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Abstract

Volatile organic compounds (VOCs) and carbonaceous aerosol were measured at
a sub-urban site near Mexico City in March of 2006 during the MILAGRO study (Megac-
ity Initiative: Local and Global Research Objectives). Diurnal variations of hydrocar-
bons, elemental carbon (EC) and hydrocarbon-like organic aerosol (HOA) were domi-
nated by a high peak in the early morning when local emissions accumulated in a shal-
low boundary layer, and a minimum in the afternoon when the emissions were diluted
in a significantly expanded boundary layer and, in case of the reactive gases, removed
by OH. In comparison, diurnal variations of species with secondary sources such as
the aldehydes, ketones, oxygenated organic aerosol (OOA) and water-soluble organic
carbon (WSOC) stayed relatively high in the afternoon indicating strong photochemical
formation. Emission ratios of many hydrocarbon species relative to CO were higher in
Mexico City than in the US, but we found similar emission ratios for most oxygenated
VOCs and organic aerosol. Secondary formation of acetone may be more efficient in
Mexico City than in the US, due to higher emissions of alkane precursors from the use
of liquefied petroleum gas. Secondary formation of organic aerosol was similar be-
tween Mexico City and the US. Combining the data for all measured gas and aerosol
species, we describe the budget of total observed organic carbon (TOOC), and find
that the enhancement ratio of TOOC relative to CO is conserved between the early
morning and mid afternoon despite large compositional changes. Finally, the influ-
ence of biomass burning is investigated using the measurements of acetonitrile, which
was found to correlate with levoglucosan in the particle phase. Diurnal variations of
acetonitrile indicate a contribution from local burning sources. Scatter plots of acetoni-
trile versus CO suggest that the contribution of biomass burning to the enhancement
of most gas and aerosol species was not dominant and perhaps not dissimilar from
observations in the US.
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1 Introduction

Ozone and particulate matter (PM) are two of the main air pollutants of concern in
large urban areas. Ozone is a by-product of the photo-oxidation of volatile organic
compounds (VOCs) in the presence of nitrogen oxides. Particulate matter (PM) has
both direct emission sources and is also formed in the atmosphere from chemistry
involving several organic and inorganic species. The MILAGRO (Megacity Initiative:
Local and Global Research Objectives) study was initiated to characterize the pollutant
emissions from Mexico City, and their transformation and impact on the atmosphere
from local to global scales. The study involved multiple ground sites inside and down-
wind from Mexico City, as well as multiple research aircraft. In this study, we will focus
on the emissions and chemistry of organic carbon in the combined gas and particle
phases, and focus on the chemical transformation at the local scale.

Earlier work on the emissions and chemistry of VOCs in Mexico City showed the
presence of very large emissions of small alkanes, presumably from the use of lig-
uefied petroleum gas used in households (Blake and Rowland, 1995). Detailed VOC
measurements were obtained during a mission in Mexico City in 2003 (Velasco et
al., 2007). Eddy-covariance measurements of several hydrocarbon and oxygenated
species were obtained inside the city (Velasco et al., 2005), emissions from vehicles
were directly sampled using a mobile laboratory (Zavala et al., 2007), and measure-
ments of formaldehyde and glyoxal gave detailed insight into the daytime chemical
processing (Volkamer et al., 2005; Garcia et al., 2006).

The formation of secondary organic aerosol (SOA) in urban air has received much
attention in the past few years. The advent and widespread use of aerosol mass spec-
trometry (AMS) as well as measurements of water-soluble organic carbon (WSOC)
have indicated that much of the organic aerosol in urban areas is likely secondary
rather than primary (de Gouw et al., 2005; Sullivan et al., 2006; Volkamer et al., 2006;
Weber et al., 2007; Zhang et al., 2007; de Gouw et al., 2008; Docherty et al., 2008;
Herndon et al., 2008). Several studies, including in Mexico City, showed that the ob-
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served SOA formation could not be explained quantitatively from the measured VOCs
and their laboratory-determined particulate yields (de Gouw et al., 2005; Volkamer et
al., 2006; de Gouw et al., 2008; Kleinman et al., 2008). The reasons are still unknown,
but may include (i) SOA formation from semi-volatile organic compounds (SVOCs)
(Robinson et al., 2007), (ii) increased SOA yields at the NO, levels typically observed
in the atmosphere (Ng et al., 2007), and (iii) the enhanced formation of SOA from bio-
genic VOCs in urban air (Weber et al., 2007). In addition, although the discrepancy
between measured and calculated SOA is observed in clear air, the cloud-modified for-
mation of SOA has received much attention as well (Ervens et al., 2008). Because of
the close connection between VOCs and SOA there is an increasing number of stud-
ies that address the budget and speciation of total organic carbon in the combined gas
and aerosol phases (de Gouw et al., 2005; Goldstein and Galbally, 2007; Heald et al.,
2008).

Here we study organic carbon in the combined gas and aerosol phases using data
from the sub-urban T1 site in Mexico City during MILAGRO. Using observed diurnal
variations, the primary emissions and secondary formation of VOCs and of organic
aerosol can be distinguished from each other, and the results are compared with find-
ings obtained in the US. The results from multiple instruments are used to compare the
total observed organic carbon (TOOC) (Heald et al., 2008) between the morning and
afternoon. Finally, the influence of biomass burning on the measurements of VOCs
and organic aerosol is discussed using the measurements of acetonitrile. Previous
estimates of the influence of biomass burning on the emissions in and around Mexico
City are highly variable (DeCarlo et al., 2007; Yokelson et al., 2007; Moffet et al., 2008;
Querol et al., 2008; Stone et al., 2008).

2 Measurements

Multiple instruments were used at T1 to measure VOCs and organic aerosol. Figure 1
shows when the different instruments were operational. Brief descriptions of the differ-
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ent instruments used are given next.
2.1 Volatile organic compounds

An on-line gas chromatograph with flame-ionization detection (GC-FID) was used to
measure several different hydrocarbon species (see Table 1). The measurement cycle
included a 5-min sampling period, followed by a 10-min chromatographic run. The
instrument has been described elsewhere in more detail (Kuster et al., 2004). The
measurement accuracy was about 10% for all species measured.

A proton-transfer-reaction ion trap mass spectrometry (PIT-MS) instrument was used
for on-line measurements of several organic species (Warneke et al., 2005a; Warneke
et al.,, 2005b). The PIT-MS is a home-built instrument that uses proton-transfer re-
actions in a drift tube to ionize VOCs, similar to PTR-MS (de Gouw and Warneke,
2007), and an ion trap mass spectrometer to mass select and detect the ions. The
species reported from MILAGRO are shown in Table 1. The data were averaged over
5-min periods for improved precision and easy comparison with the on-line GC-FID
instrument. Measurement accuracies were around 25% for all species except 50% for
acetic acid. More details on the PIT-MS measurements during MILAGRO, including
data inter-comparisons with other instruments, are presented elsewhere (Welsh-Bon
et al., 2008).

Canister samples were collected at T1, and analyzed for numerous alkanes, alkenes,
aromatics and halocarbons using GC-MS and other methods at the University of Cal-
ifornia at Irvine. At T1, eight samples per day were collected on average, and the fill
time was around 3 h per sample. Many of the species measured from the canisters
were also quantified by the NOAA GC-FID and PIT-MS instruments; the data are com-
pared elsewhere (Welsh-Bon et al., 2008). The NOAA GC-FID and PIT-MS data are
used in this study because of their higher measurement frequency. Table 1 shows the
species that were quantified from the canisters only and that were used in this study.

Formaldehyde (HCHO) was measured using the Hantzsch method, which involves
the derivatization of formaldehyde using 2,4-pentanedione and ammonium acetate in
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the so-called Hantzsch reaction (Junkermann and Burger, 2006). The detection is
accomplished using fluorescence spectroscopy after excitation with an Hg lamp. Data
was reported at 2-min time intervals with an uncertainty of 12% or 0.2 ppbv, whichever
number was larger. Formaldehyde measurements by this method have been inter-
compared versus other techniques both in urban conditions (Milan, Italy) (Hak et al.,
2005) and in the simulation chamber SAPHIR (Wisthaler et al., 2008).

2.2 Organic aerosol

The mass of organic aerosol (OM) was measured using an aerosol time-of-flight mass
spectrometry (C-ToF-AMS) instrument (Aerodyne Research) that is owned and op-
erated by the Pacific Northwest National Laboratory (PNNL). The Aerodyne aerosol
mass spectrometer was recently reviewed (Canagaratna et al., 2007) and more details
on the use of time-of-flight mass spectrometers in AMS are given elsewhere (Drewnick
et al., 2005; DeCarlo et al.,, 2006). Mass loadings of organics, sulfate, nitrate and
ammonium were reported at ambient temperature and pressure and at 5-min intervals
with an estimated accuracy of 25%. Data were compared with those from an AMS
onboard the Aerodyne mobile laboratory (Herndon et al., 2008) when it was at T1
on 21-23 March. A collection efficiency of 0.5 was assumed for the whole data set,
based on comparisons with other particle size and composition measurements at T1
and onboard the Aerodyne mobile laboratory. This assumption is supported by inter-
comparisons between AMS and other measurements elsewhere in Mexico City during
MILAGRO (Salcedo et al., 2006; DeCarlo et al., 2008; Johnson et al., 2008; Kleinman
et al., 2008). The mass spectral information was analyzed with positive matrix factor-
ization (Lanz et al., 2007; Ulbrich et al., 2008) to separate hydrocarbon-like organic
aerosol (HOA) and oxygenated organic aerosol (OOA) species (Zhang et al., 2005a).
Measurements of organic carbon (OC) and elemental carbon (EC) were made using
a Sunset Laboratories OCEC analyzer that was operated following the NIOSH method
5040 (Eller and Cassinelli, 1996). Samples were collected onto the internal filter for
45 min, and the total measurement cycle lasted 1 h. Overall accuracy of the measure-
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ment was estimated to be 20% (Peltier et al., 2007).

Water-soluble organic carbon (WSOC) was measured every 6 min by a particle-into-
liquid sampler (PILS) coupled with a total organic carbon (TOC) analyzer (Sullivan et
al., 2004; Peltier et al., 2007). More details on the measurements of WSOC obtained
during MILAGRO are given elsewhere (Hennigan et al., 2008).

In addition to the measurements of OM, OC and WSOC, we use here the measure-
ments of levoglucosan that was determined from filter samples as reported elsewhere
(Stone et al., 2008). Particles were collected onto quartz fiber filters for 24-h sampling
times. Solvent extractable organic species were measured from the samples using
GC-MS.

All organic aerosol measurements are reported here for ambient conditions. It should
be noted that mass loadings differ significantly between ambient and standard condi-
tions (STP=273K and 1013 mbar). As an example, at a temperature of 298K, the
average daytime high at T1, and a pressure of 767 mbar, the average surface pressure
at T1, the ambient mass loadings are a factor of 1.44 lower than mass loadings re-
ported at STP. This should be kept in mind when comparing the results of this study to
those of aircraft measurements, which are commonly reported at STP.

Figure 2 shows a comparison between the measurements of OM, OC and WSOC.
Figure 2A shows that OM was lower than OC for many samples. There can be different
explanations for this discrepancy. First, the 50% cut point for large particles for the AMS
was approximately 800-nm in vacuum aerodynamic diameter at an ambient pressure
of 767 mbar (Liu et al., 2007b), whereas the OCEC measurement covered the 2.5-um
size range. The measurement of OC could be higher than that of OM if a significant
part of the mass was above the size cut-off of the AMS. This is typically not the case
(de Gouw et al., 2005; Kondo et al., 2007; de Gouw et al., 2008), and other data
from Mexico City also do not indicate >20% of PM, 5 mass to be in the 1-2.5 um size
range (Salcedo et al., 2006; Johnson et al., 2008; Querol et al., 2008). Second, it
has been suggested that OC measurements can suffer from positive biases due to
the accumulation of semi volatiles on the filter (Offenberg et al., 2007); for the data
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from T1 it was estimated that this bias could be as high as 3.6 ugC m™° (Peltier et al.,
2007). Indeed, an offset in the OC measurement could mostly explain the discrepancy
with the OM measurement: the black lines in Fig. 2A represent the expected range
of OM/OC ratios of 1 to 2ugug c’ (Turpin and Lim, 2001; de Gouw et al., 2008),
assuming an offset in OC of 2ugC m™°. It is seen that most of the data are within this
expected range. Third, the difference could be due to calibration problems with the
AMS and/or organic carbon measurements. The difference would have to be large,
however, and larger than typically observed for these measurements (de Gouw et al.,
2005; Takegawa et al., 2005; Salcedo et al., 2006; Kondo et al., 2007; de Gouw et al.,
2008; DeCarlo et al., 2008).

Figure 2B shows that for most samples WSOC was smaller than OC, with the line
corresponding to WSOC=0C acting as an upper limit to the distribution. The data are
not inconsistent with an offset in the OC measurement of 2 ung‘s. The expected
range for the WSOC and OC data corresponding to water-soluble fractions between
25 and 100% (Sullivan et al., 2004) is represented by the two black lines in Fig. 2B.
Most of the data in Fig. 2B are within this expected range.

2.3 Other measurements

Other measurements used in this study are those of ozone (O3), carbon monoxide (CO)
and hydroxyl radicals (OH). Ozone was measured with a commercial UV photometric
analyzer (TECO, Model 49C). Measurements of CO were obtained every minute with
a 50% duty cycle using a commercial non-dispersed infrared absorption instrument
(Thermo Environmental Systems, Model 48C). OH was measured by chemical ioniza-
tion mass spectrometry (CIMS) (Sjostedt et al., 2007) and reported on a 5-min time
scale and with an uncertainty of 25%.
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3 Results and discussion
3.1 Diurnal variations of VOCs and organic aerosol

The diurnal variations for most species were pronounced. Figure 3 shows examples
for some selected gas-phase species and Fig. 4 for different carbonaceous aerosol
species. The diurnal variations are calculated from the entire data set, even though
the different measurements did not cover the exact same periods (Fig. 1). Limiting the
analysis to periods when all measurements were available, would reduce the data set
too severely.

Primary species such as CO, acetylene, propane, the Cg-aromatics and 1-butene
peaked in the early morning (Fig. 3), when nighttime emissions accumulated in a shal-
low boundary layer in the absence of efficient chemical removal. After sunrise, the
mixing ratios of these species decreased quickly by dilution in a rapidly expanding
boundary layer (Shaw et al., 2007), and by reactions with OH for reactive species such
as the Cg-aromatics and 1-butene. Similar diurnal variations for primary hydrocarbons
have been reported for several sites inside the city boundaries (Velasco et al., 2007;
Fortner et al., 2008). Ozone was typically titrated by NO, in the early morning and then
increased to an average of around 80 ppbv in the mid afternoon.

Species with secondary sources such as formaldehyde, acetaldehyde and ace-
tone showed maxima in the morning, though slightly later than the primary species.
There was no strong decrease of acetone during the day, as observed for the primary
species, which indicates a strong secondary formation during the day or the mixing
with air aloft that was enriched in acetone. The latter possibility is less likely, how-
ever, since the diurnal variations in longer-lived, primary species (CO, acetylene) did
not show the same diurnal trend. Formaldehyde and acetaldehyde also stayed rel-
atively high during the day. These species are so reactive (OH rate coefficients are
9.37x10~ 2 cm® molecule ™' s for formaldehyde and 15x 1 0~ "2 cm® molecule™" s for
acetaldehyde) (Atkinson and Arey, 2003) that in the absence of secondary formation,
they would go to very low mixing ratios in the afternoon, similarly to the Cg-aromatics
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(OH rate coefficients range from 7.0x10™ "2 cm® molecule™ s~ for ethyl benzene to
23.1x10" "2 cm® molecule ™' s for m-xylene) (Atkinson and Arey, 2003). The observa-
tion that they remain high during the day indicates a large contribution from secondary
formation, in agreement with the results from previous studies (de Gouw et al., 2005;
Liu et al., 2007a).

Figure 4 shows the diurnal variations of the different carbonaceous aerosol mea-
surements. Species that are directly emitted, EC and HOA, have very similar diurnal
variations as the primary gas-phase species in Fig. 3 with a maximum around 6 am.
The diurnal variations of OC, WSOC, OM and OOA, on the other hand, are much more
similar to that of acetone in Fig. 3. OC, WSOC and OM in particular show a maximum
in the morning, although later than the primary species, and remain high during the
day, indicating a strong secondary formation of these species. In Fig. 4 the OC data
are used as reported; if there were an offset in the measurement of OC, the diurnal
variation would be reduced by 2ug C m™~2 at all times of the day (black dashed curve in
Fig. 4B).

One could expect to find diurnal variations in the WSOC/OC and the OM/OC ratios.
In the early morning, when the sampled air contained high primary emissions, one
would expect that OM is only slightly higher than OC (Turpin and Lim, 2001) and that
the water-soluble fraction of OC is low (Sullivan et al., 2004). In the afternoon, when the
sampled air masses were more processed, the OM/OC and WSOC/OC ratios are both
expected to be higher than in the early morning. These expected diurnal variations
were not evident from the data.

3.2 Emission ratios of VOCs and organic aerosol

Most hydrocarbons correlated very well with CO; examples for some selected gas-
phase species are shown in Fig. 5. Good correlations were observed for relatively inert
species such as acetylene (r2=0.869), but also for much more reactive species such as
the Cg-aromatics (r2=0.767) and 1-butene (r2=0.850). The latter has not always been
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observed in other field studies, because the Cg-aromatics and 1-butene are removed
much more rapidly than CO, leading to a loss of correlation in air masses that are more
aged (de Gouw et al., 2005). However, in the present data set the highest mixing ratios
of VOCs and CO are driven by the observations in the early morning when chemical
removal was inefficient.

Emission ratios of VOCs relative to CO were determined by 2-sided regression fits
to the data. The black lines in Fig. 5 show the results and the emission ratios (ER) are
given in the legends in units of ppbv ppmv'1. For most species, the emission ratios
in Mexico City were higher than in the US. As an example, the red lines in Fig. 5
represent the emission ratios from two recent studies: the dotted lines are from a ship-
based study off the US East coast (Warneke et al., 2007), and the solid lines are from
a study summarizing data from 28 US cities (Baker et al., 2008). It is seen that the
two US studies agree well with each other, but the data measured in Mexico City follow
a significantly steeper trend for all hydrocarbon species in Fig. 5. This was true for
almost all hydrocarbon species measured and is discussed in more detail in another
paper (Welsh-Bon et al., 2008).

Very large mixing ratios of short-chain alkanes such as propane and butane were
observed in Mexico City. Figure 5B shows multiple samples with propane mixing ratios
over 50 ppbv and the highest observed value was over 250 ppbv. The source of alkanes
is likely from the leakage of liquefied petroleum gas used in households, as reported
earlier (Blake and Rowland, 1995). CO comes from combustion sources and, as a re-
sult, the degree of correlation between CO and propane was not very high (r?=0.460;
Fig. 5B). The emission ratios for these species are not well determined by the data and
are, therefore, not very meaningful parameters.

Figure 6 shows scatter plots of the primary aerosol species HOA and EC versus
CO. The degree of correlation between HOA and CO was not very high (r?=0.423;
Fig. 6A) and much lower than reported elsewhere (Zhang et al., 2005b). The degree of
correlation was higher for shorter periods of the study: for example, for a 4-day period
near the end of the study (27-30 March), HOA and CO were correlated with an r? of
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0.631. A possible explanation may be a contribution from biomass and trash burning;
more on this in the next section. Nevertheless, a 2-sided regression fit through the data
had a slope of 9+5 g m™° ppmv_1 (black line in Fig. 6A) in agreement with estimates
from several other studies (Zhang et al., 2005b; Lanz et al., 2006; Takegawa et al.,
2006; de Gouw et al., 2008; Kleinman et al., 2008).

The degree of correlation between EC and CO was higher (r2=0.679; Fig. 6B). The
data in Fig. 6B are overlaid with the result from an earlier study in Mexico City in 2000
(red solid line, corresponding to an EC/CO ratio of 1.1 pgm g'1 or1.0pgC m~° ppmv'1)
(Baumgardner et al., 2002); the present data clearly follow a significantly steeper trend.
Because the on-road sources of CO (mostly gasoline) and EC (mostly Diesel) are differ-
ent, the ratio between the two species is highly dependent on the average composition
of the vehicle fleet, which may have been different at the sub-urban T1 site and the
urban sites in the earlier study. The data in Fig. 6B are also overlaid with the results
from 2 tunnel studies in the US (Kirchstetter et al., 1999; Ban-Weiss et al., 2008), which
agree much better with the data from T1.

3.3 Influence of biomass burning

Mixing ratios of acetonitrile, a gas-phase indicator of biomass burning emissions, were
high compared to US urban areas and peaked in the early morning (Fig. 7A). It seems
likely therefore that biomass burning contributed to the emissions in Mexico City; the
peak in the early morning indicates that part of these emissions were local and likely
from the domestic use of bio-fuels and/or from the burning and smoldering of grasses
and weeds, which was commonly observed in the area. Also, it cannot be ruled out
entirely that motor vehicles are a source of acetonitrile in Mexico City, although previous
studies have suggested this to be a minor source (Holzinger et al., 2001).

Figure 7B shows a scatter plot of acetonitrile versus CO. Previous work has shown
that the ratio between acetonitrile and CO is very different in forest fire and in urban
plumes. The average ACH;CN/ACO ratio in fire plumes is around 2.4 ppbv ppmv'1
(red dotted line in Fig. 7B) (de Gouw et al., 2003; de Gouw et al., 2006; Warneke et
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al., 2006), whereas the ACH;CN/ACO ratio in urban plumes is much lower: we found
ACH3;CN/ACO to be <0.1ppbv ppmv~" over Los Angeles and 0.25 ppbv ppmv™" in
a plume from New York City (red solid line in Fig. 7B) (de Gouw et al., 2006). The data
from Mexico City follow the trend from New York City much better than the trend from
forest fires, which indicates that biomass burning emissions are a smaller source of CO
at T1 than vehicle emissions. Two data points at acetonitrile mixing ratios of 4—6 ppbv
were obtained when emissions from a local grass fire were sampled at the site; these
data follow the trend from the US forest fires. At lower mixing ratios of acetonitrile
and CO, many data points follow the dotted line corresponding to biomass burning
emissions. Kleinman et al. presented a similar analysis as shown here in Fig. 7B using
data from the DOE G-1 aircraft (Kleinman et al., 2008). In their data set, the biomass
burning influence was more pronounced as the aircraft sampled emissions from fires in
the mountains surrounding the city that were also observed from other aircraft (DeCarlo
et al., 2007; Yokelson et al., 2007).

Levoglucosan is a tracer for biomass burning emissions in the particle phase and
was measured from filter samples at the T1 site. Figure 8A shows a scatter plot of
levoglucosan measured from the filter samples versus acetonitrile. The filters were
collected over 24-hour sampling times; the acetonitrile mixing ratios were averaged
over these periods for the purpose of the comparison. It is seen that the two measure-
ments correlate with an r? of 0.737. The slope of a 2-sided regression fit to the data is
0.86 ug m~3 ppbv‘1. There is an offset in acetonitrile of ~0.26 ppbv, which is explained
by the long atmospheric lifetime of this compound: the background mixing ratio in the
free troposphere varies typically between 0.1 and 0.2 ppbv (Warneke et al., 2006), i.e.
somewhat lower than the offset in Fig. 8A.

As reported elsewhere, the biomass burning contribution to the organic carbon
aerosol at T1 was determined from the data of levoglucosan and other molecular trac-
ers using the chemical mass balance (CMB) model (Stone et al., 2008). The resulting
percentage of organic carbon aerosol attributed to biomass burning varied between 7%
and 39% at the T1 site. In Fig. 8B the enhancement ratio of acetonitrile versus CO is
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plotted as a function of the biomass burning contribution from CMB. Since both acetoni-
trile and CO are long-lived trace gases, a background was subtracted from the ambient
mixing ratios to determine the enhancement ratios. Here, we use 0.10+0.05 ppmv for
CO, consistent with observations at the Picos Tres Padres and from the DOE G-1
aircraft (Herndon et al., 2008; Kleinman et al., 2008). For acetonitrile we use a back-
ground mixing ratio of 0.25+0.05 ppbv, which was derived from the intercepts of the
best fits through the data in Figs. 7B and 8A, but is somewhat higher than observed
elsewhere (0.1-0.2 ppbv) (Warneke et al., 2006). The error bars in Fig. 8B result from
the uncertainties in the assumed backgrounds for CO and acetonitrile, respectively.
The acetonitrile enhancement ratio correlates with the CMB biomass burning contri-
bution (r2=0.542) and the data follow the expected trend represented by the red line
in Fig. 8B: a zero enhancement of acetonitrile corresponds to a 0% biomass burning
contribution, whereas an acetonitrile enhancement of 2.4 ppbv ppmv'1 , as observed in
forest fire plumes (de Gouw et al., 2003; de Gouw et al., 2006), corresponds to a 100%
biomass burning contribution.

Emissions from forest fires were commonly observed in the vicinity of Mexico City
(Yokelson et al., 2007; DeCarlo et al., 2008), but from the analysis presented in Figs. 7
and 8, we conclude that biomass burning was not a dominant source of trace gases
and aerosol at the T1 site during MILAGRO. Also, Fig. 7B suggests that the relative
contribution of biomass burning emissions in Mexico City to the total may not be dis-
similar from US cities. On most days, the biomass burning contribution to organic
carbon aerosol was 30% or less (Fig. 8B), and we will not explicitly take this source
into account in the remainder of the analysis.

3.4 Daytime removal of volatile organic compounds

The diurnal variations of trace gases and aerosol shown in Figs. 3 and 4 are caused
by diurnal variations in the emissions, chemistry and boundary-layer height. To ac-
count for the effect of emissions and boundary-layer height, one can normalize the
observations to the mixing ratio of an inert tracer, in this case CO; in other words one
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can look at the enhancement ratios. Figure 9, shows the diurnal variations of the en-
hancement ratios of acetylene, propane, the Cg-aromatics and 1-butene versus CO.
CO has a long lifetime and a background mixing ratio of 0.1 ppmv is subtracted prior to
the normalization; the blue shaded areas in Fig. 9 show the uncertainty introduced by
a 0.05-ppmv uncertainty in this assumed background. This uncertainty is higher in the
afternoon when CO is lower (Fig. 3A). Background mixing ratios of VOCs are ignored
in this analysis, as they tend to be small in comparison with the ambient mixing ratios.

Figure 9 shows that the enhancement ratios of the Cg-aromatics and 1-butene were
the highest during the night and early morning, and similar to the emission ratios (red
lines in Fig. 9) determined above from the scatter plots versus CO (Fig. 5) (Welsh-Bon
et al., 2008). During the afternoon, the enhancement ratios of the Cg-aromatics and
1-butene showed a large decrease due to chemical removal by OH. This decrease
was smaller for a relatively inert compound such as acetylene (Fig. 9A). For most
hydrocarbons, the diurnal variation in the enhancement ratios looked like acetylene or
1-butene, depending on their reactivity with OH. The only exceptions were propane
and the butanes, for which the enhancement ratios peaked much earlier during the
night (Fig. 9B). However, the small alkanes were essentially not correlated with CO,
and their enhancement ratios versus CO are not very meaningful parameters.

We quantified the daytime removal for all hydrocarbon species by expressing the
mid-afternoon reduction in the enhancement ratio as a percentage of the emission ratio
(as shown in Fig. 9D). Figure 10 shows the daytime removal for all species as a function
of their rate coefficient for the reaction with OH. It is seen that the faster the reaction
with OH, the higher the daytime removal. One notable exception is naphthalene, which
is very reactive but showed hardly any diurnal variation in its enhancement ratio. The
explanation may be that this compound was not properly measured by PIT-MS: to date
the measurement of that species has not been inter-compared to other methods, and
there may be interference from other species to the signal at 129 amu.

As a result of the removal by OH, the ratio between a VOC and CO depends on the
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time since emission (At) as:
[VOC] _ [VOC]
[CO] |;2a; [CO]

where [VOC]/[CO]|;o is the VOC emission ratio, kon,voc and kon.co are the rate
coefficients for the OH reactions of the VOC and CO, and [OH] is the concentration of
OH. The removal of a VOC can be calculated from Eq. (1) as:

Removal = 1 - VOCI/ICO] . =1-exp(=(k -k )IOH]A?) (2)
[VOC] /[CO]|t=o OH+VOC ~ KOH+CO .

For all species in Fig. 10, Aon.voc I8 much larger than kgn,co and the latter can be
ignored. In addition, Fig. 10 shows that for the most reactive species, the removal does
not go to 100%. For these 2 reasons, the data in Fig. 10 (with the exception of the data
point for naphthalene) are fit by the equation:

Removal = A X (1 - eXp(_kOH+VOC[OH]At)) B (3)

exp (—(kon+voc — Kon+co)[OH]AL), (1)
t=0

the result of which is shown by the black curve. Equation (2) assumes that there are
no continued emissions of VOCs into an air mass after At=0, which is an obvious sim-
plification. Parameter A was found to be (75+10)% from the fit, suggesting that in the
mid afternoon (25+10)% of the sampled air consisted of local non-processed emis-
sions, whereas (75+10)% consisted of processed emissions that were released early
in the day. The parameter [OH]Af was found to be (1 .5&:0.4)><1011 moleculescm™s
from the fit. OH measurements at the T1 site by Huey and co-workers gave a daytime
maximum concentration of (5:!:2))(106 molecules cm™, in close agreement with results
from a previous mission (Shirley et al., 2006). Taking this OH concentration, an [OH]A¢
of (1 .5¢0.4)><1011 moleculescm™'s corresponds to a processing time of 8+4 h, which
is approximately the time between the highest VOC mixing ratios in the early morning
and the lowest in the early afternoon (Fig. 3). This analysis shows that the removal of
the primary hydrocarbons was largely consistent with OH chemistry. For ethene, the
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daytime removal was about 50% (Fig. 3), which means that there were still some fairly
reactive species left in air masses transported away from T1 during the daytime. The
lesser reactive species in Fig. 3 include the pentanes, n-hexane and toluene; not in-
cluded were the butanes, propane and acetylene, in which cases the daytime removal
was not meaningful or poorly defined by the data (Fig. 9). The more reactive species
in Fig. 3 include the alkenes and aromatics; the daytime removal of the Cg-aromatics,
2-methyl propene and naphthalene were not as well described by the best fit of Eq. (3).

3.5 Daytime formation of oxygenated VOCs and organic aerosol

Figure 11 shows the diurnal variations in the enhancement ratios of four oxygenated
VOCs that have secondary sources in addition to direct emissions. The diurnal varia-
tions are very different from the hydrocarbons in Fig. 9, with the lowest enhancement
ratios in the early morning, when primary emissions dominate the air mass compo-
sition, and much higher values in the afternoon due to secondary formation. There
is also a second, smaller peak in the enhancement ratio around 3 am. This second
smaller peak arises because CO was relatively constant during the night and rises
very sharply at 5 a.m. (Fig. 3A), whereas acetaldehyde and acetone increased more
gradually during the night (Fig. 3H-I). The data are overlaid with the emission ratios for
direct urban emissions derived for the US (red solid lines) (de Gouw et al., 2005), and
the enhancement ratios observed in the US after 8 h of processing (red dotted lines)
(Sommariva et al., 2008). It is seen that the estimated US emission ratios agree quite
well with the enhancement ratios in the early morning when primary emissions dom-
inate. The afternoon enhancement ratios are higher at T1 than observed in the US,
which is expected since the emission ratios of most of their precursors are also higher.
The uncertainties in the enhancement ratios are high, however, and the differences
may not be significant for acetaldehyde and MEK. The difference is larger for acetone:
the main acetone precursors are propane, iso-butane and iso-pentane (Jacob et al.,
2002; Sommariva et al., 2008) and these were much higher in Mexico City than in the
US (Fig. 5B).
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Figure 12 shows enhancement ratios of the different carbonaceous aerosol species
versus CO measured at T1. The enhancement ratio of EC was relatively constant
during the day and equal to the emission ratio derived earlier from the scatter plot in
Fig. 6. This suggests that emissions EC (Diesel vehicles) and CO (gasoline vehicles)
have similar diurnal emission profiles. The enhancement ratio of HOA varied by a factor
of 2 during the day, was lower in the morning when primary emissions were high,
and higher in the afternoon. The red line in Fig. 12E represents the emission ratio
determined from the scatter plot in Fig. 6A. This emission ratio is at the high end of
the diurnal variation and in agreement with emission ratios derived from several other
studies (Lanz et al., 2006; Takegawa et al., 2006; de Gouw et al., 2008; Kleinman
et al., 2008). The green line in Fig. 12E represents the emission ratio from a study in
Pittsburgh (Zhang et al., 2005b), which agrees better with the enhancement ratio found
for HOA in the early morning. There is no clear explanation for the diurnal variation. It
is possible that the high variability in HOA was due to the presence of trash burning in
close proximity to the site or to an influence of biomass burning as discussed above.

The diurnal variations of the OC, WSOC, OM and OOA enhancement ratios look
very similar to those of the oxygenated VOCs in Fig. 11, suggesting that secondary
formation plays a significant role in the afternoon. Acetonitrile mixing ratios showed
on average a minimum in the afternoon (Fig. 7A) and, therefore, it is unlikely that the
increases in OC, OM and WSOC in the afternoon can be explained by an increased
contribution from biomass burning. The data in Fig. 11 are overlaid with previous esti-
mates of the direct emissions (red solid line) and secondary formation after 0.5 day of
processing (red dotted line) in urban plumes in the US (de Gouw et al., 2008). It is seen
that the US emission ratios agree well with the enhancement ratios of OC and OM in
the early morning. In this analysis, the OC data are used as reported. If there were
an offset in the OC data of 2 ung'S, then the enhancement ratio would be smaller
throughout the day (black dashed curve in Fig. 12B), and would actually agree better
with the results obtained in the US. The enhancement ratio for WSOC was not zero in
the early morning. Direct emissions of WSOC from vehicles are negligible (Huang and
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Yu, 2007; Weber et al., 2007), but air masses with a zero contribution of processed
emissions are rarely, if ever, found and the same is true for T1 where WSOC and OOA
were quite high even in the early morning (Fig. 4). As acetonitrile showed the highest
mixing ratios in the early morning (Fig. 7A), part of the WSOC may also be attributable
to biomass burning as suggested elsewhere (Stone et al., 2008).

For OC, WSOC and OM, the enhancement ratios in the afternoon agreed very well
with observations in urban plumes in the US after 0.5 day of processing (red dotted
lines in Fig. 12). The corrected curve for OC (black dashed curve in Fig. 12B), assum-
ing an offset of 2ug C m~2 in the measurement, agrees better with the US results. One
might expect to see more formation of secondary organic aerosol since the emission
ratios of the aromatic VOCs, an important class of precursors, are higher in Mexico
City than in the US. This difference is not clear from the present analysis; a similar
conclusion was drawn from airborne measurements in the outflow from Mexico City
(DeCarlo et al., 2008; Kleinman et al., 2008).

3.6 Budget of total observed organic carbon

The measurements of organic carbon in the gas and aerosol phases can now be com-
bined to address the budget of total observed organic carbon (TOOC), a concept re-
cently introduced by Heald et al. (2008). All of the measurements of gas-phase com-
pounds were converted to carbon mass loadings and the results are summarized in
Table 2 and in Fig. 13. Included in this analysis are measurements of several alkane
species measured from the canisters (see Table 1); the time resolution of these data
was insufficient to construct diurnal profiles but they are used here to contrast the early
morning and afternoon data. The TOOC in Table 2 and Fig. 13 includes measure-
ments of most of the important alkanes, alkenes and aromatics, but only a limited list
of oxygenated VOCs (formaldehyde, methanol, acetaldehyde, acetone, acetic acid and
MEK) (Table 1). PAN compounds and organic nitrates were not included in the anal-
ysis, but are expected to constitute a minor fraction of TOOC (de Gouw et al., 2005).
The OC data in Table 2 and Fig. 13 are used as reported. If there were an offset in the
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OC measurement of 2ug C m~2, then the average mass loadings in Table 2 would be
reduced accordingly, and the fraction of OC to the total would be reduced from 3.7% to
2.7% in the morning and from 16.9% to 11.8% in the afternoon.

Obviously the concentrations of trace gases and aerosol at T1 were highly variable
(Fig. 4): for example, CO was 1.2+0.8 ppmv from 6—8 am, and 0.29+0.13 ppmv from
12—4 pm, where the errors indicate the 1—o standard deviation in the observations.
However, the relative contribution from each species was much more constant (Fig. 5).
The errors in Table 2 reflect the uncertainties in the relative contributions from each
class, i.e. the errors from scatter plots of the VOCs and OC versus CO (Welsh-Bon et
al., 2008).

In the early morning, TOOC was 192 ung'3 and consisted largely of gas-phase
species. Among those, the largest contributions came from alkanes and aromatics.
In the afternoon, TOOC was reduced to 35 ung'3 and the composition was very
different. Although the largest contribution still came from alkanes, the oxygenated
VOCs and organic aerosol were now almost 50% of the total. These compositional
changes are qualitatively similar to what has been observed in the northeastern US
(for example, see Fig. 14C in de Gouw et al., 2005), with the exception of a larger role
for alkanes in Mexico City. TOOC at T1 was lower than the average TOOC observed at
the urban site TO during MILAGRO (316 ug C m™° (Heald et al., 2008); converted from
STP to ambient conditions using a factor of 1.44). This gradient between TO and T1
was observed in many of the chemical measurements (Kleinman et al., 2008; Stone
et al., 2008). The daytime TOOC at T1 was higher than the average TOOC observed
from the C-130 research aircraft during MILAGRO (11.7 ugC m™~2; converted from STP
to ambient conditions using a factor of 1.44), although TOOC concentrations up to
35ugC m~2 were observed during daytime flights in the Mexico City basin (Heald et
al., 2008).

The decrease in TOOC from 192 ngm'3 in the early morning to 35 pgCm-™
in the mid afternoon can be mostly attributed to dilution in the expanding boundary
layer. First, the average depth of the boundary layer increased from around 500 m at
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9 am to more than 3000m at 5 pm (Shaw et al., 2007), i.e. an increase by a factor
of ~6 that is similar to the decrease in TOOC by a factor of ~5.5. Second, the en-
hancement ratio of TOOC versus CO, calculated similarly to the ratios in Figs. 9, 11
and 12, was relatively constant at 179:|:15ung’3 ppmv'1 in the early morning and
180+50 ngm_3 ppmv‘1 in the mid afternoon (Table 2). The error bars in these en-
hancement ratios are determined (i) by the 0.05-ppmv uncertainty in the assumed
CO background of 0.1 ppmv and (ii) by the uncertainties in the composition discussed
above. A possible offset in the OC measurement would not affect this result signifi-
cantly. During a previous experiment, a decrease in TOOC of 40% was observed in
polluted air over the course of 2 days of processing (de Gouw et al., 2005). The un-
certainties in these analyses are large, however: in the present study we can only say
that TOOC is conserved within £30% and the decrease in TOOC in our previous study
must have had a similar, if not larger, error bar.

3.7 Implications for secondary organic aerosol formation

How do these observations further our understanding of SOA formation? First, the re-
sults confirm that SOA increases strongly in urban air and is typically much higher
than primary organic aerosol (POA) in the afternoon. Also, even though it is not
explicitly shown here, this growth of SOA is very difficult to explain in terms of the
measured precursors and their particulate mass yields. Evidence for this can be
found in Table 2: the enhancement ratio of all aromatic species combined decreases
from 35 to 16ung'3 ppmv‘1 during the day, whereas OC increases from 7 to
31ugC m™° ppmv’1 (from 5 to 20ugC m= ppmv'1 if there were an offset in the OC
measurements). Aromatic VOCs are typically assumed to be the most important pre-
cursors of SOA (Volkamer et al., 2006; de Gouw et al., 2008), but one would have to
assume a particulate mass yield close to or over 100% to explain these observations,
whereas recent laboratory data indicate yields in the 10-30% range for most aromatics
depending on NO, levels (Ng et al., 2007). The combination of these observations
implies that the formation of SOA is under-predicted by as much as an order of mag-
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nitude, a finding that is similar to observations in the US and Mexico City (de Gouw et
al., 2005; Volkamer et al., 2006; de Gouw et al., 2008; Kleinman et al., 2008).

As reported in this study and also from the G-1 aircraft data (Kleinman et al., 2008),
the enhancement ratio of SOA relative to CO is quantitatively very similar to our previ-
ous observations of SOA formation in the northeastern US (de Gouw et al., 2005; de
Gouw et al., 2008). This may come as a surprise, since (i) the emission ratios of aro-
matic precursors are reported to be higher in Mexico City than in the US (Welsh-Bon
et al., 2008), and (ii) biogenic VOCs play a much less important role in Mexico City
than in the US. There may be two explanations for the similarity between Mexico City
and the northeastern US. First, it is possible that the effects of enhanced aromatics
and reduced biogenics cancel and give the same formation of SOA versus CO in either
environment. Second, it is possible that aromatics and biogenics are not the dominant
precursors of SOA in either environment, with a larger role for semi-volatiles (Robinson
et al., 2007). In that regard, it is important to note that direct emissions of HOA relative
to CO, and therefore perhaps of semi-volatiles, were the same in Mexico City and the
northeastern US.

4 Conclusions

We measured volatile organic compounds (VOCs) and carbonaceous aerosol at T1
during MILAGRO. Diurnal variations of hydrocarbons, elemental carbon (EC) and
hydrocarbon-like organic aerosol (HOA) were dominated by a high peak in the early
morning when local emissions accumulated in a shallow boundary layer, and a min-
imum in the afternoon when the emissions were diluted in a significantly expanded
boundary layer, and were removed by OH in case of the reactive gases. In com-
parison, diurnal variations of species with secondary sources such as the aldehydes,
ketones and organic aerosol stayed relatively high in the afternoon indicating strong
photochemical formation.

From scatter plots of hydrocarbons versus CO, the emission ratios were determined
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and for most species these were higher in Mexico City than in the US. The removal
of hydrocarbons during the day was investigated and could be largely explained from
their reaction with OH. Emission ratios of oxygenated VOCs, EC and HOA were in
reasonable agreement with observations in the US, although the degree of correlation
between HOA and CO was not as high as observed elsewhere, possibly caused by
additional sources of HOA such as biomass and trash burning.

Secondary formation of oxygenated VOCs and organic aerosol was investigated and
compared with observations in the US. Secondary formation of acetone may be more
efficient in Mexico City, possibly due to higher emissions of alkane precursors from the
use of liquefied petroleum gas. Secondary formation of organic aerosol was similar
between Mexico City and the US.

Combining the data for all measured gas and aerosol species, we described the
budget of total observed organic carbon (TOOC), and find that the enhancement ratio
of TOOC relative to CO is conserved between the early morning and mid afternoon
despite large compositional changes: hydrocarbons dominated in the early morning,
whereas organic aerosol and oxygenated VOCs accounted for almost 50% of the or-
ganic carbon in the mid afternoon. The implications of these findings regarding the
formation of secondary organic aerosol (SOA) were discussed. Despite higher emis-
sion ratios of aromatic hydrocarbons versus CO in Mexico City, we did not see higher
SOA formation. On the other hand, a much lower contribution of biogenic VOCs in
Mexico City did not lead to a reduced SOA formation in comparison with observations
in the US.

Finally, the influence of biomass burning was investigated using the measurements
of acetonitrile. Acetonitrile in the gas phase correlated well with levoglucosan in the
particle phase. The diurnal variation of acetonitrile showed a strong maximum in the
early morning, indicating a contribution from local burning sources. Scatter plots of
acetonitrile versus CO suggested that the contribution of biomass burning was not
dominant and perhaps not dissimilar from observations in the US. Work is in progress
to quantify the relative importance of biomass burning and anthropogenic sources of
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organic aerosol to the air masses sampled at T1.
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Table 1. VOC measurements used from the different instruments.” ACPD

NOAA GC-FID NOAA PIT-MS UCI Canisters” 8. 21265—21312. 2008
Alkanes ’ ’

propane ethane

n-butane n-heptane

i-but -oct: A =

nepontane e Organic carbon in the

i-pentane n-decane

:'1-hexane 2,2-dimethyl butane gas and aerOSOI
2,3-dimethyl butane H
2-methyl pentane phase durlng
3-methyl pentane MILAGRO

2,4-dimethyl pentane
2,2,4-trimethyl pentane

2,3,4-trimethyl pentane J A de GOUW et a|
Alkenes T .

ethene 1,3-butadiene
propene isoprene
1-butene

c-2-butene

t-2-butene

2-methyl propene

1-pentene

c-2-pentene

t-2-pentene

2-methyl-1-butene

3-methyl-1-butene

2-methyl-2-butene

Alkynes
acetylene
Aromatics
toluene benzene
Cg-aromatics
Cq-aromatics
C,o-aromatics
C,;-aromatics
naphthalene

Oxygenates
methanol
acetaldehyde
acetone

acetic acid

methyl ethyl ketone

Other
acetonitrile

* Omitted from this table are the formaldehyde measurements using the Hantzsch method.
# Many other species were measured from the UCI cané's‘{eé?;‘ éhese are the measurements used in this work.
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Table 2. Average composition of total observed organic carbon (TOOC) at T1 in the early
morning and mid afternoon. The species added for each class are given in Table 1.

Compound Organic Carbon Organic Carbon/(CO-0.1 ppmv)
Class (ugCm™) (ugCm~2ppmvT)
6-8am.LT 12-4pm.LT 6-8am.LT 12—4 p.m. LT

Gas Phase

Alkanes 110£13 133 103+13 70+£20

Acetylene 5.2+0.3 0.57+0.06 4.9+0.3 2.9+0.8

Alkenes 15.0+0.4 1.06+0.06 14.0+£0.8 55+1.5

Aromatics 38+3 3.0+0.4 35+3 16+5

Oxygenates 16+2 11+3 15+2 60+20

Aerosol Phase

oC 7111 6+2 6.7+1.0 31+12
Combined

TOOC 192+13 3514 179+15 180+50
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Fig. 1. Status of the instruments that were used to measure VOCs, organic aerosol, CO, ozone
and OH at the ground site T1.
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Fig. 2. Comparison between measured data for organic mass (OM), organic carbon (OC) and
water-soluble organic carbon (WSOC). The red lines indicate the 1 : 1 relationships. The black
lines indicate the expected range of data if there were an offset of 2ugC m~2 in the OC data.
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Fig. 3. Diurnal variations of selected gas-phase species at the T1 site during MILAGRO. The
black lines indicate the mean mixing ratios in hourly bins, and the blue shaded areas indicate
the standard deviations in these hourly means.
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Fig. 4. Diurnal variations of organic aerosol data from the T1 site during MILAGRO. The black
lines indicate the mean mass loadings in hourly bins, and the blue shaded areas indicate the
standard deviations in these hourly means. The black dashed line in panel B indicates the

diurnal variation assuming an offset of 2 ug C m™2 in the OC measurement.
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Fig. 5. Scatter plots of (A) acetylene, (B) propane, (C) Cg-aromatics and (D) 1-butene versus
CO at the T1 site during MILAGRO. Emission ratios versus CO (ER) are given in units of

ppbv ppmv™ .
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Fig. 6. Scatter plots of (A) hydrocarbon-like organic aerosol (HOA) and (B) elemental carbon
(EC) versus CO at the T1 site during MILAGRO.
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Fig. 7. (A) Diurnal variation of acetonitrile. The black line indicates the mean mixing ratio
in hourly bins, and the blue area indicates the standard deviations in these hourly means.
(B) Scatter plot of acetonitrile versus CO. The solid and dotted red lines indicate the ratios
between acetonitrile and CO observed in plumes from New York City and forest fires in Alaska,

respectively.
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Fig. 8. (A) Scatter plot of levoglucosan versus acetonitrile. The error bars in levoglucosan
reflect the uncertainty in the measurement. The error bars in acetonitrile reflect the error in
the average over the 24-hour filter sampling periods. (B) The average enhancement ratio of
acetonitrile versus CO as a function of the biomass burning contribution to organic carbon
aerosol determined from the Chemical Mass Balance (CMB) model (Stone et al., 2008).
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Fig. 9. Diurnal variations of the enhancement ratios versus CO of (A) acetylene, (B) propane,
(C) the Cgz-aromatics and (D) 1-butene. The blue areas show the uncertainty due to a 0.05-
ppmv uncertainty in the assumed CO background of 0.1 ppmv. The red lines show the emission
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ratios determined elsewhere from this data set (Welsh-Bon et al., 2008).

21308

ACPD
8, 2126521312, 2008

Organic carbon in the
gas and aerosol
phase during
MILAGRO

J. A. de Gouw et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/21265/2008/acpd-8-21265-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/21265/2008/acpd-8-21265-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
8, 2126521312, 2008

® T1 data
- Fit to A(1 -exp(-kOH+VOC[OH]At)):

A=T75% gas and aerosol
[OH]At = 1.5x10"" molecules cm™ s phase during

I 1 1 IIIIIII 1 1 IIIIIII MILAGRO

100 —
Cqa romatics/I

80 —

Organic carbon in the

J. A. de Gouw et al.

ethene
60 —

40 —
2-methyl propene

20 —
5 naphthalene/}

', 2 3456 |2 3456 |
10 10 10

Daytime Removal (%)

Fig. 10. Daytime removal of VOCs as a function of their reaction rate coefficient with OH.
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Fig. 11. Diurnal variations of the enhancement ratios versus CO of (A) formaldehyde, (B)
acetaldehyde, (C) acetone and (D) methyl ethyl ketone (MEK). The blue areas show the un-
certainty due to a 0.05-ppmv uncertainty in the assumed CO background of 0.1 ppmv. The
solid, red lines show the US emission ratios (de Gouw et al., 2005) for acetaldehyde, acetone
and MEK, and the dotted, red lines show the enhancement ratios observed in the US for those
species after 8 h of processing (Sommariva et al., 2008).
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Fig. 12. Diurnal variations of the enhancement ratios of different aerosol species versus CO.
The blue shaded areas show the uncertainty due to a 0.05-ppmv uncertainty in the assumed
CO background of 0.1 ppmv. The red lines indicate estimates for the direct emissions (solid)
and secondary formation after half a day of processing (dotted) of organic aerosol in the north-
eastern US (de Gouw et al., 2008). The black dashed line in panel (B) indicates the diurnal
variation assuming an offset of 2ug C m~2 in the OC measurement.
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Fig. 13. Budget of total observed organic carbon (TOOC), i.e. the observed organic carbon in _I
the combined gas and aerosol phases.
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