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Abstract. The volatile organic compound (VOC) distribu- solute values of the VOC OH reactivity. The MOZART
tion in the Mexico City Metropolitan Area (MCMA) and its model is also in agreement with observations showing that
evolution as it is uplifted and transported out of the MCMA NMHCs dominate the reactivity distribution except in the
basin was studied during the 2006 MILAGRO/MIRAGE- afternoon hours. The WRF-Chem and MOZART models
Mex field campaign. The results show that in the morningshowed higher reactivity than the experimental data during
hours in the city center, the VOC distribution is dominated by the nighttime cycle, perhaps indicating problems with the
non-methane hydrocarbons (NMHCs) but with a substantiaimodeled nighttime boundary layer height.
?gctggit;?gr;rggnm%)gr?@n;gerg ;\)/filriglril g:ﬁiglign?nm;:g; A northeast transport event was studied in which air orig-

account for a large part of the NMHC distribution in terms of inating in the MCMA was intercepted aloft with the Dfa'
. . L . partment of Energy (DOE) G1 on 18 March and downwind
mixing ratios. In terms of reactivity, NMHCs also dominate

. . . . with the National Center for Atmospheric Research (NCAR)
overall, especially in the morning hours. However, in the af-

; N 130 one day later on 19 March. A number of identical
ternoon, as the boundary layer lifts and air is mixed and age : ; L
s . AT species measured aboard each aircraft gave insight into the
within the basin, the distribution changes as secondary prod=

ucts are formed. The WRF-Chem (Weather Research anghemmal evolution of the pIume_ as;. it aged and was trans

. : . ported as far as 1000 km downwind; ozone was shown to be
Forecasting with Chemistry) model and MOZART (Model : .

. photochemically produced in the plume. The WRF-Chem

for Ozone and Related chemical Tracers) were able to apt

proximate the observed MCMA daytime patterns and ab—and MOZART models were used to examine the spaug | ex-
tent and temporal evolution of the plume and to help inter-

pret the observed OH reactivity. The model results generally
showed good agreement with experimental results for the to-

Correspondence tcE. C. Apel tal VOC OH reactivity downwind and gave insight into the
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detailed gas phase chemistry (NCAR Master Mechanism)jments with different but overlapping spatial coverage and
initialized with concentrations observed at one of the groundinstrument payloads, and zero-dimensional, regional, and
sites in the MCMA, was used to examine the expected evoglobal models were used to investigate plumes as they exited
lution of specific VOCs over a 1-2 day period. The modelsthe MCMA and evolved in space and time. This evolution
clearly supported the experimental evidence for NMHC oxi- involves significant chemical transformations which, in turn,
dation leading to the formation of OVOCs downwind, which require instrumentation capable of measuring the secondary
then become the primary fuel for ozone production far awayproducts that result from atmospheric processing. To track
from the MCMA. the outflow it is necessary to first quantify the composition
of air in the MCMA basin. This was done with a network
of three instrumented sites set up along the statistically most
significant outflow path: TO, located approximately 11 km
1 Introduction miles north-northeast of downtown Mexico City; T1, located
approximately 32 km northeast of TO; and T2, located ap-
The influence of large urban centers on regional atmosphergsroximately 64 km northeast of the city. For the analysis
is a topic of increasing interest to the atmospheric scienceresented here, we take advantage of measurements from
community as the number of megacities (cities with popula-T0 and T1, sites that were heavily instrumented for trace-
tions >10 million people) continues to grow. Mexico City gas analysis as well as from the DOE G1 aircraft, which
is a megacity that has continued to grow in both popula-repeatedly sampled MCMA air aloft, and the NCAR C130
tion and area and is one of the largest cities in the world.aircraft which made measurements over the MCMA and up
Numerous studies have reported (e.g., Molina and Molinato 1000 km downwind of the city. Figure 1 (top panel) shows
2002) on both the current status of air quality in the Mex- all of the flight tracks taken by the C130 during the experi-
ico City Metropolitan Area (MCMA) and on more fully un-  ment with the 19 March flight shown in green as it will be
derstanding the root causes of air pollution in the area. Al-highlighted in the discussion section. There were a number
though lagging most US and European cities, MCMA hasof flights in which the C130 flew over the city including the
implemented new technologies to help improve air quality; TO, T1, and T2 ground stations and these are shown in the
overall, air quality has improved over the last decade everlower panel of Fig. 1. A box is drawn around the area that is
though very high emissions of 0zone precursors, nitrogen oxdefined in this paper as the MCMA for over-flight analyses.
ides (NQ) and VOCs, as well as primary particulate matter  |n this paper we focus specifically on the characterization
(PM) remain (Molina and Molina, 2002). Fewer studies have of volatile organic compounds (VOCSs) in the MCMA, both
looked at the outflow from the city in terms of spatial extent on the ground and aloft and on the emission, transport, and
and temporal evolution. This is of topical interest since thetransformation of VOCs downwind of the metropolitan area.
export of pollutants from megacities and concentrated urbamvMeasurable VOCs as defined here consist of non-methane
centers to downwind areas is of growing concern and hasydrocarbons (NMHCs) and oxygenated volatile organic
led to an awareness that regional areas may be impacted lypmpounds (OVOCs), including formaldehyde. NMHCs
this outflow and that urban centers downwind may experi-have primary anthropogenic emission sources which can in-
ence significantly greater challenges with their air pollution clude evaporative emissions, exhaust, industrial, liquefied
mitigation strategies because of the importation of pollutants petroleum gas, and biomass burning. Sources of OVOCs
This can also happen on inter-continental spatial scales. Anclude primary anthropogenic emissions, primary biogenic
prime example is in the western United States where conceremissions, biomass burning, and secondary photochemical
has heightened over pollutants being transported across thfermation from both anthropogenic and biogenic sources.
Pacific from the rapidly industrializing Asian subcontinent Measurements of numerous VOCs on the ground and from
(e.g., Jacob et al., 2003; Parrish et al., 2004). the C130 and G1 were used to characterize the initial emis-
Tracking the export of pollutants and understanding thesion conditions, fingerprint the signature of MCMA plumes,
impact of large urban centers on downwind air quality is sci- and follow the plumes in space and time.
entifically challenging and requires a synthesis of observa- The regional model, WRF with tracers, and the global
tional data and modeling results. The MIRAGE-Mex field chemical transport model, MOZART (Emmons et al.,
experiment was designed to characterize the chemical and010a), were used during the experiment to aid in the flight
physical transformations and the ultimate fate of pollutantsplanning, to locate plumes and to help determine when and
exported from the MCMA, and was part of the MILAGRO where the various aircraft would intercept the plumes. Post-
group of field campaigns. An overview of the field campaign experiment, WRF-Chem (Grell et al., 2005; Tie et al., 2009),
is given by Molina et al. (2008, 2010). The MCMA, located and MOZART were used to characterize the air masses as
in an elevated basin, is relatively isolated from other largethey were transported from the MCMA and, at times, en-
urban centers and, in this respect, can be considered a poll@wountered by the aircraft, in which case comparisons be-
tion point source, making it a good candidate for this study.tween the measurements and models could be made. A pho-
A combination of ground-based experiments, aircraft expertochemical 0-D box model, the NCAR Master Mechanism
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produce water and an alkyl peroxy radical. Next, the alkyl

28
peroxy radical may react with NO when present,
26 -
RO; +NO — RO+NO, (R2)
24 -
o to produce an alkoxy radical that reacts with, O
S 22
-.‘é RO+ O, — carbonylst- HO» (R3)
=1 20 1
Alternatively, under low N@ conditions, the peroxy radi-
18 - > cals may react with each other to produce species that may be
X I e water-soluble, form aerosols or further react with OH. These
16 - LN conditions were rarely experienced during this study. Ozone
' . - - production scales with OH reactivity when N@ elevated.
10 108 -100 95 -90 Reaction (R1) represents a major sink term for OH radicals
Longitude in the atmosphere. The overall sink term is estimated by cal-
22 culating OH loss frequencies (product of concentration and
rate coefficient) for all individually measured species,
n
21 Zk<voc,-+OH) [VOG;] (R4)
i
(]
T . which gives the OH reactivity, the term used in this paper.
=}
£ 20 - A W}ML/ The ability of models to reproduce the OH reactivity is an
- important step in predicting ozone production (Stroud et al.,
2008; Tie et al., 2009). Carbon monoxide (CO) and nitrogen
194 dioxide (NO), and to a smaller extent methane (§tare
%‘f“” T also contributors to the OH loss rate, especially in the city.
f \ CO will be discussed in this context.
18 . ; .
-102 -100 98 -96

Longitude 2 Experimental technique

Fig. 1. (top panel) Map of Mexico and the flight tracks taken by 2.1 Measurements overview

the NCAR C130 during the experiment. The flight track for the ) .
19 March outflow event is shown in green. (bottom panel) Map A Number of coordinated ground-based and aircraft-based

showing the TO, T1 and T2 sampling sites, the box (outlined inexperiments were conducted in March of 2006. As men-
blue) showing the MCMA as defined in this paper for over-flight tioned in the introduction, aircraft measurements from the
analyses and the flight tracks (red) that passed through the box. NCAR C130 and the DOE G1 are used as well as ground-
based VOC measurements from the TO site (city center) and
the T1 site (outside city center and to the northeast). The

(Madronich, 2006) initialized by ground-based measure_ggaographical location and coverage by aircraft are shown in
ments, was used to help interpret observed product vocd9- 1.

species downwind. The transformation of VOCs from pri- For the C-130 aircraft, a total of 12 flights took place

mary to secondary species and its impact on the reactivity oP€ween 4 and 29 March. Two flights (10 and 11) were
the VOC mix downwind is discussed. short flights of three hours duration, while the others were

An important concept in this paper is the “OH reactivity” approximately eight hours. Some of the flights were de-

(or OH loss rate) provided by individual and classes of vOC Signed to fly over remote regions either to detect long-range
species. This will be used to help understand the chemicaP!UMme transport (_more th?” 1000 km from the Mexico City)
transformation of air parcels as they are exported out of and! [© measure biomass fire plumes. Figure 1 (top panel)

downwind of the MCMA. For organic compounds the VOC SNows a map of Mexico with all of the C-130 flight paths
+ OH reaction initiates the oxidation sequence producing Or_supe_rlmposed. For this paper, we sel_ected fI|ghts in which
ganic peroxy radicals, shown here for alkanes the flight paths crossed over Mexico City and/or intercepted

plumes downwind (northeast) of the city. Flight 7 (19 March,

RH+OH+ 0, — RO, +H,0 (R1) shown in green) will be discussed in the context of transport
of the Mexico City plume. Figure 1 (lower panel) shows

where RH represents a VOC with abstractable hydrogen tgaths taken for the three research flights that crossed over the
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city. Measurements of VOCs were made on the C130 withbeing directed to a different gas chromatograph with a spe-
three methods: canister collection for subsequent analysisific column and detector combination. The sample con-
in the laboratory, proton transfer mass spectrometry (PTRtacts only stainless steel from the sample canister to the 6-
MS), and the Trace Organic Gas Analyzer (TOGA), an in- port splitter and is connected to the columns via Silcosteel®
situ gas chromatograph/mass spectrometer (GC-MS). Theubing (0.53mm O.D.; Restek Corporation). The columns
canister measurements were made by the UC Irvine groure all cryogenically cooled during injection and then fol-
and included a full suite of NMHC, organic nitrates, and low prescribed temperature ramp programs. The sample split
halogenated species. The NCAR TOGA instrument con-is highly reproducible as long as the specific humidity of
tinuously measured every 2.8 min 32 species including sethe injected air is above a certain level, estimated to be 2g
lect NMHCs, halogenated compounds, and monofunctionaH,O/kg air. This was ensured by addirg.4 kPa of water
non-acid OVOCs. The NCAR PTR-MS targeted 12 ions andinto each evacuated canister just before they were sent out to
included aromatics and OVOCs. Combined, good coveragehe field. The low molecular weight NMHCs were separated
was obtained but, for most VOC species, at lower time res-by a J&W Scientific AbOs PLOT column (30 m, 0.53 mm)
olution than is available for continuous measurements forconnected to a flame ionization detector (FID). The detec-
species such as D NOy, CO, etc. The TOGA measure- tion limit of each NMHC is 1 pptv. All NMHCs were cali-
ments for OVOCs were used in this analysis. Formaldehydérated against whole air working standards, which had been
was continuously measured on the C-130 with a Differencecalibrated against NIST and Scott Specialty Gases standards.
Frequency Generation Absorption Spectrometer (DFGAS)The precision of the &C4 NMHC analysis wast3% when
(Weibring et al., 2007). compared to NIST standards during the Non-Methane Hy-
The C-130 MCMA over-flights were used to characterize drocarbon Intercomparison Experiment (NOMHICE) (Apel
the VOC emission signatures aloft. In addition, the C-130 in-et al., 1994, 1999). Further details are given by Colman et
tercepted a plume on 19 March that had been sampled a dagf. (2001).
earlier by the G1. This was a NE transport event at high alti- Continuous measurements of 38 masses associated with
tude (4-5.2 km). Air with one to two day transport time from VOCs were made at the TO site by the Texas A&M PTR-
the source was sampled (Voss et al., 2010). As in all flights, aMS from 5 to 31 March (except from the 23rd through the
full suite of physical measurements was obtained. A compre26th). The measurements from this group discussed here are
hensive suite of trace gas and aerosol data was also obtainegetaldehyde, methanol, acetone, and methyl ethyl ketone
on both the C130 and G1 aircraft at varying frequencies, with(MEK). The TO measurements were made on the rooftop
the fastest measurements taken at 1 Hz, e.g,,G®, NO, of a five-story building. A detailed description of the in-
NO,, and NGQ. The C130 and DC-8 flight data are archived strument and measurement procedures has been provided
at http://www-air.larc.nasa.gov/cgi-bin/arcstat-bThe G1 by Fortner et al. (2009). A 14-ft 0.25-in OD PFA tubing
flight data are archived dtp://ftp.asd.bnl.gov/pub/ASP% was used as the inlet (5-ft above the roof surface) through

20Field%20Programs/2006 MAXMex/ which about 30 SLPM sample flow was maintained by a
diaphragm pump. During operation, the drift tube pres-
2.2 Specific VOC measurements sure was maintained at 2.1 millibars and ByiN ratio of
115 Townsend (1 Td = 20V cm? molecule) was utilized.
2.2.1 Ground-based measurements Each of the masses was monitored for 2s and it took ap-

proximately two min to complete one selected ion monitor-
Canister measurements conducted by the University of Caling (SIM) scan. Backgrounds were checked+dr5 min ev-
ifornia, Irvine (UCI) were used to characterize the NMHCs ery three hours removing VOCs from the airflow using a cus-
at the TO and T1 sites. Air samples were collected in previ-tom made catalytic converter. Calibrations were performed
ously evacuated canisters. At TO, individual canisters weredaily using commercial standards (Spectra Gases) including
filled to 350—700 hPa over 30—60 min with variable sampling alkenes, oxygenated VOCs, and aromatics. The interpreta-
times; a total of 200 canisters were collected. At T1, canis-tion of mass spectral assignments was based on literature rec-
ters were filled to 1000 hPa with the sampling time centeredommendations by de Gouw and Warneke (2007) and Rogers
at midnight, 3a.m., 6 a.m., etc.; a total of 200 canisters wereet al. (2006). For species that could not be calibrated on-
collected. Flow was controlled during sample collection with site, concentrations were determined based on ion-molecular
a mass flow controller at both sites. After collection, the can-reactions using rate constants reported by Zhao and Zhang
isters were transported back to the UCI laboratory and ana¢2004).
lyzed for more than 50 trace gases comprising hydrocarbons, In addition to the canister measurements of VOCs at T1,
halocarbons, dimethyl sulfide (DMS), and alkyl nitrates. In on-line continuous measurements were made with a PIT-
brief, each sample of 1526l cn? (STP) of air was precon- MS (Warneke et al., 2005; de Gouw et al., 2009) operated
centrated in a trap cooled with liquid nitrogen, the trap wasby the National Oceanic and Atmospheric Administration
then warmed by~80°C water, releasing the VOCs into the (NOAA). The instrument is similar to a PTR-MS, but uses
carrier flow where it was split into six streams, each streaman ion trap as a mass spectrometer. Measurements for the
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following compounds were utilized in this paper: methanol, used; a water trap, an enrichment trap and a cryofocusing trap
acetaldehyde, acetone, and methyl ethyl ketone (MEK). Anwith no adsorbents in any of the traps. The gas chromato-
on-line gas chromatograph with flame ionization detectiongraph (GC) is a custom designed unit that is lightweight and
(GC-FID), operated by NOAA was also used at T1 to mea-temperature programmable. The GC is fitted with a Restek
sure a number of different hydrocarbon species. In this papeftMTX-624 column (1.D.=0.18 um, length=8 m).
the UCI canister measurements for NMHCs are used, primar- An Agilent 5973 Mass Spectrometer with a fast electron-
ily to ensure consistency between measurements from the Tigs package was used for detection. A non-standard three-
andT1 sites. A full description of the T1 VOC measurements,stage pumping system was used consisting of a Varian 301
including techniques, is given by de Gouw et al. (2009). turbomolecular pump, an Adixen (model MDP 5011) molec-
Formaldehyde (ChD) measurements were made with a ular drag pump and a DC-motor scroll pump (Air Squared,
modified Aero-Laser AL4001, a commercially available in- model V16H30N3.25). The sample volume during this ex-
strument, by the Institute for Meteorology and Climate Re- periment was 33 ml. Detection limits were compound de-
search (IMK-IFU, Research Center Karlsruhe, Garmisch-pendent but ranged from sub-pptv to 20 pptv. The initial
Partenkirchen). This instrument is based on the HantzsclsC oven temperature of 3€ was held for 10 s followed
technique which is a sensitive wet chemical fluorimetric by heating to 140C at a rate of 118C min~1 (60s). The
method that is specific to Gi. The transfer of formalde- oven was then immediately cooled to prepare for the next
hyde from the gas phase into the liquid phase is accomplishedample. Helium was used as the carrier gas at a flow rate
quantitatively by stripping the C4#© from the air in a strip-  of L mImin~1. The system was calibrated with an in-house
ping coil with a well defined exchange time between gas andgravimetrically prepared mixture that had 25 of a targeted
liguid phase. Formaldehyde was measured at two minute82 compounds. Post-mission calibrations were performed to
time intervals at both the TO and T1 sites. A full description obtain response factors for the seven compounds not in the
of the instrument and its performance is given in Junkermanrstandard. The calibration mixture was dynamically diluted
and Burger (2006), and an instrumental intercomparison inwith scrubbed ambient (outside aircraft) air to mixing ratios

Hak et al. (2005). near typically observed levels. A full description of the in-
strument will be available in a future publication.
2.2.2 Aircraft— NCAR C130 and DOE G1 The 32 compounds TOGA targeted included OVOC,

NMHC, halogenated organic compounds and acetonitrile.

The analyses of canisters collected on the ground and in th&imultaneous measurements were obtained for all com-
air (C130) are identical. Unlike the ground-based canisterpounds every 2.8 min. Measurement comparisons for TOGA
sample collection, the aircraft canisters were pressurized tand the canister system were excellent for co-measured
3500 hPa without using a flow controller which resulted in NMHCs and halogenated VOC#t({p://www-air.larc.nasa.
sample collection times ranging from approximately 30 sec-gov/cgi-bin/arcstat-o Agreement between TOGA and the
onds to two min. The number of canisters committed to par-C130 PTR-MS were also generally good (usually within
ticular flight legs for individual flights was variable since 20%) for co-measured species but with greater overall dif-
the total number of canisters available per flight was finiteferences than with the canister/TOGA measurements.
(72). The PTR-MS flown on the C130 has been thoroughly The DOE G1 was also equipped with a PTR-MS that mea-
described in the literature (e.g., Lindinger et al., 1998; desured similar species to the NCAR PTR-MS system. On
Gouw and Warneke, 2007). For this deployment, 12 ions18 March, the DOE-G1 and NCAR C-130 flew side-by-side
were targeted for analysis (Karl et al., 2009). These includedransects over the T1 site (21:15-21:36 UTC) for intercom-
OVOCs, acetonitrile, benzene, toluene, and C8 and C9 aroparison purposes. The two PTR-MS instruments were com-
matics, as well as the more polar species acetic acid an@ared to TOGA showing good agreement for a number of
hydroxyacetone. The measurement frequency was variablgpecies such as acetone and benzene but discrepancies on the
but the suite of measurements was typically recorded eacbrder of 30% for other species (Ortega et al., 2006). A lim-
minute; during some over-city runs the instrument recordedited number of canister samples were also collected on the
benzene and toluene measurements at 1 Hz in order to obtaiB1 and analyzed for a suite of NMHCs by York University.
flux profiling in the MCMA (Karl et al., 2009). The York group participated in the NOMHICE program and

The TOGA instrument has not been previously describedshowed excellent agreement with reference results (Apel et
in the literature although there are some similarities to a pre-al., 1994, 1999). The majority of the DOE G1 flight hours
vious version of the instrument which have been documentedvere carried out in and around the MCMA at altitudes rang-
(Apel et al., 2003). The system is composed of the inlet,ing from 2.2 to 5km. These measurements were used to ex-
cryogenic preconcentrator, gas chromatograph, mass speeamine the gas phase and aerosol chemistry above the surface.
trometer, zero air/calibration system, and the data system. Table 1 lists the species, measured from the instruments
All processes and data acquisition are computer controlleddescribed above, that were used in the analyses presented
The basic design of the cryogenic preconcentrator is similahere. References to other VOC measurements and complete
to the system described by Apel et al. (2003). Three traps arélata sets are given at the bottom of the table.
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Table 1. Measurements from different platforms during MIRAGE- tive, and diffusive), dry deposition (Wesely et al., 1989), gas

MEXL. phase chemistry, radiation and photolysis rates (Madronich
and Flocke, 1999; Tie et al., 2003), and surface emissions
Compound C-130 TO TL G1 including an on-line calculation of biogenic emissions (US
Ethane ucl ucl ucl York EPA Biogenic Emissions Inventory System (BEIS2) inven-
_Plf;lzane TU&';A/UCI LLJJ(CZ:II Lljgl' Jor; tory). The ozone formation chemistry is represented in the
I-Butane or . . .
n-Butane TOGA/UC ucl ucl York model by the RADM2 (Regional Acid Deposition Model,
i-Pentane TOG/Z//UCI ucl ucl Yort version 2) gas phase chemical mechanism (Chang et al.,
n-Pentane TOGA/UCI UcCl ucCl Yor . : . f
n-Hexane uel uel uo! York 1989) which includes 158 reactions among 36 species. In
n-Heptane ucl ucl ucl York this study, the model resolution was«@ km in the horizon-
pocane o oS oS igr”; tal direction, in a 906 900 km domain centered on Mexico
Propene ucl ucl ucl York City. The model simulation covers 1-30 March 2006.
iléBul:;';e L‘jgl' 38' L‘jgl' :gr'i‘(‘ The chemical scheme of WRF-Chem, RADMZ2, simplifies
trans-2-Butene ucl ucl ucl York the numerous and complex VOC reactions into a relatively
iiZ'ZE;BUtgne tJJCéII lLJJCéll 33 \;orlli smaller set. For example, all potential alkane species (each
,3-Butadiene orl - . . . apr . .
1 Pentene uol uol Ul York with dlffere_nt reacﬂ_on rates) are §|r_npllf|ed by using just thr_ee
trans-2-Pentene ucl ucl ucl York alkanes with reaction rate coefficients separated by defined
gms%:fst‘gzgﬁe e e e ork ranges. A single surrogate alkane is used to represent all
Ethyne ucl ucl ucl York alkane species that have rate constants with the hydroxyl rad-
Benzene TOGA ucCl ucCl PNNL H —12 11 H
ical of less than 6.& 10-12cm® molec s~1, while alkane
Toluene TOGA/PTR-MS  UCI V]¢]] PNNL R . . ' .
Ethyl-benzene TOGA ucl ucl York species with reaction rate constants greater than this are rep-
m-;sf'e“e $822 Bg: Bg: iorli: resented by other surrogate species. The same simplification
- ene or - .
2_X§|ene TOGA ual UGl York |s.done for alkeqes, aromatics .and OVOCs. For more _de—
Xylenes PNNL tail on the emissions and chemical scheme used, see Tie et
omddende  DPORS KRy wru L al.(2000) and references therein. |
Propanal TOGA MOZART-4 (Model for Ozone and Related chemical
putanal oo oS ASM  NOAA  PNNL Tracers, version 4) is a global chemical transport model for
Ethanol TOGA the troposphere, driven by meteorological analyses (Emmons
fnc;ione TE%‘X* TT:Z‘?A“\&%\AM NNO%A PilNN'“LL et al., 2010a). The results shown here are from a simulation
Xi . . . . e
MTBE TOGA driven by the National Centers for Environmental Prediction
co NCAR ucl ucl BNL (NCEP) Global Forecast System (GFS) meteorological fields
Methane ucCl ucCl UcCl

(i.e., wind, temperature, surface heat and water fluxes), and
1 addii have a horizontal resolution of 0.¥0.7°, with 42 vertical
itional measurements were made of VOCs. For UCI, more complete NMHC . .
measurements are shown in Table 2. For all measurements made at T0 and or TI€Vels between the surface and 3 hPa. Model simulations at
plea_se see the archiwelp.ucar.edu For the_ G1 VOC measurements please see the 2 & 2 & starting JuIy 2005 were used to initialize the0.7
archiveftp://ftp.asd.bnl.gov/pub/ASP%20Field%20Programs/2006 MAXMex/ . .
simulation on 1 March 2006.

The MOZART-4 standard chemical mechanism includes
85 gas-phase species, 12 bulk aerosol compounds that are
solved with 39 photolysis and 157 gas-phase kinetic reac-
tions. Lower hydrocarbons and OVOCs are included ex-
An important ObjeCtive of this Study was the intensive USEpnciﬂy (e_g_, ethane, ethene, propane, propane, methanoL
of models of different scales to help interpret the measureethanol, formaldehyde, acetaldehyde), while higher VOCs
ments and to Study the chemical evolution of the MeXiCOare represented as a |umped alkane (B|GANE)’ |umped
City plume. Models employed included a regional cou- glkene (BIGENE) and lumped aromatic (TOLUENE). Prod-
pled chemistry-meteorology model (WRF-Chem), a chem-ycts of these species (e.g., MEK, higher aldehydes), there-
ical transport model (MOZART-4), and a 0-D chemical box fore, are represented as lumped species; modeled acetalde-
model (NCAR Master Mechanism — MM). hyde also is a lumped species which includes some contribu-

WRF-Chem is a next-generation mesoscale numerication from other compounds.
weather prediction system designed to serve both operational The global emission inventories used in this simulation in-
forecasting and atmospheric research needs. Modificationslude the POET (Precursors of Ozone and their Effects in
to the WRF-Chem chemical scheme specific for this studythe Troposphere) database for 2000 (Granier et al., 2004)
are described by Tie et al. (2007, 2009). The WRF-Chem(anthropogenic emissions from fossil fuel and biofuel com-
version of the model, as used in the present study, includebustion), and the Global Fire Emissions Database, version 2
an on-line calculation of dynamical inputs (winds, tempera- (GFED-v2) (van der Werf et al., 2006). The global invento-
ture, boundary layer, clouds), transport (advective, convecries have been replaced with updated regional estimates for

2.3 Models

Atmos. Chem. Phys., 10, 2353376 2010 www.atmos-chem-phys.net/10/2353/2010/
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Table 2. Mean methane, carbon monoxide and nonmethane hydrocarbon mixing ratios obtained during sampling the month of March 2006.
Standard deviations are given in parentheses. TO and T1 daytime samples were collected between 09:00 and 18:00 local time. The latter twi
columns show mixing ratios averaged over 24 h for TO and T1, respectively. Units are pptv except where noted.

Compound TO Day T1 Day TO 24-h T1 24-h
Methane (ppmv) 2.52 (0.97) 195 (0.17) 2.88 (1.14) 2.05 (0.26)
CO (ppbv) 1197 (908.0) 364  (199.2) 1862 (1351.9) 500 (337.0)
Ethane 6447 (5728) 2436 (1737) 13916 (11726) 3001 (2637)
Ethene 7808 (7458) 1894 (1681) 13876 (11415) 3206 (2895)
Ethyne 10158 (8682) 2597 (2163) 16278 (13117) 3688 (2956)
Propane 37536 (34211) 7993 (7222) 78341 (64263) 16536 (19693)
Propene 1765 (1961) 484  (511) 4005 (3580) 1092 (1152)
i-Butane 8266 (10547) 1091 (954) 11692 (9759) 2105 (2099)
n-Butane 20332 (19516) 3142 (2818) 33114 (24619) 6093 (6084)
1-Butene + i-Butene 1022 (1016) 288 (154) 1913 (1552) 534 (456)
trans-2-Butene 311 (412) 29 (30) 497 (432) 84 (98)
cis-2-Butene 330 (456) 23 (28) 440 (407) 57 (68)
i-Pentane 8380 (9089) 910 (718) 9244 (7468) 1407 (1150)
n-Pentane 5016 (4546) 644 (502) 6138 (4243) 946 (758)
1,3-Butadiene 122 (140) 46 (31) 327 (311) 113 (108)
1-Pentene 264 (355) 43 27) 291 (275) 75 (61)
Isoprene 134 (58) 16 (29) 213 (134) 49 (54)
trans-2-Pentene 440 (645) 23 (16) 540 (529) 65 (65)
cis-2-Pentene 235 (353) 21 (12) 274 (279) 46 (39)
3-Methyl-1-butene 126 (165) 21 (14) 144 (131) 35 (28)
2-Methyl-2-butene 606 (864) 56 (43) 748 (701) 114 (114)
n-Hexane 4493 (6004) 330 (277) 4453 (4599) 521 (472)
n-Heptane 679 (707) 109 (109) 909 (708) 153 (237)
n-Octane 245 (297) 61 (59) 302 (192) 81 (70)
n-Nonane 123 (93) 35 (29) 223 (170) 46 (39)
Decane 224 (114) 36 (26) 445 (328) 43 (29)
2,2-Dimethylbutane 656 (539) 145 (88) 907 (621) 195 (134)
2,3-Dimethylbutane 2959 (2267) 496 (388) 4506 (3098) 697 (584)
2-Methylpentane 2894 (2852) 430  (304) 3699 (2680) 624 (458)
3-Methylpentane 2057 (2057) 277 (209) 2644 (1945) 413 (318)
2,4-Dimethyllpentane 301 (272) 37 (33) 440 (318) 54 (46)
2,2,4-Trimethylpentane 1045 (1018) 155 (125) 1380 (1008) 205 (160)
2,3,4-Trimethylpentane 335 (324) 57 (48) 503 (379) 79 (68)
Cyclopentane 365 (320) 54 (37) 464 (324) 75 (57)
Methylcyclopentane 960 (924) 126 (203) 1193 (836) 198 (165)
Cyclohexane 301 (217) 68 (47) 417 (261) 89 (64)
Benzene 1703 (1903) 410 (277) 2040 (1599) 577 477)
Toluene 10649 (7888) 1257 (1138) 20846 (16241) 1875 (1565)
Ethylbenzene 938 (877) 97 (98) 1581 (1312) 174 (182)
m-Xylene 845 (849) 68 (80) 1362 (1198) 151 (164)
p-Xylene 373 (402) 29 (36) 545 (478) 58 (65)
0-Xylene 404 (392) 38 (46) 641 (529) 77 (86)
iso-Propylbenzene 40 (35) 6 (5) 74 (57) 10 9)
n-Propylbenzene 116 (103) 16 (18) 236 (201) 37 (49)
3-Ethyltoluene 244 (258) 24 (24) 511 (445) 52 (60)
4-Ethyltoluene 138 (142) 14 (14) 268 (217) 32 (35)
2-Ethyltoluene 108 (107) 11 (11) 187 (155) 24 (28)
1,3,5-Trimethylbenzene 115 (118) 11 (12) 295 (273) 31 (39)
1,2,4-Trimethylbenzene 834 (869) 85 77) 1945 (A707) 194 (236)
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Asia and Mexico. For anthropogenic Asian emissions, the .
2006 inventory of Zhang et al. (2009) has been used. The an‘_l’able 3. Ratios of NMHCs to CO (ppbv ppm). The T0 and T1

th . . f the Mexico Nati | Emissi ratios are from daytime samples between 09:00 and 18:00-% he
ropogenic emissions from the viexico Nationa mISSIonsvalue is shown for each ratio obtained at TO and T1. Emission ratios

Inventory (NEI) for 1999 littp://www.epa.gov/ttn/chief/inet/ ¢, s cities are shown for comparishn
mexico.htm) were used, with gridding to 0.02%ased on

population and road locations. Updated inventories exist for To T1 US Cities
MCMA, as summarized by Fast et al. (2009), but were not compound rato  r2 rato r2  emission ratio
used in this MOZART simulation. The fire emissions for gy e 740 073 300 0414 240
North America have been replaced by an inventory based Ethene 840 099 7.90 0.85 4.10
on MODIS fire counts with daily time resolution, following ﬁthyne ifgo %9796 2-9220 0(-)8771 33-450
AT ropane . . . . .
Wledlnmyer_ et al. (2006). See Emmons et al. (2010b) for Propene 260 003 290 070 1,00
further details. i-Butane 480 044 530 071 0.90
The NCAR Master Mechanism is a 0-D model with de- n-Butane 15-18 %-%98 15-38 %712 10-‘;%
; ; e ; 1-Butene + i-Butene 11 : 1. 7 .
tailed gas phase chemlstry_con5|st|n_g»950(_)0 reactions trans-2-Butene 022 047 024 071
among~2000 chemical species combined with a box model js-2-Butene 017 031 016 061
solver. User inputs include but are not limited to species of i-Pentane 270 024 320 089 2.90
interest, emissions, temperature, and boundary layer height, "-Pentane 210046 210 084 1.20
. . . N 1,3-Butadiene 0.22 088 030 0.83
This quel compqt.es.the tme-dependent cher_mcal evolution 1 pentene 008 016 012 057
of an air parcel initialized with known composition, assum-  Isoprene 008 071 011 050
ing no additional emissions, no dilution, and no heteroge- trans-2-Pentene 017 018 016 0.77
neous processes (Madronich, 2006). Any input parameter 552 Pentene 008 014~ 0.09  0.74
p : . , ). Any Input p 3-Methyl-1-butene 004 020 005 037
may be constrained with respect to time. Photolysis rates are 2-methyl-2-butene 023 019 023 059
calculated using the Tropospheric Ultaviolet-Visible (TUV)  n-Hexane 150 019 1.30 0.80 0.60
- - . n-Heptane 038 053 033 067 0.20
model (Madronich and Flocke, 1999), included in the code n-Octane 011 059 o012 036 0.10
package. n-Nonane 0.09 057 007 037
Decane 015 040 006 0.30
2,2-Dimethylbutane 041 079 036 0.88
. . 2,3-Dimethylbutane 220 092 140 0.70
3 Discussion and results 2-Methylpentane 140 051 120 0.87
3-Methylpentane 1.00 051 086 0.88
3.1 MCMA measurements 2,4-Dimethylipentane 021 077 012 0.86

2,2,4-Trimethylpentane 0.59 0.63 041 0.81
2,3,4-Trimethylpentane  0.25 0.78 0.18 0.84

3.1.1 Characterization of VOCs at T1 and TO Cyclopentane 018 059 0.15 0.86
Methylcyclopentane 044 051 045 0.86
Table 2 shows the mean methane, carbon monoxide, and gyC'Ohexa“e 8-;? g-gg 2-;8 8-;; 0.7
.. . . . enzene . . . . .
NMHC mixing ratios obtained during March 2006, at TO ;) ene 750 063 520 088 270
and T1 using the UCI canister measurements. The first two Ethylbenzene 0.88 068 042 083 0.40
columns represent the samples collected between 9:00 andm-Xylene 076 058 033 074 0.60
18:00 local time for TO and T1, respectively. The second two PXYene .87 061 014 070 0.30
. L y y o-Xylene 036 060 019 073 0.50
columns show averaged mixing ratios for TO and T1, respec- iso-Propylbenzene 004 079 002 058
tively, over the full 24 h period. The median [CO] at T1is  n-Propylbenzene 011 077 0.08 070

1,2,4-Trimethylbenzene 0.84 0.68 0.28 0.53

about a third of the TO (CO) with corresponding lower val-
ues for the NMHCs at T1 as well. These data along with a
. .1 Baker et al. (2008)

more complete data set supplied by UCI were used to derive
NMHC abundance and OH reactivity for the TO and T1 sites.
Data from the Texas A&M PTR-MS (T0) and the NOAA
PIT-MS (T1) were used for the OVOC abundance and reac{[NMHC] ppt/[CO]ppby) data obtained from the canisters at
tivity (see Table 1). TO and T1, respectively. The second and fourth columns

The daytime data were used to determine ratios of theshow ther? values for the TO and T1 data, respectively. The
various NMHCs to CO ([NMHC]p/[CO]ppry). Compar-  fifth column shows ratios obtained by averaging values from
ing these ratios to other data sets can yield insight into the28 US cities (Baker et al., 2008). Large differences are evi-
city emissions. If the correlation between species is high,dent for some species between the MCMA data and the aver-
then an emission ratio can be determined, which can yieldaged US city data. It should be noted that ratios of NMHCs
further insight into the fuel type used and combustion effi-to CO can vary substantially from city to city (Warneke et
ciency, and serve as useful input for developing emission in-al., 2007; Baker et al., 2008), particularly for light alka-
ventories. The first and third columns of Table 3 show thenes. However, in no US city do ratios approach the MCMA
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40000 Distribution by deeper boundary layer and were removed by photochemistry.
Compound Class However, diurnal patterns in VOC measurements were sub-
stantially different for oxygenated VOCs, indicative of sec-
ondary production occurring from the processing of NMHCs
(de Gouw et al., 2009).

Figure 2 graphically shows the 20 most abundant VOCs
(NMHCs and OVOCs) as measured at the TO and T1 sites,

top panel and bottom panel, respectively. The measurements

— akenss for TO and T1 are daytime averaged values obtained between

=== aromatics

— aldehydes 09:00 and 18:00 local time. For a detailed discussion of the

s alcohols

30000

20000

10000

Concentration (pptv)

o

10000 ’ = Ketones T1 analysis, including diurnal profiles of select VOC species,

=== T1 Day

please see de Gouw et al. (2009). The bar graphs show the
species from left to right in descending order of abundance
with the mixing ratios given in pptv on the y-axis. To the
right of each bar graph is a pie chart showing the breakdown
of the most abundant species summed by compound class.
Both the TO and T1 ground sites show high mixing ratios for
a number of NMHC and OVOC species. Propane is the most
abundant species with an average value over 30 ppbv at TO
and approximately 8 ppbv at T1. Aromatics result from ve-
hicle emissions but are also widely used in paints, and indus-
Fig. 2. The top 20 compounds measured at TO (top panel) and Titrial cleaners and solvents. Aldehydes result from fossil fuel
(lower panel) in terms of mixing ratios between 09:00 and 18:00 combustion and are formed in the atmosphere from the oxi-
local time averaged over the month of March 2006. Shown to thedation of primary NMHCs (Atkinson, 1990). The two most
right of each bar graph is a breakdown, for TO and T1, respectivelyprevalent ketones, acetone and methyl ethyl ketone, are be-
of all of the species measured in terms of the sums of the mixinglieved to have primary sources similar to the aromatic com-
ratios for each compound class. pounds but with a higher fraction of emissions from paints
and solvents compared to mobile sources. Secondary sources
of these species were found to be large at T1 (de Gouw et
ratios for propane, i-butane, and n-butane. This is mostl., 2009). Less is known about the emissions of the al-
likely attributable to the widespread use of liquid petroleum cohols. But methanol is one of the most prevalent VOCs
gas (LPG) in cooking fuel in Mexico City (Blake and Row- with average mixing ratios of approximately 20 ppbv at TO
land, 1995, Velasco, 2006). Note that the NMHC/CO ra- and 4 ppbv at T1, during a season when biogenic emissions
tios at the TO and T1 sites are very similar for most com- are believed to be low. Methanol concentrations averaged
pounds. Notable exceptions are ethane, toluene, ethyl bers0 ppbv during the morning rush hour (Fortner et al., 2009).
zene, and the xylenes with the emission ratios markedlyStrong correlations of methanol with CO were observed. The
higher at the TO site, likely due to strong local emissions.aldehydes are present in relatively higher amounts at T1 ver-
The NMHC/CO ratios at both sites for the BTEX (benzene, sus the TO site. Biomass burning is also a source for all of
toluene, ethyl benzene, xylenes) compounds are enhancagle aforementioned VOC species at TO or T1 but is minor
relative to vehicle exhaust (Zavela et al., 2006) and indicaterelative to mobile and industrial emissions (de Gouw et al.,
significant industrial emissions. Karl et al. (2009) and Fort- 2009; Karl et al., 2009). There are other OVOC species that
ner etal. (2009) noted that toluene appears to have significanere not measured at either one or both the TO and T1 sites
industrial sources within the city that would increase its ratioin this study and these include but are not limited to methyl
to CO. There are also significant differences versus US citiesertiary butyl ether (MTBE), a gasoline additive, multifunc-
(not shown in table), in the ratios of ethene and propene, twaional group species such as glyoxal, (Volkamer et al., 2007),
highly reactive species, to CO. The most important source oinethyl glyoxal, ethyl acetate (Fortner et al., 2006) and two
alkenes is believed to be vehicle emissions and differences iaf the primary oxidation products of isoprene, methyl vinyl
combustion efficiencies can contribute to the differences inketone and methacrolein.
the ratio (Doskey et al., 1992; Altuzar et al., 2004; Velasco Figure 3 displays data in a similar fashion to Fig. 2, but
et al., 2005) but LPG and industrial emissions (Fried et al.,shows the VOC OH reactivity results in bar graphs and pie
2009) can also be important. charts. The bar graphs show the top 20 measured VOC
For most measured species, a strong diurnal variation waspecies in terms of their daytime averaged contribution to
observed with high mixing ratios at night when VOC emis- the OH reactivity in s (primary y-axis) and percent OH
sions accumulated in a shallow boundary layer, and lowereactivity (secondary y-axis). The total averaged over-the-
mixing ratios during the day when VOCs were mixed in a day reactivity for the measured VOC compounds is 197 s
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Fig. 3. The top 20 compounds measured at TO (top panel) and T1 (bottom panel) in terms of OH reactivity between 09:00 and 18:00 local
time averaged over the month of March 2006. Shown in the first pie chart to the right of each bar graph is the breakdown for the relative
contributions from NMHCs and OVOCs for TO and T1, respectively. Shown in the second pie chart is the breakdown in terms of each

compound class.

for TO and 4.4s1 for T1. The pie charts break the reactiv- concluded that a significant amount of formaldehyde is asso-
ity down further, the left pie chart showing the breakdown ciated with primary emissions, particularly from mobile ex-
in terms of NMHC reactivity and OVOC reactivity and the haust and this has a large impact on the local radical budget.
right pie chart in terms of compound class. It is clear that, Interestingly, the third most important VOC is ethene which
averaged over the daytime period, NMHCs provide the ma-+eacts relatively quickly to form formaldehyde (e.g., Wert et
jority of the measured VOC reactivity for TO and T1 (78% al., 2003) and is therefore an important contributor to sec-
and 57%, respectively), and OVOCs provide the remainingondary formaldehyde formation. Indeed, fast 1-s HCHO ob-
measured VOC reactivity with 22% and 43%, respectively.servations by Fried et al. (2010) over Mexico City also show
The two most important factors in the difference between thethe importance of secondary sources. On-road vehicle emis-
VOC distributions shown for TO and T1 are that there aresions of acetaldehyde were measured by Zavala et al. (2006)
more industrial emissions at TO and the air is more processewho found significant levels of this species in vehicle exhaust
(aged) at T1. although the levels were found to be lower than formalde-
hyde emissions by a factor of 5-8. Baez et al. (1995, 2000)
Despite the fact that the NMHCs provide the majority of measured carbonyls in the 1990s in Mexico City and found
the overall VOC I’eaCtiVity at these Sites, the two individ- high values of acetaidehyde’ of the same order of magnitude
ual VOCs with the highest OH reactivity are formaldehyde reported here. Propene exceeds propane for reactivity despite
and acetaldehyde. A number of previous studies have foungts much lower abundance (Fig. 2) due to its high reactivity.
high ambient levels of formaldehyde in the MCMA (Baez, et Nevertheless, propane, although slow reacting, still plays an
al., 1995, 1999, Grutter et al., 2005, Volkamel’ et al., 2005)|mportant roie in the OH reactivity throughout the MCMA
Zavala et al. (2006), Garcia et al. (2006) and Lei et al. (2009)
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(Velasco, 2007) because of its high mixing ratio. Propene TO OH Reactivity Data
oxidation readily yields acetaldehyde formation. For the TO 60
and T1 analyses, 4 of the top 20 species contributing most

to the OH reactivity are OVOCs. The present study presents"‘b 50 4
the most complete coincident VOC coverage to date in the >
MCMA and as a result there are differences in the attribution
of VOC OH reactivity when compared to previous studies
(Velasco et al., 2007), however, most of these differences are g 30 1
due to the more complete measurements of OVOCs in this¢y

40

ctivi

study, which highlights their importance in the overall pic- C>> 20 1
ture of VOC OH reactivity. T

It is instructive to examine the OH (VOC) reactivity di- © 10 ]
urnal profiles at the ground sites, TO and T1. As indicated 5

earlier, the TO canister NMHC measurements were not ob-
tained at regular time intervals whereas the T1 canister date
were, with collections taking place every three hours (mid- Time of Day

night, 3:00a.m., 6 a.m., etc.). For TO, there are relatively few

measurements from 21:00 to 04:00. Figure 4 shows the di-

urnal OH reactivity profiles for TO and T1 averaged over the B

month of March 2006. The total reactivity shown here only 16 T1 OH Reactivity Data
includes the NMHC and OVOC contributions. A clear peak

in the total reactivity profile is observed in the morning hours ~; 147 | m—NMHC 5-1
with the maxima reached at both sites during the morning & 15 | | == OVOCs-1
rush hour:~50st at TO and~14s™* at T1. For both sites,
the OVOCs contribute a relatively larger portion in the after-
noon to the total reactivity with the OVOCs surpassing the
NMHCs in their contribution to the OH reactivity in the af-
ternoon hours at T1. These observations may be attributed tc
high mixing ratios at night when VOC emissions accumulate
in a shallow boundary layer followed by further reduction of
the boundary layer height in the morning together with some
contribution from traffic and industry during the early morn- :
ing before the boundary layer has expanded. During the day, c 3 6 9 12 15 18 21
VOCs are mixed ina deepgr k_Joundary layer, processed by Time of Day
photochemistry and the emissions decrease after the morn-

ing rush hour (Velasco et al., 2007), all causing a decrease in. . -
mixing ratios. Fig. 4. Diurnal OH reactivity data for TO (upper panel) and T1

To test the ability of models to capture the VOC OH (lower panel) averaged over the month of March 2006. The reactiv-

. . ) ity data is broken down into NMHCs and OVOCs. The TO diurnal
reaCt'V'ty' WRF-Chem and MOZ_'A_‘RT simulated the 0_'“”' data is incomplete because of a lack of measurements at the time
nal profile for the VOC OH reactivity for the MCMA. Fig-  periods shown.
ure 5 shows the results of these simulations (WRF-Chem,
top panel, MOZART, middle panel) along with the diurnal
OVOC reactivity fraction from each model and the experi-
mental data (lower panel). The WRF-Chem results are ceneapture well the relative contribution of OVOCs to the to-
tered at T1 and have a horizontal resolution gf6&km. The  tal VOC reactivity (panel c), underestimating their contri-
MOZART grid box size is 0.7x0.7° (~75x 75 kn? region) bution. It is assumed that the large MOZART grid box for
covering the greater MCMA, including TO and T1. The Mexico City can be appropriately compared to the T1 data,
time steps were slightly different for the model output and as T1 is more indicative of the urban/suburban character of
the experimental data. Both models reproduce some of théhe MCMA basin as opposed to strictly the urban city center.
features shown in the experimental data. The daytime patThe MOZART simulation looks quite similar to the obser-
terns and absolute values from both models approximate theations for the reactivity during the morning rush hour; how-
experimental data although there are some key differencesver, the model underestimates the VOC reactivity during the
The WRF-Chem model captures moderately well the totalremaining daytime hours. In spite of these differences, the
VOC reactivity during the daytime beginning with the hours relative contributions to the reactivity from OVOCs are bet-
between 6a.m. and 9p.m. However, the model does noter represented in MOZART than in the WRF-Chem model

OH VOC reactivity
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Fig. 5. Diurnal OH reactivity data for T1 averaged over the
month of March 2006 from the WRF-Chem model (top panel) and
MOZART (middle panel). The reactivity data is broken down into
NMHCs and OVOCs. The bottom panel shows the relative contri-
bution of OVOC:s to the total VOC reactivity for both models and
the experimental data.
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Fig. 6. The top 20 compounds measured from TO (top panel), T1
(middle panel), and the C130 platform (lower panel), and in terms of
mixing ratios averaged over the month of March 2006, at 3:00 PM,
local time. Shown to the right of each bar graph is a breakdown, for
TO, T1 and the C130, respectively, for all of the species measured
in terms of the sums of the mixing ratios for each compound class.

(lower panel). Large differences between measurements and
models occur at night. For the WRF-Chem simulations, there
is a problem with either the nighttime emissions or the PBL
height; a simulated shallow PBL height would lead to higher
surface concentrations during the night which could poten-
tially explain the results. For MOZART, there are clear indi-
cations from a number of tracers (e.g., CO, not shown) that
the boundary layer height drops too quickly at night.

3.1.2 C130 over-flight results
The over-flight data is defined to be the data collected aloft
within the grid box shown in the lower panel of Fig. 1.

Approximately 75% of the C130 MCMA over-flight data
were collected between 13:00 and 17:00 local time. Figure 6
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(lower panel) shows the averaged mixing ratios for the topcurred at the furthest point from the city. Each day in Mexico
20 VOCs obtained on the C130 during the over-flights andCity, there is a near complete turnover of air in the MCMA
the pie chart to the right of the bar chart gives the break-basin (de Foy et al., 2006). Thus, it serves the purposes of
down in terms of compound classes. For comparison, the tophis discussion to consider the morning hours as the start-
and middle panels show data obtained from the TO and Tling point of the plume evolution. Following morning emis-
sites, respectively, for a similar sample analysis time periodsions from traffic, industry and cooking, etc., into a shallow
(15:00, local time) with compound class breakdowns shownboundary layer, the boundary layer rises and the fresh emis-
at the right of each bar graph. There are some interestingions are mixed upwards and eventually transported out of
similarities and contrasts between the aircraft data aloft andhe city. The total VOC reactivity is dominated by NMHCs
the ground-based measurements. in the morning with CO playing a relatively minor role com-
For the C130 over-flights, the most abundant species megpared to the VOCs. The total measured OH (VOC) reactivity
sured was methanol, followed by propane and then otheat 9:00a.m. at TO is 50¢ and 145! at T1. A large part of
NMHC and OVOC species. Four of the top 5 and 8 of the the OH reactivity is provided by alkenes and aromatics (50%
top 20 measured VOCs were OVOCs. It is interesting to noteof total VOC OH reactivity, with 30% from alkenes and 20%
that methanol was the most prevalent VOC measured aloffrom aromatics at TO, not shown in the figure), species that
(C130) and at the TO ground site at 15:00, whereas at thdave relatively short lifetimes under the conditions presentin
T1 site the most prevalent VOC was formaldehyde. Figure 7the basin. Itis apparent from the data that rapid photochem-
shows the OH reactivity data presented in a similar fashionistry occurs that quickly transforms the OH (VOC) reactivity
to Fig. 3. In all three locations, the two VOCs that have from being dominated by NMHCs to being dominated by
the greatest influence on OH reactivity are formaldehyde anddVOCs aloft (G1), as noted earlier (see Fig. 8), and further
acetaldehyde. The top four species in the C130 over-flighdownwind (C130 plumes). At the C130 sampling point, a
analyses are OVOCs. Dilution results in the diminution of large part of the VOC reactivity is provided by the OVOCs:
the total measured OH reactivity to 1:9%s but it is clear  aldehydes (65%); alcohols (15%); ketones (3%). The pro-
from the pie chart distributions that the data aloft representportional contributions from NMHCs were alkanes (10%),
more photochemically processed air than TO and T1. Fig-alkenes (5%), and aromatics (2%). As shown in the figure,
ure 8 gives insight into differences between the surface andCO plays a relatively more important role in OH reactivity
aloft in terms of atmospheric processing. It presents resultsompared to VOCs as the plume ages.
from a MOZART model simulation over the entire month of  Along with other trace gas measurements aboard the
March 2006 showing the time series for acetaldehyde and it§$130, MTBE was used to verify when the C130 intercepted
source contributions at the surface (764 hPa) and at 692 hParban plumes. Figure 10 (top panel) shows a time series al-
(~800m above surface). Primary emissions are shown totitude trace and the lower panel a time series of the TOGA
gether with secondary production from a number of precur-MTBE data for 19 March. The TOGA has the capability
sor species. Primary emissions clearly dominate at the suref detecting this species down to the 1 pptv level which was
face whereas secondary production dominates aloft demonvery useful in this study. The trace shows the interception
strating the much larger degree of photochemical aging alofpoints of the plume downwind. Points 1 and-21(:15 and

compared to the surface in the model. ~16:00, respectively) are clearly interceptions of the same
plume layer upon descent and ascent and these are identified
3.2 VOC Evolution in MCMA plumes as a single pointin Fig. 9. Point 3-07:00) is an interception

of the plume at a lower altitude upon return into the MCMA.
On 19 March the C-130 intercepted three times an MCMA The higher mixing ratios of MTBE at the beginning and the
outflow plume that had been sampled a day earlier by the GEnd of the flights were obtained during transects over the city.
over the source region. This was a typical NE transport eventn addition to the identification with trace gas measurements,
at altitudes ranging from 3-5.2 km. Air with a one to two day balloon soundings verified that the C130 intercepted a plume
transport time from the source was sampled. Figure 9 showshat originated in the MCMA one day earlier (Moss et al.,
the results of a MOZART simulation of the CO outflow from 2007).
the city. Superimposed on the plume are flight tracks from Figure 11 shows plots from the 18 and 19 March data that
the G1 on 18th March and from the C130 on 19th March.demonstrate some salient points with regard to photochem-
The points of interception of the plume are marked for the Glical processes occurring during the outflow event. The fig-
which intercepted the plume as it was emerging from the cityure shows plots of species versus CO mixing ratios measured
during a transect that occurred between the times of 14:2@board the G1 and C130 during the 18 and 19 March flights,
and 15:20 local time on the 18th and the C130 which inter-respectively. The top panel shows plots of @rsus CO for
cepted the plume on the 19th. Also shown in the figure areghe C130 aircraft and the G1 aircraft. Note the difference
the OH reactivity distributions in terms of NMHCs, OVOCs, in slopes between the two measurement platforms. Tie et
and CO for the TO and T1 sites at 9:00 a.m., the G1 during thel. (2009) recently examined the relationship betwegal
transect, and the C130 during the plume interception that oc€O as measured by the C130 aircraft during MIRAGE-Mex
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Fig. 7. The top 20 compounds measured from TO (top panel), T1 (middle panel) and the C130 platform (lower panel), in terms of OH
reactivity averaged over the month of March 2006, at 03:00 p.m. Shown in the first pie chart to the right of each bargraph is the breakdown
for the relative contributions from NMHCs and OVOCSs for TO and T1, respectively. Shown in the second pie chart is the breakdown in terms

of each compound class.

which covered a wide range of regimes from fresh emis-air) than in less aged aie=@00 ppbv). Parrish et al. (1998)
sions to air that had aged more than two days. The Tie estudied Q-CO correlations at a number of surface sites
al. (2009) results from the entire study showed that the O and found varying slopes ok (O3)/A(CO) under different
CO correlation is non-linear with a much greater slope ob-conditions (locations), with larger42CO slopes often occur-
served when CO concentrations are less than 400 ppbv (agethg during individual transport events, implying increased
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Fig. 8. A MOZART model run over the entire month of March
| | | L L

2006 showing acetaldehyde time series at two different altitudes, at
the surface (764 hPa) and at 692 hPa. Primary emissions are show
in red whereas secondary production from a number of precursor UTC Time (s)

species are kept track of in the model run and their contributions to

the total acetaldehyde mixing ratios are shown in different colors. Fig. 10. Time series traces for the altitude (top panel) and the TOGA
measurements of MTBE (bottom panel) during the 19 March flight
in which the outflow plume was followed. Red circles mark the re-
gions on the altitude profile where the plume was intercepted. These

65000 70000 75000 80000 85000 90000

Mar 19 19:30Z - 620 hPa - CO

pebv interception regions are seen on the MTBE profile and are labeled
04 el 160 asl, 2, and 3.
T \\\W é:: o 150
\¥§m _)'/“\'/\x_,/i, = V‘\ 140 .
oo LT T >\ o |1 versus CO. Benzene is not expected to be produced photo-
i | g 120 chemically and has a long lifetime-6 days) relative to the
& ) £ 10 age of air mass<2 days) at the time of the measurement.
\ ’ ST o i 100 Thus, a good correlation is expected from either measure-
\‘TGQ:OOAM bt AR A ment platform with a slope equal to the emission ratio. This
e ) LR is indeed what is observed with the slopes from the G1 or
i L the C130 being similar, with differences within experimental
s & error.
— B i G o 0 Shorter — lived species do not generally correlate with CO

except for very short photochemical ages due to the fact
Fig. 9. MOZART depiction of the of the CO outflow from the 19 that the loss rate of these species is rapid compared to CO,
March plume. Superimposed on the plume are flight tracks fromi.e., correlations can exist only for fresh emissions. Thus,
the G1 (white) on 18th March and from the C130 (black) on 19th g different approach is necessary to examine the possible
March. The G1 intercepted the plume as it was emerging from thepshotochemical production of species that react quickly. In
city during a transect that occurred between the times of 14:20 anq;ig_ 12, we show plots of acetaldehyde, methy! tertiary buty!
15:20 local time on the 18th and the C130 which intercepted theether (MTBE), and toluene from the entire MIRAGE-Mex
plume on the afternoon of the 19th. The OH reactivity distributions C130 experirr;ent versus the calculated photochemical life-
in terms of NMHCs, OVOCs, and CO at 09:00 a.m. are shown for . . . . . .

ame. Before discussing the details of Fig. 12, a brief discus-

the TO and T1 sites, the G1 during the transect, and the C130 durin o . - .
the plume interception that occurred at the furthest point from theSION iS given below of the photochemical lifetime calculation.

city. Along with CO, toluene and benzene are emitted di-
rectly by vehicles. Both react with the hydroxyl radical
(OH), but at different rates; the OH-benzene rate constant
Os production efficiency during these events. These resultss 1.22<10-12cm?® molecules® s while the OH-toluene
are consistent with the study by Wood et al. (2009) whorate constant is 5.6310~12cm® molec™* s~1 (Atkinson and
found that the ratic\ (O3)/A(CO) increases with the age of Arey, 2003). Thus, more photochemically aged plumes
MCMA plumes. The lower panel shows plots of benzeneshould have smaller toluene/benzene ratios. Using an
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N 02 cay with time for each respective compound using the highest mix-
3 ing ratios as the starting point for the decay curve. An average
o | -1 1403 experimentally-derived value of [OH] =3:210° was used in the
£ 01 fzof’eo_w' e calculations. The toluene/benzene emission ratio used in the calcu-
’:; - lations of photochemical lifetime is 5:1 (Karl et al., 2009; Zavala et
:§ 0.0 | i al., 2006).
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Fig. 11. Plots of CO mixing ratios versus ozone and benzene mea- [|n< [toluend ) _ m( [toluend ):|
sured aboard the G1 and C130 during the 18 March (blue) and [benzeng /=0 [benzeng

19 March (red and green) flights, respectively. The C130 data . .
. . . The emission ratio of toluene to benzene results from a
shown in the top panel is from the NASA one minute data merge

(http://www-air.larc.nasa.gyand encompasses data collected dur- combination of sources including mobile, fire (Yokelson et

ing the outlow event from UTC 2100 to UTC 2400. It excludes @l-» 2007; Crounse et al., 2009) and industrial (Karl et al.,
data from the boundary layer run during this time period since 20009).
these data are not part of the outflow event. The C130 data shown In Fig. 12, regression lines (dashed) are drawn through
in the bottom panel is taken from the NASA TOGA data merge each compound data set. In addition, lines (solid) are drawn
(http://www-air.larc.nasa.ggv The green data points encompass showing the calculated expected pseudo first order decay
the data for the entire flight and the red data points encompass daigith time using the highest mixing ratios as the starting point
from the outflow similar to the C130 data in the top panel. The for the decay curve. Note that for toluene, a species for which
slopes and intercepts are shown for each respective set of G1 angare is no expected photochemical production, the calcu-
C130 data. The benzene/CO slope does not change whether O*I)éted decay closely matches the observed decay. For MTBE
served in or out of the outflow. . . '
also a species that is not expected to be produced photochem-
ically, the calculated decay is somewhat, although not dra-
i o ) matically, slower than the observed decay. Some differences
estimate of the emission ratio of toluene to benzene of S the calculated versus observed decay are expected and may
(avala, 2006; Karl et al., 2009, and this study) ar13d an averye attributable to the mixing of air masses of different ages
age measured OH concentration (BF moleccnT®), the  ginee Reaction (R5) is valid only for an isolated air parcel.
photochemical age of the air mass can be estimated (Rober§qyever, for acetaldehyde, the expected decay is much faster
etal., 1984; McKeen et al., 1996; Geleacst al., 1997) by han the observed decay which is compelling evidence for
photochemical production with time for this species. Like
formaldehyde, numerous VOC precursors lead to its produc-
tion. These include ethane4Cs, Cs alkanes and alkenes,
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Plume 1 and 2 In the absence of production, the values for formaldehyde
TO900AN. =00 BM and acetaldehyde would quickly fall to near zero during day-
14 1 time photochemical processing. The photochemical process-
- Acetone ing results shown here are consistent with modeling results
o 127 obtained by Sommariva et al. (2008). Data taken from the
% 10 | C130 as it intercepted the plumerat 1.6 days, i.e., the af-
< W PANIPPN ternoon of the following day, are shown as colored dots on
B B - - the figure. The indicator of plumes 1 and 2 in this figure
8 - refer to the plumes shown in Fig. 10 in the Mexico City out-
z).:. flow on 19 March. The processing time presented here is
O 41 Formaldehyde o consistent with results obtained from balloon profiling of the
= outflow by Voss et al. (2010). In the real world the plume
27 Acetaldehyde is_ not an isolated air parce! and it may _be perturbgq by a_ld—
04— RN U | PO S ditional sources such as biomass burning and mixing with
0 1 2 3 other urban sources (see Voss et al. (2010) for more discus-
Ti sion). Biomass burning influences, for example, would tend
ime (days)

to increase the measured to modeled values of all parameters
Fig. }3. Results of a MM rr_10de| run initialized with TO data as a tsrzzvgg :r;hreeglggu?;sjagf :Egssggrzglécc?ggnasr’];htig?_:g;ill
function of the processing time as calculated by the Master Mecha- . .
nism. In order to eliminate the effects of dilution, the speciated dataC|05e|y predicts the_PAN/PPN ratio. Measured formaldehy_de
are normalized to carbon monoxide concentrations. values are clearly higher than the modeled values. A possible
reason for this is that there are additional formaldehyde pre-
cursors that were not accounted for in the model. This is will
methyl ethyl ketone, ethanol, etc., which can lead to a con-be the subject of a future publication by Fried et al. (2010).
tinuous production of acetaldehyde as the plume progresses As a test of the sensitivity of the model to specific com-
in space and time. pounds, we ran the model, again initialized at TO with
To take a closer look at processes leading to acetaldehydand without methanol and ethanol which are precursors to
and other OVOC production, we utilized the NCAR Mas- formaldehyde and acetaldehyde, respectively, as shown by
ter Mechanism. The box model offers an opportunity to ex-the following reactions (e.g., Atkinson, 1989):
amine chemical transformations of an isolated urban plume
at a level of detail that is impractical to implement in cur- CH3OH+OH— CH20H+H20 (R6)
rent 3D models. More detail on the box model study will
be given in a future publication and we will restrict our dis- CHz0H+0; —~ HCHO+HO; (R7)
cussion here to looking at trends and results for a subset g
VOC species that are discussed elsewhere in this paper. Th@-bCl_'ZO'_'JFOH = CH2CHOH+HZ0 (R8)
model starting point VOC mixing ratios are the TO condi- CH,CH,OH+ 0, — CH3CHO+HO, (R9)
tions at 9:00a.m., i.e., the same conditions that result in the
OH reactivity plot for TO in Fig. 9. In addition to the VOC Ethanol was estimated from the TOGA data by using
input, ozone was set to 35 ppbv, NO to 50 ppbv, and methan@OGA-derived emission ratios. The results, shown in
and CO were set to their averaged measured values of 220Big. 14, indicate that methanol is an important contributor
and 3600 ppbv, respectively. Figure 13 shows a plot of ratiogo formaldehyde formation, e.g., two days downwind, the
of species concentrations to [CO] as a function of the timesensitivity study predicts that methanol oxidation contributes
of day as calculated by the Master Mechanism. The species-20% of the formaldehyde. The study also indicates that
concentrations are normalized to carbon monoxide concenethanol is an important contributor to acetaldehyde formation
trations to eliminate the effects of dilution. To test the model both near field and far field with contributions upt@80%
we also included the ratio of peroxyacetyl nitrate (PAN) to of the acetaldehyde mixing ratio. Methanol has been mea-
peroxypropionyl nitrate (PPN) in the model run. In this run sured for a number of years (e.g., Singh et al., 1995) and its
we started at zero for PAN and PPN and generated mixinglistributions are beginning to be understood (e.g., Heikes et
ratios with the photochemistry in the model. It takes time to al., 2002; Galbally et al., 2002; Millet et al., 2008), however,
spin up to the correct values. In the model, the production ofthe sources of methanol in the MCMA are uncertain, given
acetone outpaces its decay (relative to CO) over the period athe magnitude of mixing ratios observed in this study (see
the study and the results are consistent with the data shown iRigs. 2, 5), even though there is some indication that indus-
Fig. 11. Because of their high reactivity, formaldehyde andtrial sources and solvent usage may be important (Velasco et
acetaldehyde decay more quickly than they are produced deal., 2005). Because of its relatively low reactivity, methanol’s
spite significant production over the course of several daysinfluence on formaldehyde formation is less pronounced in
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"“ ¥ curred from the G1 and C130 platforms. The bottom red line

Simulation with alcohols represents the approximate latitude for Mexico City and this

12 1 =i=e: Simulation without alcohols is also the approximate latitude where the G1 sampling took

10 place on 18 March. The top two red lines represent latitudes

o where the C130 intercepted the plume during the 19 March
% 8 1 flight. At the various latitudes, the OH reactivity is broken
g down into the reactivity originating from the NMHCs and

%EJ 61 OVOC compound classes. The reactivity is captured quite

= well in the model as the plume evolves, diffuses and is trans-

ported, including the essential feature of the increasing rel-

2 ative importance of OVOCs versus NMHCs as the plume

evolves (see Fig. 9 for a comparison with measurements).

0 (') e 1' e é I 5 The model shows a maximum in the distribution at a height

Time. hours of 4km at 27.2 N. Recall from Fig. 10 that the measurements

8 ’ I on board the C130 showed an outflow maximum at approx-

imately 5 km altitude, indicating a minor model error in the
transport height of the pollution.
6 Simulation with alcohols Figure 16 shows a vertical cross-section from a WRF-
- Simulation without alcohols Chem regional model run extending from the MCMA to
1000 km downwind that included chemistry as discussed by
Tie et al., 2009. The species tracked in the figure are grouped
and include CO, relatively slow reacting VOCs (alkanes), re-
active to very reactive VOCs (alkenes and aromatics), and
OVOCs. The rate of the alkenes +aromatics reactions with
OH is high (about 20-100 times higher than the CO + OH
reaction rate). As discussed earlier, this fast reaction leads
ol v e to high OH reactivity in the city area, and this is normally
0 1 2 3 a major contributor to the high rate of ozone formation in
Time, hours Mexico City (Madronich, 2006; Tie et al., 2007, 2009). As
a result, a large portion of the reactive alkenes +aromatics
Fig. 14. Results of a MM model run to test of the sensitivity of is chemically destro_yed_ near the city, and a s_maller amqunt
the model to specific compounds. The model was initialized with Of @lkenes +aromatics is transported downwind of the city,
TO data and results are shown with respect to time for formalde-leading to a small contribution to the OH reactivity in the
hyde and acetaldehyde concentrations with and without methanofiged plume, in accord with observations. OVOCs have pri-
and ethanol in the starting data to test to the contribution from alco-mary and secondary sources but as we have seen, these
hols to the respective aldehyde concentrations. species are primarily secondary products downwind of the
city, produced by chemical reactions of numerous VOC pre-
cursors including the reactions of OH with alkanes, alkenes,
the near field but still significant and because of its low reac-aromatics, and other OVOCs. Thus, consistent with exper-
tivity it can continue to produce formaldehyde far downwind imental results, the model results indicate that OVOCs are
of the source given sufficient NGand sunlight. Ethanol on  continuously produced along the plume and this significantly
the other hand has been scarcely measured and is most ofteantributes to the OH reactivity near the city but, more im-
not included in model simulations. This is of topical inter- portantly in a relative sense, in the aged plume. The rate
est as ethanol is being added to motor fuels throughout largef alkane reactions with OH is relatively low compared to
regions of the world. alkenes and aromatics. As a result, alkanes contribute to
To further examine the characteristics of the 19 Marchthe OH reactivity in both young and aged plumes, but are
plume, we utilized both MOZART and the WRF-Chem usually not the dominant species in either. Note that the
model. Figure 15 shows the plume from a MOZART sim- values derived from the model (Fig. 16) versus the mea-
ulation for ozone produced from emissions in Mexico City surements (Fig. 9) are in reasonable agreement. Similar
and its surrounding areas (top left panel) and VOC OH reacto the MOZART results, the WRF-Chem model predicts a
tivity (top right panel). It is interesting to note the extent of lower outflow altitude than the measurements would suggest
the plume into the US at 620 hPa4 km). Also showninthe  (Fig. 10).
lower panels of the figure are curtain plots of the VOC OH
reactivity taken at points along latitude transects (red) that
coincide with latitudes for which sampling of the plume oc-

[CH3CHOJ/ICO
N
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Fig. 15. MOZART simulation for ozone produced from emissions in Mexico City and its surrounding areas (top left panel) and VOC OH
reactivity (top right panel). Curtain plots of the VOC OH reactivity taken at points along latitude transects (red) that coincide with latitudes in
which sampling of the plume occurred from the G1 and C130 platforms. The bottom red line represents the approximate latitude for Mexico
City and this is also the approximate latitude where G1 sampling took place on 18 March. The top two red lines represent latitudes where
the C130 intercepted the plume during the 19 March flight. At the various latitudes, the OH reactivity is broken down into the reactivity
originating from the NMHCs and OVOC compound classes.

4 Summary and conclusions MOZART were able to approximate the observed MCMA
daytime patterns and absolute values of the VOC OH reac-
The VOC distribution in the Mexico City Metropolitan Area tivity. The MOZART model is also in agreement with ob-
and its evolution as it is uplifted and transported out of servations showing that NMHCs dominate the reactivity dis-
the MCMA basin was studied during the MIRAGE-Mex tribution except in the afternoon hours. Discrepancies with
field campaign. The ground-based and in-situ aircraft meathe models were observed during the evening hours, most
surements of VOCs were analyzed, and interpreted withikely due to an under-prediction of the PBL height during
a global model, MOZART, a regional chemical/transport Nighttime and early morning; in addition, WRF-Chem under-
model (WRF-Chem), and a box model (NCAR Master predicts the contribution of OVOCs to the VOC reactivity
Mechanism). The results show that in the morning hoursduring the daytime.
(6a.m.—9a.m.) near the city center, the VOC mixing ratio Instruments on-board the G1 and C130 aircraft measured
distribution is dominated by NMHCs (vs. OVOCs). Even the VOC distributions aloft over the MCMA, mostly dur-
though there is a substantial contribution from OVOCs, mosting the afternoon hours. The observations show that as air
of these are likely primary emissions during this time pe-is uplifted, rapid chemical processing occurs, leading to a
riod. Alkanes account for a large part of the VOC burden. distribution that is dominated by OVOCs. The MOZART
NMHCs dominate the overall OH reactivity, especially in the model simulation for the month of March shows that pri-
morning hours. However, in the afternoon, as the bound-smary emissions for one of the most important OVOCs, ac-
ary layer lifts and air is mixed and aged within the basin, etaldehyde, dominate at the surface whereas secondary pro-
the distribution changes as secondary products are formeduction dominates aloft, in accord with experimental obser-
from the primary emissions. The WRF-Chem model andvations of the increasing importance of OVOCs aloft and the
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Mar-19 14PM also to interpret the OH reactivity in the downwind plume.
co Alkanes The results showed generally good agreement for the total
' ' ' 1 VOC OH reactivity downwind and also gave insight into the
distributions of VOC chemical classes downwind. The mod-
els clearly support the experimental evidence for NMHCs
fueling the formation of OVOCs downwind, which then be-
come the primary fuel for ozone production downwind of the

city.
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