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Abstract

An extensive set of measurements was made in and around Mexico City as part of the
MILAGRO (Megacity Initiative: Local and Global Research Observations) experiments
in March 2006. Simulations with the Model for Ozone and Related Chemical Tracers,
version 4 (MOZART-4), a global chemical transport model, have been used to pro-5

vide a regional context for these observations and assist in their interpretation. These
MOZART-4 simulations reproduce the aircraft observations generally well, but some
differences in the modeled volatile organic compounds (VOCs) from the observations
result from incorrect VOC speciation assumed for the emission inventories. The differ-
ent types of CO sources represented in the model have been “tagged” to quantify the10

contributions of regions outside Mexico, as well as the various emissions sectors within
Mexico, to the regional air quality of Mexico. This analysis indicates open fires have
some, but not a dominant, impact on the atmospheric composition in the region around
Mexico City, when averaged over the month. However, considerable variation in the fire
contribution (2–15% of total CO) is seen during the month. The transport and photo-15

chemical aging of Mexico City emissions were studied using tags of CO emissions for
each day, showing that typically the air near Mexico City was a combination of many
ages. Ozone production in MOZART-4 is shown to agree well with the net production
rates from box model calculations constrained by the MILAGRO aircraft measurements.
Ozone production efficiency derived from the ratio of Ox to NOz is higher in MOZART-20

4 than in the observations for moderately polluted air. OH reactivity determined from
the MOZART-4 results shows the same increase in relative importance of oxygenated
VOCs downwind of Mexico City as the reactivity inferred from the observations. The
amount of ozone produced by emissions from Mexico City and surrounding areas has
been quantified in the model by tracking NO emissions, showing little influence beyond25

Mexico’s borders, and also relatively minor influence from fire emissions on the monthly
average tropospheric ozone column.
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1 Introduction

The emissions from megacities are becoming an increasingly important influence on
regional and global air quality (e.g., Mayer et al., 2000). Mexico City is one example
of a developing megacity, with a population approaching 20 million in a growing ur-
banized area (Molina et al., 2007). While air quality has improved significantly in the5

past decade due to emissions control measures, pollution levels are still quite high
in the Mexico City Metropolitan Area (MCMA) (de Foy et al., 2008). During March
2006 a large suite of measurements was made as part of the Megacity Initiative: Lo-
cal and Global Research Observations (MILAGRO) in and around Mexico City from
the ground and aircraft. MILAGRO consisted of four field campaigns that focused10

on local (MCMA-2006 and DOE/MAX-Mex) and regional scales (NSF/MIRAGE-Mex
and NASA/INTEX-B), providing a comprehensive view of the emissions and near-field
chemistry within the MCMA, as well as the regional atmospheric composition. Details
of the campaign measurements and field experiment designs are given in overview
papers for INTEX-B (Singh et al., 2009) and the Mexico-based experiments (Molina15

et al., 2010). An overview of the meteorological conditions during MILAGRO is given
by Fast et al. (2007). MILAGRO is the largest of a series of international campaigns
in and around Mexico City, which also includes IMADA-AVER in 1997 (Edgerton et al.,
1999) and MCMA-2003 (Molina et al., 2007).

While urban air quality analyses are usually assisted by regional models, global20

chemical transport models are valuable for providing a larger scale view of the re-
gional impact. When global models are run at sufficiently high horizontal resolution
they are also able to reproduce, and are valuable for the interpretation of, observations
on a megacity to regional scale, as presented in this paper. After a brief description
of the model and the setup for the simulations used here, comparisons between the25

model results and the observations are presented. The results of model simulations
with “tagged” CO tracers are used, in Sect. 4, to illustrate the contributions of various
pollution sources to the Mexico region and, in Sect. 5, to determine the physical age of
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the pollutants emitted from Mexico City and surrounding urban areas. After an evalu-
ation of the modeled ozone production rate in Sect. 6, the amount of ozone produced
by Mexico City emissions is presented in Sect. 7, followed by the conclusions.

2 Model description

Model simulations for this study were performed with MOZART-4 (Model for Ozone5

and Related chemical Tracers, version 4), a global chemical transport model for the
troposphere (Emmons et al., 2010). It was run with the standard chemical mechanism,
with online calculation of dry deposition. Photolysis rates were calculated using FTUV
(Fast Tropospheric Ultraviolet and Visible radiation model), that takes into account the
impact of the simulated clouds and aerosols, as described in Emmons et al. (2010).10

2.1 Meteorology and resolution

For many studies using global chemical transport models, such as those that address
large-scale questions or include multi-year analyses, the typical MOZART-4 horizontal
resolution of 2.8◦×2.8◦ (approximately 280 km) is sufficient. However, for this analy-
sis of the MILAGRO observations and Mexico City pollution, MOZART-4 was run at15

0.7◦×0.7◦ (70 km). Model simulations at 2.8◦×2.8◦ starting July 2005 were used to
initialize the 0.7◦×0.7◦ simulations covering 1–31 March 2006. The simulations pre-
sented here were run using the National Centers for Environmental Prediction (NCEP)
Global Forecast System (GFS) meteorological fields (Kanamitsu et al., 1991), with 42
sigma levels in the vertical. A combination of analysis and forecast fields were used20

(0Z and 6Z analysis, 0Z-3-h forecast, and 6Z 3-h through 15-h forecasts), to provide
meteorological inputs every 3 h to MOZART-4.

3461

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/3457/2010/acpd-10-3457-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/3457/2010/acpd-10-3457-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 3457–3498, 2010

Mexico City air
quality in MOZART-4

L. K. Emmons et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

2.2 Emissions

The majority of the anthropogenic emissions used for this study come from the POET
(Precursors of Ozone and their Effects in the Troposphere) database for 2000 (Granier
et al., 2004), which includes anthropogenic emissions (from fossil fuel and biofuel com-
bustion) based on the EDGAR-3 inventory (Olivier and Berdowski, 2001). The anthro-5

pogenic emissions (from fossil fuel and biofuel combustion) of black and organic car-
bon determined for 1996 are from Bond et al. (2004). For SO2 and NH3, anthropogenic
emissions are from the EDGAR Fast Track 2000 and EDGAR-2 databases, respectively
(Olivier et al., 2005, 1999). For Asia, the 2006 inventory of Zhang et al. (2009) has
been used. Aircraft emissions of NO, CO and SO2 from scheduled, charter, general10

aviation and military traffic for 1999 are also included, as described in Emmons et al.
(2010). Biomass burning emissions are from the Global Fire Emissions Database, ver-
sion 2 (GFED-v2) (van der Werf et al., 2006). For species not provided in GFED-v2,
such as individual volatile organic compounds (VOCs), SO2 and NH3, emissions are
determined by scaling the GFED-v2 CO2 emissions, using the included vegetation clas-15

sification, by the emission factors of Andreae and Merlet (2001) and updates (Granier
et al., 2004). Biogenic emissions of isoprene and monoterpenes are calculated online
based on the Model of Emissions of Gases and Aerosols in Nature (MEGAN) (Guen-
ther et al., 2006), as described in Emmons et al. (2010), with emission factors from
MEGAN v2.0. Other natural emissions, NO from soil and lightning, ocean DMS and20

volcanic SO2, are included as in the standard MOZART-4 configuration (Emmons et al.,
2010).

For this study, the anthropogenic and biomass burning emissions for Mexico have
been replaced with higher resolution inventories. The anthropogenic emissions from
the Mexico National Emissions Inventory (NEI) for 1999 (http://www.epa.gov/ttn/chief/25

net/mexico.html) are used. This inventory is provided as totals per state so it was grid-
ded based on population and road locations to 0.025◦ (2.5 km). Updated inventories
exist for Mexico City, as summarized by Fast et al. (2009), but are not used in this
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study. While the more recent Mexico City inventories are more detailed, and presum-
ably more accurate, Mexico City is represented by a single model grid box in our study,
so were not included. NOx emissions are emitted as NO in MOZART-4 and the parti-
tioning between NO and NO2 is calculated explicitly in the chemistry. The emissions for
VOCs are only available as lumped total VOCs, so speciation to the MOZART VOCs5

was based on ratios to CO in the POET inventory. The fire emissions for North America
have been replaced by an inventory based on daily MODIS fire counts, following Wied-
inmyer et al. (2006). Emissions for individual fires were calculated and then gridded to
the simulation resolution. The totals for the emissions from Central Mexico (18–23◦ N,
255–264◦ E) for March 2006 using these inventories are given in Table 1. This region is10

much larger than the MCMA to include the fires around the city that impact the regional
air quality, along with a number of other major cities. The fraction of emissions from
open fires averaged over the month is also given in Table 1.

3 Model evaluation

Summaries of the comparisons between the MOZART-4 simulations for the MILAGRO15

period and the C-130 and DC-8 aircraft observations are shown in Figs. 1 and 2.
MOZART-4 3-h average results have been interpolated to the time and location of the
aircraft measurements. The measurements and model results for all flights have been
binned into 0.5 km altitude 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 profiles20

show relatively high values of most species at 2–4 km due to the sampling focused
directly over the city and in its outflow. The flight tracks of the C-130 and DC-8 are
shown in Molina et al. (2010) and Singh et al. (2009). The C-130 was based in Ver-
acruz, Mexico, and the DC-8 in Houston, Texas, so the measurements below 2 km are
primarily within the vicinity of those cities. Descriptions of the instrument payloads of25

the C-130 and DC-8 are given by Molina et al. (2010) and Singh et al. (2009). The
C-130 measurements used in Fig. 1 and DC-8 measurements used in Fig. 2 are listed
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in Table 2. The MOZART-4 lumped alkane BIGALK is compared to the sum of i - and n-
butane, i - and n- pentane, n-hexane and n-heptane. The lumped aromatic TOLUENE
is compared to the sum of benzene, toluene, ethylbenzene and m-, p- and o-xylene,
all measured by the UC-Irvine group.

The simulated ozone values agree very well with observations from the C-130 and5

DC-8, as do several of the ozone precursors, such as CO and NOx (NO+NO2).
The model substantially underestimates a number of the oxygenated VOCs, such as
methanol, acetaldehyde and acetone, as shown in Fig. 1, most likely the result of too
low emissions of these species or their precursors (discussed below). While the SO2
measurements are reproduced fairly well, sulfate aerosols are underestimated by the10

model, indicating possible model errors in the formation or loss of sulfate. However, it
is also possible that the SO2 emissions are underestimated, with a compensating error
of the oxidation to sulfate being too slow. Much of the SO2 emissions in Central Mexico
are due to the volcanoes and petrochemical complexes, and may not be properly in-
cluded in this model simulation (DeCarlo et al., 2008). In addition, to improve the sulfate15

simulation, some emissions of SO2 could be replaced by direct emissions of sulfate.
MOZART-4 simulates organic carbon aerosols (OC), so to compare to the observed or-
ganic aerosol (OA), they been scaled by an OA/OC ratio of 1.8 (Aiken et al., 2008) and
then added to the modeled secondary organic aerosol (SOA). The vertical profile of the
modeled OA agrees well with the observations, with some underestimates at 1.2 and20

3.5–4 km. This is surprising given the very low SOA formation in MOZART-4. Along
the C-130 flight legs, the simulated SOA concentrations are on average about 3% of
the total organic aerosol. The unrealistically low modeled SOA results are consistent
with previous comparisons of MOZART-4 with observations (Dunlea et al., 2009), as
well as many other models for Mexico City (Volkamer et al., 2006; Dzepina et al., 2009;25

Fast et al., 2009; Hodzic et al., 2009; Tsimpidi et al., 2009) and other areas (as sum-
marized by Heald et al., 2005; Hallquist et al., 2009; de Gouw and Jimenez, 2009).
Since total OA is well predicted despite the lack of a realistic SOA source, most likely
another OA source is overestimated. Since urban primary OA is underpredicted by the
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Mexico City emissions inventory (Fast et al., 2009; Aiken et al., 2009b), this suggests
that fire emissions of OA may be too high in the model. Black carbon concentrations
are slightly overestimated, consistent with the conclusion of Fast et al. (2009) that the
fire emissions, and possibly also the anthropogenic, inventories are too high for black
carbon.5

Since the DC-8 has greater vertical range than the C-130, the plots in Fig. 2 show
a greater extent of the free troposphere. While a smaller fraction of the flight time of
the DC-8 was spent in Mexico City pollution than the C-130, the peak in pollutants at
2–4 km is evident in these profiles, as well. The most substantial discrepancy in the
NMHCs is in the model over-prediction of BIGALK, which is likely due to an error in10

the speciation of the VOC emissions. There are significant emissions of propane in
Mexico City due to prevalent use of liquified petroleum gas (LPG), but the model pre-
diction of propane roughly agrees with observations. The model under-predicts the
OH measurements, but matches HO2 quite well when compared to the DC-8 measure-
ments. The comparison with the C-130 observations (not shown) indicates MOZART-15

4 simulates OH well, but underestimates HO2. The difference between the aircraft
in model-measurement comparisons could be due to the different chemical regimes
sampled by the two aircraft. Overall, the model slightly underestimates HOx. The
model over-predicts H2O2 in the lower troposphere, while CH3OOH is simulated well.
The “observed” photolysis frequencies of J(O1D) and J(NO2) are from calculations of20

the Tropospheric Ultraviolet and Visible (TUV) radiation model (Madronich and Flocke,
1999) based on the actinic flux measurements. The MOZART-4 results slightly under-
estimate the observations, particularly at higher altitudes.

To further investigate the discrepancies between the model and observations, com-
parisons have been made for the correlations between VOCs and CO. Tracer-tracer25

scatter plots such as these have the advantage of reducing the importance of model
errors in transport and diffusion and facilitate meaningful comparisons to observations.
Figure 3 shows the correlations between several NMHCs and OVOCs for the C-130
measurements, and the corresponding model results, that lie within the Central Mexico
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region defined above. The MOZART-4 results over-estimate the ethane concentrations,
but under-estimate all the other species shown here. These discrepancies are most
likely primarily due to errors in the emissions inventory used. As described above, this
study used the Mexico NEI database that only provided total VOC emissions and we
applied the speciation of the POET inventory (which originated from EDGAR-2). The5

VOC speciation of emissions in Mexico City is quite different from US cities (e.g., Apel
et al., 2009; Velasco et al., 2007). One difference is the large-scale use of LPG re-
sulting in higher propane levels than other cities, consistent with the low model values
here. Significantly lower methanol values were predicted by MOZART-4 than observed.
While fires are a significant source of methanol, it is possible the anthropogenic in-10

ventory significantly underestimates the vehicle emissions of CH3OH in Mexico City,
as suggested by Velasco et al. (2009), and consistent with the analysis of Apel et al.
(2009). The correlations of several species show two distinct branches in the MOZART-
4 results, indicative of different emission factors for fire and traffic emissions, with some
mixing between the two types of emissions. The scatter in the observations indicate15

that the sampled air was also a mixture of air influenced by fire and traffic (and other
urban) emissions. Formaldehyde, acetaldehyde and acetone are all fairly well repro-
duced by the model, which may be a result of these species having substantial sec-
ondary sources (Apel et al., 2009; de Gouw et al., 2009) and therefore less influenced
by underestimates of their direct emissions.20

4 Impact of Mexico City emissions on CO distributions

Since CO is a good tracer of long-range pollution transport, having a lifetime of several
weeks and is well-correlated with many other pollutants as shown in Fig. 3, it is a useful
species to use to examine the impact of Mexico City on the regional atmosphere and
the impact of other regions on Mexico. The different types and regions of CO sources25

have been “tagged” in the model by creating additional tracers, with each tracer having
emissions from a single region or source type and loss rates equal to the loss rate total
CO experiences. These tracers can then be used to quantify the contributions from
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various sources at any given location. Figure 4 shows the March 2006 monthly mean
column averages for CO mixing ratio and fractional contributions of the tagged CO. For
each panel, the column is shown as the weighted average by pressure of the mixing
ratio below 400 hPa (approximately 6 km a.s.l.), or, for the upper right panel, below 1 km
altitude above the surface.5

In the two plots of CO (top row of Fig. 4), the emissions from Mexico City are clearly
evident, but do not seem to have a strong influence beyond the borders of Mexico, due
to the limited source strength of the MCMA in the larger regional context. However,
under certain meteorological conditions, it is possible for fairly concentrated plumes of
pollution from Mexico City to be carried across the Gulf of Mexico and into the United10

States, as discussed below (Sect. 5). The prevailing winds from the west bring fairly
clean air from the tropical Pacific over Mexico, diluting the local pollution. The high
emissions of CO in Central Mexico include many large cities in addition to Mexico
City. Several large cities ring Mexico City (including Cuernavaca, Puebla, Toluca, and
Pachuca), with a total population of 10 million people, and have less stringent pollution15

controls (as evident in the 0–1 km average plot).
The lower six panels of Fig. 4 show the relative contributions of the major source

regions to the total CO over Mexico. Each region tag is the sum of anthropogenic and
fire emissions. The contribution of emissions in Mexico and Central America, which
includes the Central Mexico tags of the first panel, logically is the most significant20

source in Mexico. During this month on average, there was little impact of the US and
Canada on Mexico, but 10% of the tropospheric CO was from Asia, with the contribution
increasing to the north.

While urban CO concentrations are dominated by direct emissions, roughly half of
the CO in the free troposphere is from secondary production, as shown in the bottom25

right panel of Fig. 4. Approximately half of this contribution is from the oxidation of
CH4. Much of the CO from methane is produced in the Tropics, where OH levels are
high, and then transported to higher latitudes. In the region plotted, the highest fraction
of secondary CO is over the relatively cleaner air over the Pacific. While the fraction
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is less over Mexico City and the US, significant secondary CO is produced in those
regions.

To track the influence of Mexico City emissions, CO from anthropogenic (primarily
traffic) and open fire emissions were tagged separately. The anthropogenic emissions
of CO for the Central Mexico region (as defined for this study) are mapped in the top5

left panel of Fig. 5. NO emissions are also plotted and are discussed later. Averaged
over the month the fire emissions are about 40% of the total CO emissions over the
Central Mexican Plateau (see Table 1). However, the open fire emissions are not as
concentrated in the city as the anthropogenic sources (Crounse et al., 2009; Aiken
et al., 2009a) and have a substantially smaller contribution to the regional CO distribu-10

tion (10–15 ppbv vs. 20–50 ppbv).
Figure 6 shows the tropospheric CO column averaged over the Central Mexico region

and the various source contributions from 6-h MOZART-4 output. Results are shown
for the column averaged from the surface to 400 hPa (about 6 km a.s.l.) as well for 0–
2 km above the surface. Almost half of the tropospheric column is from photochemical15

production; approximately 45 ppbv for the entire month and evenly divided between
oxidation of methane and non-methane hydrocarbons. The Southern Hemisphere, Eu-
rope and Africa contributions are relatively small and fairly constant. Much of the total
CO variability is due to the varying amounts of fire influence on the area, but also to
the changes in contributions from Asia and the US due to shifts in transport patterns.20

On 20 March the winds shifted to northerly and a rainy period began, suppressing the
fires in the region (Fast et al., 2007). This also led to increases in the pollution from the
US and Asia. In the contributions marked “Mex-Anthro” and “Mex-Fires” the dashed
lines show the contribution from the Central Mexico region as opposed to all of Mex-
ico and Central America indicated by the colored area. It is clear the Mexico City fire25

contribution became a much smaller fraction of the Mexico and Central America fires
after 20 March, but fires from outside Central Mexico (e.g., the Yucatan) had a consid-
erable influence on the region. Similar features are seen in the 0–2-km average, but
with greater variability in the direct source contributions, as well as the NMHC oxidation
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contribution resulting from the urban and fire emissions. Around 10 March the contri-
bution from fires in Central Mexico is about 12% of total CO, but drops to less than 5%
after 20 March.

Several other studies have analyzed the MILAGRO observations to estimate
the contribution of fires to the atmospheric composition around Mexico City.5

Yokelson et al. (2007) estimate 15% or 25%, depending on the type of analysis, of
the CO emitted from the Mexico City area is from fires. Crounse et al. (2009) estimate
that one third of the CO is from fires over the larger scale, with a smaller contribu-
tion directly over Mexico City. The fraction of organic aerosol (OA) due to fires inside
Mexico City is 15–20 % (Stone et al., 2008; Querol et al., 2008; Aiken et al., 2009b,a).10

Both CO and OA have a substantially lower impact on the ground compared to aloft
(DeCarlo et al., 2008; Crounse et al., 2009). Karl et al. (2009) estimate 0–10% of the
observed aromatic compound concentrations are from biomass burning. The fraction
of fire emissions in the inventory used here (see Table 1) varies greatly among species,
depending both on the fire emissions factors and on the magnitude of anthropogenic15

and natural emissions in this region. The fractions in the inventory calculated here are
generally in the range of the observations-derived conclusions.

5 Age of Mexico City pollution

An estimate of the age of an observed airmass is needed to relate it to source emis-
sions and understand its chemical processing. Of particular interest for MILAGRO is20

quantifying Mexico City emissions based on observations of air transported from the
city. In most cases the photochemical age is of primary interest and can be estimated
from the oxidation of NOx to NOy (Kleinman et al., 2008) or the ratio of hydrocarbons
with different lifetimes, e.g., toluene/benzene (e.g., Warneke et al., 2007; Apel et al.,
2009). The physical age of the airmass can be estimated from MOZART-4 results by25

tagging the CO emissions in and around Mexico City for each day. These tags have
been used to assist in the interpretation of data sampled by the C-130 flight on 8 March
2006 (DeCarlo et al., 2008).
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A particularly strong outflow event from Mexico City occurred on 19 March, producing
a clear plume of pollution to the northeast of Mexico City that was sampled by the C-130
aircraft and reproduced well by MOZART-4. The top panel of Fig. 7 shows the mean
age of Mexico City pollution in this plume at the 620 hPa pressure level (≈4 km a.s.l.).
A large region directly over Mexico City and stretching to the northeast is less than5

a day old. The plume has a mean age of 1–2 days along the Gulf coast of Northern
Mexico and Southern Texas, and then 2–3 days as it reaches Louisiana. A large region
over the Gulf of Mexico, north of the Yucatan peninsula, contains 3-day-old Mexico City
pollution that has circulated back southward. The long ages shown over the western
part of Mexico show the pollution does not frequently get transported to that region.10

The bottom panel of Fig. 7 shows the age spectrum along the plume (along the black
dashed line plotted in the top panel). The spectrum is shown by plotting the relative
fraction of the CO tags emitted for the previous 10 days. The age spectrum plot starts
on the southwest edge of the city, with a mean age of about 4 days. While the majority
of the air is from fresh emissions, a small fraction of older air increases the mean age15

substantially. For the region near the city with a mean age less than 1 day, the majority
of the CO was emitted within 1 day. However, at higher latitudes where 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 an airmass
may not be a useful parameter for the interpretation of its composition and thus the20

entire distribution should be considered for this purpose.
While estimation of the photochemical age using the ratio NOx/NOy is appropriate

in some cases, it can also be difficult to interpret. Among the complications is the
decomposition of components of NOy, in particular PAN, back to NOx, which result in an
apparent “rejuvenation” of the NOy in the airmass. Another major component of NOy,25

HNO3, can be lost during transport due to washout, or to the uptake on dust (Querol
et al., 2008; Zheng et al., 2008). In order to compare physical and photochemical
ages, MOZART-4 results of NOx and NOy for the 19 March plume have been used to
calculate the photochemical age, –ln(NOx/NOy). These results are shown in Fig. 8,
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with the NOy distribution (top panel) clearly indicating strong outflow from Mexico City
along the Northern Mexico and Texas Gulf coast. The NOx/NOy ratio, however, does
not show quite as clear a picture as the tagged CO. Values are plotted only for NOy
mixing ratios above 0.5 ppbv (indicated by the white dashed line in the top panel).
The fresh emissions over Mexico City are apparent with –ln(NOx/NOy) values of less5

than 1. However, there is also a large region in Central Mexico (NW of Mexico City)
with photochemical age of 1–1.5 that corresponds to relatively low NOy mixing ratios
and 5–6 day physical ages (in Fig. 7). This region of low photochemical ages could
be a result of relatively fresh emissions from sources outside Mexico City, but is more
likely a result of loss of NOy due to washout or uptake on dust in fairly aged air.10

6 Evaluation of ozone production

The ozone net production (production minus loss) rates from MOZART-4 are compared
to box model calculations constrained by observations in Fig. 9. Results from the “con-
strained” version of the NASA Langley photochemical box model have been used for
the comparisons here, where the calculations have been constrained to the aircraft15

observations of CO, NO, O3, H2O, H2O2, CH3OOH, HNO3 and PAN, in addition to
NMHCs, acetone, MEK, methanol and ethanol (Olson et al., 2006). Both the instanta-
neous and diurnal average ozone production rates are shown, binned by altitude. The
MOZART-4 ozone production rates have been interpolated to the DC-8 and C-130 flight
tracks, and then binned by altitude. The MOZART-4 results are interpolated from 3-h20

average output. However, the MOZART-4 results are generally at or below the diurnal
average production rates. The coarse resolution of the model, resulting in lower peak
values of NOx and VOC concentrations than observed, is likely one of the primary rea-
sons for the underestimate of ozone production. Better agreement is seen for the DC-8
flights than the C-130, indicative that MOZART-4 reproduces the free troposphere well,25

where the majority of the DC-8 flights sampled and where the spatial gradients in NOx
and VOCs change much more slowly. The C-130 flights sampled the city air and urban
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outflow with much greater frequency, a region where MOZART-4 had greater difficulty
capturing the high concentrations.

The ozone production efficiency (OPE) of NOx is defined as the total odd oxygen
Ox (O3+NO2) produced per NOx oxidized. It is typically inferred from the the corre-
lation between Ox and NOz (NOy–NOx). The OPE has been determined for several5

MILAGRO data sets (Shon et al., 2008; Wood et al., 2009; Nunnermacker et al., 2008).
Analysis of the C-130 measurements by Shon et al. (2008) showed low OPE (4–5) for
airmasses with fresh emissions from biomass burning and urban sources, while higher
efficiencies (6–9) were seen in the free troposphere. Similar values were deduced from
the DOE G-1 aircraft observations (Nunnermacker et al., 2008). As shown in Sect. 5,10

the Mexico City region can be a complex mixture of airmasses with different photo-
chemical ages and histories. This can make interpretation of the OPE difficult (Wood
et al., 2009; Liang and Jacobson, 2000). However, as one measure of the model per-
formance we compare the ozone production efficiency determined from MOZART-4
results with that from the aircraft observations.15

Figure 10 shows this correlation for the C-130 observations and the MOZART-4 re-
sults interpolated to the C-130 flight tracks. Only the flights that included simultaneous
measurements of O3, NOx and NOy are used, and only points where NOy is between
2 and 6 ppbv are used, so as to filter out fresh plumes and very aged air, and keep
only moderately fresh airmasses. The OPE (∆[Ox]/∆[NOz]) inferred from the C-13020

measurements is 5.9±0.3, while for MOZART-4 it is 9.1±0.3. These plots show consid-
erable scatter, but the degree of scatter is comparable for both the aircraft observations
and the model, i.e., in both cases there is a range of about 20 ppbv in Ox for a given
value of NOz. It is not surprising that the MOZART-4 OPE is slightly higher, as the
large model grid will dilute urban emissions towards a regime where ozone production25

is larger (e.g., Shon et al., 2008).
Another key component of predicting ozone is the concentration of VOCs, and one

way to evaluate that is through the comparison of OH reactivity determined from ob-
servations with that from the model. OH reactivity can be calculated by summing, over
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each VOC species, the product of its concentration by its rate constant with OH. Fig-
ure 11 compares the OH reactivity calculated from the C-130 observations with the
MOZART-4 results along the flight tracks. The OH reactivity has been summed for all
NMHCs and OVOCs separately and then binned by distance from Mexico City. The to-
tal MOZART-4 OH reactivity somewhat overestimates the observed reactivity and has5

a slightly higher NMHC contribution, which is consistent with the over-estimate of the
lumped alkane BIGALK shown in Fig. 2. Both the observations and MOZART-4 results
show that OVOCs are an increasingly important contribution to the OH reactivity down-
wind of Mexico City and therefore a source for maintaining ozone production away from
the emissions sources, as discussed in greater detail in Apel et al. (2009).10

7 Ozone produced from Mexico City

The impact of Mexico City emissions is clearly evident in the monthly average of pre-
dicted tropospheric ozone shown in Fig. 12 (top panel). As was seen in the CO distri-
butions (Fig. 4), 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 pro-15

duced from emissions in and around Mexico City can be quantified by “tagging” the NO
emissions, as described by Lamarque et al. (2005) and Pfister et al. (2006, 2008b). The
tagged NO (from the emissions shown in Fig. 5, top right panel) is traced through all
the odd nitrogen species (e.g., PAN, HNO3, organic nitrates) to account for recycling of
NOx. The photolysis of NO2 produces the tagged O3, which is destroyed at the same20

rate as the full ozone. This tagging technique is additive: if each NOx source is tagged
separately, the sum of the resulting tagged O3 is equal (within a few percent) to the
tagged O3 from the total NOx emissions.

The bottom panel of Fig. 12 shows the monthly tropospheric column average of
ozone produced from Mexico City region emissions. Directly over Mexico City, the25

average column is over 25 ppbv, almost half of the total ozone at that point (about
55 ppbv). However, the influence of Mexico City is quickly diluted as air gets transported
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primarily in the southwesterly and northeasterly direction. At the Texas-Mexico border,
Mexico City ozone is less than 7 ppbv, or about 15% of the total ozone.

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 spatial scales (Yokelson et al., 2007; Crounse et al., 2009; Karl et al., 2009).5

Based on the CO emissions inventories and model CO tags shown in Fig. 5, fires
do not seem to be a dominant contribution to the CO distributions and the fractional
contribution of the fires to NOx is smaller than for CO. To quantify the impact of fires
on the ozone distributions, the NO emissions from fires in the Mexico City metropolitan
area have been tagged, and the results are shown in the right panels of Fig. 13, with the10

ozone from all Central Mexico sources in the left panels. On 20 March there was a shift
in the weather patterns and a rainy period significantly reduced the fire activity around
the city (Fast et al., 2007). Therefore, these two time periods have been averaged
separately, shown in the top and bottom panels of Fig. 13, and clearly show lower
ozone amounts during the second period. Before 20 March, the contribution of ozone15

from fires was 3–7 ppbv over a large region of Central Mexico, but was substantially
reduced for the last 10 days of March, to 1–3 ppbv.

8 Conclusions

MOZART-4 has been run at relatively high horizontal resolution (70 km) and has been
shown to reproduce well many of the observations during the MILAGRO experiments20

in Mexico during March 2006. Many of the discrepancies are likely due to errors in the
emissions inventories, such as discrepancies in the speciation of VOCs, and the over-
estimation of black carbon from fires. The coarse horizontal resolution of the model
compared to the small scale of the pollution and fire sources also contributes to model
errors. The contribution of Mexico City pollution to the regional atmospheric compo-25

sition was estimated for CO using tagged CO tracers. By tagging CO emissions in
Mexico City for each day, a physical age of air, as well as the age spectrum, can be
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determined for any point in the region of Mexico. The age spectra show that the atmo-
spheric composition around Mexico City is generally composed of air with a range of
ages. Even in the strong plume of Mexico City pollution carried towards Texas on
19 March, a significant fraction of air older than 2 days was present in the plume.
The ozone production rate in MOZART-4 shows generally good agreement with box5

model simulations that have been constrained by the aircraft observations. However,
the ozone production efficiency (correlation between Ox and NOz) determined from
MOZART-4 results is considerably higher than that inferred from observations, proba-
bly due primarily to the coarse model resolution diluting the NOx concentrations. OH
reactivity calculated from the MOZART-4 results somewhat overestimates the NMHC10

reactivity, but shows the same increasing importance of OVOCs downwind from the
city, as shown by the observations.

By keeping track of the ozone produced from the NO emissions in the Central Mexico
region, the contribution of Mexico City pollution on the regional tropospheric ozone col-
umn has been estimated. Directly over the city the contribution is about half, but drops15

quickly away from the city as the pollution is diluted by the clean tropical airmasses
from the southwest of Mexico. The ozone produced by fires in the Central Mexico is
found to be a small contribution to the regional ozone.
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Table 1. Emissions in Central Mexico (18–23◦ N, 255–264◦ E) for March 2006, and fraction of
emissions from open fires, from the emissions inventories used in this study (see Sect. 2.1).

Species Emissions Fire fraction
(Gg) (%)

NO 53.9 16
CO 640.7 39
C2H6 8.7 19
C3H8 16.4 3
C2H4 6.3 50
C3H6 3.0 48
Lumped alkane (BIGALK) 138.0 1
Lumped alkene (BIGENE) 8.2 18
Lumped aromatic (TOLUENE) 30.7 10
Isoprene (ISOP) 194.3 0
Terpenes (C10H16) 13.7 0
CH2O 4.3 78
CH3CHO 5.9 64
CH3COCH3 5.6 77
MEK 4.0 86
CH3OH 38.9 82
C2H5OH 2.6 11
SO2 137.2 2
DMS 0.3 0
NH3 60.7 4
Black carbon (BC) 3.8 40
Organic carbon (OC) 40.8 53
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Table 2. Measurements used in model evaluation.

Parameter Instrument name, technique PI, reference

C-130
O3 NCAR-NOxyO3, chemiluminescence Weinheimer (Walega et al., 1991)
NO, NO2, NOy NCAR-NOxyO3, chemiluminescence Weinheimer (Walega et al., 1991)
CO NCAR, vacuum UV resonance fluorescence Campos (Gerbig et al., 1999)
SO2 NOAA, pulsed UV fluorescence Holloway
CH2O NCAR DFG-TDL Fried, Weibring
OVOCs TOGA / Fast GC-MS Apel (Apel et al., 2009)
aerosol composition high-resolution AMS Jimenez (DeCarlo et al., 2006, 2008)
soot SP-2, single particle soot photometer Kok

DC-8
O3 NASA Langley FASTOZ, chemiluminescence Avery
CO DACOM, TDL Sachse (Sachse et al., 1987),
OH, HO2 ATHOS Brune
NMHCs UCI canister samples, GC-MS Blake
H2O2, CH3OOH URI, HPLC Heikes
photolysis rates Scanning Actinic Flux Spectroradiometer (SAFS) Shetter, Hall (Shetter and Müller, 1999)

TOGA: Trace Organic Gas Analyzer; OVOCS: (methanol, acetaldehyde and acetone) aerosol
comp. (submicron): sulfate, nitrate, chloride, ammonium, organic aerosol.
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Fig. 1. Comparison of MOZART results to C-130 observations. Model 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.
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Fig. 2. Comparison of MOZART results to DC-8 observations, as Fig. 1.
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Fig. 3. Correlations between VOCs and CO for MOZART 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.
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Middle and bottom rows: fraction of tagged CO to total CO averaged over the tropospheric
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Fig. 6. Contributions of source regions to CO over Central Mexico region, 1–31 March 2006,
for average columns, top: below 6 km a.s.l., bottom: below 2 km above the surface. Black line:
total CO; light blue region is total chemical production, with dashed line separating methane
and non-methane hydrocarbon oxidation terms; orange and red regions show contribution from
anthropogenic and fire emissions, respectively, for all of Mexico and Central America, with
dashed lines showing contribution from just Central Mexico. Difference between total CO and
sum of tags is due to natural CO emissions from vegetation and the ocean.
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Fig. 7. Mean age (top) and age spectrum (bottom) of CO emitted from Mexico City on 19 March
at 620 hPa (4 km), derived from the MOZART-4 tagged CO for each day. Bottom panel shows
the contributions of each day’s Mexico City CO emissions along the dashed line in top panel,
with the mean age plotted as the white line against the right axis. Asterisk indicates location of
Mexico City.
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on 19 March at 620 hPa (4 km). Asterisk indicates location of Mexico City. Dashed line from
Fig. 7 included for reference in bottom panel.
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Fig. 9. Comparison of ozone net production rates from MOZART and the NASA box model,
binned by altitude, for the (a) DC-8 flights and (b) C-130 flights.
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Fig. 10. Ozone production efficiency, Ox (O3+NO2) vs. NOz (NOy−NOx) from C-130 measure-
ments and MOZART results, with points colored by NOy. The slope and its uncertainty from
the linear regression of Ox to NOz is given.
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Fig. 11. OH reactivity calculated separately for NMHCs and OVOCs from observations and
MOZART results along the C-130 flight tracks and binned by distance from Mexico City.
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Fig. 12. Tropospheric column (surface to 6 km a.s.l.) of total ozone (top) and ozone produced
from the Central Mexico region emissions (bottom), averaged over March 2006. The dashed
box shows the region of tagged emissions shown in Fig. 4.
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Fig. 13. 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.
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