little temporal av-
Merced site to measure ambient concentrations of benzeneraging. This feature can be seen in Fig. 2a where benzene
and toluene along a 426-m optical path. The transmitting andconcentrations determined by the PTR-MS are much more
receiving telescopes were installed on top of two four-storyvariable than those from DOAS or GC-FID. For example the
buildings with the beam trajectory 20 m above the surface.hourly standard deviations of concentrations measured by the
The acquisition time was set to 5 min. Concentrations of benPTR-MS are twice those measured by DOAS. Furthermore,
zene and toluene were retrieved using the internal evaluatioff is evident in this figure that the GC results agree better with
software of the instrument. The instrument response was cotthe PTR-MS than with DOAS which is expected since both
rected based on a multipoint calibration performed in the lab-GC and PTRMS were point measurements at the same loca-
oratory and adjusted for real temperature and pressure condiion.
tions. No humidity correction was applied. Prior to the mea- During the afternoon hours the benzene concentrations
surements reported here, a reference spectrum (background)easured by DOAS showed a peak that was not registered
was stored for every spectral region used in the analysis usdy the other two techniques. It is unusual to see a benzene
ing a calibration bench (Opsis CB100, RE060 and CA150)peak in the 12—-16:00 time period, when atmospheric pho-
without gas cells installed. A wavelength precision test wastochemistry is at its highest rate. Also the relative decrease
also performed using a low-pressure mercury lamp (CA004) observed for toluene does not match that of benzene, indicat-
More details are provided by Grutter and Flores (2004). ing that the toluene to benzene ratio as calculated from the
commercial DOAS data appears to be subject to diurnal vari-
ability. It is well known that Opsis DOAS measurements of
4 Ambient air inter-comparison of GC, PTR-MS and benzene require an offset correction, which has been applied
DOAS measurements for selected VOCs to the data. The reason for the high benzene values in the
afternoon is not easily understood. Kim (2004) and Pinhua
Table 1 shows that at 50% of the monitored sites, two or moreet al. (2004) have reported poor correlations between DOAS
different technigues were used to measure VOCs. This promeasurements of benzene and GC-FID measurements for ur-
vides the opportunity to inter-compare data to verify that theyban environments.
yield consistent results. Figures 2a and b show time series The toluene time series shows better agreement among
of benzene and toluene mixing ratios measured by GC-FIDdifferent techniques and a more normal urban pattern of
(WSU), PTR-MS (MSU) and commercial DOAS (UNAM) at high nighttime and early morning concentrations and much
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Fig. 2. Time series of benzen@) and toluengb) mixing ratios measured by DOAS, PTR-MS and GC-FID at the La Merced site. The
resolution time for DOAS was 5 min and for PTR-M&0s. PTR-MS points correspond to 1 min averages. Samples collected by canisters
and analyzed by GC-FID correspond to 1 h averages. Short term spikes were commonly observed with PTR-MS indicating local sources.

lower levels during the midday period. Jobson et al. (2607) Jobson et al. (200¥determined an overestimation ©f.6%
present a more detailed inter-comparison with the same threfor PTR-MS measurements at the CENICA site. A compar-
techniques at the CENICA site. They found that the level ofison of the benzene/ethylbenzene ratio between the different
agreement between point and long path techniques is influsites shows that the ratio at Santa Ana Tlacotenco was low,
enced by wind direction, but in general terms they also foundindicating a higher presence of ethylbenzene than benzene
relatively good agreement between GC, PTR-MS and the rein relation to urban sites. For the ambient concentrations of
search grade DOAS. toluene, we found that PTR-MS and GC-FID measurements

Figure 3 shows time series plots oj-Benzenes and4  agreed closely at all three sites.
benzenes measured by the MSU PTR-MS together with GC- Analytical consistency was examined for the two GC tech-
FID samples collected during the same time periods at theétiques by collecting parallel samples using WSU and IMP
Pedregal, Santa Ana Tlacotenco and La Merced sites. At Lganister samplers. WSU reported 58 hydrocarbons up to 10
Merced and Pedregal sites, good agreement between metgarbons, while IMP quantified 104 VOCs up to 12 carbons,
ods for the two aromatic groups was observed. Temporaincluding oxygenated and halogenated species. The extra
variability correlate well and GC-FID mixing ratios were al- 47 species determined by IMP represented less than 10% of
ways within the one standard deviation range of the PTR-the total VOC burden. Halogenated species comprised about
MS measurements, but the agreement was not as good at t2e5% of the total VOCs. Comparison of the analytical results
Santa Ana Tlacotenco site. GC-FID;-Benzenes concen- for each of the 57 compounds during four different sampling
trations were quite often above the one standard deviatioferiods showed a VOgsu/VOCvp ratio between 0.9 and
range of the PTR-MS concentrations. Note that concentrad.10.
tions at this site were one order of magnitude smaller than A comparison of the FOS response to the sum of olefins
at the other sites. The agreement between GC and PTR-M8s measured simultaneously with the canister sampling sys-
for benzene was not as good at the rural Santa Ana Tlacotem suggests that the total olefin level detected by the FOS
tenco site (not shown here) as at the urban sites. GC-FIDs larger than the sum of identified olefins from canister sam-
measurements of benzene were always near the lower limigles. The ratio between the sum of olefins measured by can-
of the one standard deviation range of the PTR-MS concenisters and the FOS signal showed a median of 0.48. This
trations. This difference is likely due to PTR-MS interfer- suggests that 52% of olefins detected by the FOS remain un-
ences from higher aromatics such as ethylbenzene. Parti&nown or that the use of propylene as the calibration stan-
fragmentation of mono-alkyl aromatics occurs in the PTR-dard does not adequately represent the urban olefin mix. Ad-
MS, producing a positive artifact for benzene measurementsditional laboratory studies are needed to resolve this uncer-

tainty. However, it can be affirmed that the FOS measures

1jobson, B. T., Alexander, M. L., Prazeller, P., Berkowitz, C. @ mix of VOCs responding as propylene and can be used to
M., Westberg, H., Velasco, E., Allwine, E., Lamb, B., Volkamer, provide a continuous and fast response measurement of the
R., Molina, L. T. and Molina, M. J.: Intercomparison of volatile olefinic VOC mix in an urban atmosphere.
organic carbon measurements techniques and data from the MCMA
2003 field experiment, in preparation, 2007.
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Fig. 3. Time series of G-benzenes and4benzenes measured by the PTR-MS together with GC-FID samples collected in parallel at La
Merced(a, b), Pedrega(c, d) and Santa Ana sitdg, f). PTR-MS concentrations represent hourly averages. GC-FID samples were collected
in hourly periods at La Merced and Pedregal sites, and in 3-hours periods at Santa Ana Tlacotenco. The dashed lingslisthoatard

deviation of the PTR-MS concentrations.

5 Results and discussion sured by DOAS in Fig. 5 at the CENICA site, they pro-
vide some insight concerning the diurnal pattern of VOCs
5.1 Diurnal patterns of various VOCs at selected sites at sites with different characteristics in the Valley of Mexico.
For example, at the La Merced and CENICA sites, concen-
Although the VOC time series shown in Figs. 2, and 3 only trations of benzene, toluene,®enzenes and £benzenes
cover a few days, in addition to the diurnal patterns of olefinsreach their highest level during the morning rush hour. The
measured by FOS in Fig. 4 and four aromatic species meamixing height in Mexico City grows rapidly as soon as solar
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Fig. 4. Average diurnal pattern of the olefinic mixing ratio (as

propylene) detected by the FOS for 23 days during the MCMA- 0 L auil
2003 study (black line) and for individual weeks (week 1: 7-13 00 'I(')i?ne 10% da1ys 24
April, week 2: 14-20 April, and week 3: 21-27 April) at the 80
CENICA site. The gray shadow represents the one standard de-,; 70
viation range, and gives and indication of the day-to-day variability 2 60
in each phase of the daily cycle. g’ 50
2 40

. . S 30
heating of the surface begins and drops abruptly around sun--g 2¢ L::
set (Whiteman et al., 2000). De Foy et al. (2005) found sur- & 10 [iJ
face temperature inversions below 500 m for most nights of 0

the campaign, and growth of the boundary layer up to a max- 2 4 6 8 10 12
imum of 4000 m during the day. Emissions due to vehicle Benzene (ppbv)

traffic begin around 6:00 h and stay high during the day. ThISFig. 5. Diurnal patterns of benzer(a), toluene(b), m-xylene(c),

explains the increase in concentrations during the mornin% .
. . - d p-xyl d d by DOAS at the CENIC, .
which reach a maximum around 9:00 after sunrise, but beforr-T‘ nd p-xylendd) measured by alihe Asite. Grey dots

h L . ndicate individual measurements and red lines indicate the diurnal
the mixing layer has started to grow. Once the mixed Iayerprofile averaged over all data. Paige) shows the toluene-benzene

begins to deepen, the concentrations drop until the evening.correlations. The correlations were averaged into bins for different
It is interesting to compare the relative strengths of thetime periods: blue solid squares for morning (5-12:00 h), red open
morning and evening VOC concentration peaks at La Mercegquares for afternoon (12—20:00 h), black open triangles for night-
or CENICA with those at Pedregal. At La Merced and time (20-5:00h), and green circles all data. The linear regression
CENICA, the morning peak is very strong and in the af- parameters of these data-subsets are listed in Table 3.
ternoon, the VOC peak is barely perceptible. At Pedregal,
the morning and afternoon peaks are of equal magnitude, but
overall levels are lower than at La Merced by around a factor Santa Ana Tlacotenco is a rural site on the edge of the
of three. Traffic counts performed during the MCMA-2003 urban area on mountain slopes (see Fig. 1) surrounded by
campaign on avenues close to the two sites indicated that atactus fields. It is located close to the Chalco pass in the
La Merced traffic stays high from 6:00 h until late evening, southeast part of the basin where a low level jet forms in
whereas at Pedregal there is the typical morning and afterthe afternoon bringing in clean cool air from the Valley of
noon rush hour peaks. Meteorological analysis by de FoyCuautla (Doran and Zhong, 2000). Analysis of this feature
et al. (2005) showed that in the basin, which includes Laduring the MCMA-2003 field campaign shows that on April
Merced, winds are very calm at sunrise leading to minimall5, southerly winds blew the urban plume towards the site,
horizontal dispersion. By sunset, wind speeds have reachednd the jet formed around 16:00 h. This explains the three
a maximum leading to substantial dilution. At the Pedregalpeaks observed in the diurnal profile for that day. There is
site, there are slope flows from the basin rim during the earlya small rush hour peak due to local emissions. These are
morning hours leading to greater dispersion than at the Laswiftly diluted, but concentrations rise again when the urban
Merced site. In the evening, there is transport away fromplume reaches the site. The low level jet brings in clean air
urban areas and out of the valley. and concentrations rise again after its passage as winds calm
and the mixing layer has collapsed. This is in agreement with
Raga et al. (1999) who estimated a 3-hour transport time
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Table 3. Toluene / benzene ratio as measured by DOAS at the®" atmospheric concentrations also during the day. The m-

CENICA site. The numbers at the right of thesymbol indicate ~ XYle€ne to p-xylene ratio was determined as 3.5.

one standard deviation. A comprehensive analysis of the diurnal patterns of ben-
zene and toluene measured at La Merced by DOAS is pro-
Time Offset Slope R vided by Grutter and Flores (2004), as well as for a few hy-

drocarbons using a Fourier Transform Infrared Spectrometer
12:00-2000 h 3233 6410 0910 (Grutter gt al., 2003). Jobson et al. (20b@gscribe in de-
20:00-5:00h 4444 57,10 0992 tail the diurnal patterns of_ a number of VOCs measured by
All data 2.6£32 5.5:05 0.995 PTR-MS at the CENICA site.

5:00-12:00h 1824 5604 0.996

5.2 Ambient mixing ratios and hydrocarbon reactivity

The highest ambient mixing ratios of VOCs in the at-
from the urban area to the basin perimeter. In general, |°'mosphere of Mexico City occur during the morning rush
cal concentrations of benzene, tolueng;i@nzenes and£ hours (6:00 to 9:00h). An analysis of the canister sam-
benzenes were lower than 1 ppbv during the entire diurnapjing from the four urban monitoring sites (Pedregal, La
cycle. However, a number of spikes with higher concentra-\erced, CENICA and Constituyentes) during this morn-
tions were observed, at least one of which, in the evening ofng period provides a description of the VOC species that
April 15th, was due to a neighboring trash fire. contribute to photochemical ozone and haze production in

The FOS provided an alternative method to measure conmMexico City. On the basis of average concentrations, the
centrations of olefins in real time at the CENICA site during 10 most abundant VOCs for those sites were in decreas-
the MCMA-2003 study. As shown in Fig. 4, the diurnal av- ing order: propane (12763 ppbv), n-butane (5825), ethy-
erage pattern of olefinic VOCs detected by the FOS exhibitdene (26:11), i-butane (189), ethane (1F11), i-pentane
a similar pattern to what would be expected for typical pol- (17+9), toluene (13:9), acetylene (18), n-pentane (£4),
lutants emitted by mobile sources (INE, 2000). The high-and methyl tertiary-butyl ether (MTBE) £74). The numbers
est olefin concentrations were measured at 7:00 h and rangedt the right of thet symbol indicate the one standard devi-
from 30 to 87 ppbv, averaging 58 ppbv. This morning peakation. For some species, in particular aromatics, the stan-
is attributed to the release of anthropogenic emissions into @ard deviation showed high values in urban and rural sites.
shallow mixed layer as the work day begins followed by a Consider they represent the average concentration of differ-
rapid dilution as the sun warms the surface and expands thent sites with similar characteristics and that the study em-
mixed layer, in addition to the onset of the atmospheric pho-braced a short number of samples. In general, VOC mixing
tochemistry. Low olefin concentrations were observed dur-ratios observed in this study are slightly lower than those re-
ing the afternoon, with an average of 6.6 ppbv, when dilutionported in previous studies (Arriaga et al., 1997; Mugica et al.,
through the deep mixed layer was large, the photochemicap002a), which is consistent with the conclusion of Arriaga et
reactions contribute to alkene destruction and emissions wergl. (2004) that ambient VOC concentrations have stabilized
reduced compared to morning periods. The diurnal olefinor possibly started to decrease. The elevated levels of low
pattern was relatively constant during the entire study. Themolecular weight alkanes measured here are consistent with
MCMA-2003 field campaign included the Holy Week (14— those reported in the first VOC study in Mexico City (Blake
20 April), a period in which the vehicular traffic is reduced and Sherwood, 1995), and they are attributable mainly to the
as many of the city residents leave for the holiday period.widespread use of LPG as cooking and water heating fuel.
By taking measurements before, during and after this period, |t is useful to examine the VOC distribution in an ur-
we expected to obtain data to help determine the influence opan area in terms of reactivity with the hydroxyl radical
vehicular emissions upon atmospheric pollution. The FOS(OH), which in fact represents the contribution of each VOC
reported a small difference of 6 ppbv in the olefin mixing ra- species to the OH loss rate. The OH loss rate is a measure of
tio during the early morning peak between Holy Week andthe initial peroxy radical formation rate, which is frequently
the other two measurement weeks. the rate-limiting step in ozone formation. The actual amount

Figure 5 shows the diurnal profiles of benzene, toluene, m-of ozone produced by a given hydrocarbon depends on their
xylene and p-xylene measured by DOAS at the CENICA site.particular oxidation mechanism, the abundance of other hy-
Overall, the diurnal profiles of all compounds are well cor- drocarbons, and NOconcentrations (Carter, 1994). While
related. It is interesting to note, that the toluene to benzeneealizing that this approach does not account for the full at-
ratio at the CENICA site is independent from the time of day mospheric chemistry of the compounds considered, it pro-
(see Fig. 5e). The slope of a linear regression to subsets ofides a useful approximation of their relative contributions
data during the morning, evening and at night are constant téo daytime photochemistry. For this purpose, Table 4 lists
within 10% (see Table 3), reflecting negligible photochem-the major hydrocarbons in the atmosphere of the Valley of
ical aging due to the dominant influence of fresh emissionsMexico by reactivity with OH along with their average am-
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Table 4. OH reactivity and average ambient concentrations of major NMHC measured during the MCMA-2002 and 2003 studies at urban
(Pedregal, La Merced, CENICA and Constituyentes), rural (Santa Ana Tlacotenco, Teotihuacan and La Reforma) and industrial (Xalostoc)
sites of the Valley of Mexico. Data correspond to the morning rush hours (6:00 to 9:00 h). The numbers at the rightgyfrtte| indicate

one standard deviation.

Species Group OH reaction rate coeff.* OH react§i($*1) Ambient concentration (ppbv)
Urban Rural Industrial Urban Rural Industrial
Ethylene olefin 8.52 4.262.25 0.5%0.64 6.724.01 20.3%10.75 2.813.05 32.0819.12
Propylene olefin 26.30 3.82.05 0.86:0.94 7.0%:3.47 5.93:3.17 1.33:1.46 10.96:5.36
Propane alkane 1.15 3461.78 0.7@0.87 5.081.76 127.5962.77 24.6430.72 179.5862.08
n-butane alkane 2.54 34355 0.5Z0.73 452156 50.0%424.87 9.1311.65 72.38:24.89
m,p-xylene aromatic 18.95 2.62.78 0.38:0.39 5.26:1.60 5.645.96 0.82-0.84 11.283.43
i-butene olefin 31.40 2.361.40 0.720.87 4.08 3.04£1.81 0.991.13 5.28
2-methyl-1-butene olefin 61.00 268.96 0.120.09 5.736.32 1.3#1.30 0.08:0.06 3.82:4.21
Toluene aromatic 5.96 1.971.37 0.28:0.28 4.451.04 13.45:9.33 1.89%1.92 30.3%7.07
2-methyl-2-butene olefin 86.90 189.25 0.3%0.52 3.612.08 0.89:0.58 0.18:0.24 1.69:0.97
t-2-butene olefin 64.00 1.6851.12 0.630.83 3.9%1.74 1.05:0.71 0.4@:0.53 2.48:1.11
i-pentane alkane 3.70 159.84 0.53:0.39 292121  17.02-9.28 5.82:4.29 32.04:13.24
1,2,4-trimethylbenzene aromatic 32.50 H4B80 0.31%#0.26 2.6240.87 1.79%1.00 0.38:-0.33 3.34:1.09
t-2-pentene olefin 67.00 1.29.82 0.330.47 2.25:1.08 0.74:0.50 0.2@:0.28 1.36:0.66
c-2-butene olefin 56.40 1.1®.67 0.45:0.65 1.8%0.82 0.83:0.49 0.33:0.47 1.310.59
i-butane alkane 2.19 0.99.49 0.2%0.27 147050 18.3%9.08 3.98:5.05 27.36:9.26
1,3-butadiene olefin 66.60 0.20.66 0.24:0.28 1.0% 0.55+0.40 0.14:0.17 0.6%
Isoprene olefin 101.00 0.80.68 0.12£0.11 0.810.47 0.33:0.27 0.07:0.04 0.32:0.19
1,3,5-trimethylbenzene aromatic 57.50 018054 0.2&:0.12 1.6:0.54 0.570.38 0.14:0.09 1.13:0.38
n-pentane alkane 3.94 0#R.43 0.1%#0.12 0.9%0.45 7.41:4.43 1.14:1.23 9.44:4.64
Hexane alkane 5.61 0.#D.55 0.0Z40.09 1.64:0.55 5.1%4.02 0.4%0.64 11.85:-4.02
2-methylpentane alkane 5.60 0#0.41 0.16:0.10 1.36:0.57 5.142.98 0.76:0.71 9.8%+4.11
o-xylene aromatic 13.70 0.20.70 0.1@:0.10 1.3#0.42 2.08:2.08 0.29-0.31 4.0%1.25
Styrene aromatic 58.00 0.66.45 0.540.22 1.34:0.78 0.46:0.32 0.4@0.15 0.94:0.55
c-2-pentene olefin 65.00 0.58®.40 0.26:0.32 1.13:0.60 0.320.25 0.16:0.20 0.7@:0.38
MTBE oxygenated 2.90 0.560.33 0.058:0.04 0.9%0.57 7.04:4.61 0.64:0.50 13.53:8.01
3-methylpentane alkane 5.70 0#0.26 0.040.06 0.95:0.41 3.331.88 0.48:0.41 6.76:2.91
3-methylhexane alkane 7.20 046.61 0.02:0.05 0.5@-0.16 2.613.45 0.53:0.30 2.810.90
m-ethyltoluene aromatic 19.20 04R.34 0.05:0.05 0.96:0.43 0.88:0.71 0.130.12 2.02:0.90
1-pentene olefin 31.40 0.30.22 0.18:0.14 0.9%0.97 0.48:0.28 0.23:0.19 1.18:1.26
2-methylhexane alkane 6.80 0:88.42 0.06:0.05 0.32:0.13 1.98:2.53 0.38:0.28 2.34:0.78
n-heptane alkane 7.15 0:88.48 0.03:0.02 0.3%0.14 1.85:2.72 0.16:0.12 2.230.77
Methylcyclopentane alkane 8.80 0:80.17 0.04:0.03 0.54:0.20 1.480.77 0.19:0.13 2.490.94
Acetylene alkyne 0.91 0.3(0.17 0.02-0.01 0.35:0.16  13.3%7.64 0.85:0.46 15.736.97
Ethylbenzene aromatic 7.10 02£6.25 0.05:0.04 0.55:-0.17 1.62£1.43 0.26:0.24 3.12:0.97
ethyl acetate ester 8.00 02£6.21 0.02£0.01 — 1.35%1.06 0.1%0.05 —
i-octane alkane 3.57 0.26.15 0.03:0.02 0.48:0.22 3.06:1.68 0.330.20 5.44:2.55
p-ethyltoluene aromatic 12.10 02£8.15 0.0Z40.08 0.32:0.10 0.78:0.50 0.23:0.27 1.08:0.33
2,3,4-trimethylpentane alkane 7.00 0212 0.0%0.01 0.3%0.19 1.26:0.67 0.08:0.08 1.78:1.13
2,3-dimethylbutane alkane 5.99 020.22 0.03:0.02 0.2@-0.28 1.38:1.52 0.22:0.16 1.38:1.91
2,3-dimethylpentane alkane 7.20 0H4®19 0.02£0.01 0.2@:0.08 1.05:1.07 0.110.04 1.110.46
Methylcyclohexane alkane 10.40 0#6.16 0.04:0.04 0.23:0.08 0.62:0.64 0.15:0.15 0.89:-0.31
2,4-dimethylhexane alkane 8.60 0#1®.09 0.02:0.02 0.16:-0.06 0.75:0.43 0.09:0.08 0.73:0.31
1-hexene olefin 37.00 0.19.04 0.1% 0.44* 0.16+0.04 0.17¥ 0.48*
o-ethyltoluene aromatic 12.30 046.08 0.05-0.04 0.2#0.08 0.4%0.26 0.16:0.15 0.8%£0.26
Cyclohexane alkane 7.49 040.08 0.03:0.04 0.23:0.13 0.720.45 0.19:0.20 1.220.72
2,2-dimethylbutane alkane 2.59 043.09 0.0%0.01 0.2%0.13 2.02:1.38 0.18:0.12 3.33:2.08
n-octane alkane 8.70 0.4P.06 0.03:0.02 0.25:0.09 0.58:0.28 0.14:0.10 1.16:0.44
p-propylbenzene aromatic 6.00 044207 0.03:0.03 0.2% 0.80£0.44 0.22:0.20 1.7¢
n-decane alkane 11.20 040.06 0.04:0.04 0.23:0.06 0.42:0.21 0.15:0.15 0.85:0.23
Ethane alkane 0.27 0.#D.08 0.02:0.02 0.280.11 17.26:11.62 3.0%3.74 41.7816.04
Nonane alkane 10.00 0.40.06 0.02:0.02 0.24:0.06 0.45:0.24 0.08:0.08 1.06:0.23
Benzene aromatic 1.23 040.05 0.02-0.03 0.18:0.07 3.1&1.75 0.8@:0.91 6.072.15
2,5-dimethylhexane alkane 8.30 04#607.06 0.1#0.21 - 0.36:0.29 0.52-1.04 -
2-methylheptane alkane 8.20 060.04 0.02:0.01 0.16 0.36£0.21 0.1@:0.07 0.7
Propyne alkyne 5.90 0.690.03 0.04 0.158* 0.49+0.21 0.2% 1.04"
n-propylbenzene aromatic 6.00 060.03 0.010.01 0.1#0.04 0.46:0.23 0.08:0.06 0.7#0.24
Cyclopentane alkane 5.02 04686.04 0.01%0.01 0.02:0.01 0.38:0.35 0.0%:0.06 0.13:0.11
1,2,4 trimethyl cyclohexane alkane 7.50 02 0.010.00 0.08 0.204-0.10 0.04:0.03 0.4%

* OH reaction rate coefficients at 298 K and 1 atm famolecule 1 s~1)x10-12, (Atkinson, 1994, 1997).

8 Products of mean individual VOC concentrations and OH reaction rate coefficients. To obtain the OH reactivity in uritthef\6OC
ambient concentrations were transformed to units of molecute’cm

# There was only one available data.
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bient concentrations during the morning rush hour. Averagetio of 0.30 obtained for the ambient samples at the urban
reactivity levels and concentrations are shown in columns acsites. These ratios are similar to those reported for other ur-
cording to the site type: urban, rural (Santa Ana Tlacontencoban and suburban sites (Borbon et al., 2001; Reinmann et
La Reforma and Teotihuacan) and industrial (Xalostoc). Foral., 2000). Vegetation was sparse at the three monitored ru-
the urban sites, the reactivity values were calculated indeperral sites, and, therefore, isoprene concentrations were also
dently for each monitored site but, as the results were quitdow (0.0740.04 ppbv). At rural sites, low molecular weight
similar, only the reactivity values calculated for the averagealkanes were the most abundant species, emitted from LPG
concentrations are presented. VOCs are sorted in descentbakages as it has been discussed before. At rural sites, one
ing order according to their reactivity in urban sites. It is of the most reactive hydrocarbons was styrene, with ambi-
important to point out that many oxygenated VOCs and car-ent concentrations similar to those observed at urban sites
bonyls were not considered in this analysis, and therefore it i0.570.22 ppbv). The presence of styrene in these rural en-
more appropriate to use the term non methane hydrocarbongronments is attributed to local biomass and trash burning.
(NMHC) instead of VOCs. The OH reaction rate coefficients A comparison of the reactivity levels between the urban
shown in Table 4 correspond to the coefficients published bysites and industrial site indicates that on average the air in
Atkinson (1994, 1997) at 298 K and 1 atm. Where no infor- the industrial location is 1.8 times more reactive than at the
mation was available, the OH reaction rate coefficient wasurban sites. Half of the measured VOCs at the industrial site
estimated from information on similar compounds. had reactivity levels between 1.4 and 2.1 times higher than
The ten most important NMHC in the urban atmosphereat the urban sites. A similar comparison between urban and
of the Valley of Mexico in terms of OH reactivity include rural sites shows that the urban atmosphere is 4.6 times more
two aromatics, six olefins and two alkanes: ethylene, propyreactive than the rural atmosphere in the Valley of Mexico.
lene, propane, n-butane, m,p-xylenes, i-butene, 2-methyl-1-
butene, toluene, 2-methyl-2-butene and t-2-butene. Itis im5.3 Distribution of VOCs by compound type
portant to point out that the two most reactive NMHC at
urban sites were also the top two NMHC reported for theFFigure 6 shows the VOC distributions by compound type
industrial site. These species are olefins mainly emitted byduring the morning (6:00 to 9:00h) and afternoon (12:00
vehicles with high concentrations and high reaction rate coto 15:00 h) from canister samples collected and analyzed by
efficients. Also, it is important to highlight that the elevated the WSU and IMP groups. Note that concentrations are
concentrations of propane and n-butane are sufficient to rankn ppbC. Hereafter all contribution fractions are based on
these two alkanes among the top 5 NMHC, even though theippbC, as well. In the morning, the entire valley experi-
reactivity rate coefficients are small compared to those forences a relatively homogeneous mix of VOCs consisting of
olefins and aromatics. Using a Total OH Loss Measurement-60% alkanes;-15% aromatics;v5% olefins and a remain-
instrument (TOHLM) Shirley et al. (2006) measured an OH ing 20% of alkynes, halogenated hydrocarbons, oxygenated
reactivity of~120 s ! during the morning rush hours at the species (esters, ethers, carbonyls, etc.) and other unidenti-
CENICA site and estimated that 72% of it was due to VOCs.fied VOCs. In our study, concentrations of total VOCs in the
Overall, major NMHC in terms of ozone production in industrial area were 1.6 times higher than at urban sites dur-
the Valley of Mexico are of anthropogenic origin. Biogenic ing the morning period, while concentrations at rural sites
NMHC seem to be relatively insignificant. Isoprene concen-were about one-sixth of those measured at the urban loca-
trations were low (0.380.27 ppbv in urban sites) compared tions. In the afternoon, VOC concentrations were less and
to other reactive species, and were assumed to have their orihe distribution among species was different with a higher
gin more from vehicle exhaust than from vegetation. Differ- contribution of unidentified VOCs at the urban sites. The re-
ent studies have reveled that the isoprene has a strong anthrdection in concentrations from morning to afternoon were:
pogenic origin (Borbon et al., 2001), particularly in urban ar- alkanes 70%, olefins 60%, aromatics 53%, and unidentified
eas with scarce vegetation. The olefin fluxes measured at théOCs 20%. Lower afternoon concentrations are normally
urban site of CENICA did not show the typical biogenic peak ascribed to increased dispersion and photochemical oxida-
of isoprene around noon when solar radiation and temperation during the midday period. However, employing these
ture are highest (Velasco et al., 2005). With the knowledgemechanisms alone is insufficient to explain those reductions,
that 1,3-butadiene is a good tracer for vehicle exhaust (Yebecause the relatively unreactive alkanes showed the largest
et al., 1997), we compared the morning ambient concentraproportional loss. Emission rates must be a factor, as well,
tions of isoprene and 1,3-butadiene measured at the urbawith a large decrease in alkane emissions relative to aromat-
sites. The regression between these two species was neaiilys and olefins. A reduction in the emission rate of alkanes
linear; although it showed some dispersion, it suggests thafrom morning to afternoon could be due to reduced consump-
both species share the same emission sources. Using the otien of LPG (propane, i-butane, n-butane) during the after-
road samples collected by the Aerodyne mobile-laboratorynoon hours. LPG is used by Mexican household to heat wa-
which are described in detail in Sect. 5.4, we found an iso-ter for bathing and showering prior to going to work in the
prene to 1,3-butadiene ratio of 0.27, comparable to the ramorning. Leakage from LPG transmission systems will be
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largest during the morning period of maximum usage. Santa
Ana Tlacotenco, a rural downwind boundary site, showed 1gg : : : : : : :

an opposite pattern. Relatively low local emissions coupled 59 || 62| 57 || 6167|583 |57 56
with transport emissions from the urban region resulted in af-
ternoon VOC concentrations 2.4_higher_thar_1 in the morning. 80 </l o e |l
Hydrocarbons. At urban and industrial sites during the 81| 8/|8||3 T % ;S 8
morning period, hydrocarbons with four or less carbons rep- 38 § = | £ 5 & §
resent the major fraction of the alkanes and alkenes. The IR = g S| & E § 2|
main contributors are propane, n-butane, ethylene, propy- ) =
lene, and the sum of i-, t-2- and -c-2 butenes. 1,3-butadiene %
is a four-carbon diene that is considered to be a carcinogenic 40| 5 17 =
and reproductive toxicant to humans, whose main source is 20 |45 15 | 111
vehicle exhaust (USEPA, 1999b). 1,3-butadiene is of con- 5
cern in Mexico City because of its relatively elevated con- 4 5 o | 27
centrations: 0.55 and 0.63 ppbv at urban and industrial sites, 207 &8 | 21 88 118 || 22 || 20 i
respectively. 1|18 15
The most abundant aromatics were the BTEX species

(benzene, toluene ethylbenzene and the xylene isomers) 0 ‘2101‘ ‘ ‘ ' J J
They accounted for about 75% of the aromatic burden. The(g) 2473 1318 1648 995 172 83 470 ppbC
average toluene concentration was 13933 ppbv at ur-

ban sites and 30.357.07 ppbv at the industrial area. To- 100

tal xylene concentrations averaged 15:3%68 ppbv at the 34| 43 32 43 45 1] 90 %9

industrial site and about half of that (7#8.14) in the ur- . 3 £ - = g o

ban area. Ethylbenzene had average concentrations abot  gg | % S S g & % S

the same as the individual xylene isomers with concen- & E :§ & § = g

trations of 1.621.43ppbv in the urban areas and about = & = @

3.12+0.97 ppbv in the industrial region. Benzene averaged 4, | 34 19 L

6.07+2.15 and 3.1F1.75ppbv at the industrial and urban % 16 15

sites, respectively. The urban benzene concentration deter ~° | 12 17

mined in this study is similar to that reported by Bravo et 404 3 - 7 |

al. (2002) for residential areas in southwest Mexico City. B 147 |36 | [ 35 15
Oxygenated hydrocarbons. MTBE is the only oxy- 14 <l 6

genated VOC listed in Table 4. MTBE is used as an ad- 26 24 4

ditive in unleaded gasoline to enhance the combustion effi- 201 16"

ciency. In our canister samples, MTBE contributes no more

than 2% to the total VOC burden of the Valley of Mexico.

Ethyl tertiary butyl ether (ETBE) was another oxygenated

VOC identified in the samples analyzed by IMP. ETBE is not (b)

included in Table 4 because it was measured at only half of S

the sites (Xalostoc, Pedregal, CENICA and La Merced). Av- [ ] Akanes [ ] Unidentiied [l Esters

erage ETBE concentrations were 0.3 and 0.6 ppbv at urbar [ Aromatics  [I Alkynes

and industrial sites, respectively, 96% lower than the aver- [ Olefins [] Oxygenateds

age MTBE concentrations at both types of site. Both MTBE

and ETBE have th.elr origin fro”? vehicle eXh.aUSt due 1o I.n_ Fig. 6. VOC distribution by compound type during the morning

Complete Combu.stlon and.gasollne evaporation from fuelmg(a) and afternoorgb). Numbers in the columns indicate the percent

stations and vehicle gasoline tanks. contribution of each VOC group to the total VOC concentration,
During the MCMA-2003 study, ambient concentrations which is displayed at the bottom of each column in ppbC.

of formaldehyde were measured by DOAS at two different

sites: CENICA and La Merced. The monthly average con-

centrations at CENICA and La Merced were 826 and o ] ) ) )

6.0:+4.7 ppbv, respectively (Volkamer et al., 2005; Grutter et and the remaining 20% is due mainly to uncounted industrial

al., 2005). Garcia et al. (2005) determined on a 24 h averag8'0C€SSes.

basis, that mobile and industrial sources contribute 42% to Glyoxal was another oxygenated hydrocarbon detected di-

the ambient concentration of formaldehyde, the atmosphericectly by DOAS at the CENICA site in 2003. Volkamer et

oxidation of numerous VOCs contribute greater than 38%al. (2005) found that glyoxal is predominantly formed from

1467 897 665 528 601 81 198 ppbC
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Table 5. Ambient average concentrations of halogenated VOCs measured during the MCMA-2003 study at urban (Pedregal, La Merced and
CENICA) and industrial (Xalostoc) sites of the Valley of Mexico. The numbers at the right af $henbol indicate one standard deviation.
Concentrations below the detection limit are indicate<&x..

Species Urban sites (ppbC) Industrial site (ppbC)
6-9h 12-15h 6-9h 12-15h

p-dichlorobenzene B4 2+1 62 3t1
Trichloroethylene 43 2+1 442 1+0
1,2-dichloropropane 42 3t1 0+0 <DL
1,2-dichloroethane B3 242 1+1 <DL
c-1,3-dichlopropene 83 2+1 6+3 442
o-dichlorobenzene B2 0+0 5+1 <DL
1,1-dichloroethane 22 242 1+2 242
Chloroform H1 <DL 3+2 140
t-1,3-dichloropropene 41 <DL 1+1 <DL
Freon113 *+1 1+1 1+1 <DL
perchloroethylene 41 <DL 1+1 <DL
Chlorobenznene <DL <DL <DL 1+1
Vinyl chloride <DL <DL <DL 1+1
m-dichlorobenzene <DL 1+1 <DL <DL
Subtotal Halogenates 223 15+10 2916 13+7
Halogens percent between unidentified VOCs* 2096. 20.Gt8.8 24.Gt3.9 22.4t4.6
Halogens percent between total VOCs* 4015 1.8+0.7 1.10.2 1.2+0.3

* These average percents were calculated with the samples in which halogenated VOCs were analyzed.

airborne VOC oxidation in the atmosphere of Mexico City, 5.4 Comparison of ambient VOC concentrations to vehi-

reaching peaks around 1.8 ppbv between 10 and 13:00h. cles exhaust signatures

The ambient concentrations of glyoxal were about one order

of magnitude less affected by vehicle emissions than thos&ince roadway vehicle emissions are normally the dominant

of formaldehyde, and thus present a well suitable indicatonVOC source in urban areas (Watson et al., 2001), it was of

molecule for VOC oxidation processes. interest to compare the mixing ratios obtained from canister
Halogenated hydrocarbons.The GC-FID technique can sampling at the urban sites to the vehicle exhaust source sig-

be used to identify halogenated VOCs, but not to preciselynature measured during mobile vehicle chase experiments.

quantify their concentration, since halogenated VOCs con- Briefly, vehicle chase measurements were made using the

tain other atoms besides carbon and hydrogen. Howevelerodyne mobile laboratory equipped with several instru-

IMP quantified 14 halogenated VOCs at the Xalostoc, Peéments to characterize emissions from vehicles under actual
dregal, CENICA and La Merced sites. Table 5 shows thatgriving conditions (see Herndon et al., 2005; Herndon et

the set of identified halogenated species contributes less thag). 2007; zavala et al., 2006; Rogers et al., 2007). In

2% to the total VOC burden. All of them are emitted by an- chase mode’ the Aerodyne van was driven |mmed|ate|y be-
thropogenic sources. Many of them are classified as toXiqind a selected vehicle for approximately 5 to 20 min. Ve-
and carcinogenic species, and others, such as the vinyl chigyicle plume samples were collected with an auto-sampling
ride, are suspected to cause congenital malformation ('PCSsystem that included a fast response,@énsor (LICOR LI-
2005). Another concern is the very long atmospheric resi-7000). Distinct peaks in the GQnixing ratio during a vehi-
dence times of some halogenated VOCs, in particular chlog|e chase indicated interception of the exhaust plume. When
rofluorocarbons such as Freon 113. They can eventually dlfthe CO levels were elevated above a selected threshold, a
fuse into the stratosphere where photolysis produces chloringonditional VOC sampler was manually activated to sample
radicals, which Catalytically destroy ozone and indirectly into a “chase” canister and when G@vels were below the

contribute to the greenhouse effect. Even though the use ohreshold, air was channeled into an “on-road background”
chlorofluorocarbons as refrigerants is not allowed anymorecanister (Herndon et al., 2005, 2607

chlorofluorocarbon emissions occur during the disposal of

old refrigeration units and, in developing cities such as Mex- 2Herndon, S. C., Kolb, C. E., Lamb, B., Westberg, H., Allwine,

ico City, leakage from old residential refrigerators may alsog  velasco, E., Knighton, B., Zavala, M., Molina, L. T. and Molina,

be a significant source. J. M.: Conditional sampling of volatile organic compounds in on-
road vehicle plumes, in preparation, 2007.)
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Table 6. Hydrocarbon molar ratios (ppbC/ppbC) measured at the industrial, urban and rural sites and from vehicle chase operation during
the MCMA-2002 and 2003 field studies. Also ratios from vehicles exhaust studies in North America are shown for comparison.

Industrial Urban Rural Vehicular chases Mexican gasoline  Mexican diesel US & Canada light
vehicle$ vehicle$ duty vehicle#
G. Mean* Median G. mean* Median G.mean* Median G.mean* Median Average Average ARrage

Alkene ratios

t-2-butene/c-2-butene 1.58.91 1.25 1.280.83 121 1.520.66 1.48 1.120.50 1.10 1.17 1.00 1.260.33
t-2-pentene/c-2-pentene 1#0.51 1.91 1.9%0.53 2.07 1.7%0.51 1.89 1.930.46 1.98 - 9.33 1.780.19
1-hexene/1-pentene 046.46 0.52 0.52:0.48 0.59 - - - - - - 0.400.25
1,3-butadiene/t-2-pentene  0:88.58 1.14 0.780.52 0.77 0.56:0.47 0.64 0.820.97 0.96 - - 1.360.51
propylene/ethylene 0.45.30 0.44 0.58:0.68 0.42 0.380.28 0.44 0.530.37 0.50 0.55 0.71 0.300.04

Alkane ratios

i-butane/n-butane 0.380.04 0.37 0.3%0.03 0.37 0.48:0.07 0.41 0.36:0.04 0.36 0.32 0.48 0.190.08
i-pentane/n-pentane 3.58.69 3.62 2.88:1.41 2.59 6.96:6.61 8.08 2.5%1.69 2.36 2.63 4.27 2.990.57
2-methylpentane/ 1.360.19 141 1.5%1.80 1.54 1.5%#0.78 1.59 1.480.14 1.47 1.67 1.18 1.690.11
3-methylpentane

Hexane/2-methylpentane 140.31 111 0.7%0.40 0.72 0.620.83 0.69 0.620.15 0.65 0.78 1.02 0.520.05
Cyclohexane/n-heptane 0F8.03 0.50 0.56:0.60 0.50 0.76:0.74 0.91 0.630.63 0.54 0.86 0.29 0.430.17
n-octane/nonane 0.26).38 1.01 1.330.82 1.29 1.140.62 1.12 1.38:0.43 1.28 1.04 0.55 1.490.05

Aromatic ratios

Toluene/benzene 8.101.57 8.81 5.06:2.32 4.89 3.531.35 3.45 3.961.34 3.80 2.78 5.05 1.59.28
ethylbenzene/toluene 0.68.04 0.09 0.12:0.05 0.13 0.150.07 0.15 0.14-0.05 0.15 0.21 0.30 0.10.03
isopropylbenzene/toluene  0.G#0.005 0.01 0.01£0.008  0.020 - - - - 0.027 0.016 0.020.008
o-xylene/m,p-xylene 0.360.03 0.36 0.48:0.07 0.39 0.380.11 0.40 0.3%:0.05 0.39 0.39 0.36 0.38.02
Styrene/ 0.88:0.68 0.98 1.161.67 1.22 3.453.58 3.10 0.520.42 0.55 0.37 0.84 0.840.21
1,3,5-trimethylbenzene

1,2,3-trimethylbenzene/ 0.3®.09 0.36 0.48:0.13 0.37 - - - - - - 0.250.07

1,2,4-trimethylbenzene

* Geometric meant 1 standard deviation.

8 From vehicle emission profiles measured in Mexico City in 1998 (Mugica et al., 2001b).

# Average vehicle exhaust ratio calculated by Jobson et al. (2004) from six tunnel studies conducted in the 1990s (Conner et al., 1995;
Kirchstetter et al., 1996; Sagebiel et al., 1996; Fraser et al., 1998; Rogak et al., 1998).

@ Average+ 1 standard deviation.

For the comparison between ambient and vehicular emistabulated in Table 6. In addition, Table 6 shows average ex-
sion data, it is necessary to remove the impact of photo-haust ratios for Mexican gasoline and diesel vehicles from
chemical aging on source signatures. This is achieved by tunnel study conducted in Mexico City (Mugica et al.,
regressions between species with similar atmospheric life2001b). An average vehicle exhaust ratio for light duty ve-
times. The source ratio is preserved for species with simi-hicles calculated by Jobson et al. (2004) from six published
lar lifetimes because photochemical loss and mixing will re-tunnel studies conducted in the 1990s in US and Canada is
sult in similar rates of concentration change (Parrish et al.jncluded in the table, as well.

1998). This procedure allowed all of the ambient data to be

used, including afternoon data when mixing ratios were typ- " i .
ically lower due to mixing and photochemical removal. The hibits excellent agreement between the ambient and vehic-

slope obtained in ambient data plots defines the source ratif!@r €mission ratios. The ambient concentrations span three
that can be directly compared to the vehicular chase mea?'ders of magnitude due to atmospheric processing and vari-
surements and literature values. In practice, there are a lim@tions in source strength. In general, the highest concentra-

ited number of species that can be employed in this analysiéions were recorded during vehicular chase experiments. In a

because photochemical loss rates must be similar. We ha/gW c@ses, ambient industrial and urban samples approached

generally constrained the hydrocarbon pairings such that OFYeNicle chase concentrations. The very good agreement be-
rate coefficients differ by 20% or less. The exception is thefWeen the exhaust emission and ambient ratios for the 2-

regression between propylene and ethylene where rate comentenes clearly implies a vehicle exhaust source signature.
stants differ by a factor of three. The t-2-butene versus the c-2-butene correlation shows rea-

sonable agreement between vehicular chase emissions, am-
Correlations between selected alkenes, alkanes and ardvient ratios and literature values. The similarity of the am-
matics are shown in Figs. 7, 8 and 9, respectively. The gebient and vehicle exhaust ratios for these species suggests
ometric mean ratios from the vehicular chase data and fronvehicle exhaust as their primary source. For 1-hexene and 1-
the ambient sampling at urban, rural and industrial sites argpentene, ambient data showed considerable scatter suggest-

In the alkene group, t-2-pentene versus c-2-pentene ex-
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Fig. 7. Correlations between alkenes comparing ambient data to vehicle chase samples. Ambient data correspond to all canister samples an
the dashed line indicates the regression line for vehicular chase data.

ing that each site is impacted by a mix of different sources,fleet. As indicated previously, propylene and ethylene rate
and that sources and emission rates of 1-hexene are nabnstants vary much more than for the other alkene pairs,
strongly correlated with sources and emission rates of 1which may contribute also to the poor correlations observed
pentene. The propylene:ethylene ratio displays a fair corfor these species.

relation but contains considerable scatter. The vehicle emis- Ratios for i-butane:n-butane showed excellent agreement
sion ratio (0.530.37) bisects the ambient data, but the large between the ambient, vehicular emission and literature val-
amount of scatter about this ratio is indicative of multiple in- ues. Note that the average ratios in Table 6 for ambient (0.38
dependent sources. The exhaust emissions ratio itself hasiadustrial and 0.37 urban) and vehicle exhaust (0.36) are es-
high degree of scatter, suggesting that the emission relatiosentially equal. Mugica et al. (2001b) reported exhaust emis-
of these species may vary considerably within the Mexicansion ratios of 0.32 and 0.48 for gasoline and diesel vehicles in
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Mexico. These results suggest that vehicle exhaust is also adistribution of LPG releases65%. Although LPG powered

important source of n-butane and i-butane in addition to LPGvehicles represent less than 1% of the total fleet, they should
leakage. Mugica et al. (2002b) through a source apportionalso be considered important sources. Schifter et al. (2000)
ment analysis determined that vehicle exhaust contributegvaluated the LPG vehicles program implemented in Mexico
20% to the emission of these two alkanes, while handling andCity and found that 95% of them have emissions that exceed
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those required by environmental regulations. The LPG fleeto the total VOC emissions from LPG vehicles, and 17% and
is composed mainly of vehicles used intensively (light and21% of n-butane.
heavy duty trucks, and small buses with 20-passenger capac-

ity). Gasca et al. (2004) reported that tailpipe and evaporativemecir? Olden'?;]r::en;ﬁwnl;ien?em\//ee;?cleZ-ggglpz::janﬁéeratu?é
emissions of i-butane contribute 16% and 28%, respectively, yipent . ' L .
fatios implicate vehicle exhaust emissions as the primary
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source of these VOCs in the Mexico City atmosphere. Forhaust ratio. This would support a chemical age argument
the other alkane pairs listed in Table 6, agreement betweebecause 1,3-butadiene and 1,3,5-trimethylbenzene are about
ambient and vehicle exhaust ratios was not as good. Théen times more reactive with OH than MTBE and toluene.
ambient ratios generally followed the vehicular emissionslt is important to highlight that the £C, alkanes (ethane,
line, but with considerable scatter. This suggests thatpropane, i-butane and n-butane), and ethyl acetate showed
species such as isopentane, n-pentane, hexane, cyclohexah&gher ratios compared to exhaust values at urban sites. This
n-heptane, n-nonane and n-octane are emitted by vehicless what would be expected if other anthropogenic sources
but also by a variety of other anthropogenic sources. contribute to low molecular weight alkane emissions. All
As illustrated in Fig. 9, the ratios of i-propylbenzene olefin and aromatic ratios were lower than the vehicle chase
and styrene with other aromatics displayed significant scatratios, which is consistent with an ageing bias. Interestingly,
ter suggesting the importance of non-vehicle anthropogenit¢he 90th percentile ambient ratio boundary agrees very well
sources, such as industries and trash burning, for these twwith the vehicle chase ratio. The 90th percentile data perhaps
VOCs. The xylenes showed excellent agreement with veteflects fresher emissions and less aging bias.
hicle exhaust ratios, in fact they showed the best agree-
ment among all correlated VOCs, indicating clearly that their5.5 Comparison of ambient VOC concentrations to the
source is vehicle exhaust. The ethylbenzene:toluene aver-  emissions inventory
age ratios from vehicle exhaust and ambient measurements
agreed quite well although there was more scatter in the datalhe ambient VOC data can be compared to the distribution of
The toluene versus benzene ratio violates the assumption 8fOC classes represented in the most recent emissions inven-
similar OH reactivity, but is shown to illustrate the variability. tory derived for air quality modeling in Mexico City (West
It varied from 3.5 at rural sites to 8.1 at the industrial site. Theet al., 2004). This emissions inventory was based on annual
geometric mean ratio at urban sites determined from the canemissions reported in 1998 (CAM, 2001). The official in-
isters (5.1) was similar to that determined by research gradeentory was created by local government authorities using
DOAS at CENICA (5.5) and the ratio published by Bravo et bottom-up methods and emissions factors which were either
al. (2002) for residential areas of Mexico City (4.8). A num- measured locally or taken from elsewhere. The VOC spe-
ber of mobile-lab and DOAS measurements of toluene wereciation was based on the SAPRC-99 chemical mechanism
not correlated with elevated GQoncentrations, indicating for VOC reactivity assessment (Carter, 2000) and a standard
non-combustion sources. mixture of hydrocarbons in urban atmospheres in the United
Another method of comparing the ambient data to theStates (Jeffries et al., 1989). The speciation was determined
roadway vehicle exhaust signature is to compare ratios usfor each source category using emissions profiles measured
ing a tracer species as a reference. In this case, we comn Mexico City (Mugica et al., 1998, 2002b; Vega et al.,
pared hydrocarbon abundances relative to acetylene sincg000). These profiles were adjusted to include species and
acetylene is known to be a good marker for vehicular fuelsource categories not measured in Mexico City using emis-
combustion (Barletta et al., 2002). The use of ratios com-sions profiles from the SPECIATE database (USEPA, 1993).
presses the large differences in concentration that exist be- The median VOC ambient data from MCMA-2002 and
tween the various environments and provides a direct com2003 are lumped into the inventory modeling classes in Ta-
parison of hydrocarbon distribution patterns. To eliminateble 7. For comparison, the total emissions by each class are
changes in the ratio due to photochemical aging, the amalso included in the table along with the corresponding per-
bient data were restricted to the morning period betweercentage of the total. The comparison was limited to the morn-
6:00 and 9:00h. Figure 10 shows the median values of théng period between 6:00 and 9:00 h when concentrations are
VOC/acetylene ratios together with the 10th and 90th per-strongly related to anthropogenic emissions before the photo-
centile ranges. A good correlation can be seen between vehzhemistry occurs. The column showing the adjustment fac-
cle exhaust and ambient ratios at urban sites with all exhaudbr, which takes into account the molecular weight of each
ratios falling within the 10-90 percentile confidence interval. class, reflects the degree of change needed to yield the same
Species with the highest OH reactivity showed larger devia-distribution in the emissions inventory as observed in ambi-
tions from the exhaust ratio suggesting that, even in sament VOC concentrations. This comparison of early morning
ples collected during the early morning hours, a chemicalambient data and gridded total emissions suggests that some,
aging bias may affect the data. Reactive species such as 1,But not all, classes are underestimated in the inventory by
butadiene, isoprene, 1-pentene, 1,2,4-trimethylbenzene anfdctors of 1.1 to 3.1, in contrast to other species that are over-
1,3,5-trimethylbenzene had median ratios that were betweerstimated, such as some aromatic and olefin classes (AROL1,
30 and 45% of the exhaust values. For example, while theARO2, OLE1 and OLE2). The extreme adjustment factors
abundances of 1,3-butadiene and 1,3,5-trimethylbenzene rebf 10.8 and 0.05 for butadiene and isoprene, respectively, are
ative to acetylene at urban sites were 31 and 44% those adue to their small ambient concentrations compared to other
the on-road vehicle emission samples, the ambient MTBEVOC classes. Overall, the emissions inventory appears to
and toluene ratios with acetylene agreed well with the ex-underestimate the contribution of alkanes and overestimates
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Fig. 10. Comparison of urban and vehicle exhaust hydrocarbon abundances relative to acetylene in (ppbC/ppbC). The closed circles indicate
the median values for vehicle exhaust, while the open circles indicate the median values for urban data collected from urban sites (Pedregal
La Merced and CENICA) between 6 and 9:00 h. The gray shading encloses the 10th and 90th percentiles of the urban values.

the contributions of olefins and aromatics. These results d®&.6 Comparison of olefin concentrations measured by FOS
not support the idea that all VOC emissions reported in the to olefin concentrations calculated by the CIT model
official inventory are underestimated by a factor of 3 (Ar-
riaga et al., 2004; West et al., 2004), however this is a rela-The high resolution and continuous data from instruments
tively simplistic comparison that does not fully account for such as the FOS provide a basis for comparison with grid
the spatial and temporal distribution of emissions, the smallmodel simulations of selected VOCs. For example, results
number of monitoring sites, or for any early morning chem- are shown in Fig. 11 for olefin mixing ratios measured at
istry that might affect the ambient levels. There is also 5 yearthe CENICA site during the MCMA-2003 field campaign by
difference between the base period for the emissions invenFOS and modeled with the California Institute of Technol-
tory and the time when these ambient measurements weregy (CIT) airshed model. This model was used by West et
taken. Lei et al. (2006) adjusted recently the speciated VOQal. (2004) to model ozone photochemistry in Mexico City.
emissions inventory of Mexico City through comparisons of The same model set-up, including a factor of 3 increase in
VOC concentrations modeled with the Comprehensive AirVOC emissions and factor of 2 increase in CO emissions,
Quality Model with extensions (CAMXx) and the concentra- was used to forecast photochemistry during the MCMA-
tions measured at the CENICA site in 2003 by canisters an@®003 study based on MM5 meteorological simulations. Con-
DOAS. Overall, their results were consistent with the scalingcentrations of ethylene, isoprene, and groups OLE1l and
factors presented here, where not all VOC species are undeGLE2 in the CIT model were weighted according to their
estimated by factors of 2 to 3. They found that the total VOC contribution to the hydrocarbon mix used by the SAPRC99
emissions are underestimated-b§5%. chemical mechanism and their corresponding FOS response
factor.
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Table 7. Comparison between ambient VOC concentrations measured at urban sites during the morning period (6:00 to 9:00 h) and the
corresponding VOC emissions from the most recent emissions inventory for modeling purposes.

Model species Ambient [VOC] % oftotal Inventosyl®® % of inventory  Adjustment factor to
(ppbC)l (tons/yry inCmoles  correct the inventory

ETHANE 29.7 2.3 3.3 1.0 2.3

PROPANE 3395 25.7 50.1 15.1 1.7

ALK1 470.8 35.7 36.2 11.7 3.1

ALK2 91.5 6.9 78.3 22.5 0.3

ACETYLENE 24.3 1.8 4.2 1.4 1.3

ETHYLENE 37.3 2.8 7.9 2.50 1.1

OLE1 29.5 2.2 15.8 5.2 0.4

OLE2 20.8 1.6 22.9 7.5 0.2

BUTADIENE 1.9 0.2 0.04 0.01 10.8

ISOPRENE 1.8 0.1 7.8 2.5 0.05

BENZENE 17.2 1.3 3.3 1.1 1.1

ARO1 95.5 7.2 40.1 13.0 0.6

ARO2 127.5 9.7 42.8 13.1 0.7

MTBE 315 2.4 12.7 3.2 0.8

Total 1318.8 100.0 325.5 100.0

1 Ambient concentrations measured during the MCMA-2002 and 2003 field campaigns.
2 From West et al. (2004).

The modeled concentrations follow the measured conseed to be investigated further in proposing refinements to
centrations relatively well. This result was unexpected be-the emissions inventory.
cause of all the assumptions and uncertainties involved in the
model and the FOS response. An evaluation of the fractional
error defined by 6 Summary and conclusions

A number of independent methods were used to measure am-
bient VOC concentrations in the Valley of Mexico during the
MCMA 2002 and 2003 field campaigns. The use of different
wherec,, andc, represents the modeled and measured Con_techniques a_llow_ed a wide fange of individual species to pe
centrati’gns re(;pectively showed a median error of 51% for.m easurgd with d ifferent spatial and temporgl scales, proy|d—
the entire MCMA-2003 field campaign. During the daytime ing confidence in the data, as well as a basis for comparison

. . ith gri | simulati f sel Vi . The Vi
(6:00-19:00 h) the fractional error was smaller than at nlghtWlt grid model simulations of selected VOCs e Voc

(19:00-6-00 h), 48% versus 56%. Figure 11a shows peri_concentrations were analyzed to understand better their dis-

ds wh deled and 4 level hed ﬂ'ibution, diurnal pattern, origin and reactivity in the atmo-
ods when modeled and measured leve's matche very we phere of Mexico City. The following points summarize the
(day 105), and othgr periods when the FOS reported h'gheﬁrnain findings and conclusions of this work.
or lower concentrations than the model. In general, the mode
tends to underpredict concentrations at night and to overpre- _ pespite some differences between GC-FID, PTR-
dict during the daytime. Figure 11b shows that the major dis- MS and DOAS measurements, ambient air inter-
crepancy occurs during rush hours when the model overpre- comparisons for selected VOCs showed good agree-
dicts the morning peak. This peak is predicted by the model  ment. This was true in spite of the fact that GC-FID

in good agreement with the measured concentrations, sinceé  \yas the benzene measurements by DOAS, which differ
modeled concentrations are within one standard deviation of  from PTR-MS and GC-FID measurements in the early
the measured concentrations. afternoon, when ozone concentrations are high.

While this would seem to support the factor of three hy-
pothesis, it is known that this setup of CIT has excessive — At urban sites, the ambient concentration of VOCs de-

. 1 u |(le.—coi)|
Fractional Error—ﬁ Z T

(100% , (1)
i=1 2 (Cmi + coz‘)

vertical mixing (de Foy, personal communications). Com-
pensating errors could be responsible for this agreement and

www.atmos-chem-phys.net/7/329/2007/

pends strongly on the interaction of vehicular activ-
ity and meteorological processes. At La Merced and
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. 11. Olefins concentration measured by the FOS and calculated
the CIT model considering an increment factor of 3 in VOC
issiong(a) during 5 days andb) average concentrations mea-

sured during the entire MCMA-2003 field campaign at the CENICA
site. The gray shading indicates thd standard deviation range
from the FOS measurements.

CENICA, no late afternoon peak in VOC concentration
was observed, while at the Pedregal site the morning
and late afternoon VOC peaks were observed.

— At boundary sites, the diurnal profiles of ambient VOC

concentrations depend mainly on wind patterns with ev-
idence of transport of the urban plume. These sites cor-
respond to rural landscapes, where burning of agricul-
ture debris and trash is common. Biomass and trash
burning was observed to produce spikes on ambient
concentrations of selected VOCSs, such as styrene.

— In general, VOC concentrations reported here are

Atmos. Chem. Phys., 7, 32953 2007

smaller than concentrations reported in the 1990s. This
finding is consistent with Arriaga et al. (2004), who
state that ambient VOC concentrations have stabilized
and possibly decreased. This is a good indicator that
enacted policies and actions to control VOC emissions
have shown success, despite the growth in the vehicula]
fleet and other activities.

E. Velasco et al.: Measurements of volatile organic compounds in the Valley of Mexico

20% of unidentified VOCs (alkynes, halogenated hy-
drocarbons, oxygenated species, etc.), based on ppbC.
In the afternoon, concentrations are lower and the dis-
tribution among species is different with a higher con-
tribution of unidentified VOCs at the urban sites.

In terms of OH reactivity, olefins are the hydrocarbons
of major concern in Mexico City. Ethylene and propy-
lene are the two most reactive VOCs with OH in the at-
mosphere of Mexico City. The elevated concentrations
of propane and n-butane are sufficient to rank these two
alkanes among the top 5 VOCs, even though their reac-
tivity rate coefficients are small compared to those for
olefins and aromatics.

Elevated levels of toxic VOCs, such as 1,3-butadiene,
vinyl chloride and the BTEX hydrocarbons were ob-
served. These VOCs are of public health concern.

The ratios of ambient and on-road exhaust enriched con-
centrations between two hydrocarbons with similar pho-
tochemical lifetimes and the ratios of different VOCs
with acetylene (an automotive exhaust transfer) demon-
strated that many olefins and aromatics have their main
origin in vehicle exhaust, such as the xylenes, toluene,
ethylbenzene, t-2-pentene, c-2-pentene, etc., as well as
MTBE and some alkanes, such as 2-methylpentane and
3-methylpentane. The ratios with acetylene showed that
vehicle exhaust contributes to the emission of nearly all
VOC species classes, including light molecular weight
alkanes that have been widely related with the use of
residential LPG, particularly propane and n-butane.

Examination of the VOC data in terms of the relative
distribution of lumped modeling VOC classes and com-
parison to the emissions inventory suggests that the in-
ventory underestimates the contribution of some alka-
nes and overestimates the contributions of some olefins
and aromatics.

The comparison between ambient concentrations of
olefins measured by FOS and olefins predicted by the
CIT model using a VOC emission inventory increased
by a factor of three showed relatively good agreement.
However, we reported separately (Velasco et al., 2005)
that the fluxes of olefins appeared to agree with the VOC
emissions without any adjustment. The difference in
these contradictory results may be due to errors in at-
mospheric mixing in the modeling process.

Although some pollutants have been successfully con-
olled in Mexico City during the last decade, concentrations
or other pollutants are still elevated, including the VOC dis-

cussed in this manuscript. Effective control strategies to re-

In the morning, the entire valley experiences a relatively duce ambient VOC concentrations need to consider both the
homogeneous mix of VOCs consisting ©60% alka-  VOC reactivity in terms of production of ozone and other
nes, ~15% aromatics,~5% olefins and a remaining secondary pollutants, and the toxic potential. These control
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strategies must be focused in improving fuels quality and ve- tion of isoprene at an urban location, Atmos. Environ. 35, 3749—
hicle technology, inspection and maintenance, since there is 3760, 2001.

strong evidence that vehicle exhaust is the main source oBravo, H., Sosa, R., Sanchez, P., Bueno, E., and Gonzalez, L.: Con-
many hydrocarbons. However, they are not going to solve Centration of benzene and toluene of the southwestern area at
by themselves the air pollution problem in Mexico. Fossil ;h&gllezx(l)coozclty Metropolitan Zone, Atmos. Environ., 36, 3843~
fueled private cars cannot continue being the main transpor& ' ' - .
mode, new types of public and private transport with lower arter, W. P. L.: Development of ozone reactivity scales for volatile

. . . organic compounds, J. Air & Waste Manage. Assoc., 44, 881—
environmental impacts need to be implemented to decrease ggq 1994

the use of fossil transportation fuels. One promising exam-carter, w. P. L.: Documentation of the SAPRC-99 Chemical Mech-
ple is the system of buses confined to isolated lanes on main anism for VOC reactivity assessment, final report to California
avenues, simulating subways lines above the surface, includ- Air Resources Board, contracts 92-329 and 95-308, Calif. Air
ing the recently initiated “Metrobus system” in Mexico City Res. Board, Sacramento, Californisyww.cert.ucr.edufcarter
(FIMEVIC, 2006), resulting in reduced travel duration and  2000.

improved air quality, while decreasing private vehicle use. CAM: Inventario de emisiones a la absfera, Zona Metropolitana
del Valle de Mexico, 1998, Comigin Ambiental Metropolitana,
Mexico, 2001.

Conner, T. L., Lonneman, W. A., and Seila, R. L.: Transportation
related volatile hydrocarbon source profiles measured in Atlanta,

AcknowledgementsThis study was supported by the Integrated
Program on Urban, Regional and Global Air Pollution from the
Massaf:hl_Jsetts Instl_tute of Technology (M_IT) and the Metropolitan J. Air Waste Manage. Assoc., 45, 383-394, 1995.
Commission of Environment of Mexico City (CAM). The authors o . ; )

A . . Cruz-Nuwiez, X., Hernandez-Solis, J. M., and Ruiz-Suarez, L. G.:
thank the assistance of the National Center for Environmental Re- Evaluation of vanor recovery svstems efficiency and personal ex-
search and Training (CENICA) of the National Institute of Ecology . ap . y Syster . y P .

. . g posure in service stations in Mexico City, Sci. Total Environ.,
of Mexico (INE), as well as the assistance of the Atmospheric
Monitoring System of the Federal District Government (SIMAT) 309, 59-68, 2003.
95y . _de Foy, B., Caetano, E., Maga, V., Zitacuaro, A., @rdenas, B.,

Data analysis funding from the National Science Foundation . ; X
Retama, A., Ramos, R., Molina, L. T., and Molina, M. J.: Mexico
(Grant #ATM-0528170 and ATM-0528227) and the Department of City basin wind circulation during the MCMA-2003 field cam-

Energy (Grant #DE-FG02-05ER63982 and DE-FG02ER3980) to ;
Aerodyne Research and MIT is acknowledged. R.V. acknowledges pa'g,“' Atmos. Chem. Phys., 5, 22672288, 2005,
i . X ) http://www.atmos-chem-phys.net/5/2267/2005/
consecutive fellowships by Henry and Camille Dreyfus Foundation
and Alexander von Humboldt Foundation. Finally, the authors de Gouw, J. A., Goldan, P. A, Warneke, C., Kuster, W. C., Roberts,
. M., Marchewka, M., Bertman, S. B., Pszenny, A. A. P, an
¥, J. M., Marchewka, M., Bertman, S. B., P A. A. P., and

ish to thank the anonym revi rs who provi ry helpful Do .
wish to thank the anonymous reviewers who provided very helpfu Keene, W. C.: Validation of proton transfer reaction-mass spec-

comments for the final manuscript, trometry (PTR-MS) measurements of gas-phase organic com-
pounds in the atmosphere during the New England Air Qual-

Edited by: U. Rschl ity Study (NEAQS) in 2002, J. Geophys. Res., 108, 4682—4199,

2003.
Doran, J. C. and Zhong, S.: Thermally driven gap winds into the
References Mexico City basin, J. Appl. Meteor., 39, 1330-1340, 2000.
Evans, J., Levy, J., Hammitt, J., Santos-Burgoa, C., and Castillejos,
Arriaga, J. L., Escalona, S., Cervantes, A. D., Gielry R. and M.: Health benefits of air pollution control, in: Air Quality in the
Lopez, T.: Seguimiento de COV en aire urbano de la ZMCM  Mexico Megacity. An integrated assessment, edited by: Molina,
1992-1996, in: Contaminamn Atmosgrica, Vol. 2, edited by: L. T. and Molina M. J., Kluwer Academic Publishers, Nether-
Colin L. G. and Varela J. R., UAM, Mexico, 1997. lands, 2002.

Arriaga-Colina, J. L., West, J. J., Sosa, G., Escalona, S. S.ferdu  Etzkorn, T., Klotz, B., Sorensen, S., Patroescu, I. V., Barnes, I.,
R. M., and Cervantes, A. D. M.: Measurements of VOCs in Mex-  Becker, K. H., and Platt, U.: Gas-phase absorption cross sections
ico City (1992-2001) and evaluation of VOCs and CO in the  of 24 monocyclic aromatic hydrocarbons in the UV and IR spec-
emissions inventory, Atmos. Environ., 38, 2523-2533, 2004. tral ranges, Atmos. Environ., 33, 525-540, 1999.

Atkinson, R.. Gas-phase tropospheric chemistry of organic com-FIMEVIC: Metrobus, sistema de transporte colectivaww.
pounds, J. Phys. Chem. Ref. Data, 2, 11-216, 1994. fimevic.df.gob.mx/metrobus/default.hti2006.

Atkinson, R.: Gas-phase tropospheric chemistry of volatile organicFinlayson-Pitts, B. J. and Pitts, J. N.: Chemistry of the upper and
compounds, J. Phys. Chem. Ref. Data, 26, 215-290, 1997. lower atmosphere, Academic Press, USA, 2000.

Barletta, B., Meinardi, S., Simpson, I. J., Khwaja, H. A., Blake, D. Fraser, M. P., Cass, G. R., and Simoneit, B. R. T.: Gas-phase and
R., and Rowland, F. S.: Mixing ratios of volatile organic com-  particle-phase organic compounds emitted from motor vehicle
pounds (VOCs) in the atmosphere of Karachi, Pakistan, Atmos. traffic in a Los Angeles roadway tunnel, Environ. Sci. Technol.,
Environ., 36, 3429-3443, 2002. 32, 2051-2060, 1998.

Blake, D. R. and Sherwood, F.. Urban leakage of liquefied Gakenheimer, R., Molina, L. T., Sussman, J., Zegras, C., Howitt,
petroleum gases and its impact on Mexico City air quality, Sci- ~ A., Makler, J., Lacy, R., Slott, R., and Villegas A.: The MCMA
ence, 269, 953-956, 1995. transportation system: mobility and pollution, in: Air Quality

Borbon, A., Fontaine, H., Veillerot, M., Locoge, N., Galloo, J. C.,  in the Mexico Megacity. An integrated assessment, edited by:
and Guillermo, R.: An investigation into the traffic-related frac-

www.atmos-chem-phys.net/7/329/2007/ Atmos. Chem. Phys., 735392007


www.cert.ucr.edu/~carter
http://www.atmos-chem-phys.net/5/2267/2005/
www.fimevic.df.gob.mx/metrobus/default.htm
www.fimevic.df.gob.mx/metrobus/default.htm

352 E. Velasco et al.: Measurements of volatile organic compounds in the Valley of Mexico

Molina, L. T. and Molina M. J., Kluwer Academic Publishers, 670, 1996.

Netherlands, 2002. Kolb, C. E., Herndon, S. C., Mcmanus, J. B., Shorter, J. H., Zah-
Garcia, A. R., Volkamer, R., Molina, L. T., Molina M. J., Samuel- niser, M. S., Nelson, D. D., Jayne, J., Canagaratna, M. R., and
son, J., Mellgvist, J., Galle, B., Herndon, S. C., and Kolb, C. E.:  Worsnop, D. R.: Mobile laboratory with rapid response instru-

Separation of emitted and photochemical formaldehyde in Mex- ments for real-time measurements of urban and regional trace gas
ico City using a statistical analysis and a new pair of gas-phase and particulate distributions and emission source characteristics,
tracers, Atmos. Chem. Phys., 6, 4545—-4557, 2006, Environ. Sci. Technol., 38, 5694-5703, 2004.
http://www.atmos-chem-phys.net/6/4545/2006/ Lei, W., de Foy, B., Zavala, M., Volkamer, R., and Molina, L. T.:
Gasca, J., Ortiz, E., Castillo, H., Jaimes, J. L., and Gonzalez, U.: Characterizing ozone production in the Mexico City Metropoli-
The impact of liquefied petroleum gas usage on air Quality in  tan Area: a case study using a chemical transport model, Atmos.

Mexico City. Atmos. Environ., 38, 3517-3527, 2004. Chem. Phys. Discuss, 6, 7959-8009, 2006.

GDF: Informe del Estado de la Calidad del Aire y Tendencias 2003Lindinger, W., Hansel, A., and Jordan, A.: On-line monitoring of
para la Zona Metropolitana del Valle deMico, Direccon Gen- volatile organic compounds at pptv levels by means of proton-
eral de Gestin Ambiental del Aire, Mexico, 2004. transfer-reaction mass spectroscopy (PTR-MS): Medical appli-

Gomez-Perales, J. E., Colvile, R. N., Nieuwenhuijsen, M. J., cations, food control and environmental research, Int. J. Mass
Ferrandez-Bremauntz, A., Gaétirez-Avedoy, V. J., &amo- Spectrom. lon Processes, 173, 191-241, 1998.

Figueroa, V. H., Blanco-Jignez, S., Buenodpez, E., Mandu-  Meneses, F., Romieu, |., Ramirez, M., Colome, S., Kochy, F., Ash-
jano, F., Bernab-Cabanillas, R., and Ortiz-Segovia, E.: Com- ley, D., and Hernandez-Avila, M.: A survey of personal ex-

muters’ exposure to PpE, CO, and benzene in public transport posures to benzene in Mexico city, Archives of Environmental
in the metropolitan area of Mexico City, Atmos. Environ., 38,  Health, 54, 359-363, 1999.
1219-1229, 2004. Molina, L. T. and Molina, M. J.: Cleaning the air: a comparative

Grutter, M., Flores, E., Basaldud, R., and Ruiz-Suarez, L. G.: Open- study, in: Air Quality in the Mexico Megacity. An integrated
path FTIR spectroscopic studies of trace gases over Mexico City, assessment, edited by: Molina, L. T. and Molina M. J., Kluwer
Atmos. Oceanic Opt., 16, 232—236, 2003. Academic Publishers, Netherlands, 2002.

Grutter, M. and Flores, E.: Air pollution monitoring with two op- Mugica, V., Vega, E., Arriaga, J. L., and Ruiz, M. E.: Determination
tical remote sensing techniques in Mexico City, Proceedings of of motor vehicle profiles for non-methane organic compounds
SPIE 5571, Gran Canaria, Spain, 13-16 September, 2004. in the Mexico City Metropolitan Area, J. Air & Waste Manage.

Grutter, M., Flores, E., Andraca-Ayala, G., and Baez, A.: Formalde- Assoc., 48, 1060-1068, 1998.
hyde levels in downtown Mexico City during 2003, Atmos. Env- Mugica, V., Vega, E., Chow, J., Reyes, E., Sanchez, G., Arriaga, J.

iron., 39, 1027-1034, 2005. L., Egami, R., and Watson, J.: Speciated non-methane organic
Guenther, A. and Hills, A.: Eddy covariance measurement of iso- compounds emissions from food cooking in Mexico, Atmos. En-
prene fluxes, J. Geophys. Res., 103, 13145-13 152, 1998. viron., 35, 1729-1734, 2001a.
Herndon, S. C., Jayne, J. T., Zahniser, M. S., Worsnop, D. R.Mugica, V., Vega, E., Sanchez, G., Reyes, E., Arriaga, J. L., Chow,
Knighton, B., Alwine, E., Lamb, B. K., Zavala, M., Nelson, D. J., Watson, J., and Arriaga, J. L.: Volatile organic compounds

D., McManus, J. B., Shorter, J. H., Canagaratna, M. R., Onasch, emissions from gasoline and diesel powered vehicle, Atmosfera

T. B., and Kolb, C. E.: Characterization of urban pollutant emis- 14, 29-37, 2001b.

sion fluxes and ambient concentration distributions using a mo-Mugica, V., Vega, E., Ruiz, H., Sanchez, G., Reyes, E., and Cer-

bile laboratory with rapid response instrumentation, Faraday Dis- vantes, A.: Photochemical reactivity and sources of individual

cuss., 130, 327-339, 2005. VOCs in Mexico City, in: Air pollution X, edited by: Brebbia,
INE: Almanaque de datos y tendencias de la calidad del aire en C. A. and Martin-Duque, J. F., WIT Press, UK, 2002a.

ciudades mexicanas, INE-SEMARNAT, Mexico, 2000. Mugica, V., Watson, J., Vega, E., Reyes, E., Ruiz, M. E., and Chow,
IPCS: Chemical Safety Information from Intergovernmental Orga- J.: Receptor model source apportionment of nonmethane hydro-

nizations,www.inchem.org 2005. carbons in Mexico City, The Scientific World Journal, 2, 844—
Jeffries, H. E., Sexton, K. G., Arnold, J. R., and Kale T. L.: Val- 860, 2002b.

idation testing of new mechanisms with outdoor chamber dataMugica, V., Ruiz, M. E., Watson, J., and Chow, J.: Volatile aro-

Volume 2: analysis of VOC data for the CBA and CAL pho- matic compounds in Mexico City atmosphere: levels and source

tochemical mechanisms, final report EPA-600/3-89-010b, Envi- apportionment, Atmosfera, 16, 15-27, 2003.

ronmental Protection Agency, USA, 1989. Ortiz, E., Alemon, E., Romero, D., Arriaga, J. L., Olaya, P., Guz-
Jobson, B. T., Berkowitz, C. M., Kuster, W. C., Goldan, P. D., man, F., and Rios, C.: Personal exposure to benzene, toluene

Williams, E. J., Fesenfeld, F. C., Apel, E. C., Karl, T., Lonne-  and xylene in different microenvironments at the Mexico City

man, W. A., and Riemer, D.: Hydrocarbon source signatures in metropolitan zone, Sci. Total Environ., 287, 241-248, 2002.

Houston, Texas: influence of the photochemical industry, J. Geo-Parrish, D. D., Trainer, M., Young, V., Goldan, P. D., Kuster, W. C.,

phys. Res., 109, D24305, doi:10.1029/2004JD004887, 2004. Jobson, B. T., Fehsenfeld, F. C., Lonneman, W. A., Zika, R. D.,
Kim, K. H.: Comparison of BTX measurements using a differential ~ Farmer, C. T., Riemer, D. D., and Rodgers, M. O.: Internal con-

optical absorption spectroscopy and on-line gas chromatography sistency tests for evaluation of measurements of anthropogenic

system, Environ. Eng. Sci., 21(2), 181-194, 2004. hydrocarbons in the troposphere, J. Geophys. Res., 103, 22 339-
Kirchstetter, T. W., Singer, B. C., Harley, R. A., Kendall, G. R., 22359, 1998.

and Chan W.: Impact of oxygenated gasoline use on CaliforniaPinhua, X., Wenging, L., Qiang, F., Ruibin, W., Jianguo, L., and

light duty vehicle emissions, Environ. Sci. Technol., 30, 661- Qingnong, W.: Intercomparison of NOSO,, O3, and aromatic

Atmos. Chem. Phys., 7, 32953 2007 www.atmos-chem-phys.net/7/329/2007/


http://www.atmos-chem-phys.net/6/4545/2006/
www.inchem.org

E. Velasco et al.: Measurements of volatile organic compounds in the Valley of Mexico 353

hydrocarbons measured by a commercial DOAS system and tradSEPA: SPECIATE, VOC/PM speciation data system, version
ditional point monitoring techniques, Adv. Atmos. Sci., 21, 211-  1.50, Environmental Protection Agency and Radian Corporation,
219, 2004. Research Triangle Park, N.C., 1993.

Raga, G. B., Baumgardner, D., Kok, G., and Rosas, |.: Some aspecigega, E., Mugica, M., Carmona, R., and Valencia, E.: Hydrocarbon
of boundary layer evolution in Mexico City, Atmos. Environ., 33, source apportionment in Mexico City using the chemical mass
5013-5021, 1999. balance receptor model, Atmos. Environ., 34, 4121-4129, 2000.

Raga, G. B., Baumgardner, D., Castro, T., Martinez-Arroyo, A., Velasco, E.: Estimates for biogenic non-methane hydrocarbons and
and Navarro-Gonzalez, R.: Mexico City air quality: a qualitative  nitric oxide emissions in the Valley of Mexico, Atmos. Environ.,
review of gas and aerosol measurements (1960-2000), Atmos. 37, 625-637, 2003.

Environ., 35, 4041-4058, 2001. Velasco, E., Lamb, B., Pressley, S., Allwine, E., Westberg,

Reimann, S., Calanca, P., and Hofer, P.: The anthropogenic fraction H., Jobson, T., Alexander, M., Prazeller, P., Molina, L., and
contribution to isoprene concentrations in a rural atmosphere, At- Molina, M.: Flux measurements of volatile organic compounds
mos. Environ., 34, 109-115, 2000. from an urban landscape, Geophys. Res. Lett.,, 32, L20802,

Rogak, S. N., Pott, U., Dann, T., and Wang D.: Gaseous emissions doi:10.1029/2005GL023356, 2005.
from vehicles in a traffic tunnel in Vancouver, British Columbia, Volkamer, R., Etzkorn, T., Geyer, A., and Platt, U.: Correction of
J. Air Waste Manage. Assoc., 48, 604—-615, 1998. oxygen interference with UV spectroscopic (DOAS) measure-

Rogers, T. M., Grimsrud, E. P., Herndon, S. C., Jayne, J. T., Kolb, ments of monocyclic aromatic hydrocarbons in the atmosphere,
C. E., Allwine, E., Westberg, H., Lamb, B. K., Zavala, M., Atmos. Environ., 32, 3731-3747, 1998.

Molina, L. T., Molina, M. J., and Knighton, W. B.: On-road Volkamer, R., Molina, L. T., Molina, M. J., Shirley, T., and Brune,
measurements of volatile organic compounds in the Mexico City W. H.: DOAS measurement of glyoxal as an indicator for fast
Metropolitan Area using Proton Transfer Reaction Mass Spec- VOC chemistry in urban air, Geophys. Res. Lett., 32, L08806,
trometry, Int. J. Mass Spectrom., 252, 26-37, 2006. d0i:10.1029/2005GL022616, 2005.

Sagebiel, J. C., Zielinska, B., Pierson, W. R., and Gertler, A.Warneke, C., de Gouw, J. A., Kuster, W. C., Goldan, P. D., and
W.: Real world emissions and calculated reactivities of organic  Fall, R.: Validation of atmospheric VOC measurements by pro-
species from motor vehicles, Atmos. Environ., 30, 2287-2296, ton transfer reaction mass spectroscopy using a gas chromato-
1996. graphic preseparation method, Environ. Sci. Technol., 37, 2494—

Schifter, I., Diaz, L., Duran, J., Guzman, E., Chavez, O., and Lopez- 2501, 2003.

Salina, E.: Remote sensing study of emissions from motor ve-Watson, J. G., Chow, J. C., and Fujita, E. M.: Review of volatile
hicles in the Metropolitan Area of Mexico City, Environ. Sci. organic compound source apportionment by chemical mass bal-
Technol., 37, 395-401, 2003. ance, Atmos. Environ., 35, 1567-1584, 2001.

Schifter, 1., Diaz, L., Lopez-Salinas, E., Rodriguez, R., Avalos, S., West, J., Zavala, M. A., Molina, L. T., Molina, M. J., San Mar-
and Guerrero, V.: An evaluation of the LPG vehicles program tini, F., McRae, J., Sosa, G., and Arriaga-Colina, J. L.: Model-
in the metropolitan area of Mexico City, J. Air Waste Manage. ing ozone photochemistry and evaluation of hydrocarbon emis-
Assoc., 50, 301-309, 2000. sions in the Mexico City metropolitan area, J. Geophys. Res.,

Shiohara, N., Fe@ndez-Bremauntz, A., Blanco-Jimez, S., and 109, 19312-19 327, 2004.

Yanagisawa Y.: The commuters’ exposure to volatile chemi- Whiteman, C. D., Zhong, S., Bian, X., Fast, J. D., and Doran, J. C.:
cals and carcinogenic risk in Mexico City, Atmos. Environ., 39,  Boundary layer evolution and regional-scale diurnal circulations
3481-3489, 2005. over the Mexico Basin and Mexican plateau, J. Geophys. Res.,

Shirley, T. R., Brune, W. H., Ren, X., Mao, J., Lesher, R., Carde- 106(D8), 10081-10 102, 2000.
nas, R., Volkamer, R., Molina, L. T., Molina, M. J., Lamb, B., Ye, Y., Galbally, I. E., and Weeks, I. A.. Emission of 1,3-butadiene
Velasco, E., Jobson, T., and Alexander, M.: Atmospheric oxi- from petrol-driven motor vehicles, Atmos. Environ. 31, 1157—
dation in the Mexico City Metropolitan Area (MCMA) during 1165, 1997.

April 2003, Atmos. Chem. Phys., 6, 2753-2765, 2006, Zavala, M., Herndon, S. C., Slott, R. S., Dunlea, E. J., Marr, L.
http://www.atmos-chem-phys.net/6/2753/2006/ C., Shorter, J. H., Zahniser, M., Knighton, W. B., Rogers, T. M.,

USEPA: Compendium method TO-14a. Determination of volatile  Kolb, C. E., Molina, L. T., and Molina, M. J.: Characterization of
organic compounds (VOCs) in ambient air using specially pre- on-road vehicle emissions in the Mexico City Metropolitan Area
pared canisters with subsequent analysis by gas chromatography using a mobile laboratory in chase and fleet average measure-
(EPA/625/R-96/010b). Compendium of methods for the determi- ment modes during the MCMA-2003 Field Campaign, Atmos.
nation of toxic organic compounds in ambient air, 2nd Edition, Chem. Phys., 6, 5129-5142, 2006,

US EPA, Cincinnati, OH, 1999a. http://www.atmos-chem-phys.net/6/5129/2006/

USEPA: Integrated Risk Information System (IRIS) on 1,3-

Butadiene, National Center for Environmental Assessment, Of-
fice of Research and Development, Washington, DC. 1999b.

www.atmos-chem-phys.net/7/329/2007/ Atmos. Chem. Phys., 735392007


http://www.atmos-chem-phys.net/6/2753/2006/
http://www.atmos-chem-phys.net/6/5129/2006/

