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Abstract. Toluene and benzene are used for assessing th& Introduction

ability to measure disjunct eddy covariance (DEC) fluxes of

Volatile Organic Compounds (VOC) using Proton Transfer Volatile organic compounds (VOCs) represent a major com-
Reaction Mass Spectrometry (PTR-MS) on aircraft. Statisti-ponent of photochemical smog by fueling tropospheric ozone
cally significant correlation between vertical wind speed andproduction (Atkinson, 2003). More recently their impor-
mixing ratios suggests that airborne VOC eddy covariancetance for the organic aerosol budget in the atmosphere has
(EC) flux measurements using PTR-MS are feasible. City-been demonstrated in the field (e.g. de Gouw et al., 2005,
median midday toluene and benzene fluxes are calculated ®008; Volkamer et al., 2006; Weber et al., 2007). Accu-
be on the order of 14:44.0 mg/nf/h and 4.22.3 mg/nt/h, rate predictions of VOCs in chemical transport (CT) model
respectively. For comparison the adjusted CAM2004 emis-simulations rely heavily on their emission strengths. Recent
sion inventory estimates toluene fluxes of 10 mgghralong  field observations suggest significant uncertainties of anthro-
the footprint of the flight-track. Wavelet analysis of instan- pogenic VOC emission inventories in major metropolitan ar-
taneous toluene and benzene measurements during city ovegas (e.g. Warneke et al., 2007; Jobson et al., 2004; Karl et
passes is tested as a tool to assess surface emission heteab; 2002; Zhao et al., 2004). Emission inventories for devel-
geneity. High toluene to benzene flux ratios above an in-oping Megacities are considered particularly uncertain. Air
dustrial district (e.g. 10-159/g) including the International pollution management relies on accurate predictions of VOC
airport (e.g. 3-5g/g) and a mean flux (concentration) ratio ofto NOy ratios in order to determine effective ozone reduction
3.2£0.5g/g (3.%0.3 g/g) across Mexico City indicate that strategies (e.g. Liu et al., 1987; Sillman, 1995; Kleinman et
evaporative fuel and industrial emissions play an importantal., 2005). Conflicting results on VOC versus N&ensitiv-

role for the prevalence of aromatic compounds. Based orities for ozone production rates have been summarized for
a tracer model, which was constrained by BTEX (BTEX— Mexico City (see Stephens et al., 2008, MILAGRO/INTEX-
Benzene/Toluene/Ethylbenzene/m, p, o-Xylenes) compoundd 2006 special issue). Based on a regional CT model Tie et
concentration ratios, the fuel marker methyl-tertiary-butyl- al. (2007) show that variable VOC emission estimates trans-
ether (MTBE) and the biomass burning marker acetonitrilelate into large offsets of calculated daytime ozone mixing ra-
(CH3CN), we show that a combination of industrial, evapo- tios in Mexico City.

rative fuel, and exhaust emissions account=$@&7% of all The sensitivity of modeled ozone concentrations to VOC
BTEX sources. Our observations suggest that biomass burnemission inputs has also been demonstrated by adjusting bio-
ing emissions play a minor role for the abundance of BTEX genic emission maps in the US. For example, the differ-
compounds in the MCMA (2-13%). ence between two biogenic emission inventories (BEIS 1 and
BEIS 2) almost doubled the frequency of modeled ozone ex-
ceedances (e.g. mixing raties80 ppbv) in the Eastern US
(Pierce et al., 1998). As a consequence the assessment of

Correspondence tor. Karl emission inventories has important implications for policy
BY (tomkarl@ucar.edu) decisions.
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It is common practice to use measured VOC concentra<raft during the MIRAGE-MEX/MILAGRO project in 2006.
tions as one important constraint for CT models. The atmo-We compare these fluxes to current emission inventories
spheric concentration of a reactive compound however camsed in regional models. As precursor to secondary organic
be seen as balance between emission, deposition, transpaérosol (e.g. Sato et al., 2007; Ng et al., 2007) and ozone for-
and chemistry. With so many degrees of freedom, concentramation (e.g. Atkinson et al., 1980; Tie et al., 2007), aromatic
tion measurements alone make it hard to diagnose uncertaifBTEX) compounds, such as toluene, are important ingre-
ties in CT models. Currently bottom-up emission inventoriesdients of urban photochemical smog. Due to their toxicity
are typically tuned manually or by data assimilation tech-BTEX compounds are of particular concern from a health
niques (Arellano et al., 2007) so that modeled concentratiorrelated perspective. For example chronic exposure to ben-
fields match those observed. This can result in uncertain aszene, a known carcinogen, can lead to bone marrow damage,
sumptions. For example, based on a modeling study West deukemia and depression of the immune system (e.g. Rin-
al. (2004) suggested an overall increase of the VOC emissiosky et al., 1987). A good understanding of source distribu-
inventory (CAM, 2001) by a factor of 2—3 to match observed tions and atmospheric transformations of BTEX compounds
VOC concentrations in Mexico City. Their work was con- is therefore needed to investigate their impact on urban and
trasted by Velasco et al. (2005) who argued that the urbamegional atmospheric chemistry and human health.
emission inventory for Mexico City was generally consis-
tent with their eddy covariance flux measurements. More
recently, Lei et al. (2007) used a revised emission inven-2 Experimental description
tory (CAM, 2004) and adjusted the initial emission estimates
until “satisfactory agreement” between modeled concentra2.1 MIRAGE-MEX (Megacity impacts on regional and
tions and observations was reached. Some of their adjusted  global environments — Mexico)
emissions for aromatic compounds in their lumped chemical
scheme (e.g. ARO1, ARO2) were a factor of 2.5 higher thanGeneral information on the experimental design of
estimates by Velasco et al. (2007). It was noted that specieMIRAGE-MEX which was part of the MILAGRO
lumping in condensed chemical schemes can lead to addifield project (Megacity Initiative: Local and Global
tional uncertainty (Lei et al., 2007). Research Observations) is summarized by Doran et

In order to disentangle surface exchange from other proal. (2007) and Molina et al. (2008). A meteorologi-
cesses effecting the distribution of reactive trace gases, dieal overview can be found in Fast et al. (2007). As
rect flux measurements can add one important additionapart of MIRAGE-MEX twelve research flights were
constraint on the atmospheric cycle of VOCs and helpconducted with the NCAR C-130 research aircraft
lessen uncertainties of emission inventories. The most directhttp://www.eol.ucar.edu/instrumentation/aircraft/C-130
method for quantifying surface fluxes is the eddy covarianceFigure 1a shows all flight tracks plotted on top of a topo-
(EC) method based on atmospheric turbulence measuremengsaphical map showing Central Mexico. Here we focus on
(Kaimal, 1972). EC is widely used for measurements of thea subset of individual flights in the vicinity of Mexico City.
exchange of energy and air constituents in the atmospherEigure 1b shows a zoomed map on top of which typical flight
(Stull, 1988). The main challenge of this technique is the re-patterns in and around Mexico City are plotted. Research
quirement of sampling rates on the order of 10 Hz; howeverflights (RF) 1 (03-04-2006,20:15UTC), 6 (03-18-2006,
this can be relaxed by the introduction of disjunct sampling~22:30UTC), 8 (03-22-2006,~20:20 UTC) and 12 (03-
strategies (Lenschow et al., 1994). Ground based EC an@9-2006,~20:20 UTC) included flight legs in Mexico City
disjunct eddy covariance (DEC) methods are increasingly deand are color coded in Fig. 1b. The highlighted portion of
ployed for gas and aerosol flux measurements over forestethe flight tracks (in blue) in the Mexico City Metropolitan
(Guenther and Hills, 1998; Karl, 2001; Rinne et al., 2001; Area (MCMA) is focus of the present investigation. For
Karl etal., 2002; Spirig et al., 2005; Graus et al., 2006; Lee etorientation Fig. 1b also depicts surface supersites (TO, T1
al., 2006; Pressley et al., 2006) and urban areas (e.g. Nemtand T2) as well as two separate locations where flux mea-
et al., 2002; Velasco et al., 2005). In contrast these measuresurements were conducted on the ground in 2003;d3lL
ments have been limited to very few reactive gases on airand 2006 (T-3p0¢). Due to tight air traffic regulations
craft: for example Faloona et al. (2005) measured EC fluxesach MCMA approach was planned in an exactly identical
of dimethylsulfide (DMS) and ozone ¢pover the ocean and fashion. Before entering the MCMA a profile at 1350, 1650
inferred entrainment rates for these species. To date ozone end 2050 m above ground was flown South- east, which
the only reactive gas that has been commonly measured byas followed by a city transect@40km) in the planetary
EC on aircraft (e.g. Lenschow et al., 1981; Mauder et al.,boundary layer (PBL). City overpasses during research
2007). flights 1, 6, 8 and 12 (RF1, RF6, RF 8 and RF12) were

For the first time, we test the ability to measure airbornetypically conducted 58550 m above ground in the lower
toluene and benzene fluxes over Mexico City, taking advanpart of a well developed (e.g. 2500—3000 m deep) mixed
tage of the measurement capabilities on the NCAR-C130 airfayer. DEC measurements were attempted on 3 of 4 flights
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Fig. 1. Map showing all C-130 flight tracks plotted on top of a topographical map of Mexico. The blue segment highlights flight tracks near
and in the Mexico City Metropolitan Area (MCMA).

(RF6, RF8 and RF12). Planetary boundary layer heights While Jobson et al. (2005) have reported a 16% over-
(PBL) were 3606400 m, 350&300m and 300&300m  estimation of benzene mixing ratios measured with their
respectively during research flights in the MCMA (Shaw et PTRMS instrument attributed to fragmentation of higher
al., 2007), resulting in normalized flight altitudes (z/h) of alkyl-benzenes (e.g. ethyl-benzene), Rogers et al. (2006)
0.16, 0.17 and 0.2 above ground. The GPS corrected winghowed generally good agreement for benzene inferred from
signal during RF6 was compromised by operational noisean intercomparison between PTRMS and GC-FID. Compa-
problems and DEC analysis for RF6 is therefore omitted.rable results for benzene measurements were also obtained
VOC data collected during these research flights (RF1 andn different urban environments (Warneke et al., 2001).
RF6) however are included in the analysis of concentrationThe overall agreement between 3 independent VOC sam-

ratios. pling methods on the C-130 during this study suggests that,
_ within the uncertainty, benzene measurements obtained from
2.2 VOC sampling PTRMS showed minimal bias due to the fragmentation of

) higher alkyl-benzenes.
A Proton-transfer-reaction mass spectrometer (PTR-MS) h ina inl isted of a 2m loh
was deployed on the NCAR C-130 aircraft for fast VOC The PTRMS sampling inlet consisted of a 2m Oﬁ'g

measurements. The instrument was operated at 2.0 melEﬂ%n (PFA) tube pumped by E‘ diaphrag_m p'“:cmﬁ. (I]SINF
(110Td) (Hansel et al., 1998; Lindinger et al., 1998; de Neuberger, UNF726.3, USA), where a portion of this flow

Gouw and Warneke, 2007). Measurements reported heréNZSO sccm) was diverted into a pressure controlled i_nlet
were obtained at a sampling rate of 10Hz and a repetitionOf the PTRMS instrument, _such that t_he.overall delay time
rate of 1 Hz. Periodic calibrations using two VOC standards V@S less than 3s. 'Zero ar was perlodmglly pack-flushed
(Matheson TriGas, USA; Apel Riemer Environmental Inc, through the whole inlet system to determine instrumental
USA) were conducted during pre-flight operations. The sen-2ackground.

sitivity of the PTRMS was on the order of 2070 cps/ppbv, Whole air sampling (WAS) of hydrocarbons was based on
which was somewhat lower during the MIRAGE-MEX field @ similar setup used for earlier studies where stainless steel
project than typically encountered (e.g. 100-600 cps/ppbv)cans were shipped to University of California Irvine Analyt-
We attribute this to a different secondary electron multiplier ical Laboratories for further GC-FID and GC-MS analysis
(MasCom, MC-217, Germany) with a lower detection effi- (€.9. Blake and Rowland, 1995).

ciency used during this field deployment. Intercomparison Instrument specific details of TOGA (Trace Organic Gas
with two complementary VOC systems (TOGA — Trace Or- Analyzer) are described in depth elsewhere (Apel et al.,
ganic Gas Analyzer — and WAS — whole air canister sam-2003, 2007). Briefly, the system used here is composed of
pling; Apel et al., 2007) however showed excellent agree-an inlet, a cryogenic preconcentrator and a gas chromato-
ment for most VOCs within the combined uncertainties. Ta-graph (GC) coupled to a mass spectrometer (Agilent 5973).
ble 1 lists VOCs measured by PTRMS along with sensitiv- Three traps (a water, an enrichment and a cryofocus trap) are
ities, detection limits and results from an intercomparisonused without the use of adsorbents. The GC is fitted with
with TOGA and WAS. a Restek MTX-624, 0.18um, 8 m column using Helium as
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Table 1. VOCs measured by PTRMS, TOGA and WAS.

VOC Sensitivity ~Detection Limf)  Slope PTRMS/  Slope PTRMS/
[cps/ppbv] [pptv] TOGA WAS
Methanol 41 230 1.20 NA
Acetone + Propanal 70 40 1.04 NA
Acetonitrile 59 34 0.82 NA
Benzene 37 24 1.21 0.88
Toluene 21 55 1.10 0.80

Mfor a 5 integration time

carrier gas (flow rate of 1 ml/min). The initial GC oven tem- 3 Results and discussion
perature (30C) is held for 10 s followed by heating to 140
at a rate of 118C/min. The system was calibrated with anin- 3.1 Flux calculations
house gravimetrically prepared mixture, which was dynam- . ) )
ically diluted with scrubbed ambient (outside aircraft) air to 1€ Scalar conservation equation of an atmospheric con-
mixing ratios near typically observed levels. Compound de-Stituent can be written as:
pendent detection limits ranged from sub-pptv to 40 pptv.  9C UE IF S 1)
at dax 9z ’
whereC is the mean concentration of a scaldrthe mean
The Weather Research and Forecasting model coupled withind speeds source and sink terms arfdthe turbulent flux.
chemistry (WRF-Chem) provides the capability to simulate The_ turbulent fluxF is deflr_led as the average over the_ fluc-
chemistry and aerosols from cloud scales to regional scaleduating terms of vertical wind speed) and concentration
It is a fully coupled meso-scale model that treats emissions,(c/):
transport, multi-phase chemistry, radiation and dry deposi- _ ,7¢7. @)
tion of major gaseous and particulate pollutants simultane-
ously. The configuration of the model used here is based on order to capture all turbulent terms sampling rates of
CBMz chemistry and the MOSAIC aerosol module (Zaveri 10Hz averaged over-30 min are commonly used on the
et al., 2008). A detailed model description can be found inground. At 5m/s wind speeds this would relate to spatial
Fast et al. (2006), who have evaluated ozone and aerosol précales of 9km. Disjunct sampling methods have been in-
dictions with observations obtained from a field campaigntroduced to relax the time requirement between consecutive
in Houston, Tx, USA. During MIRAGE-MEX two official ~samples (Rinne et al., 2001; Karl et al., 2002; Spirig et al.,
emission inventories (CAMO1, 2001, and CAMO04 according 2005). The turbulent flux is then calculated as the discrete
to Lei et al., 2006) were implemented for anthropogenic pol-covariance between’ andC’:
lutants. Diurnally varying emissions of anthropogenic pol- Fo Z w. . C
lutants were incorporated according to traffic count statis-~ = 4~ "¢ ¢
tics. This included increasing emissions during morning and l
afternoon rush hours (typically 06:00-08:00 LT, and 17:00—The advantage of DEC is that it allows time for sample pro-
19:00LT) for mobile sources. Industrial emissions were c€ssing, while maintaining a 10 Hz sampling frequency. The
emitted continuously (West et al., 2004). Traffic count statis-disadvantage is that DEC limits the possibilities for cospec-
tics were also used to account for lower emissions on weeklral analysis (e.g. investigation of the inertial subrange is not
ends. Biogenic emissions were based on MEGAN (GuenthePossible). In case of PTR-MS, DEC allows scanning various
et al., 2006). Pyrogenic emissions were driven by satelliteions of interest while sampling at 10 Hz.
observations of fire counts scaled to a biomass burning emis- For turbulent statistics measured on aircraft Lenschow et
sion model (Wiedinmyer et al., 2006). al. (1994) have investigated the impact of statistical errors on
sampling intervals. For a systematic error in the lower part
of the mixed layer they derive:

2.2zi(z/z)Y/?
systematic error< %/Z’) (4)

2.3 WRF-Chem

3

wherez; is the planetary boundary layer heights the flight
altitude andL ist the length of the flight leg. For typical
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Fig. 2. Correlation coefficientR) between toluene mixing ratios and vertical wind speed plotted as a function of lag time. Vertical lines
indicate the lag time window measured on the ground. Horizontal lines depict the estimated random error associated with the flux measure-
ment.

conditions described in this paper we calculate systematic We tested two independent methods for calculating tur-
errors (se) (e.gz;=3000m,z/z;=0.16, L~40000m) to be bulent toluene fluxes based on Eq. (3): the first method was
<7%. conventional Fast Fourier Transformation (FFT), which com-
The random error (re) can be estimated according to, putes an average flux over the entire flight leg. The sec-
ond was wavelet transformation, which computes an instan-
2\ Y4 zi\1/2 taneous correlation over a chosen bandwith. Wavelet anal-
random error< 1.75- (Z) ( ) ’ (®)  ysis is increasingly used for turbulent flux calculations (e.g.
Mauder et al., 2007 and references within). Here we im-
and, for conditions described above, would result in replemented a wavelet transformation routine outlined by Tor-
<30%. rence and Compo (1998) using the Morlet wavelet (Thomas
Mann and Lenschow (1994) presented equations to estiand Foken, 2005). For more information on wavelet anal-
mate the systematic and random fluxes as a function of spaysis used in atmospheric research we refer to Torrence and
tial scales and correlation coefficient. Applying their Eq. 27, Compo (1998). Briefly, two advantages of wavelet trans-
we estimate a systematic error of 10% to the measured fluforms include that (1) it does not rely on the ergodic hypoth-
for a 10 km long flight segment across the city. Random er-esis and therefore does not require stationarity, and (2) it al-
rors (Eq. 17, Mann and Lenschow, 1994) are calculated belows investigating time resolved spectral contributions to the
tween 20-40% depending on the entrainment to surface fluxneasured flux. This makes wavelet analysis an attractive al-
ratio. In order to account for delay times between instanta-ternative for calculating covariances from airborne measure-
neous wind speed and VOC concentration measurements waents, because it allows for investigating spatially heteroge-
performed a cross correlation analysis. As an example Fig. Zieous surface emission patterns (e.g. Mauder et al., 2007).
shows the correlation coefficienk) between vertical wind As an example Fig. 3 depicts the wavelet correlation anal-
speed and toluene mixing ratios as a function of lag time forysis between toluene and GPS corrected vertical wind speed
RF12. At its peak- exhibits a value of 0.3, which is in the (vws) during RF12. The top panel depicts de-trended toluene
range expected for a turbulent boundary layer (e.g. Mann andnixing ratios and vws over Mexico City. A two-dimensional
Lenschow, 1994). Random errors calculated from Eq. (5)wavelet spectrum between these variables is shown in the
are also plotted in Fig. 2 as horizontal lines and generallymiddle panel. Strong positive correlations — contributions
agree with the amount of variability obtained from the crossto the measured toluene flux — are evident on time scales be-
correlation analysis. The maximum correlation falls within tween 16—60 s, about 10 km after the airplane descended into
the expected delay time window measured on the ground byhe boundary layer over Mexico City. High correlation co-
spiking a VOC standard into the sampling inlet. The delay efficients spatially coincide with the portion of the flight leg
time between individual flights inferred from the correlation where the airplane flew North of Downtown across Mexico
analysis was determined to be 6.1 s. City.

L
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Fig. 3. Wavelet crosscorrelation along the PBL flight leg over MCMA: Top Panel: De-trended vertical wind speed (blue) and toluene (red)
for RF12. Middle panel: Correlation coefficienR) obtained from the wavelet cross spectrum between toluene and vertical wind speed.
Dashed curve indicates the cone of influence. Bottom Panel: Instantaneous toluene flux for different bandwidths.
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Fig. 4. FFT Cospectra between vertical wind speed and temperattifé,(grey) and toluene and vertical windspeed (blue circles) for RF12.
The wavelet spectrum for toluene and vertical windspeed is depicted by red diamonds.

The integral over all eddy contributions (y-dimension in toluene flux is captured within the 0.1-32 s bandwidth. For
Fig. 3, middle panel) is plotted in the lower panel and rep-further analysis we use the 0.1-64 s bandwidth, which should
resents the spatially apportioned instantaneous toluene fluxetain most of the turbulent flux contribution.

The integral can be chosen for different timescales (band- . . ) ) ) )
widths). As an example fluxes calculated for three different The integral in x-dimension (middle panel) results in a
bandwidths (0.1-32s, 32-64s and 0.1-64s) are shown. global wavelet spectrum which should be comparable to a
can be seen that most of the contribution to the measure§onventional FFT spectrum. A comparison between the
global wavelet and FFT spectrum is shown in Fig. 4. Also
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shown is the FFT spectrum for sensible heatT') sam-  The best estimate of this lower limit is 13% (range6% to
pled at 20Hz. Due to the disjunct VOC sampling strategy, +30%) with an associated random error of 28%.

the spectral analysis for the toluene cross-covariance cal-

culation is restricted to<0.2Hz. The two scalars exhibit 3.3 BTEX (Benzene/Toluene/Ethylbenzene/m, p, o-
similar co-spectral peaks at 3e-2 and 7e-2Hz, correspond-  Xylenes) sources in Mexico City

ing to spatial scales of 3—-4 and 8-9km. Toluene fluxes

obtained by these two methods were 12368 mg/nt/h 3.3.1 Comparison with emission inventories

(wavelet) and 1484.4mg/nt/h (FFT) for RF 12 and

18.8+5.6 mg/nt/h (wavelet) and 1554.7 mg/nt/h (FFT) Figure 5 (left panel) depicts the spatial distribution of the
for RF8. Benzene fluxes were 31.0 mg/nf/h (wavelety  CAM (2004) emission inventory for toluene, which was ad-
and 4.6:1.2 mg/nf/h (FFT) for RF12 and 6:81.9mg/nf/h  justed according to Lei et al. (2007). As reference we plot the

(wavelet) and 5.81.5 mg/nt/h (FFT) for RF8. C-130 flight track along with horizontal wind vectors on top
_ _ of the emission map. The middle panel shows the same flight
3.2 Uncertainty analysis track color coded by the instantaneous toluene flux (average

_ . of RF8 and Rf12) on top of a digital elevation map. The size
Several factors need to be considered when extrapolatings e circles represent 90% of the flux footprint calculated
measured aircraft fluges (e.g. in the preser_ﬂ Ca$3i:=_0-2' according to Weil and Horst (1992) using instantaneous hor-
Fo2) to surface emissions. For slowly reacting species, such; qnia| wind speed measurements. Figure 5 also shows the

as toluene and benzene, entrainment flufes ¢an be ap- 5006 sypersite (T0) and the 2003 and 2006 flux sites (T-1).
proximated by a linear flux relationship throughout the PBL yiqh, toluene flux contributions are evident above the Inter-

(e.g. Faloona etal., 2005). The magnitude of entrainment andlational Airport and an industrial area in the northern part
surface fluxes can be experimentally determined by measufingicated by circles). The toluene/benzene flux ratio (Fig. 5
ing fluxes at several heights throughout the PBL and calculatyjgnt panel) indicates a particularly high toluene contribution
ing the flux divergence (third term in Eq. 1). Since flux diver- oyer the industrial area (e.g. up tal5; mean ratio of 10).
gence measurements were not available, we estimate 10Wefhs is comparable to a concentration ratio of 7.5, which was
and upper limits of the bias that would arise for surface fluxesmgasyred in the vicinity during a study in 2003 (Velasco et
based on PBL growth measurements during this study (Shaw '5007). These observations point towards distinct indus-
etal., 2007): We calculatéz; /dt between 0.15-0.25M/s. iz nollution sources of aromatic compounds. It is noted
Taking typical measured concentration junafiS across the it the flux ratio between two compounds can pinpoint pol-
PBL top of 3.5-7 ppbv for toluene and benzedga/F; IS yytion fingerprints much more precisely than concentration
calculated on the order 6f19% to +5%. Using the best r44i5 measurements because in a well mixed boundary layer
estimater; would be systematically 7% higher thag.,. the spatial variation of mixing ratios is significantly smaller
The influence of advection (second term in Eq. 1) can beya the spatial variation of surface emissions. Concentration
estimated based on measured horizontal concentration gradiatios can therefore be seen more like a city average value.
ents (C/dx) and horizontal wind speeds), choosing a co-  The flx ratio is confined within the flux footprint (e.g. 90%
ordinate system where v equals zero. Typical values encourgs the flux contribution), which, at flight levels flown during
tered for toluene during RF 8 and 12 were5-10m/s, and g study ¢/zi=0.2), was typically between 0.5-2 km.
dC=1 ppbv; this leads to an advection flux ofnl¥—2.5 mgfim In order to compare toluene emissions on a more repre-
(e.g. 1 ppbw585 mx5m/s/30000 m~1.3mg/nt/h) or 8- soiative modeling scale Table 2 lists median fluxes along
17% of Foz. , . the entire MCMA flight leg and compares annual toluene
We discussed systematic and random errors associateg, i sions between different emission inventories (CAMOL
with airborne flux measurements in Sect. 3.1. The system(CAM 2001), CAMO4, (CAM, 2004), adjusted CAMO4 (Lei
atic error for a subset of the total flight leg can be calculatedg o - ,2008),'EDGAR;/2 (Oli\;ier ot z;I., 1999), EDGARV3.2

according to Mann and Lenschow (1994): (Olivier et al., 2005) and SMAGDF (SMAGDF, 2008)).
zi - 208 Fluxes inferred from four inventories (CAM01, CAMO4, ad-
se=b- 1/(L ~ ;)’ ©)  justed CAMO4 and SMAGDF) were confined along the foot-
Lem L print of our measurements shown in Fig. 5 assuming simi-
whereb is 1.2 (forz/z;=0.2) , z; is the height of the PBLg lar spatial representation. Fluxes based on the global emis-

is the flight altitude L is the length of the flight leg and,, sion inventories EDGARvV2 and EDGARvV3.2 are based on
is a sub-length of the total flight lef. For L,,,=10—15km a grid cell average. Table 2 also lists the total amount
and L=30km, the systematic error would then lie betweenof toluene emitted per year. Annual toluene emissions for
5-10%, depending over which spatial scales the flux was avthe EDGARv3.2, CAM01 and CAMO04 emission inventories,

eraged. which report total annual VOC emissions, were calculated
In summary flux measurements performedzat;=0.2 based on the SAPRC99 chemical speciation (e.g. West et al.,
(Fo.2) likely yield a lower limit of actual surface fluxes;. 2001). Based on this speciation toluene (ARO1) accounted
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Fig. 5. Comparison between the adjusted CAM04 emission map (left panel) with instantaneous flux measurements across the city (middle
panel) during the C-130 MCMA flight segment. The feather plot on top of the emission map (left panel) depicts the C-130 flight track across
the city and shows the instantaneous horizontal wind speed vector. The middle panel shows toluene fluxes across MC on top of an elevatior
map. The right panel shows the ratio between instantaneous toluene to benzene fluxes measured across the city for RF12.

Table 2. Emission inventory comparison for toluene summarizing the year for which emissions are reported (column 2), the relative fraction
of mobile sources (column 3), the relative fraction of area plus point sources (column 4), the total yearly amount emitted in the MCMA
(column 5) and the median flux along flight leg (column 6).

Year Mobile Area + Point Total [t’y] ~ Median flux along
(Exhaust) [%] (WGASav/Industry) [%] flight leg [mg/Arh]

EDGARv2 1990 n.a. n.a. 32000 0.8
EDGARv3.2D 2000 n.a. n.a. 33280 0.8

CAMO1, 2001 1998 35 64 17200 4.4

CAMO04, 2004 2002 n.a. n.a. 38200 6.7
Adj. CAMO04, 20082 2004 n.a. n.a. 57 300 10.1
SMAGDF, 2008 2006 28 72 45351 8.0
MIRAGE-MEX Observations 2006 3710 62+10 n.a. 14.34.0

M assuming that toluene accounts for 6.7% of total NMVOC according to SAPRC99 speciation.
@Toluene is 1.5 times higher than in the original CAMO4 inventory.

for 6.7% of the total NMHC loading. For comparison ob- inventory. The median flux along our flight leg is about
servations on the C-130 suggest a fraction of 7.7%. Where0% higher than the flux based on the adjusted CAM04 in-
available we also list the relative fraction from mobile, area ventory, but lies within the uncertainty range. Fluxes pre-
and point sources and compare these with relative contribudicted by the two most recent inventories (SMAGDF and
tions based on a regression model presented in Sect. 3.3.2.adjusted CAMO04) are closest to observed fluxes reported
Yearly amounts of toluene emissions predicted in thehere. Older inventories such as the CAMO1, EDGARv2 and
MCMA range between 17200 and 57300ty. The low- EDGARV3.2 inventories would under predict emissions up
est emissions are predicted by the CAMO1, EDGARv2 andlto a factor of~3.
EDGARV3.2 inventories. Our measured fluxes agree best Higher fluxes observed over the industrial district could
with the SMAGDF and the adjusted CAMO04 inventory; the point towards an underestimation of toluene emissions in this
CAMOL1 inventory is~70% lower than the SMAGDF inven- part of the MCMA. Discrepancies between reported and ac-
tory. The original CAMO04 inventory is~20% lower than tual Industrial emissions have been found previously in other
the SMAGDF and 33% lower than the adjusted CAMO04 North American cities. For example emissions from counties
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Fig. 6. Comparison between toluene mixing ratios measured during RF8 and modeled with WRF-Chem using CAM 2001 (left panel) and
the adjusted CAM 2004 (right panel) emission inventory during the C-130 MCMA flight segment.

along the Houston ship channel, TX, USA, were significantly of toluene emissions can be as large as a factor of 3 when
underestimated by inventories compiled for 2000 (Wert et al.,older emission inventories are used. The adjusted CAM04
2003). We also find evidence of evaporative losses, whichnventory agrees best with our airborne flux measurements
typically contain a higher toluene fraction and have to beconsidering the variability of surface emissions.

considered as important urban pollution sources for aromatic

compounds. For example high toluene fluxes and a high3.3.2 BTEX Emission Ratios

toluene/benzene flux ratio (3—5) were observed over the In-

ternational airport. Aircraft engines burn fuel efficiently re- BTEX compounds, defined as benzene, toluene, ethyl-
sulting in low toluene/benzene ratios (e.g. 0.6 g/g; GerstiePenzene and the sum of o, p+m xylene, are important
et al., 2002). Emissions from jet aircraft alone are thereforeNMHC (non-methane hydrocarbons) for urban air chem-
not likely to explain these toluene emission enhancementsistry.- ~ For the MCMA area depicted within the blue
but fuel evaporation could explain these ratios. Measured?0X in Fig. 1b their combined average mixing ratio was
and modeled toluene mixing ratios for RF8 (22 March 2006:about 10% of the total observed NMHC mixing ratio, ex-
19:00—20:00 UTC) are shown in Fig. 6. The average toluen&luding oxygenated VOCs, which to a large extent are
mixing ratio measured in the PBE (zi=0.2) along the flight ~ also produced photochemically. NMHC speciation was
track over the city was 5:4.0 ppbv; it was 8.21.5 ppbv based on canister sampling, TOGA and PTR-MS and in-
when flying over TO. For comparison time-interpolated mea-cluded ethane, ethene, propane, propene, acetylene, i-
surements obtained from whole air canister sampling (BlakePutane, n-butane, 1-butene, trans-2-butene, cis-2-butene,
et al., 1995) on the ground at TO during RF8 showed valued-Pentane, n-pentane, 1,3-butadiene, isoprene, n-hexane,
of 15.8+0.4 ppbv. Mixing ratios on the ground up to 70 ppbv N-heptane, 2-methylpentane, 3-methylpentane, benzene,
were reported at this site. WRF-Chem model runs based offluene, ethylbenzene, m, p, o-xylene, i-propylbenzene,
the CAMO1 emission inventory capture the extent of the MC N-Propylbenzene,  3-ethyltoluene, 4-ethyltoluene, 1,3,5-
plume well, but largely underestimate the average mixing ratrimethylbenzene, 1,2,4-trimethylbenzene, methyl-tertiary-
tios across the plume (3£D.6 ppbv). Better agreement with butyl-ether, CFC-12, CFC-11,CFC-113, H-1211, {IH
measurements is achieved when using the adjusted CAM0%HCIs and GCls. Due to their high reactivity, BTEX com-
emission inventory (e.g. 441.6 ppbv), but the extent and Pounds accounted for25-30% (10-18%) of the total ob-
location of the concentration plume is shifted to the east.Served NMHC reactivity (total observed VOC reactivity) in
While detailed analysis of the exact spatial distribution of thethe MCMA in 2006 (Apel et al., 2008).

concentration plume might go beyond what is reasonable for On-road emissions are considered to be an impor-
a large scale regional model, our measurement/model corfant source for BTEX compounds in Mexico City.
centration comparison points towards an underestimation ofavala et al. (2006) derived yearly on-road emissions
toluene concentrations in this part of MCMA. From direct for toluene (Eoiuene=10 10G:2200tons/year) and benzene

flux measurements (Table 2) we find that an underestimatioriEbenzens409G850 tons/year), which would result in an
emission ratio of 2.5. Rogers et al. (2006) reported toluene
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to benzene emission ratios between 1.6 to 3.1(g/g). Frontios (R°°S™e] to various source profile ratios according to
our airborne DEC flux measurements we obtain an average
toluene/benzene flux ratio of 3tD.5(g/g). Localized en- Robserved_ ia‘_ .y )
hanced toluene/benzene flux ratios were evident above the’ =
International airport and an industrial district in the northern !
part of the city (e.g. 10-15g/g). We can test whether thesevhere« is the fraction of each ratié from sourcej, N
flux ratios are consistent with observed concentration ratiosis the total number of sources agdthe relative contribu-
From an x/y-weighted regression between toluene and bention of each source. Calculations based on Eq. (7) are re-
zene we obtain an average concentration ratio a£8.9g/g  stricted to C-130 measurements in the well mixed PBL in
(RF1, RF6, RF8 and RF12). This is consistent with previousthe MCMA (see Fig. 1b), where chemical VOC transforma-
work published in Mexico City: Rogers et al. (2006) found tions exert a minor influence on the outcome of the regres-
an average concentration ratio of 4.0g/g based on groundion model. Regressions were based on a robust regression
based observations in different parts of Mexico City. Ve- model using iteratively reweighted least-squares. Here we
lasco et al. (2007) reported a toluene/benzene concentratiotonsider three lumped source categories: exhaust, evapora-
ratio of 5.0 g/g from urban sources at one particular site (T-tion + industrial and biomass burning emissions. We appor-
1,003). The fact that emission ratios between VOCs shouldtion benzene, toluene and C2-benzenes (the sum of xylenes
be consistent with observed concentration ratios can be usegnd ethylbenzene) in Mexico City using a tracer method
to gain additional information on VOC source distributions. that includes methyl-tertiary-butyl-ether (MTB) and acetoni-
For example typical emissions from fuel combustion yield atrile (CH3CN). BTEX compounds can be emitted from all
toluene/benzene ratio of 2.5g/g. A high ratio (e.g. 3.9 g/g)source categories. MTBE is a gasoline additive and is
inferred from our concentration measurements suggests adnainly released from fuel emissions (e.g. Millet et al., 2004).
ditional toluene sources: CHsCN is thought to be a unique tracer for biomass burning

Biomass burning: It has been previously suggested thafHolzinger et al., 2001), although there have been reports of
biomass burning activities, such as fires, residual waste burndirect cyanide (sum of HCN and GEN) emissions from
ing, home cooking etc., could play a significant role for ur- cars without a catalyst (VW AG, 1988). We account for this
ban air quality in Mexico City (Yokelson et al., 2007; de- by including upper and lower limits of cyanide emission fac-
Carlo et al, 2007). Typical toluene/benzene ratios inferred fortors in our regression model (Holzinger et al., 2001). Ta-
biomass burning activities are @6.3 g/g (e.g. Yokelson et ble 3 lists typical VOC/benzene, VOC/toluene and VOC/C2-
al., 2007; Andreae and Merlet, 2001), remarkably similar tobenzene source ratios used to calculate relative source contri-
those from urban burning activities: &6.5 g/g (Lemieux et  butions ;). Exhaust and gasoline emissions were compiled
al., 2004). Such low ratios from burning activities can there-from various reports (Vega et al., 2000; Zavala et al., 2006;
fore not account for the observed difference between ambiVelasco et al., 2007) including measurements conducted dur-
ent concentration measurements and typical fuel combustiomg MIRAGE-MEX. Biomass burning emission ratios were
emission profiles. based on Yokelson et al. (2007) and Lemieux et al. (2004)

Other sources: Vega et al. (2000) investigated emissiorand direct observations of fire plumes near Mexico City. Ta-
factors from various anthropogenic sources. While theirble 3 also includes observed concentration ratios (slopes be-
toluene/benzene ratio from exhaust emissions (2.5 g/g) wasveen individual VOCs) and the corresponding correlation
similar to that reported more recently by Zavala et al. (2006),coefficient R) obtained from a regression between individ-
they found high ratios (e.g. up to 7 g/g) from gasoline va- ual VOCs. Best correlations for BTEX compounds were
por depending on the refining grade of the fuel. Otherwise typically obtained with the fuel tracer MTBE (e.g. 0.82 for
direct industrial toluene emissions could also be responsibléMTBE/benzene). Correlations with acetonitrile were rather
for high toluene to benzene concentration ratios. Velasco epoor (e.g. 0.36 for CECN/benzene). This gives some qual-
al. (2007) reported a concentration ratio of 8.8 g/g for an in-itative indication about the importance of individual source
dustrial district in the Northern part of Mexico City. From categories. Relative source contributions for exhaust, evapo-
measurements obtained during this study a toluene to berrative + industrial and biomass burning emissions are based
zene flux ratio of 10-15 g/g was observed above the samen Eg. (7) for data collected in the MCMA area (blue box
industrial region (192997'-194985’ N and 992667'— shown in Fig. 1b).
98°8893” W). More recently Fortner et al. (2008) have ob- Based on the regression model we determine exhaust and
served distinct toluene plumes advected over TO, suggestkvaporative emissions (gasoline and industry) as the largest
ing a significant influence from industrial sources. Togethercontribution responsible for the abundance of aromatic com-
these observations show the potential importance of evapopounds (Fig. 7). The sum of these emissions account for
rative fuel and industrial sources for aromatic compounds, in87—100% of the benzene, toluene and C2-benzenes loading;
particular for toluene. for benzene a fraction 0f13% can be attributed to burn-

In order to put these observations in formal context of aing activities (e.g. forest fires, trash burning). Significant
chemical tracer model, we relate observed concentration raevaporative industrial and gasoline emissions inferred by the
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Table 3. Typical Emission ratios for three different source categories.

Emission Ratios (g/g) Exhaust Evaporative + Industrial  Biomass Burning  Obs. Ratibs
D,2,3),.@® 2,03),(5),(®) (1), (8), (9
toluene/benzene 2.1 7.8 0.8 5d0m17 0.77
Benzene MTBE/benzene 0.7 4.5 0.0 HA007 0.82
CH3CN/benzene 0.06 0.00 1.8 0:80.03 0.36
benzene/toluene 0.5 0.1 1.3 0HAGR004 0.83
Toluene MTBE/toluene 0.3 0.6 0.0 0:80.003 0.94
CH3CN/toluene 0.03 0.00 2.3 0.80.005 0.27
benzene/C2-benzenes 0.4 0.2 0.0 622 0.76
C2-benzenes MTBE/C2-benzenes 1.9 0.5 0.0 40182 0.90
CH3CN/C2-benzenes 0.03 0.00 6.5 2203 0.30

(1) Zavala et al. (2006); (2) Vega et al. (2000); (3) Rogers et al. (2006); (4) Holzinger et al. (2001); VW AG (1988); (5) EC fluxes over
industrial area made during this study; (6) Velasco et al. (2007); (7) Yokelson et al. (2007); (8) Lemieux et al. (2004); (9) Andreae and
Merlet (2001).

tracer model confirm direct observations of source signa- &=

tures based on direct flux measurements (Sect. 3.3.1), which

show distinct emission ratio enhancements over Mexico City.

Among others, these emission hotspots corresponded to an e

industrial district in the North and the International airport.

A significant fraction of evaporative (industrial and gasoline)

sources shows similarity with other VOC source categories.

For example, leakage from liquefied petroleum gas (LPG)

has previously been identified as a major contributor to the 5 **

abundance of some alkanes (e.g. propane, i-butane, n-butanér)zo%

(Blake and Rowland, 1995; Vega et al., 2000).

For benzene we find the highest contribution from ex- '™ “

haust emissions. A significant fraction of BTEX com- ‘ ‘ | Fh

pounds can also come from evaporative fuel and industrial Exhaust waAsavindustry Blomass burning

sources. Due to similar emission ratios for evaporative fuel ) o

and industrial sources we can not distinguish between thesg'd- 7- Relative source contributions for benzene, toluene and C2-

source categories. Yet assuming that the exhaust source catier2enes for 3 source categories: Exhaust, evaporative fuel plus

. . Industrial (WGASav/Industry) and biomass burning.

gory corresponds mostly to the transportation sector (mobile

sources) and the WGASav/Industry source category corre-

sponds mostly to area and point sources, we can attempt & ~gnclusions

comparison between these source profiles and the source ap-

portionment provided by emission inventories (see Table 2)\we show that VOC eddy covariance measurements on air-

For toluene the SMAGDF (2008) inventory reports a 28% craft equipped with turbulent measurement capabilities are

and a 72% contribution from mobile and the sum of area andteasible using a Proton-transfer-reaction mass spectrome-

point sources, respectively. The CAMO1 inventory predictster, |t is demonstrated that spatially variable distributions

a distribution of 35% and 64% for these source CategorieSOf VOC emissionsl which could pose a prob|em for surface

From Fig. 7 we obtain a 3710% and a 6210% contribu-  sjtes, can be assessed from aircraft measurements. Fluxes

tion from the exhaust (mobile) and WGASav/Industry (areaof toluene and benzene are compared with six emission in-

and point) source categories, respectively. ventories and indicate that midday surface emissions are
most likely underestimated by four of these. Flux ratios be-
tween toluene and benzene show distinct industrial pollution
sources over the city. Based on a tracer model, exhaust,
industrial and fuel evaporative emissions are determined as
major sources for BTEX compounds in the Mexico City
Metropolitan Area (MCMA). We find that biomass burning
contributes a comparably small amount to the MCMA BTEX

W benzene

toluene

OC2-benzenes

a
3
*

ive Source Contribution
IS
N
B3
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mix (e.g. 2-13%). Future airborne flux measurements will CAM04: Comision Ambiental Metropolitana: Inventario de Emi-
help reducing uncertainties of anthropogenic and biogenic siones 2002 de la Zona Metropolitana del Valle de Mexico, Mex-
emission maps used in regional and global CT models. This ico, 2004.

will ultimately lead to improved simulations of tropospheric DeCarlo, P. F., Dunlea, E. J., Kimmel, J. R., Aiken, A. C., Sueper,

chemistry and a better understanding of air pollution man-

agement.
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