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Abstract. Ambient samples of volatile organic com- 13.3million in 1980, to approximately 18.1 million in 2005
pounds (VOCs) were measured between 2000 and 2007 i(Anzaldo and Bawn, 2009). Along with the number of in-
Southeastern Mexico City, quantifying 13 species (ethanehabitants, the air pollution problem also increased, reaching
propane, propylene, butane, acetylene, pentane, hexane, hdfs most severe conditions during the early and mid-1990s
tane, benzene, octane, toluene, nonane, o-xylene). Theg8MA, 2007). Although new technologies and control mea-
time series were analyzed for long-term trends, using lineasures have led to decreasing trends in some air pollutants
regression models. A main finding was that the concentra-over the last decade, both suspended particles and ozone still
tions for several VOC species were decreasing during thifrequently exceed the national standards in many regions of
period. A receptor model was applied to identify possible the MCMA. Short episodes of high concentrations of sulphur
VOC sources, as well as temporal patterns in their respecdioxide (SQ) deriving from industrial plumes have also be-
tive contributions. Domestic use of liquefied petroleum gascome a local problem in the northern parts of the City (SMA,
(LPG) and vehicle exhaust are suggested to be the princi2007; De Foy et al., 2007).

pal emission sources, contributing together between 70% and Volatile Organic Compounds (VOCSs) are a crucial deter-
80% to the total of quantified species. Both diurnal and seaminant of air quality in Mexico City. Together with nitro-
sonal patterns, as well as a weekend effect were recognized igen oxides (NQ), they are responsible for the formation of
the modelled source contributions. Furthermore, decreasingzone, which peaks over 200 ppb within the MCMA, and ex-
trends over time were found for LPG and hot soalki (8%  ceeds the national air quality standard (110 ppb for 1-h av-
and —12.7% per year, respectively, < 0.01), whereas for erage) on over half of the days of the year (SMA, 2007).
vehicle exhaust no significant trend was found. Ozone is thought to cause restricted activity days (i.e. days
when employees cannot go to work or children do not at-
tend school due to air pollution induced health effects), and
has even been identified as a likely contributor to mortality
(Evans et al., 2002). In addition, some VOCs are air tox-
ics, such as benzene and toluene. Benzene has been recog-
nized as a human carcinogen (WHO, 2000), and air quality
The Mexico City Metropolitan Area (MCMA) is one ex- Standards have been established for this compound in sev-

ample of rapidly expanding megacities in developing coun-€ral countries. For example, the European Community has

tries. Its population has grown from 1.6 million in 1940 and Set a limit of Sgg/rﬁ (9.4 ppbC) as an annual mean in order
to protect public health (EC, 2000), while Japan set its air

quality standard to 3 ug/n(5.6 ppbC, Japanese Ministry of
Correspondence td:. Wohrnschimmel  Enyironment, 1997).
BY (henry.woehrnschimmel@chem.ethz.ch)
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1 Introduction

1.1 The air pollution problem in Mexico City
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1.2 Previous VOC measurements As part of VOC reactivity, the contribution of compounds
associated to liquefied petroleum gas (LPG) has been an is-
Although VOCs are not yet routinely measured by the Mex- sue of debate. 8 out of 10 homes in Central Mexico use LPG
ico City air quality monitoring network, they have been ad- for heating water and cooking, making Mexico the coun-
dressed in several measurement campaigns carried out iy with the worldwide highest LPG consumption per capita
Mexico City. One of the longest time series has been de{SENER, 2009a). Although the LPG related species have
termined at three sites over 9 years (1992-2001), measuringw reactivity, they are emitted to the atmosphere in huge
55 VOCs in the morning hours and in selected months of theamounts, so their importance has been emphasized in sev-
year. A decreasing trend has been reported for Xalostoc, asral works. The conclusions range from a relatively small
industrial site in Northeastern Mexico City. The two other effect on ozone formation (Gasca et al., 2004; Jaim@selz
sites, Merced, in the city center with prevailing vehicle emis- et al., 2003; Gamas et al., 2000) to a significant share (Blake
sions, and Pedregal, an affluent residential area in Southerand Rowland, 1995), depending on where in the MCMA the
Mexico City, did not show any trends. It is thought that VOC experimental data were obtained, and on the methodological
concentrations did not increase — in spite of an augmentingpproach.
vehicle fleet — due to better fuel efficiency and cleaner vehi- The debate about the role that LPG plays for total VOC
cle technology (Arriaga et al., 2004). concentrations and ozone formation leads almost instantly to
The composition of VOCs has been characterized in somehe question of other VOC sources’ contribution to the total
of the studies, finding that alkanes contribute most to the toAVOC burden. Source apportionment studies have been car-
tal VOCs (54—60%), followed by aromatics (15—26%) and ried out in the MCMA (Mugica et al., 2002; hrnschimmel
alkenes (5-18%) (INE/SMA/UAM, 2006; Apel et al., 2010; et al., 2006; Sosa et al., 2008) using source profiles measured
Velasco et al., 2007; and references therein). From theséh Mexico City (Mugica et al., 2002; Zavala et al., 2006).
groups, aromatics and alkenes are especially important foThe general finding was that vehicle exhaust and the domes-
ozone formation due to their high reactivity, in spite of their tic use of LPG are the principal sources, along with the use
lower concentration in ambient air. Formaldehyde and otherof solvents.
oxygenated VOCs have also been determined in specific These results, however, are in contrast with the most recent
campaigns (Grutter et al., 2005; Volkamer et al., 2005; Apelofficial emission inventory, where mobile sources (gasoline-
et al., 2010; Fortner et al., 2009). An analysis of the verticaland diesel-powered) are estimated to contribute 34% to the
VOC distribution in the low boundary layer of Mexico City total VOC burden, whereas leaking and unburnt LPG only
has been reported in Velasco et al. (2008). contributes about 11% (SMA, 2008). Several studies sug-
In the context of ozone formation, VOC vs. N@ensi-  gest that this and previous inventories underestimate VOC
tivity of the Mexico City air has been discussed as a cru-emissions by a factor of 2 or 3, or that at least alkanes,
cial parameter (Molina et al., 2002) and was the subjectaromatics and aldehydes are underestimated (West et al.,
of several recent studies (Lei et al., 2007, 2008; Tie et2004; Arriaga et al., 2004; Lei et al, 2007; 2008; Zavala
al., 2007; Song et al., 2010). Chemical transport modelet al., 2009). Airborne flux measurements supported these
simulations indicated that ozone formation was VOC lim- hypotheses, indicating that inventories underestimated the
ited during the MCMA-2003 campaign (Lei et al., 2007, emissions of toluene and benzene (Karl et al., 2009). On the
2008). Sensitivity analyses of ozone production to precursoother hand, flux measurements at fixed urban sites within the
emissions under different meteorological conditions duringMCMA conclude that the emission inventory actually over-
the MCMA-2006/MILAGRO campaign demonstrate that the estimates the emissions of aromatic VOC species (Velasco et
MCMA urban core region is VOC-limited for all meteorolog- al., 2005; Velasco et al., 2009).
ical episodes, while the surrounding areas with relatively low Finally, the toxicity of some VOC species has been
NOy emissions can be either NOor VOC-limited regimes  addressed in particular by measurements of benzene and
depending on the episode (Song et al., 2010). The analysi®luene. Bravo et al. (2002) report benzene concentrations
of the weekend effect by Stephens et al. (2008) also providedrom grab samples at a condominium and a university cam-
direct empirical evidence for VOC limitation. These results pus site of 18.7 and 22.0 ppbC, respectively, which is two
suggest that the controls on VOC emissions would be a moréimes higher than the EC limit value. The authors suggest
effective way to reduce ozone levels in the urban area, whichthat an air quality standard for benzene is needed in Mexico,
is consistent with previous results from the MCMA-2003 followed by control strategies like assuring proper function-
campaign (Lei et al., 2007, 2008). During the MCMA-2006 ing of catalytic converters and vapor recovery systems at gas
campaign, VOC-limitation was even stronger due to reducedstations. During the MCMA-2002 and MCMA-2003 cam-
VOC/NG ratios and VOC reactivities in the estimated emis- paigns, urban benzene concentrations averaged 19.0 ppbC
sions. Furthermore, meteorological conditions led to large(Velasco et al., 2007), and during the MILAGRO-2006 an av-
variations in regime for the area with relatively low NO erage of 12.2 ppbC was determined at a different urban sites
emissions, implying that emission controls would depend on(Apel et al., 2010).
location and meteorology (Song et al., 2010).
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1.3 Obijective of this study Total measurement uncertainties were quantified only for

benzene, toluene and o-xylene, by determining the respective
The present study provides a unique updated time series Qfncertainties of the calibration curves over a range from 1 to
VOC measurements between 2000 and 2007 at one site im25 ppbV, the calibration gas itself, the analyst, and the in-
Southeastern Mexico City. It not only continues previous strument. The so derived relative uncertainties were between
measurements, but also covers different seasons of the year19 and 4.2% of the measured value. The GC-FID method
and times of the day. The specific objectives of this paper argjetection level (MDL) was determined for all 13 species sep-
to analyze the trends in VOC concentrations applying regresarately, by carrying out replicate analysis of a calibrating gas
sion analysis, and to assess the importance of potential VOGt low concentration levels, resulting in MDL between 0.11
sources over time by means of a receptor model. and 0.45 ppbV.

The sum of the 13 quantified compounds (from now on
denoted asx13VOC) makes up a major part of all VOC
species in the Mexico City air. Compared with other mea-
surements of 55 VOC species at the same sampling site
(INE/SMAJUAM, 2006), £13VOC constituted an average
VOC grab samples were taken regularly during a 7-year pefraction of 50% when concentrations are expressed as ppbC
riod from July 2000 to June 2007 at the Mexican National (such fractions will from now on be denoted as ppbC%).
Center for Environmental Research and Training (CENICA) )
in Southeastern Mexico City. The over 21000 samples were?-2 Data analysis
evenly distributed across the 24h of the day and the 1
months of the year, with each sampling event lasting abouzf)

2 Methods

2.1 Sampling and analytical procedure

escriptive statistics and graphical data analysis, as well as
he regression and receptor modeling described in the follow-

4 minutes. ing subsections, were carried out with the statistical package
The sampling site is located at’'29” N, 99°04'19" W, gsut ! P 9
R version 2.10.0 (R Development Core Team, 2009).
2240 m above mean sea level, on the campus of the Au-

tonomous Metropolitan University Iztapalapa. Itlies withina 5 5 4 Regression model
low-income residential neighborhood with one of the highest

population densities of the MCMA, and is characterized by Regression models were fitted to VOC data, in order to es-
mechanical workshops, restaurants, and some small indugimate the long-term trend of the different species. As ex-
tries (printing, production of packaging materials and paints).planatory variables for the linear regression models we used
At a distance of 1 to 2km into each direction, highly traf- time and month, as shown in Eq. (1):
ficked main roads and an urban highway (to the East) pass
by the measurement site. l0g(Cj) =a;+B;xt+V;,te; (1)
The sample inlet was on the CENICA rooftop at a height ' .

of 12.7m above ground level. From there, a stainless stee\ther.eC.] are the monthly average concen'_trahons of VOC
X . species;j (in ppbC), is the time in years since 200§,
line transferred the air sample to a concentrator, then to alxs the effect of monthn that is introduced to improve the
gas chromatograph with a flame ionization detector (Gc_precision of the results, ardis the error term, modeled as
FID, Hewlett-Packard 6890 Series plus), where the following L R

. e an autoregressive time series of orderdbis the intercept
13 species were quantified: ethane, propane, propylene, bu- ; . o

of the regression equation, whereas the trend is givefi by
tane, acetylene, pentane, hexane, heptane, benzene, octane
L and translates to a yearly rate of change by the formfila

toluene, nonane and o-xylene. Our study was limited to theS(i
species by the available gas calibration standard (SAAN Co
containing 1 ppmV of each of the 13 compounds). The anal
ysis was carried out accordi_ng to the EPA's method TO-14A Since trends might vary for different times of the day, an
(E.PA’ 1999)(; The 400 mL air sample was cqntrolled for hu- analysis with the hour of the day and its interaction with time
midity at 25°C, pre-concentrated in a multiadsorbent trap included in the model was also performed
packed with tenax, activated alumina and activated carbon. More models were tested thgt are not .shown here, using
The compounds were thermally desorbed at"Z5vith he- hourly measurements instead of monthly averages, and in-

!|um purge gas, and finally .the VOC species were SeDarl"ue((jzluding the temperature, the wind speed, and the daily and
in two gas chromatographic columns of 30m length each

alumina plot (inner diameter 0.53 mm) and methyl siliconeweekly cycle as explanatory variables. This led to rather

(inner diameter 0.5 mm) connected in series. The identitie complex models giving information about the dependence of

of the VOC species were obtained by means of the retentio‘:tlhe VoC concent_rgnons on meteorolo_gy and cycll_c patterns.
. SO . However, no additional benefit was gained for the interpreta-
times and areas from the gas calibration standard, using

: I . flon of the long-term trends, so these results will be reported
10-times dilution mixture.
elsewhere.

. The assumption of linearity was verified by testing the
‘Significance of a quadratic terfty’ x #2, which turned out to
be insignificant in most cases.
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2.2.2 Receptor model The emission profiles used in our analysis covered emis-
sions related to LPG usage (like evaporative losses or LPG
A Chemical Mass Balance (CMB) model was used to ana-that remains unburned during incomplete combustion), vehi-
lyze the contributions of different potential emission sourcescle exhaust (EXHAUST), vaporized hot soak from the heat of
to the sum of the 13 quantified compounds §VOC). motor engines (HOTSOAK), and solvent use (SOLVENT).
In general, a CMB model correlates previously determinedror each category, between 1 and 4 different profiles were
source profiles to measured receptor concentrations, solvingsed, most of them measured in Mexico City between 1996
the multiple regression equation and 1998 (Vega et al., 2000; Mugica, 1999, Mugica et al.,
C,=FxS,+e, @) 2002). Also some newer profiles for vehicle exhaust that
were determined during 2008 in a tunnel study in the City of

where(, is the vector of the VOC species’ concentrations Guanajuato, Mexico (unpublished) were included in the EX-
quantified in one sample taken at timé is the source pro- HAUST category, in order to account for recent changes in
file matrix, S, is the source contribution vector, aweg is fuel characteristics and vehicle technology, like the decreas-
the error vector. The source profile matfixs composed of ~ ing share of vehicles without a catalytic converter. All source
previously measured source profile vectors, with each vectoprofiles are provided in the Supplementary Information, to-
describing the relative contents of VOC species (in ppbC%)gether with their uncertainties and background information
from the respective source. The source contribution vectoron the new vehicle exhaust profiles. The inclusion of other
which is the unknown of this equation, is the absolute con-potential profiles did not contribute to improving the reported
tribution of each source to the total measured ambient VOQmodel results.

concentrations (in ppbC). For each observation, this multiple AS receptor concentrations, we selected night, morning,
linear regression problem is solved f§rby minimizing the ~ and evening averages of the above described species, omit-
sum of squares of the error vector. Measurement uncertainting propylene and o-xylene because of their high photo-
ties of both receptor concentrations and emission profiles aréhemical reactivities. From the remaining compounds, the
an essential part of the model, since they are used to assigiodel was allowed to omit up to one further compound, if
less weight to measurements close to detection limit and tdhis improved the fit. Night averages were calculated for each
calculate the standard error of the source contribution estiday from samples with all species quantified that were taken
mates. The resulting model fits can then be evaluated by #etween 01:00 and 04:00. Accordingly, morning averages
set of model performance parameters, such as the values féorresponded to samples taken between 06:00 and 09:00, and
R?, the reduced,?, the ratio of modeled to measured mass, €vening averages to samples between 18:00 and 21:00. The
the standard error of the source contribution with its corre-uncertainties for these receptor concentrations were calcu-
sponding t-statistics, and its projection into the eligible spacdated according to Eq. (3):

(US-EPA, 2004). _ 2 211/2
Some essential assumptions of the CMB model are thaf (€1 =[(2>xMDL)"+ (Urel x C1)°] &)

the source profiles are constant in time, that there is negliwhereo (C;) is the vector of root mean square errors for the
gible chemical transformation during the transport from thequantified Species’ concentratiold$ in one samp|e taken
emission source to the receptor site, and that no unknowrt times, MDL is the compound specific method detection
emission source contributes significantly to the concentrajimit for the GC-FID, andU is the relative measurement

tions at the receptor site. Furthermore, linear independenc@ncertainty (estimated here to be 4% for all species, see also
of the source profile, as well as random, uncorrelated andsect. 2.1).

normally distributed measurement uncertainties are a condi- For the final results we selected only model fits with ac-
tion for valid results of CMB. ceptable performance measures, according to the criteria
Currently, the most widespread version of this model is given in US-EPA (2004)R2 > 0.8, x2 < 2,80%< modeled
CMB8.2 (US-EPA, 2004). For our analysis, however, the to measured mass rativ 120%, standard errors 1/2 times
model was implemented in the statistical pack&y&nclud-  the source contribution estimate, and projection into eligible
ing beside the features of the US-EPA software a more verspace for all sources 0.95. The descriptive statistics on this
satile algorithm to select the best fit according to the aboveselection of model fits is shown in Table 3.
described performance parameters. In particular, this algo- The results of the CMB model were used to describe the
rithm solves Eq. (2) for a user defined range of different com-re|ative importance of the potential sources, and to identify
binations of sources and fitting species before returning the@emporal patterns in absolute source contributions. Long-

ideal solution. This makes it possible to automatically ana-term trends were examined in ana|ogy to the regression anal-
lyze large data sets, and avoids the need to combine sourcesis for individual VOCs.

and species for each sample in a process of trial and error.
An example of the typical model output is given in the Sup-
plementary Information.
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In Table 1, descriptive statistics are given for each of the
guantified VOCs for the whole measurement period from
2000 to 2007. The relative composition for all data and
during selected time intervals is shown in Fig. 1. It be-
comes clear that propane and butane are the major com- .l .o 110
ponents of the VOC mixture at all times of the day, with : . . : oo
mean concentrations of 241.5 ppbC and 108.6 ppbC, respec- 2000 2001 2002 2003 2004 2005 2006 2007
tively, followed by toluene, with 70.3 ppbC. The average an- e
nual benzene concentration of 7.9 ppbC is close to the Euro-_ ] . . .
pean limit value of 9.4 ppbC. Propylene, the most reactiveFi9- 2. Time series, monthly means and linear trend with month
species, has a mean concentration of 18.1ppbC, which i ffects of £13VOC, propane, benzene and toluene from 2000 to

! . 007.
higher by a factor of two and more than in other urban ar-
eas where propylene air concentrations have been reported
(Nguyen et al., 2009; Tang et al., 2007; Mohamed et al.,
2002; Dollard et al., 2007). These results are similar to prethe GC-FID, and in 2006, when the analytical method was
vious measurements carried out at different sites in Mexicocertified.
City (INE/SMA/UAM, 2006; Velasco et al., 2007; Apel et Figure 3 shows in more detail the diurnal cycle of
al., 2010). In particular, there is very good agreement withx;3VOC, propane, benzene and toluene. Highest concen-
24-h samples taken at the same site during 2005 and 200@ations appear between 06:00 and 09:00 and to a lesser ex-
(INE/SMAJUAM, 2006). tent after 21:00. The average benzene peak reaches 10 ppbC

In Fig. 2, time series are shown f&l13VOC, propane, in the morning, with high concentrations over several hours.
benzene and toluene. Beside a diurnal variability of one toThese peaks can also be observed in the other quantified
two orders of magnitude, a cyclic annual pattern can be inspecies (provided in the Supplementary Information), indi-
ferred, and will be discussed later in this section. Longercating a general pattern of increased emission related activi-
gaps in the data exist in 2002 for reasons of maintenance dfies in the morning and in the evening, like traffic rush hours

—_
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Table 1. Descriptive statistics of VOC measurements from 2000 to 2007 for each of the quantified species. Concentrations in ppbC.

n Mean Median Standard Dev. Percentile .05 Percentile .95

Ethane 20251 10.8 8.5 8.0 2.4 26.3
Propane 21188 2415 157.2 243.4 34.3 734.3
Propylene 19356 18.1 11.7 255 2.1 53.0
Butane 21138 108.6 72.4 105.7 16.1 324.8
Acetylene 20973 26.6 18.2 26.2 4.2 77.2
Pentane 21127 25.2 16.5 31.8 4.5 70.9
Hexane 20765 17.5 10.7 23.1 2.0 55.3
Heptane 20700 3.9 25 5.8 0.6 11.3
Benzene 20950 7.9 5.8 7.4 1.3 21.6
Octane 19495 2.6 1.7 55 0.6 6.3
Toluene 20848 70.3 50.3 74.9 11.2 188.1
Nonane 19507 3.8 2.4 6.9 0.6 9.7
o-Xylene 19545 12.0 8.0 17.3 1.7 33.3
¥13VOC 15777 575.9 428.1 472.3 131.2 1531.3

Table 2. Linear regression for all VOC species.

Intercept Time Month Yearly rate

o B SE p p of change (%)
Ethane 2.43 —0.005 0.023 0.843 0.010** —0.50
Propane 5.90 —0.048 0.025 0.058 0.029* —-4.69
Propylene 3.33 +0.014 0.053 0.791 0.427 +1.41
Butane 4.99 —0.041 0.020 0.047* 0.068 —4.02
Acetylene 3.74 —0.067 0.016 0.000*** 0.011* —6.48
Pentane 3.32 —0.063 0.051 0.220 0.024* —6.11
Hexane 3.21 —-0.135 0.055 0.017* 0.340 -12.63
Heptane 1.82 —0.028 0.027 0.299 0.145 —2.76
Benzene 2.32 —-0.024 0.027 0.377 0.215 -2.37
Octane 1.42 —0.052 0.031 0.093 0.519 -5.07
Toluene 4.62 —0.077 0.038 0.052 0.219 —-7.41
Nonane 1.69 —0.100 0.047 0.037* 0.669 —-9.52
o-Xylene  2.88 —0.123 0.056 0.034* 0.061 -11.57
313VOC  6.69 —0.030 0.020 0.144 0.029* —2.96

a, B =regression coefficients, SE = standard erpos, level of significance of coefficients. The p-value is represented as follpws:001***, p < .01**, p < .05*.

and domestic water heating. In addition, the reduced verti-added to Fig. 2. Over the 7-years measurement period, sev-
cal mixing of the atmosphere at these times contributes tceeral species showed significant negative trends, namely bu-
increased concentrations. Solvent related compounds (likéane, acetylene, hexane, nonane and oxylene. Other species
hexane, but also toluene) show less pronounced peaks, sinted negative regression coefficients, although they were not
their emissions are more uniformly distributed along the day,significant. For example, toluene decreased by about 7.4%
with higher evaporation around midday. These general charannually (p =0.052), whereas benzene showed no trend.
acteristics of the diurnal VOC cycles have been measured The modeled month effects indicate the cyclic annual pat-
also at different urban sites during the MCMA-2003 and tern of VOC concentrations: highest concentrations occur
MILAGRO-2006 campaigns (Velasco et al., 2007; Fortner between November and February, which in Mexico City
etal., 2009). corresponds to the dry-cold season, characterized by ther-
Linear regression models were applied to determine possimal inversions and high pressure systems. During the dry-
ble long-term trends of ambient VOC concentrations, accordwarm season (March to May) and the rainy season (June
ing to Eq. (1). The resulting regression parameters, togetheto October), concentrations are lower. Differences between
with their standard errors and significance are shown in Tathe dry-warm and the rainy seasons are thought to de-
ble 2, and the modeled curves including the month effects argpend on compound-specific physicochemical properties and

Atmos. Chem. Phys., 10, 9029837, 2010 www.atmos-chem-phys.net/10/9027/2010/
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Table 3. Descriptive statistics on CMB model performance parameters for selected fits.

9033

n R? %2 Mass%
Night (01:00-04:00) 650 (689) 0.970.04 0.5+0.3 94.9+7.0
Morning (06:00-09:00) 665 (726) 0.960.04 0.5+ 0.4 94.9+ 6.8
Evening (18:00-21:00) 522 (696) 0.960.04 0.5+ 0.4 96.5+ 8.9
Total 1837 (2111) 0.96:0.04 0.5+0.4 95.4+75

Table 4. Linear regression for all source contributions.

n = number of fits that comply with performance criteria (in parentheses the maximum number of fits), &&rageand Mass%, with their respective standard deviations.

Intercept Time Month Yearly rate
o B SE »p p of change (%)
LPG 5,80 -0.081 0.024 0.002**  0.000%*** -7.8
EXHAUST 550 -0.013 0.024 0.585 0.079 -1.3
HOTSOAK 2.80 -0.136 0.026 0.000*** 0.021* —12.7
SOLVENT 3.15 -0.018 0.030 0.554 0.070 -1.8

a, B = regression coefficients, SE = standard erpos, level of significance of coefficients. The p-value is represented as follpws:001***, p < .01**, p < .05*.

source-specific seasonal variations in emissions. A deepedurnal stable boundary layer, while vehicle exhaust emissions
analysis of these relations is beyond the scope of the presemiccur mainly during the day. Solvent use and hot soak emis-
work. sions contribute together only between 3% and 11% to the

Trends have been analyzed also in function of the time ofguantified species during the course of the day.
the day. The results are added to Fig. 3 (see also Supplemen- These findings confirm previous receptor modelling stud-
tary Information), showing the modeled average concentraies in the MCMA, which in general have identified LPG and
tion for each hour for July 2000 and June 2007, respectivelyvehicle exhaust as the dominant sources: Sosa et al. (2008)
Reductions did not occur homogeneously over the day or foreport LPG and vehicle exhaust contributions at a University
each VOC species in the same way. For example, propane r&ampus site in Southwestern Mexico City of 52% and 25%
ductions occurred mainly during the night, whereas benzeneluring the morning hours, respectively. Mugica et al. (2002)
and toluene decreased most significantly during the mornindind vehicle exhaust to be more abundant than LPG at
hours and at noon, respectively. These differences give furthree different sites (industrial, commercial and high-income
ther evidence that different sources with distinct timely emis-neighbourhood, respectively). The differences among these
sion patterns control the VOC species’ atmospheric concenresults reflect the regional variability of source contributions
trations. Possible temporal changes in photochemical reaaowithin the urban area. The latest emission inventory (SMA,
tivity of the Mexico City atmosphere might also have con- 2008) takes this fact into consideration, presenting gridded
tributed to the observed time- and compound-specific trendsemissions over the MCMA. However, this emission inven-
tory still fails to recognize the high contribution of LPG to
total VOC concentrations.

In Fig. 5 the inter-annual variations of absolute source
Figure 4 illustrates the modelled relative contribution of dif- contributions of LPG and vehicle exhaust are shown. The
ferent emission sources to the measured VOC concentrationmodelled trend according to the regression analysis is also
at different times of the day. It becomes clear that LPG andadded, and the corresponding numerical results are given in
vehicle exhaust are the principal sources. At night, LPG isTable 4, along with results for the other sources. There was
dominant with a median contribution of 54%, whereas ve-a significant trend for LPG, with an annual decrease rate of
hicle exhaust adds 32% tR13VOC. During the day, the 7.8% (p < 0.01). Hot soak emissions decreased by annually
relative contribution of LPG decreases, down to a median12.7% (p < 0.001). Although hot soak contributes only a
share of 27% in the evening, whereas vehicle exhaust beminor fraction to the quantified VOC species (Fig. 4), the re-
comes more important, increasing up to 62%. This modelsult might be an indicator for an improved evaporative emis-
result reflects leakages from stationary LPG tanks being aions control in newer vehicles. The annual decrease in vehi-
continuous source, especially accumulating within the noc-cle exhaust of 1.3% was not significant, although the recent

3.2 Source apportionment
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literature suggests such a trend for vehicle emissions: Zavalaig. 5. Time series, monthly means and linear trend with month ef-

etal. (2009) report a decrease of measured on-road emissiq s of the absolute LPG and vehicle exhaust source contributions.
factors for selected aldehydes and aromatics between 2003

and 2006; for cruising conditions, the reductions ranged from

25% to 58% over the three years span, whereas for stop-anthigher from November to February than in the period from
go conditions and heavy traffic, the reductions were smallerjuly to October; vehicle exhaust is about 31% higher(
The discrepancy between these results and our study is ag.05 and p = 0.08, respectively; paired Wilcoxon signed
tributed to the wider range of aromatics and aldehydes intanked test on monthly averaged source contributions). If
cluded in Zavala et al. (2009).
Also an intra-annual cycle is evident from the month ef- to both the reduced mixing layer height and higher LPG
fects of the linear model (Fig. 5), indicating higher absolute consumption for water heating, whereas vehicle exhaust in-
source contributions during the dry-cold season. This is increases only due to meteorological effects, we can estimate
analogy to the higher VOC concentrations observed at thighat during the dry-cold season the usage of LPG increases
time of the year (Fig. 2). LPG contribution is about 60% by about 22%. This can be compared to national sales data

Atmos. Chem. Phys., 10, 9029837, 2010

we assume, as a first approximation, that LPG increases due
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for LPG (SENER, 2009b), which over the last decade have Future research is needed in order to overcome the limita-
been about 15% higher in the months from September to Jartions of the present study. Measurements at the CENICA
uary than in the 4 previous months. site should be continued in order to detect future poten-
Finally, a weekend effect also becomes evident in the vedial changes in VOC concentrations, including beside the 13
hicle exhaust contribution: we find less emissions on Sundayompounds other critical VOC species. Also the establish-
mornings in comparison with working days, by about 32%, ment of additional long-term monitoring sites would be de-
(p < 0.001; paired Wilcoxon signed ranked test, using av- sirable, in order to address the inhomogeneity of a big urban
eraged source contributions from Monday to Friday of eacharea such as the MCMA. There is a need to determine recent
week). Velasco et al. (2009) report similar values for week-emission profiles in Mexico City, including also industrial
end decreases in alkene angl@nzene fluxes. The reason is sources. In this way, future receptor modelling studies could
that for most people economic activities and related vehicleprovide a more accurate and complete picture on source con-
use start later in the day or are suspended on Sundays. Dutributions in Mexico City and support the development of
ing Sunday night from 01:00 to 04:00, however, the vehicleair quality management strategies. In this context, also a re-
exhaust contribution is higher by about 17#6< 0.05). This  analysis of the data presented by Arriaga et al. (2004), where
effect has been observed also for VOC fluxes (Velasco et alirends have been discussed only on a basis of the total con-
2009) and criteria air pollutants (Stephens et al., 2008) incentration of 55 VOC species, could give additional insight
Mexico City and it has been described as the “party-effect”,into how measures implemented in the past affected the con-
since higher vehicle emissions derive from abundant sociatentrations of different VOC species.
and economic activities during Saturday nights. Finally, we encourage the use of the data presented in this
study to review the official inventory of the MCMA, and to
. support the application of photochemical models.
4 Conclusions

In this paper, a time series of 7 years of VOC measure_Supple_mentgry mater_|al related to this
rticle is available online at:

ments in ambient air in Southeastern Mexico City has bee

analyzed. The average composition of the 13 quamiﬁej;lttp://www.atmos-chem-phys.net/lO/ 9027/2010/
VOC species was in agreement with previous measurementgt,(:p'10'9027'2010'Slmplemem'pdf
and indicated a strong presence of alkanes and aromatics.

In particular, carcinogenic species like benzene were mea-
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gests the occurrence of health effects ip the populatign fromroshiyuki Tanaka from Teikyo University of Science and
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ment showed that vehicle exhaust and LPG are the dominantviewers for their valuable comments on the manuscript.

sources contributing to the measured species. Trend analy-

ses indicated a decrease in some of the VOC species, whichdited by: S. Madronich
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