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Abstract. An extensive set of measurements was made inspheric composition in the region around Mexico City when
and around Mexico City as part of the MILAGRO (Mega- averaged over the month. However, considerable variation in
city Initiative: Local and Global Research Observations) ex-the fire contribution (2—-15% of total CO) is seen during the
periments in March 2006. Simulations with the Model for month. The transport and photochemical aging of Mexico
Ozone and Related Chemical Tracers, version 4 (MOZART-City emissions were studied using tags of CO emissions for
4), a global chemical transport model, have been used to proeach day, showing that typically the air downwind of Mexico
vide a regional context for these observations and assist iICity was a combination of many ages. Ozone production in
their interpretation. These MOZART-4 simulations repro- MOZART-4 is shown to agree well with the net production
duce the aircraft observations generally well, but some dif-rates from box model calculations constrained by the MI-
ferences in the modeled volatile organic compounds (VOCsLAGRO aircraft measurements. Ozone production efficiency
from the observations result from incorrect VOC speciationderived from the ratio of @to NO; is higher in MOZART-4
assumed for the emission inventories. The different typeghan in the observations for moderately polluted air. OH re-
of CO sources represented in the model have been “taggedictivity determined from the MOZART-4 results shows the
to quantify the contributions of regions outside Mexico, as same increase in relative importance of oxygenated VOCs
well as the various emissions sectors within Mexico, to thedownwind of Mexico City as the reactivity inferred from the
regional air quality of Mexico. This analysis indicates open observations. The amount of ozone produced by emissions
fires have some, but not a dominant, impact on the atmofrom Mexico City and surrounding areas has been quantified
in the model by tracking NO emissions, showing little in-
fluence beyond Mexico’s borders, and also relatively minor
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1 Introduction production rate in Sect. 6, the amount of ozone produced by
Mexico City emissions is presented in Sect. 7, followed by

. . . . the conclusions.
The emissions from megacities are becoming an increas-

ingly important influence on regional and global air qual-
ity (e.g., Mayer et al, 2000. Mexico City is one exam-
ple of a developing megacity, with a population approach-

Ing 20 million in a growing urbanized areadelina et al, Model simulations for this study were performed with

2007). While air quality has improved significantly in the .
past decade due to emissions control measures, poIIutio'r\l/IOZART'4 (Model for Ozone and Related chemical Trac-

levels are still quite high in the Mexico City Metropolitan tergs'o\;erﬁgz 4%;30?]?%?' ;:Jhg(r)r;cal tlrtansaréorrt rrroqtehl Iﬁrethe
Area (MCMA) (de Foy et al.2008. During March 2006 posp & ' 9. W un wi

a large suite of measurements was made as part of the Megg;andard chemical mechanism, which includes 97 species

city Initiative: Local and Global Research Observations (MI- and approximately 200 reactions. Many volatile organic

LAGRO) in and around Mexico City from the ground and compounds (VOCs) are included explicitly (e.g., ethane,
aircraft. MILAGRO consisted of four field campaigns that propane, formaldehyde, acetaldehyde, acetone, methanol,

focused on local (MCMA-2006 and DOE/MAX-Mex) and isoprene), but higher hydrocarbons are lumped. For example,

regional scales (NSF/MIRAGE-Mex and NASA/INTEX-B), e MOZART4 species BIGALK representa @nd greater
providing a comprehensive view of the emissions and near- '9 with sitmi v

field chemistry within the MCMA, as well as the regional g)ér?;:nzghgfl\:sngs? lgr;l]gt?)? girs? g?etfvsgrcéu:;?ciltgtlgsz?s,in

atmospheric composition. Details of the campaign measure: y o ySk: - o 9
; . . ; : . FTUV (Fast Tropospheric Ultraviolet and Visible radiation

ments and field experiment designs are given in overview pa-

pers for INTEX-B Gingh et al, 2009 and the Mexico-based model), that takes into account thg impact of the simulated
experiments Nolina et al, 2010. An overview of the me- clouds and aerosols, as describeEmmons et al(2010.
teorological conditions during MILAGRO is given byast

et al. (2007). MILAGRO is the largest of a series of inter-
national campaigns in and around Mexico City, which also

2 Model description

2.1 Meteorology and resolution

includes IMADA-AVER in 1997 Edgerton et a).1999 and For many studies using global chemical transport mod-
MCMA-2003 (Molina et al, 2007 9 ’ els, such as those that address large-scale questions or in-
i i - ' ) clude multi-year analyses, the typical MOZART-4 horizon-
While urban air quality analyses are usually assisted byq) resolution of 2.8x2.8 (approximately 280 km) is suffi-
regional models, global chemical transport models are valugjent. However, for this analysis of the MILAGRO obser-
able for providing a larger scale view of the regional impact. ations and Mexico City pollution, MOZART-4 was run at
When global models are run at sufficiently high horizontal g 707 (70km). Model simulations at 2&2.8 start-
resolution they are also able to reproduce, and are valuablg,y july 2005 were used to initialize the 0:70.7 simula-
for the interpretation of, observations on a megacity 10 re-tions covering 1-31 March 2006. The simulations presented
gional scale, as presented in this paper. Understanding thgere were run using the National Centers for Environmen-
contributions of the various emissions sectors to the atmoyy| prediction (NCEP) Global Forecast System (GFS) me-
spheric composition in Mexico City is necessary for identi- tegrological fields Kanamitsu et a).1991), with 42 sigma
fying control strategies for improving air quality. This work |evels in the vertical. A combination of analysis and fore-
quantifies both the contributions from remote regions andcast fields were used (00:00 UTC and 06:00 UTC analysis,
within Mexico to the air over Mexico. Due to its impact on 3., forecast from 00:00 UTC, and 3-h through 15-h forecasts

human health and crops, the sources of ozone are of partigrom 06:00 UTC), to provide meteorological inputs every 3h
ular interest. In addition to evaluating a model's ability to 5 MOZART-4.

reproduce observed ozone contributions, the simulation of
ozone precursors must also be accurate to properly undeb o  Emissions
stand ozone production. This work evaluates modeled ozone

production in several ways. The majority of the anthropogenic emissions used for this
After a brief description of the model and the setup for the study come from the POET (Precursors of Ozone and their
simulations used here, comparisons between the model re=ffects in the Troposphere) database for 20Babier et al.
sults and the observations are presented. The results of mod2004), which includes anthropogenic emissions (from fos-
simulations with “tagged” CO tracers are used, in Sect. 4, tosil fuel and biofuel combustion) based on the EDGAR-3 in-
illustrate the contributions of various pollution sources to theventory Qlivier and Berdowski2001). The anthropogenic
Mexico region and, in Sect. 5, to determine the physical ageesmissions (from fossil fuel and biofuel combustion) of black
of the pollutants emitted from Mexico City and surround- and organic carbon determined for 1996 are fi®omd et al.
ing urban areas. After an evaluation of the modeled 0zon€2004). For SQ and NH;, anthropogenic emissions are from
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Fig. 1. Map of flights by the C-130 (4—29 March, 12 flights) and DC-8 (4—19 March, 6 flights), colored by pressure altitude above sea level.

the EDGAR Fast Track 2000 and EDGAR-2 databases, req,pe 1 gmissions in Central Mexico (18-28l, 255-264 E) for

March 2006, and fraction of emissions from open fires, from the

spectively Qlivier et al, 2005 1999. For Asia, the 2006 in-

o = N W A~ 00O N © ©

ventory ofZhang et al(2009 has been used. Aircraft emis- emissions inventories used in this study (see Sect. 2.1).

sions of NO, CO and S£from scheduled, charter, general
aviation and military traffic for 1999 are also included, as

- h - X ] Species Emissions  Fire fraction
described inEmmons et al(2010. Biomass burning emis- (Gg) (%)
sions are from the Global Fire Emissions Database, ver-
sion 2 (GFED-v2) yan der Werf et a).2006. For species co 654%'5; ég
not provided in GFED-v2, such as individual VOCs, 50 :

o . : CoHg 8.7 19
and NHs, emissions are determined by scaling the GFED- CaH 16.4 3
v2 CO, emissions, using the included vegetation classifica- chi 6:3 50
tion, by the emission factors @ndreae and Merle@2007) C3He 30 48
and updatesGranier et al. 2004. Biogenic emissions of Lumped alkane (BIGALK) 138.0 1
isoprene and monoterpenes are calculated online based on Lumped alkene (BIGENE) 8.2 18
the Model of Emissions of Gases and Aerosols in Nature Lumped aromatic (TOLUENE) 30.7 10
(MEGAN) (Guenther et a).2006, as described iEmmons Isoprene (ISOP) 194.3 0
et al. (2010, with emission factors from MEGAN v2.0. Terpenes (gH16) 13.7 0
Other natural emissions, NO from soil and lightning, and ~ €H20 4.3 8
DMS from oceans, are included as in the standard MOZART- ggﬁgg 55'2 ;’;"
4 configuration Emmons et a).2010. Dust is not calcu- 3 Hs :

. . . . MEK 4.0 86
lated in MOZART-4, but included as a climatological av-

S . CH30H 38.9 82
erage distribution, as described fmmons et al(2010. CoHsOH 26 11
The volcanoes circling Mexico City are an important source g, 137.2 2
of SG,. SO, emissions from continuously outgassing vol-  pms 0.3 0
canoes from the GEIA-v1 inventonAfdres and Kasgnoc NH3 60.7 4
1998 are included in MOZART-4. These emissions include  Black carbon (BC) 3.8 40
1.32 x 10 molecules/crf¥s in a P grid, resulting in total Organic carbon (OC) 40.8 53

emissions of 4.3 Gg-SOfor March. Grutter et al.(2008
report observations of.25+ 1.39 Gg/day of S@ emitted
from the Popoc#&petl volcano averaged over March 2006
(76 Gg total for March). These results were published after
the MOZART-4 simulations were completed, so are not in-

Mexico National Emissions Inventory (NEI) for 1998t{p:

/Iwww.epa.govi/ttn/chief/net/mexico.htjrdre used. This in-
ventory is provided as totals per state so it was gridded based
For this study, the anthropogenic and biomass burningon population and road locations to 0.022.5km). Up-
emissions for Mexico have been replaced with higher res-dated inventories exist for Mexico City, as summarized by
olution inventories. The anthropogenic emissions from theFast et al(2009, but are not used in this study. While the

cluded in these results.

www.atmos-chem-phys.net/10/6195/2010/ Atmos. Chem. Phys., 10, 62952010
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Table 2. Measurements used in model evaluation.

Parameter Instrument name, technique PI, reference
C-130
O3 NCAR-NOy O3, chemiluminescence WeinheiméWélega et al.1991)
NO, NO,, NOy NCAR-NOxy O3, chemiluminescence WeinheiméWélega et al.1991)
CO NCAR, vacuum UV resonance fluorescence Cam@eshig et al. 1999
SO, NOAA, pulsed UV fluorescence Holloway
CHyO NCAR DFG-TDL Fried, Weibring
OVOCs TOGA / Fast GC-MS Apelpel et al, 2010
aerosol composition  high-resolution AMS JimenBeCarlo et al.2006 2008
soot SP-2, single particle soot photometer Kok
DC-8
O3 NASA Langley FASTOZ, chemiluminescence Avery
CO DACOM, TDL SachseSachse et 311987
OH, HO, ATHOS Brune
NMHCs UCI canister samples, GC-MS Blake
H»0,, CH3OOH URI, HPLC Heikes
photolysis rates Scanning Actinic Flux Spectroradiometer (SAFS)  Shetter,Stettér and Niller, 1999

TOGA: Trace Organic Gas Analyzer; OVOCS: (methanol, acetaldehyde and acetone) aerosol comp. (submicron): sulfate, nitrate, chloride,
ammonium, organic aerosol.

more recent Mexico City inventories are more detailed, andthe 6 DC-8 flights between 4 and 19 March. Descriptions of
presumably more accurate, Mexico City is represented bythe instrument payloads of the C-130 and DC-8 are given by
a single model grid box in our study, so were not included. Molina et al.(2010 andSingh et al.(2009. The measure-
NOy emissions are emitted as NO in MOZART-4 and the ments used in this work are listed in Tal2le

partitioning between NO and NOs calculated explicitly in The C-130 and DC-8 measurements best match the scale
the chemistry. The emissions _fo_r VOCs are only availablef the MOZART-4 simulations and the scale of the analy-
as lumped total VOCs, so speciation to the MOZART VOCS g5 presented here. The DOE G-1 aircraft also provided a
was based on ratios to CO in the POET inventory. The firecomprehensive suite of gas-phase and aerosol measurements
emissions for North America have been replaced by an inyqjina et al, 2010, but as the flights were limited to the re-
ventory based on daily MODIS fire counts, followikged-  gion directly surrounding the Mexico City basin, only a few
inmyer et al.(200§. Emissions for individual fires were cal- \ozART grid boxes were covered. Due to the large model

culated and thgn gridded to the simulatiqn resolution. The to'grid size it is also not expected that the model would repro-
tals for the emissions from Central Mexico (18228 255—  §,,ce the surface site observations very well.

264 E) for March 2006 using these inventories are given in
Tablel. This region is much larger than the MCMA and in-
cludes the fires around the city that impact the regional ai
quality, along with a number of other major cities. The frac-
tion of emissions from open fires averaged over the month i
also given in Tabld.

Summaries of the comparisons between the MOZART-4
rsimulations for the MILAGRO period and the C-130 and DC-
8 aircraft observations are shown in Figs5. MOZART-4
SS—h average results have been interpolated to the time and lo-
cation of the aircraft measurements. The measurements and
model results for all flights have been binned into 0.5 km al-
titude bins, and the median and quartiles are shown for each
bin. Since Mexico City is at an elevation of 2.3 km above
sea level (a.s.l.), these profiles show relatively high values

MILAGRO included many ground-based and airborne mea-for most species at 2—4km due to the sampling focused di-
surements, covering broad spatial and temporal scales. THECtY over the city and in its outflow. The C-130 was based
aircraft measurements from the NSF/NCAR C-130 and then Veracruz, Mexico, and the DC-8 in Houston, Texas, so the
NASA DC-8 sampled both the Mexico City urban area and measuremgnts below 2 km are primarily within the vicinity
the surrounding region over Mexico and the Gulf of Mexico, Of those cities.

particularly in the pollution outflow. Figurgshows the loca- Separate comparisons are made for the measurements
tion and altitude of the flights used in the following analyses, within central Mexico (Figs2 and4), and outside this region
including the 12 C-130 flights between 4 and 29 March, and(Figs. 3 and5). Generally higher mixing ratios are found

3 Model evaluation

Atmos. Chem. Phys., 10, 6196212 2010 www.atmos-chem-phys.net/10/6195/2010/
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Fig. 2. Comparison of MOZART results to C-130 observations within the Central Mexico box shown id.Fidgodel results have been
interpolated to flight tracks and then binned by pressure altitude. Symbols indicate the median, with error bars and dashed lines indicating
the quartiles, of each 0.5-km bin.

within the Central Mexico box than outside it. The simulated tions are on average about 3% of the total organic aerosol.
ozone values agree very well with observations from the C-The unrealistically low modeled SOA results are consistent
130 and DC-8, as do several of the ozone precursors, sucWith previous comparisons of MOZART-4 with observations
as CO and N@(NO+NQOy). The model substantially under- (Dunlea et al.2009, as well as many other models for Mex-
estimates a number of the oxygenated VOCs (OVOCSs), suclico City (Volkamer et al. 2006 Dzepina et al.2009 Fast

as methanol, acetaldehyde and acetone, as shown inZ-igs.et al, 2009 Hodzic et al, 2009 Tsimpidi et al, 2009 and

and 3, most likely the result of too low emissions of these other areas (as summarized lHgald et al. 2005 Hallquist
species or their precursors (discussed below). While the SOet al, 2009 de Gouw and Jimeng2009. Since total OA
measurements are reproduced fairly well, sulfate aerosols arie well predicted despite the lack of a realistic SOA source,
underestimated by the model, indicating possible model ermost likely another OA source is overestimated. Since urban
rors in the formation or loss of sulfate. However, it is likely primary OA is underpredicted by the Mexico City emissions
that the S@ emissions are underestimated, with a compen-inventory fast et al. 2009 Aiken et al, 2009, this sug-
sating error of the oxidation to sulfate being too slow. Much gests that fire emissions of OA may be too high in the model.
of the SGQ emissions in Central Mexico are due to the volca- Black carbon concentrations are slightly overestimated, con-
noes and petrochemical complexes, and are likely underessistent with the conclusion dfast et al(2009 that the fire
timated, as discussed above in Sect. 2.2. MOZART-4 simu€missions, and possibly also the anthropogenic, inventories
lates organic carbon aerosols (OC), so to compare to the olare too high for black carbon.

served organic aerosol (OA), they been scaled by an OA/OC  gjnce the DC-8 has greater vertical range than the C-130,
ratio of 1.8 Aiken et al, 200§ and then added to the mod-  the plots in Figs4 and5 show a greater extent of the free
eled secondary organic aerosol (SOA). The vertical profile oftroposphere. As for the C-130 comparisons,add CO are

the modeled OA agrees fairly well with the observations, butyeproduced well by the model, both within and outside the
with some significant under-predictions at times. This is sur-central Mexico box. The model under-predicts the OH mea-
prising given the very low SOA formation in MOZART-4.  gyrements, but matches H@uite well when compared to
Along the C-130 flight legs, the simulated SOA concentra-the DC-8 measurements. The comparison with the C-130

www.atmos-chem-phys.net/10/6195/2010/ Atmos. Chem. Phys., 10, 62952010
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C-130 - outside (18-23N, 105-96W)
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Fig. 3. Comparison of MOZART results to C-130 observations outside of Central Mexico box, & Fig.

observations (not shown) indicates MOZART-4 simulatesthe driving meteorological fields, it is possible the simulated
OH well, but underestimates HO The difference between clouds are not accurate, and thus affect the photolysis.

the aircraft in model-measurement comparisons could be due To further investigate the discrepancies between the model
to the different chemical regimes sampled by the two aircraft.and observations, comparisons have been made for the cor-
Overall, the model slightly underestimates HOThere are  relations between VOCs and CO. Tracer-tracer scatter plots
significant emissions of propane in Mexico City due to preva-such as these have the advantage of reducing the impor-
lent use of liquified petroleum gas (LPG), but the model pre-tance of model errors in transport and diffusion and facili-
diction of propane roughly agrees with observations. Thetate meaningful comparisons to observations. Figigleows
most substantial discrepancy in the nonmethane hydrocarthe correlations between several NMHCs and OVOCs for
bons (NMHCs) is in the model over-prediction of the lumped the C-130 measurements, and the corresponding model re-
alkane BIGALK, which is compared to the sum bfand sults, that lie within the Central Mexico region defined above.
n-butane,i- and n-pentane-hexane andi-heptane. The The MOZART-4 results overestimate the ethane concentra-
lumped aromatic TOLUENE is compared to the sum of ben-tions, but underestimate all the other species shown here.
zene, toluene, ethylbenzene amd, p- ando-xylene, all  These discrepancies are most likely primarily due to errors
measured by the UC-Irvine group. Errors in the VOC specia-in the emissions inventory used. As described above, this
tion of the emissions are likely the source of these errors. Th&tudy used the Mexico NEI database that only provided to-
model over-predicts yD- in the lower troposphere, while tal VOC emissions and we applied the speciation of the
CH3OO0H is simulated well. The “observed” photolysis fre- POET inventory (which originated from EDGAR-2). The
quencies of @O!D) and INO,) are from calculations of the VOC speciation of emissions in Mexico City is quite differ-
Tropospheric Ultraviolet and Visible (TUV) radiation model ent from US cities (e.g.Apel et al, 201Q Velasco et al.
(Madronich and Flockel 999 based on the actinic flux mea- 2007. One difference is the large-scale use of LPG re-
surements. The MOZART-4 results slightly underestimatesulting in higher propane levels than other cities, consis-
the observations, particularly at higher altitudes. One causgent with the low model values here. Significantly lower
of this discrepancy could be in the representation of clouds inmethanol values were predicted by MOZART-4 than ob-
MOZART-4. While atmospheric water vapor and clouds are served within the Central Mexico box. While fires are a sig-
calculated in the model based on the surface water flux frormificant source of methanol, it is possible the anthropogenic

Atmos. Chem. Phys., 10, 6196212 2010 www.atmos-chem-phys.net/10/6195/2010/
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Fig. 4. Comparison of MOZART results to DC-8 observations within Central Mexico box, a®Fig.

inventory significantly underestimates the vehicle emissiondracers can then be used to quantify the contributions from
of CH3zOH in Mexico City, as suggested Byelasco et al.  various sources at any given location. Figdrshows the
(2009, and consistent with the analysis @éfpel et al. March 2006 monthly mean column averages for CO mix-
(2010. The correlations of several species show two dis-ing ratio and fractional contributions of the tagged CO. For
tinct branches in the MOZART-4 results, indicative of differ- each panel, the column is shown as the pressure-weighted
ent emission factors for fire and traffic emissions, with someaverage of the mixing ratio below 400 hPa (approximately
mixing between the two types of emissions. The scatter in6 km a.s.l.), or, for the upper right panel, below 1 km altitude
the observations indicate that the sampled air was also a mixabove the surface.

ture of air influenced by fire and traffic (and other urban) | the two plots of CO (top row of Fig7), the emissions
emissions. Formaldehyde, acetaldehyde and acetone are #bm Mexico City and surrounding cities are clearly evident,
fairly well reproduced by the model, which may be a result pyt do not seem to have a strong influence beyond the borders
of these species having substantial secondary soubg®s ( of Mexico, due to the limited source strength of the MCMA
et al, 201Q de Gouw et a].2009 and therefore less influ- i the larger regional context. However, under certain me-
enced by underestimates of their direct emissions. teorological conditions, it is possible for fairly concentrated
plumes of pollution from Mexico City to be carried across
the Gulf of Mexico and into the United States, as discussed
below (Sect. 5). The prevailing winds from the west bring

Since CO is a good tracer of long-range pollution transport,fai”y clean air from the tropical Pacific over Mexico, dilut-
having a lifetime of several weeks and is well-correlated with ing the local pollution.

many other pollutants as shown in Fgit is a useful species The lower six panels of Figl show the relative contribu-

to use to examine the impact of Mexico City on the regionaltions of the major source regions to the total CO over Mexico.
atmosphere and the impact of other regions on Mexico. TheEach region tag is the sum of anthropogenic and fire emis-
different types and regions of CO sources have been “taggedsions. The “Central Mexico” panel shows CO from emis-
in the model by creating additional tracers, with each tracersions in the region indicated in Fi§. The contribution of
having emissions from a single region or source type andemissions in Mexico and Central America, which includes
loss rates equal to the loss rate total CO experiences. Theghe Central Mexico tags of the first panel, logically is the

4 Impact of Mexico City emissions on CO distributions
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Fig. 5. Comparison of MOZART results to DC-8 observations outside Central Mexico box, a&. Fig.

most significant source in Mexico. During this month on av- place in the hillsides surrounding Mexico City, so the emis-

erage, there was little impact of the US and Canada on Mexsions on the scale of the model grid overlap with the anthro-
ico, but 10% of the tropospheric CO was from Asia, with the pogenic emissions. Averaged over the month, the fire emis-
contribution increasing to the north. sions are about 40% of the total CO emissions over the Cen-

While urban CO concentrations are dominated by directral Mexican Plateau (see Tablg. However, the open fire
emissions, roughly half of the CO in the free troposphere€Mmissions are not as concentrated in the city as the anthro-
is from secondary production, as shown in the bottom rightPogenic sourcesQrounse et al.2009 Aiken et al, 2010
panel of Fig.7. Approximately half of this contribution is and have a substantially smaller contribution to the regional
from the oxidation of CH. Much of the CO from methane CO distribution (10-15 ppbv vs. 20-50 ppbv).

is produced in the Tropics, where OH levels are high, and  Figure9 shows the tropospheric CO column averaged over
then transported to higher latitudes. In the region plotted,the Central Mexico region and the various source contri-
the highest fraction of secondary CO is over the relatively pytions from 6-h MOZART-4 output. Results are shown
cleaner air over the Pacific. While the fraction is less overfgr the column averaged from the surface to 400 hPa (about
Mexico City and the US, significant secondary CO is pro- g kma.s.l.) as well as for 02 km above the surface. Almost
duced in those regions. half of the tropospheric column is from photochemical pro-
To track the influence of Mexico City emissions, CO duction; approximately 45 ppbv on average over the month
from anthropogenic (primarily traffic) and open fire emis- and evenly divided between oxidation of methane and non-
sions were tagged separately. The monthly average anthronethane hydrocarbons. The Southern Hemisphere, Europe
pogenic and fire emissions of CO for the Central Mexico re-and Africa contributions are relatively small and fairly con-
gion (as defined for this study) are mapped separately in thatant. Much of the total CO variability is due to the varying
top panels of Fig8. This region includes emissions from amounts of fire influence on the area, but also to the changes
the many large cities that ring Mexico City, including Cuer- in contributions from Asia and the US due to shifts in trans-
navaca, Puebla, Toluca, and Pachuca. Many of these citiggort patterns. On 20 March the winds shifted to northerly
have less stringent pollution controls than Mexico City, thusand a rainy period began, suppressing the fires in the region
their emissions are a significant contributor to the region. A(Fast et al.2007). This also led to minor increases in the
significant portion of the open burning during March took pollution from the US and Asia. In the contributions marked
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C-130 flights over Central Mexico (18-23N, 255-264E)

. 4
5000FCT30° 4.6+0.08 . 5000F"G730° 5.2+7- 0.09 3.010°FC130: 30.7+/- 0.47
4000 4000f MZ4: 3.1+-0.04 %, 2510°F MZ4: 14.04-0.12 % 3
& 3000 .’ & 3000 g 20 104
£ 2000 T 2000 g 19710
. 4
) ) & 1.0-10
1000 1000 5.0-10°
0 0 : 0
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
CO [ppbv] CO [ppbv] CO [ppbv]
. 4
600[™C130° 0.4+~ 0.02 3.010°FCI30" 36.04/-0.44 10000 C130° 6.9+ 0.18
MZ4; 0.3+/-0.01 - 25710t MZ4: 158+-041+ 1 . gooof MZ4: 1.5+-0.02.°
,E + ‘E_ . o E .
g = =
© z 5
5 8 2
™ T T
o o 8
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
CO [ppbv] CO [ppbv] CO [ppbv]
. 4 . 4 . 4
1410/ 7730 16.04/-0.16 1.210°FC730: 12,1+/-0.19 - _ 1210 T30, 14.04/-0.17
1.210°F MZ4: 20.2+/-017 = 1.010°F MZ4: 8.9+/-0.07 "+ { Z 1.0110°} MZ4: 14.0+/-0.08. . ~
g 10:10° -~ g . . S go-10°t P~
2 8.0:10° =~ ?
) 8010 Q & 6.0-10%
8 s0-10 5 S
G 4.0-10° ? Q 4.0:10°f
2.0-10% © & 2010°f
0 oL
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
CO [ppbv] CO [ppbv] CO [ppbv]

Fig. 6. Correlations between VOCs and CO for MOZART (MZ4) results and C-130 observations for portions of all flights within Central
Mexico (18-23 N, 105-96 W). The slope and its uncertainty from the linear regression of each VOC to CO is given.

“Mex-Anthro” and “Mex-Fires” the dashed lines show the aloft (DeCarlo et al.2008 Crounse et al.2009. Karl et al.
contribution from the Central Mexico region as opposed to (2009 estimate 0—10% of the observed aromatic compound
all of Mexico and Central America indicated by the colored concentrations are from biomass burning. Another potential
area. It is clear the Mexico City fire contribution became source of information about the relative contribution of
a much smaller fraction of the Mexico and Central America anthropogenic and biomass burning emissions is from
fires after 20 March, but fires from outside Central Mexico 14C isotopic ratio measurements, however interpretation
(e.g., the Yucatan) had a considerable influence on the reef the results is quite complex due to the contamination
gion. Similar features are seen in the 0—2-km average, bubf wood by nuclear bomb radiocarbon and other enriched
with greater variability in the direct source contributions, as sources Yay et al, 2009 Aiken et al, 2010. The fraction
well as the NMHC oxidation contribution resulting from the of fire emissions in the inventory used here (see Tdble
urban and fire emissions. Around 10 March the contributionvaries greatly among species, depending both on the fire
from fires in Central Mexico is about 12% of total CO, but emissions factors and on the magnitude of anthropogenic
drops to less than 5% after 20 March. and natural emissions in this region. The fractions in the
Several other studies have analyzed the MILAGRO inventory calculated here are generally in the range of the

observations to estimate the contribution of fires toOPServations-derived conclusions.

the atmospheric composition around Mexico City.

Yokelson et al(2007) estimate 15% or 25%, depend-

ing on the type of analysis, of the CO emitted from the 5 Age of Mexico City pollution

Mexico City area is from fires. Crounse et al.(2009

estimate that one third of the CO is from fires over the largerAn estimate of the age of an observed airmass is needed to
scale, with a smaller contribution directly over Mexico City. relate it to source emissions and understand its chemical pro-
The fraction of organic aerosol (OA) due to fires inside cessing. Of particular interest for MILAGRO is quantifying
Mexico City is 15-20 % $tone et al.2008 Querol et al. Mexico City emissions based on observations of air trans-
2008 Aiken et al, 2009 2010. Both CO and OA have ported from the city. In most cases the photochemical age is
a substantially lower impact on the ground compared toof primary interest and can be estimated from the oxidation
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Fig. 7. Top, left: CO averaged for 1-31 March 2006 over the tropospheric column (surface to 6 km, or 400 hPa, a.s.l.); top right: same,
averaged over the lowest km above the surface. Middle and bottom rows: fraction of tagged CO to total CO averaged over the tropospheric
column.
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Fig. 8. Anthropogenic and fire emissions of CO from Central Mexico used in model simulations (top row) and the influence of anthropogenic
and fire CO emissions averaged for March 2006 over the tropospheric column (bottom row). Star indicates location of Mexico City, and
dashed box indicates “Central Mexico” region used throughout the paper.
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Fig. 9. Contributions of source regions to CO over Central Mex-
ico region, 1-31 March 2006, for average columns, top: belowFig. 10. Mean age (top) and age spectrum (bottom) of CO emitted
6km a.s.l., bottom: below 2 km above the surface. Black line: totalfrom Mexico City on 19 March at 620 hPa (4 km), derived from
CO; light blue region is total chemical production, with dashed line the MOZART-4 tagged CO for each day. Bottom panel shows the
separating methane and non-methane hydrocarbon oxidation term§ontributions of each day’s Mexico City CO emissions along the
orange and red regions show contribution from anthropogenic andlashed line in top panel, with the mean age plotted as the white line
fire emissions, respectively, for all of Mexico and Central America, 9inst the right axis. Asterisk in both panels indicates location of
with dashed lines showing contribution from just Central Mexico. Mexico City.
Difference between total CO and sum of tags is due to natural CO
emissions from vegetation and the ocean.

A large region directly over Mexico City and stretching to

the northeast is less than a day old. The plume has a mean
. i age of 1-2 days along the Gulf coast of Northern Mexico and
of NOx to NG, (Kleinman et al. 2008 or the ratio of hydro- - gqthern Texas, and then 2—3 days as it reaches Louisiana.
carbons with different lifetimes, e.g., toluene/b.enzene (e-9-gust north of the Yucatan peninsula is a region containing 3-
Warneke et &).2007 Apel et al, 2010. The physical age of  44y_o1d Mexico City pollution that has circulated back south-
the airmass can be estimated from MOZART-4 results by taQy,ard. The high values of mean age shown over the western
ging the CO emissions in and around Mexico City for eachpart of Mexico show the pollution does not frequently get
day. These tags have been used to assist in the '“terpretﬂansported to that region.
tion of data sampled by the C-130 flight on 8 March 2006 e pottom panel of FiglO shows the age spectrum along
(DecCarlo et al.2008. the plume (along the black dashed line plotted in the top
A particularly strong outflow event from Mexico City oc- panel). The spectrum is shown by plotting the relative frac-
curred on 19 March, producing a clear plume of pollution tion of the CO tags emitted for the previous 10 days. The
to the northeast of Mexico City that was sampled by the C-age spectrum plot starts on the southwest edge of the city,
130 aircraft and reproduced well by MOZART-4. The top with a mean age of about 4 days. While the majority of the
panel of Fig.10 shows the mean age of Mexico City pollu- air is from fresh emissions, a small fraction of older air in-
tion in this plume at the 620 hPa pressure lexgl km a.s.l.).  creases the mean age substantially. For the region near the
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Fig. 12. Comparison of ozone net production rates from MOZART
(in blue) and the NASA box model (in red), binned by altitude,
for the DC-8 flights (left) and C-130 flights (right). Points indicate
median values, red error bars and blue dashed lines indicate range
of quartiles for box model and MOZART, respectively.

culate the photochemical age, —In(NQOy). These results
are shown in Figl1, with the NG, distribution (top panel)
: : : ‘ : ‘ clearly indicating strong outflow from Mexico City along the
A8 M0 00 95 N0 = Northern Mexico and Texas Gulf coast. The NROy ra-
oy tio, however, does not show quite as clear a picture as the
000 050 100 150 200 250 300 350 4.00 450 .. .
tagged CO. Values are plotted only for N@ixing ratios
Fig. 11. NOy distribution (top) and photochemical age represented@P0Ve 0.5 ppbv (indicated by the white dashed line in the top
by —In(NOx/NOy) (bottom) on 19 March at 620 hPa (4 km). As- panel). The fresh emissions over Mexico City are apparent
terisk indicates location of Mexico City. White dashed line in top With —In(NO«/NOy) values of less than 1. However, there is
panel indicates 0.5 ppbv contour, which is the lower limit for values also a large region in Central Mexico (NW of Mexico City)
shown in bottom panel. Black dashed line from Fig. 7 is included with photochemical age of 1-1.5 that corresponds to rela-
for reference in bottom panel. tively low NOy mixing ratios and 5-6 day physical ages (in
Fig. 10). This region of low photochemical ages could be
a result of relatively fresh emissions from sources outside

city with a mean age less than 1 day, the majority of the coMexico City, butis more likely a result of loss of N@ue to
was emitted within 1 day. However, at higher latitudes whereWashout or uptake on dust in fairly aged air.
the plume mean age is gradually increasing from 1 to 3 days,
there is an increasing contribution from pollution that is 3
to 6 days old. Thus, it is clear that a single mean age of a
airmass may not be a useful parameter for the interpretatioRhe ozone net production (production minus loss) rates
of |ts_composmor_1 and thus the entire distribution should be;om MOZART-4 are compared to box model calculations
considered for this purpose. constrained by observations in Fi§2. Results from the
While estimation of the photochemical age using the ratio“constrained” version of the NASA Langley photochemi-
NO/NOy is appropriate in some cases, it can also be diffi-cal box model Qlson et al. 200§ have been used for the
cult to interpret. Among the complications is the decomposi-comparisons here, where the calculations have been con-
tion of components of NQ in particular PAN, back to NQ strained to the aircraft observations of NMHCs, acetone,
which result in an apparent “rejuvenation” of the Nid the MEK, methanol and ethanol, in addition to CO, NO3,O
airmass. Another major component of NGINOz, can be  H20, HyO», CH3OOH, HNG; and PAN. The box model is
lost during transport due to washout, or to the uptake on dusexpected to more accurately reproduce true ozone production
(Querol et al. 2008 Zheng et al.2008. In order to com-  rates due to both its constraint to the observations, as well as
pare physical and photochemical ages, MOZART-4 results ofts more detailed chemical mechanism. Both the instanta-
NOx and NG, for the 19 March plume have been used to cal- neous and diurnal average ozone production rates are shown,

n6 Evaluation of ozone production

Atmos. Chem. Phys., 10, 6196212 2010 www.atmos-chem-phys.net/10/6195/2010/



L. K. Emmons et al.: Mexico City air quality in MOZART-4 6207

binned by altitude. The MOZART-4 ozone production rates C130 Measurements
have been interpolated to the DC-8 and C-130 flight tracks, O O 500 ' '
and then binned by altitude. The MOZART-4 results are in- I T

terpolated from 3-h average output. However, the MOZART-
4 results are generally at or below the box model diurnal av- I . S e

100 _ -

erage production rates. The coarse resolution of the model ¥ 8 P NIRRT L ]
results in lower peak values of N@nd VOC concentrations = i LT3 ]

than observed, which in turn is likely one of the primary ~ © 60 . ]
reasons for the underestimate of ozone production. Better i : ]
agreement is seen for the DC-8 flights than the C-130, indica- 4or '-:-'l o 5

tive that MOZART-4 reproduces the free troposphere well,
where the majority of the DC-8 flights sampled and where .
the spatial gradients in NOand VOCs change much more NOZ [ppbv]
slowly. The C-130 flights sampled the city air and urban out- MOZART-4 on C130 tracks
flow with much greater frequency, a region where MOZART- 120[ - - - ]
4 had greater difficulty capturing the high concentrations due P OXNOz: 9.1+1-0.3 e
to the coarse model resolution. 100 e e

The ozone production efficiency (OPE) of N@ defined i <L
as the total odd oxygen,QO3+NO2) produced per NQ 2
oxidized. It is typically inferred from the the correlation be-
tween Q and NQ (NO,—NOy). The OPE has been deter- 60|
mined for several MILAGRO data setSlton et al. 2008 L.
Wood et al, 2009 Nunnermacker et gl2008. Analysis of a0k
the C-130 measurements Bjon et al (2008 showed low I
OPE (4-5) for airmasses with fresh emissions from biomass 20L . . .
burning and urban sources, while higher efficiencies (6-9) 2
were seen in the free troposphere. Similar values were de-
duced from the DOE G-1 alrc.raft observauorh@hn_erma.— Fig. 13. Ozone production efficiency, 0(Og+NOy) vs. NG,
cker et al, 2008. As shown in Sect. 5, the Mexico City (NOy—NOy) from C-130 measurements (top) and MOZART re-
region can be a complex mixture of airmasses with differ-sults (bottom), with points colored by NO The slope and its un-
ent photochemical ages and histories. This can make intereertainty from the linear regression o @ NO; is given.
pretation of the OPE difficultW/ood et al, 2009 Liang and
Jacobson2000. However, as one measure of the model per-
formance we compare the ozone production efficiency deter-
mined from MOZART-4 results with that from the aircraft
observations.

Figure 13 shows this correlation for the C-130 observa- with that from the model. OH reactivity can be calculated by
tions and the MOZART-4 results interpolated to the C-130 summing over each VOC species, the product of its concen-
flight tracks. Only the flights that included simultaneous tration by its rate constant with OH. Figutd compares the
measurements of )NOx and NG, are used, and only points OH reactivity calculated from the C-130 observations with
where NQ is between 2 and 6 ppbv are used, so as to filterthe MOZART-4 results along the flight tracks. The OH re-
out fresh plumes and very aged air, and keep only moderatelgctivity has been summed for all NMHCs and OVOCs sep-
fresh airmasses. The OPR[Ox]/A[NO;]) inferred from  arately and then binned by distance from Mexico City. The
the C-130 measurements is £@.3, while for MOZART-4  total MOZART-4 OH reactivity somewhat overestimates the
it is 9.14+0.3. These plots show considerable scatter, but theobserved reactivity and has a slightly higher NMHC con-
degree of scatter is comparable for both the aircraft obsertribution, which is consistent with the overestimate of the
vations and the model, i.e., in both cases there is a rangkuimped alkane BIGALK shown in Figd. Both the obser-
of about 20ppbv in @ for a given value of N@. It is vations and MOZART-4 results show that OVOCs are an in-
not surprising that the MOZART-4 OPE is slightly higher, creasingly important contribution to the OH reactivity down-
as the large model grid will dilute urban emissions towardswind of Mexico City and therefore a source for maintain-
a regime where ozone production is larger (6sdon et al.  ing ozone production away from the emissions sources, as
2008. discussed in greater detail #pel et al. (2010. Plots of

Another key component of predicting ozone is the concen-MOZART-4 results for the strong outflow event of March 19
tration of VOCs, and one way to evaluate this is through theare given inApel et al.(2010, illustrating the evolution of
comparison of OH reactivity determined from observationsNMHC versus OVOC OH reactivity in the plume.
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Fig. 14. OH reactivity calculated separately for NMHCs (blue) and
OVOCs (red) from observations (solid fill) and MOZART (line fill)
results along the C-130 flight tracks and binned by distance from
Mexico City.

7 Ozone produced from Mexico City |

The impact of Mexico City emissions is clearly evident in
the monthly average of predicted tropospheric ozone shown
in Fig. 15 (top panel). As was seen in the CO distribu-
tions (Fig.7), the air to the south and west of Mexico is
relatively clean, while ozone average mixing ratios over the
US are substantially higher. The amount of ozone produced

from emissions in and around Mexico City can be quantifiedrig, 15, Tropospheric column (surface to 6 km a.s.l.) of total ozone
by “tagging” the NO emissions, as describedl®marque  (top) and ozone produced from the Central Mexico region emissions
et al.(2005 andPfister et al(2006 20081. The tagged NO  (bottom), averaged over March 2006. The dashed box shows the
(from the emissions shown in Fi§, top right panel) is traced region of tagged emissions shown in Fig. 8.
through all the odd nitrogen species (e.g., PAN, HNGr-
ganic nitrates) to account for recycling of NOThe photol-
ysis of NGO, produces the taggedsOwhich is destroyed at tional contribution of the fires to NQOs smaller than for CO.
the same rate as the full ozone. This tagging technique is adfo quantify the impact of fires on the ozone distributions,
ditive: if each NQ source is tagged separately, the sum of the NO emissions from fires in the Mexico City metropolitan
the resulting tagged £s equal (within a few percent) to the area have been tagged, and the results are shown in the right
tagged @ from the total NQ emissions. panels of Fig.16, with the ozone from all Central Mexico

The bottom panel of Figl5 shows the monthly tropo- sources in the left panels. On 20 March there was a shift in
spheric column average of ozone produced from Mexico Citythe weather patterns and a rainy period significantly reduced
region emissions. Directly over Mexico City, the average the fire activity around the cityHast et al. 2007). There-
column is over 25 ppbv, almost half of the total ozone at thatfore, these two time periods have been averaged separately,
point (about 55 ppbv). However, the influence of Mexico shown in the top and bottom panels of Fig, and clearly
City is quickly diluted as air gets transported primarily in show lower ozone amounts during the second period. Before
the southwesterly and northeasterly direction. At the Texas20 March, the contribution of ozone from fires was 3—7 ppbv
Mexico border, Mexico City ozone is less than 7 ppbv, or over a large region of Central Mexico, but was substantially
about 15% of the total ozone. reduced for the last 10 days of March, to 1-3 ppbv.

There was extensive evidence that emissions from open
fires around the city had a strong influence on the regional air
quality during MILAGRO, especially aloft and over larger 8 Conclusions
spatial scalesYokelson et al. 2007 Crounse et al.2009
Karl et al, 2009. Based on the CO emissions inventories MOZART-4 has been run at relatively high horizontal reso-
and model CO tags shown in Fig, fires do not seem to be lution (70 km) and has been shown to reproduce well many
a dominant contribution to the CO distributions and the frac-of the observations during the MILAGRO experiments in
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Fig. 16. Ozone from all Mexico City region emissions (left), and from open fires (right) in the Central Mexico region, before (top) and after
(bottom) the rainy period. The dashed boxes show the region of tagged emissions.

Mexico during March 2006. Many of the discrepancies arehighlight the need for understanding the chemical evolution
likely due to errors in the emissions inventories, such as dis-of pollution outflow to properly assess the impact of megac-
crepancies in the speciation of VOCs, and the overestimatioities such as Mexico City on the regional atmospheric com-
of black carbon from fires. The coarse horizontal resolutionposition.

of the model compared to the small scale of the pollution By keeping track of the ozone produced from the NO
and fire sources also contributes to model errors. The contriemissions in the Central Mexico region, the contribution of
bution of Mexico City pollution to the regional atmospheric Mexico City pollution on the regional tropospheric ozone
composition was estimated for CO using tagged CO trac-column has been estimated. Directly over the city the contri-
ers. By tagging CO emissions in Mexico City for each day, bution is about half, but drops quickly away from the city as
a physical age of air, as well as the age spectrum, can be dehe pollution is diluted by the clean tropical airmasses from
termined for any point in the region of Mexico. The age spec-the southwest of Mexico. The ozone produced by fires in
tra show that the atmospheric composition around MexicoCentral Mexico is found to be a small contribution to the re-
City is generally composed of air with a range of ages, there-gional ozone.

fore the mean photochemical age may not be an appropriate Mexico City has a number of unique characteristics, such
representation of a given air parcel. Even in the strong plumeas its location in a basin surrounded by volcanoes and at high
of Mexico City pollution carried towards Texas on 19 March, altitude, that make it difficult to generalize the findings of this
a significant fraction of air older than 2 days was present instudy to other megacities. Cities in a more or less advanced
the plume. The ozone production rate in MOZART-4 shows state of development have very different relative source sec-
generally good agreement with box model simulations thattor contributions, resulting in very different contributions of
have been constrained by the aircraft observations. Howezone precursors (e.cButler et al, 2008. These differ-
ever, the ozone production efficiency (correlation betweenences include the types of transportation, domestic heating
O« and NQ) determined from MOZART-4 results is consid- and cooking, industry and power generation, all leading to
erably higher than that inferred from observations, probablyunique mixes of N@, CO and VOC emissions for each city.
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