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Abstract

Exploratory field measurements in the Mexico City Metropolitan Area (MCMA) in Febru-

ary 2002 set the stage for a major air quality field measurement campaign in the spring

of 2003 (MCMA-2003). Involving over 100 scientists from more than 30 institutions in

Mexico, the United States and Europe, MCMA-2003 revealed important new insights5

into the meteorology, primary pollutant emissions, ambient secondary pollutant precur-

sor concentrations, photochemical oxidant production and secondary aerosol particle

formation in North America’s most populated and polluted megacity. A description of

meteorological and atmospheric chemistry and aerosol microphysics measurements

performed during MCMA-2003 is presented. More than three dozen published or sub-10

mitted MCMA-2003 research papers are reviewed and key discoveries pertinent to

understanding and improving air quality in Mexico City and similar megacities in the

developing world are summarized.

1 Introduction

1.1 Air pollution in megacities15

Degraded air quality in an increasingly urbanized world directly threatens the health of

a large fraction of the world’s population, impacts the viability of important natural and

agricultural ecosystems in regions surrounding highly urbanized areas, and contributes

significantly to regional and global climate change. This challenge is particularly acute

in the developing world where the rapid growth of megacities is producing atmospheric20

pollution of unprecedented severity and extent. There is growing recognition that air-

borne emissions from major urban and industrial areas influence both air quality and

climate change on scales ranging from regional up to continental and global (Decker

et al., 2000; Mayer et al., 2000; Molina and Molina, 2004; Molina et al., 2004).

Urban/industrial emissions from the developed world, and increasingly from the25
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megacities (urban centers with population over 10 millions) of the developing world,

change the chemical content of the downwind troposphere in a number of fundamen-

tal ways (Molina et al., 2004). Emissions of nitrogen oxides (NOx), CO and volatile

organic compounds (VOCs) drive the formation of photochemical smog and its as-

sociated oxidants, degrading air quality and threatening both human and ecosystem5

health. On a larger scale, these same emissions drive the production of ozone (a

powerful greenhouse gas) in the free troposphere, contributing significantly to global

warming. Urban and industrial areas are also major sources of the major directly forc-

ing greenhouse gases, including CO2, CH4, N2O and halocarbons. Nitrogen oxide and

sulfur oxide emissions are processed to strong acids by atmospheric photochemistry10

on regional to continental scales, driving acid deposition to sensitive ecosystems. Di-

rect urban/industrial emissions of carbonaceous aerosol particles are compounded by

the emission of high levels of secondary aerosol precursors, including: NOx, VOCs,

SO2, and NH3, resulting in the production of copious amounts of fine aerosol, affecting

air quality in the urban source areas, the local radiation balance, and cloud formation15

hundreds to thousands of kilometers downwind.

Recently, a benchmark study of air quality in the Mexico City Metropolitan Area

(MCMA), a rapidly growing megacity with a current population of approximately 20

million, was undertaken by a team of U.S., European and Mexican scientists and engi-

neers under the leadership of L. T. Molina and M. J. Molina. The Mexico City Project,20

focused on North America’s most populous urban area, was planned as a case study

of the Integrated Program on Urban, Regional and Global Air Pollution – a collaborative

research and education program initiated at the Massachusetts Institute of Technology

(MIT) by L. T. Molina and M. J. Molina in 1999 to address the air pollution problems

of megacities in a coordinated and interdisciplinary manner. The Mexico City Project25

included active collaboration with Mexican government officials and decision makers.

Although the initial focus of the Integrated Program was on the MCMA, its goal was

to develop method of integrated assessment applicable to other large urban centers

throughout the world (Molina and Molina, 2002).
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1.2 Air quality in the Mexico city metropolitan area

Mexico City exhibits the types of environmental problems experienced by megacities

around the world and faces the common obstacles to solving them. Air pollution in

megacities is strongly influenced by many factors, including topography, meteorology,

industrial growth, transportation needs, and expanding populations. The Mexico City5

Metropolitan Area (19
◦

25
′

N Latitude and 99
◦

10
′

W Longitude) lies in an elevated basin

at an altitude of 2240 m above mean sea level. The nearly flat floor of the basin covers

about 5000 km
2

of the Mexican Plateau and is confined on three sides (east, south and

west) by mountain ridges but with a broad opening to the north and a narrower gap to

the south-southeast. A topographical map of the MCMA is shown in Fig. 1.10

During the twentieth century the MCMA experienced huge increases in population

and urbanized area as it attracted migrants from other parts of the country and indus-

trialization stimulated economic growth. The population grew from fewer than 3 million

in 1950 to over 18 million in 2000. New residents continually occupied and urbanized

areas further away from the historic center of the Federal District. In just over a half15

century, urbanized area within the MCMA increased more than a factor of ten, from just

120 km
2

in 1940 to 1500 km
2

by 1995. This expansion pushed the city beyond the Fed-

eral District and into other municipalities of the State of Mexico and other neighboring

states. Currently, MCMA encompasses the 16 delegations of the Federal District, 37

municipalities of the State of Mexico and 1 municipality of the State of Hidalgo (Lezama20

et al., 2002).

The topography and meteorology of the MCMA contribute substantially to its air pol-

lution. The surrounding mountains, together with frequent thermal inversions, tem-

porarily trap pollutants within the MCMA basin. The city’s high elevation and relatively

low latitude lead to intense sunlight, promoting photochemical processes that drive the25

formation of ozone and other oxidants. In this geographical setting, the metropolitan

area’s almost 20 million residents, over 3.5 million vehicles, and over 40 000 indus-

tries consume more than 40 million liters of petroleum fuels per day. Stationary and
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mobile fossil fuel combustion sources produce thousands of tons of directly emitted

pollutants that react in the atmosphere to generate secondary pollutants that can be

more dangerous to health than the primary pollutants. Air pollution is generally worst in

the winter, when rain is less common and thermal inversions are more frequent (Molina

and Molina, 2002).5

Both the Mexican government and citizens have recognized air pollution as a major

social concern since the mid-1980s. During the past decade, the Mexican government

has made tremendous progress in improving air quality. Substantial reductions in the

concentrations of some criteria pollutants (such as lead, carbon monoxide and sul-

fur dioxide) were achieved by developing and implementing comprehensive air quality10

management programs and improving air quality monitoring and evaluation programs

(Molina and Molina, 2002).

Despite these important gains, serious air pollution problems still persist. MCMA

residents remain exposed to unhealthy concentrations of air-borne pollutants, espe-

cially particulate matter (PM) and ozone, the two most important pollutants from the15

standpoint of public health.

In 1999, the Metropolitan Environmental Commission (Comisión Ambiental

Metropolitana, CAM) contracted the MIT Mexico City Project to request help in design-

ing a strategic plan for its new ten-year (2000–2010) air quality management program.

Project investigators prepared a series of white papers for CAM, including a review20

of the state of understanding of air pollution science in the MCMA, lessons learned

from air quality management programs to date, and recommendations for research

and institutional change so that cost-effective measures can be efficiently developed

and implemented. The white papers provided the foundation for the strategic planning

for the new ten-year air quality management program prepared by the Mexican author-25

ities (CAM, 2002) and resulted in the publication of a book on integrated assessment

of air quality in the Mexico megacity (Molina and Molina, 2002).

The project’s assessments of previous MCMA air quality measurements as well as

ongoing attempts to model photochemical episodes captured in prior measurement
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campaigns highlighted the need for more extensive experimental data from field mea-

surements to update and improve the MCMA emissions inventory and to improve the

current knowledge of the chemistry, dispersion and transport processes of the pollu-

tants emitted to the MCMA atmosphere (Molina et al., 2002).

One key requirement was a better understanding of VOC and NOx emissions inven-5

tories; for instance, available VOC emission inventories had to be increased by a factor

of 2 to 3 in state-of-the–art photochemical models in order to obtain daily ozone peaks

as high as those recorded during the 1997 IMADA-AVER (Investigación sobre Materia

Particulada y Deterioro Atmosférico, Aerosol and Visibility Evaluation Research) field

campaign (Doran et el., 1998; Edgerton et al., 1999; Molina et al., 2002). MCMA mo-10

bile source emissions are suspect given the MCMA’s wide range of heavy and light

duty vehicles and extremely congested traffic (Gakenheimer et al., 2002). A second

key requirement was to better characterize both the emission/formation dynamics and

chemical content of fine (PM2.5) aerosol particles, which penetrate the lung most effi-

ciently (Evans et al., 2002; Pope and Dockery, 2006). There has been little available15

data for MCMA PM2.5, but strong evidence of adverse health effects from airborne par-

ticles based on available PM10 data (Evans et al., 2002; Rosas-Perez et al., 2006). A

third measurement goal was to test the accuracy of routine, commercial air quality in-

strumentation such as that deployed at the monitoring sites of the Mexico City Ambient

Air Monitoring Network (Red Automática de Monitoréo Atmosférico, RAMA), which are20

similar to those used by the U.S. Environmental Protection Agency (EPA).

In order to begin to investigate these issues, as well as to determine how well we

could field and utilize research grade atmospheric chemistry instrument suites in the

MCMA environment, innovative exploratory mobile and fixed site field measurements,

funded by CAM, were performed during February 2002. This was followed by the25

intensive MCMA-2003 field measurement campaign in the spring of 2003.

Preliminary results of the MCMA 2002/2003 measurements were presented at a

special session on “Megacity Impacts on Air Quality” at the American Geophysical

Union Fall Meeting held on 13–17 December 2004 in San Francisco, California. Major
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findings from the MCMA-2003 Campaign have been published in a special issue of

Atmospheric Chemistry and Physics (ACP) as well as in other peer-reviewed journals.

Currently 20 papers have been published by ACP, a few more have been accepted

and should be published soon, and several additional papers are under review and

have been published in Atmospheric Chemistry and Physics Discussions (ACPD). In5

addition, 14 papers have been published elsewhere. A complete list is posted at the

website of the Molina Center for Energy and the Environment (MCE2): http://mce2.org/

publications.html.

This overview is divided into the following sections: Scope of the MCMA-2002/2003

Campaigns (Sect. 2); MCMA Meteorology and Dynamics (Sect. 3), MCMA Emissions10

of Gases and Fine PM Pollutants (Sect. 4); Measurements of MCMA Volatile Organic

Compounds (Sect. 5); MCMA Photochemistry (Sect. 6); MCMA Particulate Matter

(Sect. 7); Instrumentation Advances (Sect. 8). A short summary is presented in Sect. 9.

2 MCMA-2002/2003 project scope

2.1 Exploratory MCMA field campaign – February 200215

An exploratory research campaign was conducted during 7–24 February 2002 utiliz-

ing a mobile laboratory developed at Aerodyne Research Inc. (ARI) and equipped

with a real-time trace gas and particle diagnostics as well as other air quality moni-

toring instruments (Kolb et al., 2004). During the exploratory mission, the mobile lab

operated in three modes: (1) stationary deployments at selected RAMA monitoring20

sites were used to measure diurnal pollution levels in various sectors of the MCMA

and to provide high time resolution research instrument data for selected pollutants to

help validate and amplify data from the monitoring instruments; (2) mobile measure-

ments were made through selected city sectors to map ambient pollutant levels and to

sample and characterize mobile and fixed site emission plumes; and (3) dedicated on-25

road chase experiments were mounted to better characterize gaseous and particulate
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emissions from selected classes of vehicles, including heavy-duty diesel trucks, buses,

and colectivos (ubiquitous small gasoline or condensed natural gas (CNG) powered

microbuses).

Washington State University (WSU) collected VOC whole air samples at selected

sampling points within the urban area using portable canister samplers; individual VOC5

was analyzed with capillary column gas chromatography using flame ionization detec-

tion (GC/FID). Four fixed mobile units provided by Mexican institutions were located at

the boundary sites (Chalco, Ajusco, Teotihuacan and Cuautitlan) to measure criteria

pollutants and meteorological parameters. Additional meteorological measurements

were obtained using a tethered balloon and pilot balloons launched by Mexican re-10

searchers and radionsondes deployed by the Mexican National Weather Service (Ser-

vicio Meteorológico Nacional, SMN).

2.2 MCMA-2003 campaign

With the successful completion of the 2002 Exploratory Mission and the financial sup-

port from CAM, the MIT-led experimental team planned an intensive, five-week field15

campaign from 31 March to 4 May 2003. The campaign’s field measurement phase

was designed to cover the height of the annual photochemical pollution season just

prior to the onset of the rainy season and was planned to include measurements taken

before, during, and after Holy Week (14–20 April 2003). During this week vehicular

traffic is historically reduced as many of the residents leave the city for holidays. It20

was anticipated that by taking measurements before, during and after Holy Week, a

better assessment of the vehicular emissions contribution to the air quality reduction

in this megacity could be assessed with regard to oxidant and aerosol levels. Unlike

the February 2002 exploratory field campaign that focused primarily on mobile labora-

tory measurements, the 2003 campaign also involved a highly instrumented “supersite”25

co-located with the campaigns headquarters at the National Center for Environmental

Research and Training (Centro Nacional de Investigación y Capacitación Ambiental

or CENICA), a component of the National Institute of Ecology (Instituto Nacional de
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Ecologı́a or INE).

Based on the Mexico City Project’s original assessment of the MCMA air pollution

problem (Molina and Molina, 2002) and analyses of the February 2002 campaign data,

the multi-national team adopted the following four scientific goals for the MCMA-2003

field campaign:5

Goal 1: Develop an improved temporally (diurnal, weekday/weekend) and spatially

resolved VOC and NOx (NO + NO2) emissions inventory for Mexico. Emphasize un-

derstanding the role of mobile versus stationary sources as well as emission sources

of aldehydes, aromatics, and other organics with high ozone and secondary organic

particulate formation potential.10

Goal 2: Because of its key role in ozone production and direct toxic health threat,

develop a better understanding of formaldehyde (HCHO) urban atmospheric chemistry.

Use vehicle emissions ratios for HCHO/CO2 and diurnal HCHO atmospheric concen-

trations to assess direct emission versus in situ photochemistry source strengths.

Goal 3: Identify major fine airborne aerosol components (sulfate, nitrate, ammonium,15

organics) and correlate aerosol composition patterns with major sources of secondary

aerosol precursor gases such as SO2, NOx, NH3, and selected VOCs.

Goal 4: Develop a better understanding of NOy ambient levels and partitioning dur-

ing photochemical episodes in Mexico City and to better constrain the NOy budget and

identify how critical components evolve during diurnal cycles.20

In order to do the best possible job in reaching these scientific goals, the mobile labo-

ratory and fixed site instrumentation were upgraded for the spring 2003 campaign with

supplemental funds from the US National Science Foundation and Mexican Petroleum

(Petróleos Mexicanos, PEMEX); the participation of European investigators through

the MIT Alliance for Global Sustainability (AGS), as well as participation of many US25

research teams at the supersite supported by other resources.

The fixed “supersite” capability at CENICA was enhanced with state-of-the-art in-

strumentation contributed by the US and European teams. CENICA is housed in a

laboratory building on the Iztapalapa campus of the Metropolitan Autonomous Univer-
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sity (Universidad Autónoma Metropolitana, UAM). CENICA maintains its own suite of

routine (EPA level) air quality monitoring instruments for criteria pollutants and also

has an automated sampling system for GC/FID analysis of VOCs. In addition, the au-

tomatic monitoring network RAMA maintains two nearby official air quality monitoring

sites.5

During the MCMA-2003 campaign, a tall flux tower was erected on the roof top of

CENICA for continuous micrometeorological flux measurements of carbon dioxide, wa-

ter vapor, total olefins and selected VOCs. The CENICA site also hosted collaborative

measurements from various US and European institutions, including (i) HOx concentra-

tions and OH reactivity measurements from Penn State; (ii) a GC-based peroxyacetyl10

nitrate (PAN) instrument, an open-path near infrared ammonia vapor instrument, a

Luminol chemiluminescent instrument for semi-continuous olefin measurements, and

aethalometer for black carbon determinations from the Argonne National Laboratory

(ANL); (iii) nitro-PAH measurements from University of California, Riverside; (iv) an

aerosol mass spectrometer (AMS) from University of Colorado; (v) a proton transfer15

reaction mass spectrometer (PTR-MS) and several radiometers and particle sampler

from Pacific Northwest National Laboratory (PNNL); (vi) two research lidars from Swiss

Federal Institute of Technology (EPFL) and from MIT/Free University of Berlin (FUB),

and a commercial lidar from Elight; (vii) two research grade visible/near ultraviolet dif-

ferential optical analysis spectroscopy (DOAS) instruments provided by the University20

of Heidelberg and operated by the MIT team; (viii) mini-DOAS and FTIR spectrometers

from Chalmers University of Technology.

A key feature of the spring MCMA-2003 campaign was the deployment of a new

and larger mobile laboratory equipped with additional instruments developed by ARI as

well as contributed by participating collaborators, including a quantum cascade tunable25

infrared laser differential absorption spectrometer (QC-TILDAS) to measure gaseous

ammonia (NH3) from ARI, a commercial total nitrogen oxide (NOy) from MIT; a cus-

tomized GC-instrument to measure PAN from ANL, an aethalometer from Lawrence

Berkeley National Laboratory (LBNL), and a customized impactor to collect fine par-
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ticles for subsequent synchrotron X-ray analysis provided by PNNL. These additional

instruments, coupled with the fast response trace gas and fine particle instrumenta-

tion from the original ARI mobile laboratory, allowed a wide range of experiments to

be pursued during the MCMA-2003 Campaign. When not involved in mobile mapping,

chase or other off site experiments, the mobile laboratory was sited at CENICA and its5

instrument suite contributed to the supersite’s database.

As in the February 2002 campaign, RAMA, CENICA, and the Secretary of Ecology of

the State of Mexico (Secretaŕıa de Ecologı́a, Gobierno del Estado de Mexico, SEGEM)

deployed mobile units containing standard commercial air quality and meteorological

instrumentation at several sites near the edge of the Valley of Mexico to monitor the air10

entering and leaving the valley (See Fig. 1). Meteorological parameters were obtained

from tethered balloons, pilot balloons, radiosondes and sodars deployed by collaborat-

ing Mexican and US teams. IMP participants complemented the measurements with

sampling and chemical characterization of fine particles at three sites using MINIVOLS

and MOUDI devices, as well as total carbonyls and its chemical speciation at several15

sites.

The instrumentation deployed during the campaign is described in more details in

the following sections. A list of key participating institutions and instrumentation is

presented in Table 1; a complete list is available at the MCE2 website (http://www.

mce2.org/).20

3 MCMA meteorology and dynamics

Three questions guided the analysis of the meteorological observations during MCMA-

2003 Campaign

1. What is the nature of the mixed layer?

2. What is the impact of pollutant carry-over from day to day?25
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3. How good is the performance of mesoscale meteorological models?

A combination of operational and intensive observations were used to address these

questions as well as provide wind transport analyses for interpreting MCMA-2003

aerosol and gas phase measurements.

3.1 Observational resources5

The location of MCMA meteorological observation sites is shown in Fig. 1. Surface

meteorological measurements were available from the automatic network of the Mexi-

can National Weather Service (SMN) for 60 stations nationwide, of which 6 were in the

Valley of Mexico basin. Of the 36 RAMA monitoring sites in the basin, 15 have meteoro-

logical stations. The National Autonomous University of Mexico (Universidad Nacional10

Autónoma de México, UNAM) operated 5 stations, plus its high-school network consist-

ing of 18 surface sites (not shown in the map). CENICA obtained measurements at the

campaign supersite as well as at their Revolucion laboratory located at the southwest

part of the city. Together, these stations provided extensive spatial coverage of the

basin, enabling the identification of surface wind circulation features. During the 200315

campaign, mobile units were deployed at four boundary sites: Santa Ana Tlacotenco,

Cerro Catedral, ININ and La Reforma (Hidalgo). These measured meteorological pa-

rameters as well as criteria pollutants, establishing boundary conditions and detecting

the transport of the urban plume out of the basin.

In the vertical, radiosonde observations were available from SMN every 6 h at their20

headquarters in Mexico City and once a day at 12:00 UTC at other locations through-

out the country. Radiosonde data are used to determine the synoptic meteorological

conditions and to initialize the global meteorological models upon which the mesoscale

simulations rely. The profiles every 6 h provided information on the day-to-day variation

of the boundary layer.25

Three tethered balloons were used to characterize the morning mixing layer at the

CENICA supersite (CENICA and EPFL) and at Cuautitlán (MIT/UNAM), providing wind,
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pressure, temperature and humidity measurements up to 1000 m above ground level.

At CENICA these balloons were launched during 5 days of the campaign, with profiles

carried out every 2 h starting at 03:00 a.m. until the early afternoon when the strength

of the winds precluded further soundings. Measurements during the night enabled

the observation of the drainage flows and the nighttime boundary layer as well as5

its morning evolution. A SODAR was deployed in the botanical gardens at UNAM,

measuring three-dimensional winds up to 600 m above ground level in the southern

part of the city.

Pilot balloons were released simultaneously from 3 sites around the basin every 2 h

during the morning and early afternoon. By measuring azimuth and elevation angles10

every 10 s, wind speeds were calculated throughout the height of the boundary layer,

showing spatial variations in the basin’s vertical wind patterns (de Foy et al., 2006c).

LIDARs sited at CENICA measured continuous vertical profiles of ozone and aerosol

backscatter (Frey et al., 2004; Ristori et al., 2004; Simeonov et al., 2004). Their high

spatial and temporal resolution as well as continuous time coverage enabled detailed15

observation of the boundary layer evolution above the supersite. A three axis sonic

anemometer located on the flux tower at CENICA supersite (Velasco et al., 2005a, b)

recorded wind speeds at 10 Hz, providing turbulence measurements, latent heat fluxes

and sensible heat fluxes.

3.2 Meteorological overview20

Several field campaigns have analyzed the complex wind circulation in the Mexico City

basin. In 1991, the Mexico City Air Quality Research Initiative (MARI) measured ver-

tical pollutant distributions due to the interaction of drainage flows and gap flows from

outside the basin (Streit and Guzman, 1996). In 1997, the IMADA-AVER Boundary

Layer Experiment found short residence times in the basin with rapid ventilation and25

recirculation aloft due to vertical wind shear (Fast and Zhong, 1998). Subsequent mod-

eling studies have focused on the horizontal wind convergence zone and its impact on

air pollution (Jazcilevich et al., 2005).
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The MCMA-2003 field campaign was scheduled near the end of the dry season when

there is intense solar radiation but limited convective activity. Cold fronts moving into

the tropics during the cold season lead to strong cold northerly winds along the coast

of the Gulf of Mexico known as cold surges or “El Norte.” These bring moisture and

rainfall to the Mexican plateau. A strong cold surge occurred just before the campaign5

and two more followed during the campaign. This led to a more humid month than

usual. In particular, the rain from the first cold surge led to a reduction in biomass

burning in the region that increased again as the campaign progressed. Of the 34

days in the campaign, 10 were classified as “Cold Surge.”

There were two episodes featuring an anti-cyclone over the eastern Pacific leading10

to weak northerly winds aloft of the MCMA. Thermally driven circulations develop under

these conditions with strong sea breezes from both coasts interacting with the mountain

breezes in the Mexico City basin. The resulting wind pattern has a northerly flow during

the early morning and afternoon followed by a low level gap flow from the southeast;

this forms a convergence zone that moves northward into the early evening. High15

ozone levels in the south of the city are associated with these events. The two episodes

lasted for a total of 7 days and were classified as “O3-South.”

The rest of the MCMA-2003 Campaign was characterized by low-pressure systems

moving over the US but little activity over Mexico. Stronger westerly winds aloft due to

the sub-tropical jet had a southerly component above Mexico City. As the mixing height20

grew during the day, down mixing of momentum led to a reinforcement of the low-level

gap flow and to southwesterly flow over the basin rim. A north-south convergence

line formed with pollutant transport in the afternoon to the northeast. Because the

convergence line moved little during the afternoon, these days experienced the highest

ozone levels of the campaign with peak concentrations in the north of the city. Two25

major episodes and three short transition periods featuring these conditions covered

17 days, which were classified as “O3-North”.

The days classified in the three episode types, Cold Surge, O3-South and O3-North,

experienced broadly similar wind patterns, cloud cover and pollutant levels (de Foy
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et al., 2005). Conceptual wind circulation patterns for each episode are shown in

Fig. 2. Averaging according to episode type produced meaningful diurnal patterns

constructed from time series meteorological and pollutant data collected during the

campaign. For example, plotting the range and inter-quartile range of diurnal profiles

of ozone classified by episode type shows distinct afternoon behavior with little overlap5

between the episode types.

The nature of the mixed layer in the basin is strongly influenced by its high eleva-

tion, intense heating and low moisture content, as well as the physical barrier of the

surrounding mountains. Mixed layer heights diagnosed from radiosonde observations

during the campaign ranged from 3 to 4 km above ground level. LIDAR measurements10

revealed fluctuations on short time scales in the layer height due to horizontal varia-

tions in wind currents. At night, a small residual layer was sometimes observed aloft.

At the surface, a persistent layer of mechanical mixing reaching up to 500 m was fre-

quently seen. Rapid and thorough mixing during the day gave way to decoupling in the

late afternoon with a residual ozone layer aloft in the early evening (Frey et al., 2004;15

Ristori et al., 2004).

3.3 Meteorological modeling studies

Meteorological mesoscale model simulations and evaluations are inherently uncertain

for complex terrain cases with weak synoptic forcing. Furthermore, Mexico City has

an urban heat island with potential impacts on the wind circulation (Jauregui, 1997;20

Jazcilevich et al., 2002). Land surface properties derived from satellite remote sensing

using the MODIS instrument were used to improve the representation of surface heat

fluxes in MM5 (de Foy et al., 2006b). This led to improved temperature, humidity and

wind simulations on the fine scale (3 km) simulations. The nighttime urban heat island

was clearly seen from the MODIS data. The refinements of the land surface in the25

model are a necessary first step to using and evaluating more sophisticated urban

modules within mesoscale models.

Modeling studies of the gap flow confirmed the influence it has on basin cooling,
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leading to a sharp drop in the mixed layer height near sunset (Doran and Zhong, 2000).

While similar measurements were not available, the simulated heat balance across the

southern basin rim varied little, and the wind direction aloft was found to be the main

predictor of the variations in gap flow for O3-South episodes with no clear predictor for

the other episodes that could be determined from available data (de Foy et al., 2006a).5

Pollutant carry-over from day to day is an important factor in urban air pollution and

computational assessments can lead to important insights. Pilot balloon measure-

ments were used to validate a Lagrangian trajectory model (de Foy et al., 2006c).

Numerical estimates of the residence time of air parcels in the basin suggested rapid

pollutant export from the basin and limited recirculation fractions that vary by episode10

type. Patterns of pollutant export to the regional environment also varied by episode

type and some larger scale recirculation was found for O3-South days.

Dispersion modeling of carbon monoxide was used in combination with total CO

column measurements to suggest that vertical diffusion schemes must be carefully

selected before recommending adjustments to the emission inventory (de Foy et al.,15

2007). Lagrangian trajectories were able to reconstruct emissions of CO and distin-

guish between the impacts of large SO2 point sources (de Foy et al., 2007), thereby

providing further validation of the trajectory quality.

4 MCMA emissions of gaseous and fine PM pollutants

Characterizing and quantifying the emissions of both gaseous pollutants and primary20

PM is a difficult task in any major urban area, but it presents a particularly daunting task

in a rapidly developing megacity like the MCMA. As mentioned in Sect. 1.2, Mexico City

is characterized by an expanding population and rapidly changing economic and social

conditions; changes that impact both the quantity and speciation of gaseous and PM

emissions, making the development of accurate emissions inventories a fast moving25

target (Molina and Molina, 2002).
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4.1 MCMA emissions inventories

Further challenges arise from the fact that the development of traditional “bottoms up”

emission inventories is a relatively new activity in Mexico. While the first estimates of

pollutant emissions in MCMA were made in the 1970s, initial efforts were hampered

by a lack of actual emissions measurements and addressed a very limited number of5

species. The first systematic emissions inventory (EI) attempted was published in 1988

for use in the MCMA’s inaugural air quality assessment, the Integrated Program for At-

mospheric Pollution Control (Programa Integral Contra la Contaminación Atmosférica,

PICCA). Starting in 1994 the Environment Secretary of the Federal District Govern-

ment (Secretaria de Medio Ambiente, Gobierno de Distrito Federal, SMA-GDF) has10

published biennial MCMA EI’s. However, from the first systematically released 1994

EI up to the most recently published 2004 EI (CAM, 2006), emission estimates were

based on the use of measured and/or modeled emission factors, which were either

locally measured or adapted from other locations. Substantial efforts have been made

to increase the use of local measurements of emission factors in the most recent pub-15

lished EIs. When model estimates of emission factors were made, the models were

adjusted to local conditions whenever possible. Despite these efforts, important emis-

sion estimates from various emission sources relied upon non-local emission factors

that were not necessarily appropriate for the MCMA’s unique combination of meteo-

rology, topography, altitude, and social practices (Molina and Molina, 2002). Efforts to20

develop the first comprehensive national emissions inventory (for the year 1999) for

Mexico was started by INE in 2000 (NARSTO, 2005); it was released in September

2006 (INE-SEMARNAT, 2006).

Prior to 2002, MCMA ambient and direct emissions measurements clearly indicated

that leaks from the city’s liquefied petroleum gas (LPG) system, the main fuel for MCMA25

cooking and water heating, and on-road motor vehicle emissions, from more than 3.5

million vehicles with an average age of ∼9 years, produced large amounts of pho-

tochemically active species. LPG leakage was shown to produce high ambient con-
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centrations of propane, butanes and other low molecular weight alkanes and alkenes

(Blake and Rowland, 1995; Arriaga et al., 1997), while motor vehicle emissions were

responsible for substantial levels of NOx, CO, and a number of highly reactive aromatic

and olefinic VOCs (Bishop et al., 1997; Mugica, et al., 1998, 2003; Schifter et al., 2003).

Schifter et al. (2005) recently published retrospective fuel-based motor vehicle emis-5

sions inventory estimates for 1980-2000 based primarily on the prior remote sensing

vehicle measurements noted above. Additional work on restaurant and roadside food

vendor cooking emissions (Mugica et al., 2001); VOC receptor modeling (Vega et al.,

2000), and fugitive dust emissions (Vega et al., 2001) provided valuable insights about

other important pollution sources. Estimating emissions from more than 40 000 MCMA10

industrial sites, many of them relatively small, is particularly challenging.
1

Both analyses of ambient CO and VOC measurements (Arriaga-Colina et al., 2004)

and photochemical model comparisons with measured ozone and nitrogen oxide lev-

els (West et al., 2004) cast serious doubt on the accuracy of EI evaluations available

before 2003. Estimates of normal (non-fire) biogenic NO and VOC emissions indicate15

that they are a very small fraction of total MCMA emissions (Velasco, 2003). Given the

uncertainties of MCMA EIs available in 2002/2003 and the clear need to better char-

acterize the emissions of gaseous and PM species from anthropogenic sources that

contribute to the high levels of photochemical oxidants and fine PM levels observed

in the MCMA, several ambient measurement methods to better assess the emissions20

of VOCs, NOx, NH3, and primary fine particles were developed and deployed during

MCMA 2002/2003.

1
According to the 2004 Emissions Inventory (CAM, 2006): There are about 42 000 micro-

industries, 4200 small and medium size industries and 460 large industries. The point sources

emissions estimates in the 2004 EI were constructed with information from about 4900 indus-

tries.
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4.2 Mobile emissions measurements

One major emissions measurement facility, fielded by ARI in both the MCMA-2002

exploratory campaign and during MCMA-2003, was a van borne mobile laboratory

equipped with a unique set of real-time trace gas and fine PM instruments to better

characterize on-road vehicle emissions as well as to identify and characterize point5

and area source emissions plumes (Kolb et al., 2004; Herndon et al., 2005). Emission

indices (g pollutant/kg fuel burned) can be computed from fast response (1–2 s) cor-

relations of excess (above background) exhaust plume trace gas or PM components

to excess plume CO2, using tunable infrared laser differential absorption spectroscopy

(TILDAS), PTR-MS, or chemiluminescence measurements (CL) for gaseous species,10

while aerosol mass spectrometry (AMS) provides fast response non-refractory fine par-

ticle composition measurements. Emissions from specific types of vehicles can be

characterized in “chase” mode where the target vehicles’ exhaust plumes are repeat-

edly sampled as their driving mode changes; while “fleet average” emission indices

can be acquired by randomly sampling plumes from many vehicles as they pass the15

mobile laboratory traveling in either direction. Somewhat less reliable fleet average

emissions can be obtained using slower response (5–30 s) instruments to correlate

on-road pollutant levels with appropriately averaged intervals of excess CO2.

The MCMA-2003 measurements represent the first use of a PTR-MS to inves-

tigate on-road vehicle VOC emissions. Details of the on-road PTR-MS measure-20

ment technique have been presented by Rogers et al. (2006). Zavala et al. (2006)

present MCMA 2002/2003 on-road exhaust emission ratios (excess plume pollutant

ppbv/excess plume CO2 ppmv) for NO, NO2, NH3, HCHO, CH3CHO, C6H6, CH3C6H5,

MBTE + butenes, C2-benzenes and C3-benzenes for various classes of both gasoline

and diesel fueled vehicles. These ratios can be used to compute fuel based emis-25

sion indices and combined with MCMA fleet composition and fuel usage to estimate

total annual emissions. The annual vehicle NOx emissions estimated by Zavala et

al. (2006) agrees well with the 2002 EI NOx attributed to mobile sources (CAM, 2004)
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and the fuel based EI based on 2002 remote sensing studies analyzed by Schifter et

al. (2005). Jiang et al. (2005) analyzed mobile laboratory slower response instrument

data to estimate fleet average emissions of black carbon, PM bound polycyclic aro-

matic hydrocarbons (PPAHs), NOx, CO, and PM2.5, they also extrapolated PTR-MS

VOC data to estimate total exhaust VOC emissions. Their NOx and PM2.5 estimates5

compare well with official 2002 vehicle emission estimates (CAM, 2004). There are no

official EI estimates for PM-associated black carbon or PAHs. In 2003 the ARI mobile

laboratory also deployed a conditional sampling system designed to collect separate

canister samples of exhaust plume enriched air and on-road background air for subse-

quent gas chromatographic analysis (Herndon et al., 2005, 2007
2
). These data, after10

regressions analyses to correct for photochemical losses, have been correlated with

ambient VOC canister samples to determine which ambient VOC concentrations are

dominated by vehicular emissions (Velasco et al., 2007).

A second mobile emissions characterization facility, from Chalmers University of

Technology, consisted of a vehicle-mounted miniature Differential Optical Absorption15

Spectrometer (mini-DOAS) instrument designed to remotely sense and characterize

SO2 emission plumes using zenith sky ultraviolet measurements of SO2 column den-

sity concentration variations (Galle et al., 2003) and a solar Fourier-transform Infrared

(FTIR) instrument primarily used to characterized CO column concentrations. Mea-

surements of SO2 plumes from a large power plant and refinery complex in Tula and20

the Popocatépetl volcano have been used to assess the ability of models to effectively

incorporate large scale point emission sources, while CO column measurements were

used to assess if models can be used to constrain the MCMA CO EI (de Foy et al.,

2007).

2
Herndon, S. C., Kolb, C. E., Lamb, B., Westberg, H., Allwine, E., Velasco, E., Knighton, B.,

Zavala, M., Molina, L. T., and Molina, M. J.: Conditional sampling of volatile organic compounds

in on-road vehicle plumes, in preparation, 2007.
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4.3 Fixed site emissions measurements

Fixed site long open-path spectroscopic measurements also yielded valuable emission

information as they quantified the increases in motor vehicle exhaust species during

the morning rush hour or intercepted fixed source plumes as wind changes sampled

surrounding sources. Two separate research long-path DOAS instruments supplied by5

the University of Heidelberg and operated by MIT, one of which was co-aligned with an

open-path FTIR from Chalmers, were deployed at the CENICA site (Volkamer et al.,

2005a, b). Open-path FTIR and commercial DOAS instruments were operated at La

Merced site by UNAM (Grutter et al., 2005). Correlating the build up of morning rush

hour pollutant concentrations with rising ambient CO2 allowed estimates of motor ve-10

hicle emissions indices for NO, N2O, NH3, CO, CH4, C2H2, C2H6, C3H8, and HCHO at

La Merced and NO, NO2, N2O, SO2, HCHO, C4H10, and a range of aromatic VOCs at

CENICA (Volkamer et al., 2005a). Agreement between the derived emissions indices

estimates for species measured by open path methods at both La Merced and CENICA

is generally good, although a significantly higher NO value was obtained at La Merced.15

Most importantly the mean emissions ratios for nitrogen dioxide, formaldehyde, ben-

zene and toluene measured by open path methods at CENICA agreed surprisingly

well with the integrated distributions of nearby on-road exhaust plume measurements

made with the ARI mobile laboratory. Figure 3 shows measured on-road emissions

indices for NOx from light-duty gasoline vehicles (Zavala et al., 2006) and CO and VOC20

emissions from all on-road vehicles (Jiang et al., 2005), both determined by ARI mo-

bile laboratory measurements, as well as all vehicle SO2 emissions determined from

DOAS measurements of morning rush hour SO2/CO2 concentration growth ratios (de

Foy et al., 2007). These are compared to the relevant MCMA EI estimates for 2002

(CAM, 2004).25

Direct flux measurements of trace species using micro-meteorological eddy covari-

ance and disjunct eddy covariance techniques are commonly used to characterize

natural and agricultural ecosystem fluxes but have seldom been used in urban envi-
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ronments. The WSU group erected a 25 m scaffold flux tower on the 12 m high rooftop

of the CENICA laboratory to perform what we believe are the first eddy covariance

flux measurements of trace gases in a developing world city. Diurnal CO2 fluxes at

CENICA were correlated with traffic activity, with peak mean morning rush hour val-

ues approaching 1 mg m
−2

s
−1

, the daily mean of 0.41 mg m
−2

s
−1

was similar to those5

observed in U.S. and European cities (Velasco et al., 2005a).

Fluxes of olefins were measured by eddy covariance coupled with a fast-response

olefin chemiluminescence sensor (FOS). A PTR-MS from PNNL was used to measure

fluxes of acetone, methanol, toluene and C2-benzenes employing the disjunct eddy

covariance technique. VOCs fluxes also showed a clear diurnal pattern strongly corre-10

lated with traffic intensity. The measured VOCs fluxes were compared to the emissions

reported by the local model-based gridded 1998 EI for the part of the city near CENICA,

finding that emissions fluxes of olefins, toluene and acetone showed good agreement

for this part of the MCMA (Velasco et al., 2005b). These comparisons do not support

the idea that the VOCs emissions inventory is underestimated by a factor of 3, as it15

was suggested by previous photochemical model comparisons with measured ozone

and nitrogen oxide levels (West et al., 2004), and by analysis of ambient CO and VOC

measurements (Arriaga-Colina et al., 2004). Furthermore, examination of data from

canister samples of ambient air VOC concentrations, taken at various MCMA urban

sites during the morning rush hours (06:00 to 09:00 h) and analyzed by GC-FID, to20

determine the relative distribution of lumped modeling VOC classes also did not sup-

port a high level of underestimation compared to the emissions inventory for all VOC

classes. This comparison suggested that some, but not all, VOC classes are underes-

timated in the emissions inventory by factors of 1.1 to 3; specifically, it suggests that

the model-based 1998 EI (CAM, 2001) underestimates the contribution of some alka-25

nes and overestimates the contributions of some olefins and aromatics (Velasco et al.,

2007).

Information on the morning and midday vertical distributions of selected VOCs

up to 200 m was obtained from gas chromatographic analysis of tethered balloon

3134

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/3113/2007/acpd-7-3113-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/3113/2007/acpd-7-3113-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD

7, 3113–3177, 2007

Overview of

MCMA-2003

Campaign

L. T. Molina et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

canister samples obtained on seven days at the CENICA site during MCMA 2003

(Wöhnschimmel et al., 2006). Chemical mass balance and linear unmixing receptor

modeling identified liquefied petroleum gas and gasoline vehicle exhaust as the major

sources of the measured VOCs.

4.4 Aldehyde emissions versus photochemical production5

One of the key emission issues identified as a MCMA-2003 project goal in Section

2.2 and addressed by a variety of measurements involves the sources of atmospheric

formaldehyde and, to a lesser extent, acetaldehyde (CH3CHO), in the MCMA atmo-

sphere. Baez et al. (1995) noted very high ambient MCMA levels of formaldehyde and

acetaldehyde with both peaking in the morning hours. Very high 2002 and 2003 down-10

town HCHO levels that also peak in mid-morning, have been documented by Grutter

et al. (2005). Schifter et al. (2000) estimated moderate emissions of both aldehydes

from MCMA gasoline powered vehicles. However, initial MCMA-2002 ARI mobile labo-

ratory measurements of on-road formaldehyde emission ratios revealed very high ex-

haust HCHO concentrations, with HCHO emission ratios to excess CO2 approximately15

eight times higher than those encountered in Boston’s on-road fleet (Kolb et al., 2004).

These high HCHO emission levels along with high CH3CHO ratios were confirmed by

the much more extensive MCMA-2003 on-road measurements reported in Zavala et

al. (2006), who estimated total on-road MCMA HCHO emissions of over 7 times and

CH3CHO emissions over 4 times higher than those suggested by Schifter et al. (2000).20

It is highly probable that high morning rush hour on-road emissions of these pho-

tolytic radical sources play a key role in initiating the vigorous morning photochemistry

that characterizes the MCMA atmosphere documented by Shirley et al. (2006). Cor-

relations of the 2003 CENICA DOAS and mobile laboratory TILDAS HCHO measure-

ments with the exhaust marker CO and the photochemical markers CHOCHO and O325

were used to estimate ambient HCHO levels due to emission and photochemical pro-

duction (Garcia et al., 2006). These analyses indicate that averaged over the day about

40% of ambient HCHO can be attributed to exhaust emissions. The emission source
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is dominant in the early morning, evening and at night, while the photochemical source

becomes dominant later in the morning and produces about 80% of the ambient HCHO

in the four hours around noon.

5 Measurements of MCMA volatile organic compounds

A significant aspect of the MCMA-2003 field campaign was the effort to apply a num-5

ber of independent methods to measure ambient concentrations of VOCs at various

locations within the Valley of Mexico. The use of different techniques allowed a wide

range of individual species to be measured over different spatial and temporal scales,

providing confidence in the data, as well as a basis for comparison with grid model

simulations of selected VOCs. The VOC concentrations were analyzed to understand10

better their distribution, diurnal pattern, origin and reactivity in the atmosphere of the

MCMA. Also, as discussed above in Sect. 4, these VOC data were used to evaluate

indirectly the local emissions inventory and, as discussed below in Sect. 6, to provide

information to analyze the production of photochemical oxidants.

5.1 VOC measurement methods15

VOC measurement methods included both standard and new techniques. For example,

three-hour averaged canister sampling coupled with gas chromatography/flame ioniza-

tion detection (GC/FID) or gas chromatography/mass spectrometry (GC/MS) was used

to measure the time-averaged concentrations of individual hydrocarbons at a num-

ber of fixed sites on a daily basis throughout the campaign. More than 180 samples20

were collected in this manner from four different commercial/residential locations, three

boundary sites in rural areas and one highly industrial section of the city (Velasco et

al., 2007). These time-averaged data were complemented by continuous, high time

resolution measurements of aromatic and oxygenated VOCs using two PTR-MS in-

struments. One PTR-MS operated in a fixed mode at the CENICA site (Jobson et al.,25
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2007
3
) and the other in both fixed site and mobile modes on-board the ARI mobile lab-

oratory (Rogers et al., 2006). The PTR-MS operated in mobile mode in the ARI mobile

lab was used to determine on-road vehicle emissions as well as to measure ambient

concentrations (Rogers et al., 2006; Zavala et al., 2006; Velasco et al., 2007).

A measure of total olefin concentrations was obtained using a fast-response olefin5

chemiluminescence sensor (FOS) deployed at the CENICA site. As detailed in

Sect. 4.3, the PTR-MS and FOS at the CENICA site provided both ambient VOC data

as well as the first ever VOC eddy covariance flux data for an urban area (Velasco et

al., 2005b). A unique perspective was provided by open-path DOASs operated at the

CENICA and at La Merced sites. These instruments measured a number of specific10

VOC with very high time resolution, averaged over long path lengths (860 m at CENICA

and 426 m at La Merced) (Volkamer et al., 2005; Velasco et al., 2007). Intercomparison

of all of these techniques was valuable for confirming the accuracy of each method and

also to help identify the occurrence of short-term, highly fluctuating plumes of VOCs,

which could be attributed to various small but intense point sources versus the occur-15

rence of slowly varying levels of VOCs attributed to the mix of urban VOCs. Finally,

an open-path FTIR system operated by UNAM (Grutter et al., 2005) obtained ambient

concentration measurements for formaldehyde and a number of light alkanes.

5.2 Key VOC results

Results from these various VOC measurement methods provided the following key20

findings for VOCs in MCMA:

– Total non-methane hydrocarbon concentrations from urban sites during the morn-

ing rush hour period (06:00–09:00 h) averaged approximately 1.5 ppmC.

3
Jobson, B. T., Alexander, L., Prazeller, P., Berkowitz, C. M., Westberg, H., Velasco, E.,

Allwine, E., Lamb, B., Volkamer, R., Molina, L. T., and Molina, M. J.: Intercomparison of volatile

organic carbon measurements techniques and data from the MCMA 2003 field experiment, in

preparation, 2007.
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– The non-methane hydrocarbon burden in MCMA was dominated by alkanes

(60%), followed by aromatics (15%) and olefins (5%), based on ppbC. The re-

maining 20% were a mix of alkynes, halogenated hydrocarbons, oxygenated

species, and other unidentified species (see Fig. 4). This distribution is simi-

lar to that reported in earlier studies (Arriaga et al., 1997; Mugica et al., 2002),5

although it appears that the levels were slightly lower than in previous measure-

ments, which may indicate that actions to control VOC emissions have been suc-

cessful, despite the growth in the vehicular fleet and other activities (Velasco et

al., 2007).

– Although differences were apparent among the different methods, these could10

be attributed to the different measurement perspectives (i.e., point vs. long-path,

time-averaged vs. short term) and, in general, there was good agreement among

the different methods employed to measure VOCs.

– In terms of compound concentrations weighted by OH reactivity, the top five

species were ethylene, propylene, propane, n-butane and m, p-xylene, while C4-15

C5 alkenes and toluene comprised the next five most reactive species in MCMA

(Velasco et al., 2007).

– Elevated levels of toxic VOCs, including formaldehyde, acetaldehyde, 1,3-

butadiene and the BTEX compounds (benzene, toluene, ethylbenzene and the

xylene isomers), were frequently measured.20

– Comparison of the morning ambient levels with the distribution of VOC species in

a model-based 1998 EI suggested that the inventory under-estimates the contri-

bution of some alkanes and over-estimates the contribution of some olefins and

aromatics (Velasco et al., 2007).

– The VOC eddy covariance flux measurements provided new and valuable infor-25

mation to evaluate directly the local EI. Measured fluxes of olefins, toluene and
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acetone showed good agreement with the local model-based gridded 1998 EI

(Velasco et al., 2005b).

– At the urban core, the ambient concentrations of VOCs depended strongly on the

interaction of vehicular traffic and meteorological parameters. Weekly averages of

the diurnal pattern of olefinic and aromatic VOC ambient concentrations exhibited5

a strong peak during the morning rush hour with relatively low levels during the

afternoon and evening.

– Comparisons between the ambient samples and the on-road samples showed

that vehicle exhaust is the main source of many hydrocarbons, in particular,

olefins and aromatics (Velasco et al., 2007).10

– Glyoxal was successfully measured for the first time using a long-path DOAS in-

strument (Volkamer et al., 2005b). Results were used with CO measurements as

an emission tracer to help assign sources of formaldehyde; these data indicated

that primary emissions contribute ∼42%, photochemical formation accounts for

∼38%,15

6 MCMA photochemistry

The measurement suite deployed during MCMA-2003 enabled the most comprehen-

sive study of the photochemistry in MCMA, or for that matter, any megacity in the

developing world. In addition to the important distributed measurements of NOx,

VOCs, ozone, and aerosols, measurements were also made of radicals precursors20

like formaldehyde, the radicals hydroxyl (OH), hydroperoxyl (HO2), the oxidation inter-

mediate glyoxal (CHOCHO), and the OH reactivity, the inverse of the OH lifetime (see

Figs. 5 and 6). The most complete co-located measurement suite, including radical

measurements, was at CENICA supersite; thus most of the following photochemistry

discussion is based on analyses of the measurements at CENICA.25
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6.1 Photochemical precursors

The production of ozone and secondary organic aerosols (SOA) requires the presence

of NOx, VOCs, and sunlight. The median NOx was 86 ppbv during morning rush hour,

although it exceeded 100 ppbv on several days. In the afternoon, NOx was about

20 ppbv; at night, it was typically 20–35 ppbv. In the morning (06:00 to 09:00 h) the5

average VOC concentration at urban sites was 1515 ppbC, 2.3 times higher than in the

afternoon (Velasco et al., 2007). Compared to U.S. cities, these NOx concentrations

were about 2 times larger and the VOCs were 5 to 10 times larger (Shirley et al., 2006).

On average alkanes, alkenes, aromatics and aldehydes all contribute significantly to

the OH reactivity (Lei et al., 2007). The measured OH reactivity had a large peak of10

∼120 s
−1

during morning rush hour, 25 s
−1

during midday, and ∼35 s
−1

at night. This

diurnal behavior is similar to that of NOx, which is consistent with a large transporta-

tion source of both OH reactivity and NOx. Of the calculated contributions to the OH

reactivity, 12% was due to NOx, 7% to CO, 4% to HCHO and 72% to VOCs (Shirley et

al., 2006). These gaseous emissions within MCMA are sufficient to produce the large15

observed abundances of ozone, SOAs, and other pollutants. Measured MCMA OH

reactivity is dramatically higher than those of typical U.S. cities, especially during the

morning hours (Fig. 6).

High solar ultraviolet radiation fluxes, due to the MCMA’s high altitude and low lati-

tude, drive rapid photolysis, even in April. Typically April has been one of the MCMA’s20

most polluted months, with high levels of all photochemically produced pollutants. In

2003, however, the unusually high humidity led to clouds and occasionally rain in the

afternoon. This afternoon cloudiness often shut down the vigorous photochemistry,

resulting in lower production of ozone and other secondary pollutants compared to

other years. As a result, the median MCMA O3 peaked at 115 ppbv near local noon at25

CENICA and never exceeded 150 ppbv. Other locales in the city experienced higher

levels of ozone, but none exceeded 250 ppbv. These O3 abundances are lower than

had been measured previously for April. While some of this decrease can be traced to
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the atypical cloudiness of April, the rest is likely due to efforts to reduce VOC emissions

in the MCMA (Velasco et al., 2007).

6.2 HOx production

The radicals OH and HO2 displayed, as expected, strong diurnal behavior (Fig. 5).

OH and HO2 together are called HOx, of which HO2 is the dominant partner. OH was5

fairly consistent from day-to-day, with midday peak values of 0.25–0.4 pptv ((5–8) ×

10
6

cm
−3

). The effects of clouds on OH production could be seen in the reduction in

OH on several afternoons. Variability was greater for HO2 than for OH. Peak HO2 var-

ied from 15 pptv (∼3×10
8

cm
−3

) to 60 pptv (∼12×10
8

cm
−3

). The diurnal HO2 peak is

narrower than the OH peak and is shifted one hour later. HO2 persisted at ∼5 pptv10

(0.5 to 20 pptv) during the night. HO2 has a diurnal profile that peaked at ∼40 pptv

at 13:00, and decreased to less than 0.5 pptv at sunrise, when HOx production was

just beginning to increase but when copious rush hour NO effectively scavenged HO2.

The median OH peaks at 0.35 pptv (∼7×10
6
) cm

−3
at local noon. The nighttime val-

ues ranged from 0.05 pptv (∼1x10
6

cm
−3

) to below the detection limit (0.01 pptv or15

2×10
5

cm
−3

). The median HO2 peaks at 37.2 pptv and falls off rapidly to less than a

few pptv at night, with a minimum at morning rush hour, when NO is rapidly converting

HO2 to OH and NO2 is rapidly converting OH to HNO3.

These MCMA HOx measurements are a good example of the buffering effects of the

OH production and loss processes. Over the course of the study, HO2 peak values20

varied greatly from day-to-day, indicating dramatic changes in HOx sources, but OH

peak values remained relatively unchanged. That HO2 is much more sensitive to HOx

sources and sinks than OH suggests that HO2 must be measured along with OH to

really test and understand the radical chemistry. As a result, the OH abundances in

MCMA are similar to those in U.S. and European cities, while the HO2 is larger by a25

factor of two or more.
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In a set of companion papers, Volkamer et al. (2007)
4

and Sheehy et al. (2007)
5

use

measurements of radical sources (i.e., HONO, HCHO, O3, J-values) and sinks (i.e.,

VOC, NO, NO2) to constrain the Master Chemical Mechanism to study the oxidative

capacity of the atmosphere in terms of radical production and radical cycling. In Part

1, Volkamer et al. (2007)
4

present a detailed analysis of OH, HO2 and RO2 radical5

sources, which identifies the processing of alkenes as playing a major role in driving

photochemical smog formation. In comparison to other urban airsheds, differences are

identified in terms of the timing and magnitude of radical production. In Part 2, Sheehy

et al. (2007)
5

compare modeled concentrations of HOx to measurements by Shirley

et al. (2006), and discuss the implications of observed differences in terms of VOC10

oxidation and ozone formation.

6.3 Carbonyl precursors and products

The large difference in HO2 results in part from the large difference in the HOxx

sources. Some of this difference is due to the greater photolysis frequencies, al-

though the photolysis frequencies in MCMA are less than a factor of two larger than in15

U.S. cities during their peak ozone months. Ozone, which was greater in MCMA than

in U.S. cities, contributes to the larger HOx sources in MCMA. However, a big differ-

ence was the greater amount of HCHO in MCMA. It peaks at ∼20 ppbv in the morning

(Volkamer et al., 2005b), represents about 40% of the HOx source, and was much

larger in MCMA than in US cities during midday. An important question is the relative20

importance of the two HCHO sources: direct emission and photochemical production

in the atmosphere (Garcia et al., 2006). During the midday, photochemical production

appears to be 80% of the ambient HCHO, while at night and in the early morning,

4
Volkamer, R. M., Sheehy, P. M., Molina, L. T., and Molina, M. J.: Oxidative Capacity of the

Mexico City Atmosphere. Part 1: A radical source perspective, in preparation, 2007.
5
Sheehy, P. M., Volkamer, R. M., Molina, L. T., and Molina, M. J.: Oxidative Capacity of the

Mexico City Atmosphere. Part 2: A radical recycling perspective, in preparation, 2007.
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primary production is 80% of the ambient HCHO.

A major MCMA-2003 advance was the first detection of glyoxal (CHOCHO) in the

atmosphere by DOAS (Volkamer et al., 2005b). Glyoxal is formed in the oxidation of

several VOCs. It is produced during most of the day, although its abundance decreases

after late morning due to greater photochemical loss. The atmospheric residence time5

of glyoxal with respect to photolysis and OH-radical reaction is determined to be about

1.3 h for cloud-free skies at solar noon. Thus, time-resolved DOAS measurements

of glyoxal indicate the rate of VOC oxidation in urban air and can be used to test

predictions of photochemical smog formation by photochemical models.

6.4 Photochemical results10

Several conclusions can be drawn from the analyses of these MCMA-2003 measure-

ments.

– The distribution of photochemically active atmospheric constituents is uniform

enough throughout the MCMA that results from the photochemistry studies at

CENICA are likely to be applicable to all of the MCMA’s urban core. The primary15

source of VOCs and NOx appears to be related to the vehicle exhaust, which is

emitted across the MCMA (Velasco et al., 2007). More evidence comes from the

good agreement between in situ and long-path DOAS measurements of CO, O3,

and NO2 at CENICA site, suggesting that the photochemistry is fairly uniform over

the region sampled by DOAS (Dunlea et al., 2006, 2007).20

– The combination of high OH reactivity, abundant sunlight and NOx, and quite

possibly, high levels of morning formaldehyde and acetaldehyde emissions jump-

starts the oxidation photochemistry during morning rush hour (Fig. 5). Ozone

production rates exceeded 50 ppbv h
−1

beginning as early as an hour after sun-

rise (Shirley et al., 2006; Lei et al, 2007). This production is not detectable in25

the ozone measurements because the emitted NO rapidly depletes ozone to near
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zero ppbv, forming NO2 and then HNO3, even as ozone is being rapidly pro-

duced. Nonetheless, ozone increases rapidly throughout the morning, peaking

near midday. The observed rapid formation of glyoxal shortly after sunrise indi-

cates an efficient VOC oxidation process during morning hours (Volkamer et al.,

2005). Oxidized SOA forms faster, i.e., simultaneously with glyoxal, and in about5

an order of magnitude larger amounts than expected (Volkamer et al., 2006). The

rapid formation of nitric acid (HNO3) is consistent with the increase in nitrate in

the particles through the morning, suggesting that about 1/3 of the HNO3 goes to

the particle phase (Salcedo et al., 2006).

– Even in an environment with such high loadings of NOx and VOCs, steady-state10

photochemical models are generally able to simulate the median measured OH

and HO2 (Shirley et al., 2006). The measured OH and HO2 tend to be ∼10%

larger than the model during morning rush hour and 30% smaller at midday; but

these differences are within the uncertainties of the measurements and models.

The agreement between the measured and modeled HOx is as good as or better15

than that obtained in other urban environments.

– A surprising result is the good agreement between the HO2/OH ratio as a func-

tion of NO that is measured and the ratio from a measurement-based steady-state

model and a photochemical point model, although the measured ratio is two times

greater than the steady-state analysis ratio when NO exceeds 20 ppbv (Shirley et20

al., 2006). This agreement is better than has been seen in any other environment

where NO exceeded a few ppbv. The difference between these other urban areas

and MCMA is not particularly the NOx abundance, which is similar to some large

US cities, but is instead the large amounts of VOCs that lead to high OH reactivi-

ties. A comparison of measured diurnal OH reactivity for MCMA-2003 with those25

measured in two U.S. cities is shown in Fig. 6.

– Chemical transport model calculations indicate that ozone production is VOC-

limited throughout the afternoon (Lei et al., 2007), in contrast to previous modeling
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studies indicating that ozone formation is NOx-limited in MCMA (Molina et al.,

2002). Because of the relatively high VOC-to-NOx ratios, the ozone production

efficiency (i.e., O3 produced per NOx oxidized) is 4–10, larger than in U.S. cities

where OPE is typically 3 to 8 (Lei et al., 2007); this difference is due to the higher

abundance of VOCs in MCMA. Thus, despite the much higher abundances of5

VOCs in MCMA than in US cities, the sensitivities of ozone production to NOx

and VOCs are generally qualitatively the same for MCMA and U.S. cities.

These conclusions and others are described in more detail in the cited accompany-

ing papers and in cited papers that have been published in other journals. Ongoing

analyses of this rich data set will undoubtedly lead to additional new conclusions about10

MCMA’s photochemistry. In total, these conclusions provide scientific guidance for

crafting regulatory strategies to continue the improvement of MCMA air quality.

7 MCMA particulate matter

Particulate matter (PM) is important because of serious effects on human health, vis-

ibility, climate, and deposition of acid, toxics, and nutrients to ecosystems. PM is typi-15

cally measured with different size cuts, e.g., PM10, PM2.5, and PM1 refer to all particles

smaller than or equal to 10, 2.5, and 1µm respectively, with PM2.5 and smaller referred

to as “fine particles” and larger particles are termed “coarse particles.”

7.1 MCMA PM instrumentation

The MCMA-2003 Campaign included a state-of-the-art set of fine particle measure-20

ments, with less emphasis on coarse particles. The higher chemical, time, and size

resolution of some of the techniques used during MCMA-2003, including the first use

of aerosol mass spectrometry (AMS) and single particle soot photometry (SP2) in the

city, allowed for a more detailed study of several aerosol components. As with other in-

strumentation the epicenter of the deployment was the CENICA supersite, but several25
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instruments were deployed at other fixed sites and in the ARI mobile laboratory during

both the 2002 exploratory measurements and the 2003 campaign (Kolb et al., 2004).

In addition, the deployment of fine particle sampling systems at CENICA and aboard

the ARI laboratory allowed detailed post analyses of a range of primary and secondary

PM using a variety of advanced instrumental techniques.5

7.2 MCMA PM findings

Comparing mobile laboratory data from different MCMA locations, the PM concentra-

tions and properties measured at CENICA are generally representative for the MCMA.

The following conclusions can be drawn:

– The average PM2.5 concentration was ∼36µg m
−3

, with maximum hourly aver-10

aged concentrations exceeding 100µg m
−3

on several occasions (Salcedo et

al., 2006). These levels are similar to those observed in the Eastern part (in-

land/downwind) of the Los Angeles basin (Hughes et al., 2000; Sardar et al.,

2005), about twice as large as those observed in urban locations in the Eastern

U.S. (Zhang et al., 2005a; Drewnick et al., 2004), and similar to or smaller than15

those reported at other developing world megacities such as Mumbai, Delhi, and

Beijing (Kumar and Joseph, 2006; Laakso et al., 2006).

– Carbonaceous (organic and black carbon) species dominated the fine particle

concentration during MCMA-2003 with 2/3 of the mass, with the remaining 1/3

accounted for by inorganic and crustal species (Salcedo et al., 2006). The con-20

centrations and compositions are consistent at various locations within the city

(see Fig. 7), suggesting widespread sources of precursors and efficient secondary

aerosol formation.

– Biomass burning made a significant contribution to organic aerosols in the later

part of the campaign (after ∼April 21) (Salcedo et al., 2006), when regional fire25

activity increased substantially (C. Wiedinmyer, NCAR, personal communication,
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2004). A substantially larger concentration of organic aerosols (x 1.9) was ob-

served during that period, along with smaller increases for crustal material (x 1.5)

and black carbon (x 1.3), while the levels of non-refractory inorganic species did

not increase. Since some of these differences could also be due to differences

in meteorology and emissions during the two periods, the direct quantification of5

the biomass burning contribution to carbonaceous aerosols remains a subject of

active research using both
14

C measurements (Marley et al., 2007
6
) and positive

matrix factorization (PMF) analysis of AMS spectra (Ulbrich et al., 2006).

– Particle species are typically categorized as “primary” if they are emitted in the

particle phase and “secondary” if they are emitted in the gas-phase and subse-10

quent chemical reactions bring them to the particle phase. Measurements from

several instruments (Salcedo et al., 2006; Volkamer et al., 2006; Johnson et al.,

2006) and the recently developed analysis techniques of Zhang et al. (2005b, c)

can be used to apportion the total measured mass to these components. Using

the data from the first half of the campaign to exclude periods with potentially15

strong influence from regional biomass burning, secondary species created in

the intense photochemistry of MCMA comprise the majority (∼2/3) of the fine PM

mass, led by secondary organic aerosol (SOA, ∼31% of mass), and followed by

the secondary inorganic species sulfate, nitrate, ammonium, and chloride (12%,

12%, 7%, and 1% respectively). Primary species are responsible for the remain-20

ing 1/3 of the mass, comprised of primary organic aerosols (POA, ∼20%), black

carbon (BC, 10%), and crustal material (6%). The size distributions were dom-

inated by a prominent accumulation mode where inorganic and organic species

appeared to be internally mixed most of the time, and a smaller externally-mixed

organic mode likely related to traffic emissions. Rapid growth of the smaller mode25

6
Marley, N. A., Gaffney, J. S., Sturchio, N. C., Guilderson, T., Rowe, M., Steelman, K. L., and

MacMillan, A.: Evidence for biomass and regional source contributions to aerosol absorption

in Mexico City during MCMA 2003, in preparation, 2007.
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due to condensation of secondary species was observed (Salcedo et al., 2006).

– The total concentrations, species fractions, and diurnal cycles observed are gen-

erally consistent with the results of the 1997 IMADA-AVER campaign (Salcedo et

al., 2006; Chow et al., 2002).

– SOA is dominated by anthropogenic precursors and is formed almost an order5

of magnitude more efficiently than state-of-the-art models predict. This higher

efficiency is already observed shortly after sunrise, with a significant contribution

of first generation products. The main pathways of SOA formation in urban areas

are currently unaccounted for, which has important implications for global climate

and air quality (Volkamer et al., 2006). The amount of SOA increased as the10

air was advected away from the city center, consistent with its rapid formation

(Onasch et al., 2004).

– The levels of black/elemental carbon have not changed significantly since the

1997 IMADA-AVER campaign, consistent with a lack of control strategies for this

component. The MCMA remains a large source of BC to the regional environment15

(Marley et al., 2007; Baumgardner et al., 2007). Vehicle traffic was responsible

for a significant fraction of the POA and BC emissions (Jiang et al., 2006; Sal-

cedo et al, 2006; Baumgardner et al., 2007). Freshly-emitted particles containing

BC were fractal but during the day were rapidly coated (∼ a few h) by secondary

species (inorganic and organic) leading to internally mixed particles and trans-20

forming them into more compact shapes (Johnson et al., 2005; Salcedo et al.,

2006; Baumgardner et al., 2007). Two studies have analyzed the light absorption

efficiency of BC particles during the campaign (Barnard et al., 2005; Baumgard-

ner et al., 2007).

– Polycyclic aromatic hydrocarbons (PAHs) are highly mutagenic (Hannigan et al.,25

1998; Evans et al., 2002) and carcinogenic (Denissenko et al., 1996) products of

incomplete combustion, and are thought to be important for health effects even
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though they represent only a fraction of a percent of the ambient particle mass.

MCMA-2003 was the first campaign in which three independent methods were

used to measure particle-bound PAHs leading to a number of insights on both

PAH concentrations and the techniques themselves (Marr et al., 2006; Dzepina et

al., 2007). Peak concentrations of PAHs were reached during the morning rush5

hour and were of the order of 120 ng m
−3

, which is higher than in US cities (Marr

et al., 2004). Motor vehicles were found to be a significant source of PAHs, with

20% of the vehicles accounting for 50% of the emissions (Jiang et al., 2005), while

garbage and biomass burning were also sources of these species. Photoelectric

measurements (PAS) detect a very rapid decay of surface PAHs in the morning10

photochemistry, which may be due to surface reactions of the PAHs and/or to

coating of the particles with secondary species that reduce the response of the

instrument (Marr et al., 2006; Baumgardner et al., 2006). Very reactive and toxic

PAHs such as cyclopenta[cd ]pyrene may be present in significant concentrations

in the MCMA atmosphere and may be missed by traditional sampling techniques15

due to filter reaction artifacts (Dzepina et al., 2007).

– The main inorganic aerosol species were NH4NO3, (NH4)2SO4, NH4HSO4, and

NH4Cl. The high local emissions of NH3 facilitated the formation of the more

volatile nitrate and chloride species. The inorganic acids were neutralized by NH
+

4

most of the time, although during some periods fine particles had an NH
+

4 deficit20

and were thus more acidic. Nitrate was formed from the reaction of NH3 with

locally-formed HNO3. In the morning about 1/3 of the HNO3 formed in the gas-

phase condensed onto the particles. Sulfate formation is slower and occurred

over more regional scales. The concentrations of NH4Cl were generally low with

a diurnal cycle consistent with the semi-volatile character of this species. How-25

ever, short-lived (∼15 min) plumes of up to 39µg m
−3

of NH4Cl were detected at

CENICA and other locations in the city, the origin of which remains under investi-

gation (Salcedo et al., 2006).
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– The concentrations of the inorganic aerosol species and their precursor gas-

phase species were consistent with an inorganic aerosol model (ISORROPIA)

during most periods. The model predicted up to several ppb of gas-phase HCl

during some periods (this species was not measured directly). The importance of

the Cl
.

radical to MCMA photochemistry appears to be very small, although the5

subject deserves further investigation since this chemistry cannot be fully con-

strained without measuring additional species (San Martini et al., 2006a, b). Inor-

ganic PM modeling of the MCMA-2003 data (San Martini et al., 2006a, b) results

in fewer discrepancies with the data than those from previous campaigns (Moya

et al., 2001; San Martini et al., 2005), likely due to the higher time resolution10

and reduced artifacts of the 2003 data and the lower influence of crustal species

during MCMA-2003.

– The most abundant refractory elements and metals were Si, K, Fe, Ca, and Al.

A positive matrix factorization (PMF) analysis of these data concluded that the

main sources of these elements were industries in the northern part of the city,15

wind-blown soil, and biomass burning. The results for the first two sources are

consistent with previous studies of refractory species in the MCMA, while the

contribution of biomass burning to these elements had not been clearly identified

before (Johnson et al., 2006).

– The vertical distribution of aerosols and ozone were studied with two LIDAR in-20

struments (Ristori et al., 2004; Frey et al., 2004). Both pollutants were well-mixed

in the boundary layer (BL) during the day, which reached heights of up to 4 km

above ground. A residual layer above 1 km was observed in some days due to

detachment of the top of the boundary layer, which could be re-entrained during

BL growth in the next day.25

– Intense new particle formation (NPF) and growth was observed both in the south-

ern boundary of the Mexico City basin (Santa Ana Tlacotenco) and at the CENICA

supersite. It correlated with SO2 plumes, suggesting the involvement of H2SO4
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(Dunn et al., 2004; Salcedo et al, 2006), as is the case at many other locations

(Kulmala et al., 2004). Inside the city NPF was favored when preexisting particle

surface area was low (Dunn et al., 2004), again consistent with observations at

other locations (McMurry et al., 2005).

– The composition of ultrafine particles was studied at the CENICA supersite when5

a nano-SMPS (Dunn et al., 2004) and AMS (Salcedo et al., 2006) overlapped.

Figure 8 shows the number size distribution function and composition of over-

lapping size ranges from these two instruments. Three types of events were

observed. (a) Every morning during the rush hour high number concentrations

of particles with dm>10 nm were observed, whose composition was dominated10

by hydrocarbon-like organics (HOA, a surrogate for POA (Zhang et al., 2005b,c)).

These particles are dominated by traffic exhaust as observed elsewhere (e.g.,

Zhang et al.,2004). (b) One strong new particle formation event was observed

in the afternoon of May 3 (Dunn et al., 2004), which was the only time during

this period in which particles with dm<10 nm reached high concentrations. The15

composition of the particles growing from this event was dominated by sulfate

and ammonium, with a smaller amount of oxygenated organics (OOA, typically a

surrogate for SOA, Zhang et al., 2005b, c), which is consistent with the involve-

ment of sulfuric acid in the growth of particles following nucleation and similar to

results obtained from detailed analyses of similar events in Pittsburgh (Zhang et20

al., 2004). (c) Another event with elevated sulfate, ammonium, nitrate, and OOA

was observed in the previous day, which potentially was due to the growth (by

condensation of secondary species) of new particles that had nucleated upwind

of the CENICA site (Salcedo et al., 2006; Zhang et al., 2004).
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8 Instrumentation advances

The deployment of a significant number of advanced instruments, many operating with

real-time (∼1 s) response times, along with a large number of established air quality

monitoring instruments at the CENICA supersite, at the La Merced monitoring site and

onboard the ARI mobile laboratory provided significant opportunities to intercompare5

and evaluate a number of instruments in a highly polluted environment. A number

of papers documenting and/or cross comparing the performance of instruments have

been based on MCMA-2003 measurements.

8.1 Gas phase instruments

A novel fast gas chromatograph/luminal chemiluminescence instrument designed to10

detect nitrogen dioxide and peroxyacetyl nitrate (PAN) was developed at ANL and de-

ployed at both the CENICA supersite and on the ARI mobile laboratory (Marley et al.,

2004). Cross comparisons of NO2 with long-path DOAS and co-located point TILDAS

instruments showed good agreement. Comparisons between MCMA PAN measure-

ments made with an earlier version fielded in 1997 and the more recent 2003 version15

are presented in a second paper (Marley et al., 2007).

Intercomparison measurements between standard ultraviolet absorption ozone mon-

itors and open path DOAS and FTIR spectroscopic measurements by Dunlea et al.

(2006) revealed discrepancies that are most likely due calibration errors, while unex-

pected excursions of an O3 monitor on-board the ARI mobile laboratory were correlated20

with primary PM emissions, suggesting failure of the instrument’s fine PM filter. Stan-

dard chemiluminescence (CL) NOx monitor measurements of NO2 were compared with

co-located TILDAS NO2 measurements, revealing very large over measurements for

the CL instrument during periods of active photochemistry (Dunlea et al., 2007). The

errors in the CL measurements are consistent with the reduction of additional nitrogen25

oxide species other than NO2on its molybdenum oxide catalyst. This interference cor-

relates well with non-NOx reactive nitrogen species (NOz) as well as with ambient O3
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concentrations, indicating a photochemical source for the interfering species. A combi-

nation of ambient gas phase nitric acid and alkyl nitrates is deduced to be the primary

cause of the interference.

In addition to performing ground breaking open path FTIR ambient measurements at

La Merced (Grutter et al., 2005), Grutter and co-workers also demonstrated the utility5

of making high time resolution measurement of both criteria and non-criteria gaseous

exhaust emissions during vehicle dynamometer tests, demonstrating the technique on

an ultra-low emission hybrid vehicle (Reyes et al., 2006).

8.2 PM instrumentation

The MCMA-2003 Campaign was one of the first to field two Aerodyne AMS instru-10

ments, one at the CENICA supersite and the second on-board the ARI mobile lab-

oratory. The AMS relies on a supersonic nozzle and lens system to form ambient

submicron particles into a narrow particle beam that can be directed into the mass

spectrometric detection region. AMS laboratory studies had clearly indicated that non-

spherical solid particles, like ammonium sulfate, focused less tightly than spherical15

liquid or solid particles (Jayne et al., 2000; Huffman et al., 2005). It was necessary

to show that real atmospheric particles did not focus poorly enough that a significant

fraction failed to enter the AMS’s detection region. During MCMA-2003 both AMS units

were outfitted with an automated beam width probe (BWP) that could be used to profile

the particle beam width by systematically attenuating the particle beam while the mass20

spectrometer monitored various PM components (Salcedo et al., 2007). The BWPs

on both AMS units showed that all major species in MCMA accumulation mode PM

exhibited the same beam profiles, indicating that these particles were internally mixed

most of the time, although some smaller mode particles, characteristic of primary com-

bustion exhaust particles, exhibited different beam profiles than accumulation-mode25

organic and inorganic (ammonium/sulfate/nitrate) species. The BWP measurements

did demonstrate that no substantial portion of the MCMA fine particles were poorly

focused enough to miss the AMS detection region.
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While the AMS detects non-refractory PM species as a function of fine particle size,

it does not directly detect their black carbon component. As noted above in Sect. 7, co-

incident with the MCMA-2003 campaign, Baumgardner et al. (2007) measured MCMA

fine PM mass concentrations of elemental carbon (EC), particle by particle, over a

full eight day period using an innovative laser-induced incandescence (LII) based SP25

instrument.

Finally, two innovative LIDAR systems designed to measure both PM and ozone

vertical profiles, were deployed during MCMA-2003. A tunable ultraviolet differential

absorption LIDAR (DIAL) instrument supplemented by a 532 nm elastic scatter LIDAR

was fielded by the EPFL and a compact Raman LIDAR was fielded by MIT and FUB.10

While a detailed comparison of data from these two CENICA located systems has not

yet been published, preliminary descriptions of the instruments and sample MCMA

data have been published in symposium proceedings (Ristori et al., 2004; Frey et al.,

2004).

9 Summary15

Following exploratory measurements in 2002, the MCMA-2003 Campaign was de-

signed to investigate the extremely vigorous atmospheric photochemistry of North

America’s most populous metropolitan area. MCMA-2003 enlisted over 100 scientists

from 30 institutions in 5 countries. In this paper we have summarized the findings they

have published to date.20

Meteorological observations and correlated mesoscale modeling activities were able

to establish that a small number of typical early spring meteorological episodes led to

characteristic distributions of photochemical pollutants within the MCMA basin. Models

also supported observations that under most conditions, pollutant export from the basin

is relatively rapid and that pollutant carryover from day to day is not a major factor in25

the valley’s photochemistry.

Emissions studies confirmed that motor vehicles play a major role in supplying the
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NOx and VOC precursors that fuel MCMA’s extremely active photochemistry. Both on-

road HCHO vehicle emissions measurements and correlation of ambient HCHO con-

centrations with CO, a combustion emission tracer, and CHOCHO, a photochemistry

tracer, illustrated the strong impact of direct HCHO emissions on this key photochem-

ical radical source and air toxic species. MCMA motor vehicles were also shown to5

produce copious amounts of primary PM elemental carbon and particle bound PAHs,

CO, and a wide range of air toxics, including acetaldehyde, benzene, toluene, and

xylenes, in addition to formaldehyde. Innovative eddy covariance measurements of

selected VOC fluxes indicated that the MCMA emissions inventories for some VOC

species are not as inaccurate as some prior studies have indicated.10

While NOx levels are high, extremely large loadings of reactive VOCs were mea-

sured in the MCMA atmosphere. During the morning rush hours total VOC ambient

loadings averaged approximately 1.5 ppmC. In general, VOC levels were typically 5 to

10 times higher than those measured in U.S. cities. Alkanes, alkenes and aromatics all

contribute significantly to extremely high daytime OH reactivities.15

While these extremely high OH reactivities keep MCMA midday OH concentrations

within the high end of levels observed in other North American cities, very high midday

HO2 concentrations result in extraordinary HOx levels. Another signature of MCMA

photochemistry is its rapid onset driven primarily by the very high levels of reactive

VOCs emitted by morning traffic. Ozone production rates exceeded 50 ppbv h
−1

begin-20

ning as early as an hour after sunrise.

Heavy fine particle haze is also a signature of MCMA photochemistry. MCMA PM2.5

concentration averaged ∼36µg m
−3

, with maximum hourly averaged concentrations

exceeding 100µg m
−3

on several occasions. Secondary organic aerosol was the major

fine PM component during photochemical episodes. SOA formation is dominated by25

anthropogenic precursors and is formed almost an order of magnitude more efficiently

than predicted by current models. The onset of very high efficiency SOA formation

is observed shortly after sunrise, with a significant contribution from first generation

products. Under some meteorological conditions biomass burning particles can also
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contribute significant fine PM.

MCMA-2003 produced very large and valuable data sets describing the chemical and

physical properties of the city’s reactive atmosphere. The papers cited here, many of

which are part of this special issue, have already added significantly to our understand-

ing of how photochemistry transforms the atmosphere of MCMA and similar megacities5

around the world. This information will improve significantly the scientific understanding

that decision makers in Mexico will need to craft effective policies for protecting human

health and ecosystem viability as well as provide insights to air pollution problems in

other megacities around the world.

The experience and the key findings from MCMA-2003 Campaign provided the10

framework for planning MILAGRO (Megacity Initiative: Local and Global Research

Observations), a massive, multi-component international collaborative scientific project

designed to follow the long-range evolution of the MCMA urban plume that took place

in March 2006. We anticipate that the MCMA-2003 data set, coupled with ongoing

measurements and the comprehensive data set from MILAGRO, will continue to con-15

tribute to our understanding of megacity air pollution and its potential impacts on human

health, ecosystem viability, and climate change on urban, regional, and even hemi-

spheric scales.
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Comisión Ambiental Metropolitana, Mexico, 2004.

CAM: Inventario de emisiones a la atmósfera. Zona Metropolitana del Valle de México 2004,
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Table 1. List of participating institutions and instruments deployed during MCMA 2002/2003

Campaign.

Institution Location Equipment

2003

ARI Mobile Lab Pedregal, CENICA, La Merced, Santa Ana

Tlacotenco

AMS (aerosol size and composition), TILDAS (NO2, HCHO, HONO), LICOR for

CO2, QC-TILDAS for NH3, and other equipment from collaborators: MIT (NOy,

PAH), ANL (PAN), MSU (PTR-MS), WSU (commercial NOx, SO2, CO and O3

monitors and VOC canisters)

ANL CENICA Aethalometer for BC, nephelometer, GC/Luminol for PAN, NO2, Open path IR

for NH3, Luminol chemiluninescence for olefins

CENICA-INE CENICA Tethered balloon (met parameters, O3 and VOC canister sampling), automatic

Hg analyzer

CENICA-INE CENICA, Revolución Air quality monitoring stations (criteria pollutants and met parameters)

Chalmers CENICA Mini-DOAS, FTIR

Chalmers Tula, Popocatepetl Solar Occultation Flux

CSU/USDA CENICA UV-MFRSR

CU CENICA AMS; ultra-fine DMS

Elight CENICA LIDAR – ozone profile

EPFL CENICA Lidar (O3, aerosol); Tethered balloon (met parameters, O3)

IMP CENICA, Pedregal, La Merced, Xalostoc VOCs canisters samples, carbonyl cartridges

IMP Chapultepec MOUDI + Minivol/Cartidges

LBNL CENICA Stack Impactor

MIT CENICA EcoChem Monitors + DustTrack

MIT/UH CENICA LP-DOAS 1 and 2; spectro-radiometer; filter-radiometer

MIT/FUB CENICA LIDAR (ozone, aerosol, H2O)

MIT/SMA-GDF/SSP CENICA Magnetic Traffic Counters

MIT/PNNL CENICA TRAC sampler; Drum impactor,PIXE/PESA/STM, LASAIR-OPC

PNNL CENICA MFRSR, PTR-MS for VOCs

PSU CENICA LIF HOx concentrations and OH reactivity

UCR CENICA Hi Vol for PAHs, nitro-PAHs

UNAM La Merced FTIR and DOAS

WSU CENICA Flux Tower (CO2, olefins, selected aromatic and oxygenated VOCs fluxes), Fast

Isoprene Sensor; open-path CO2 Infrared Gas Analyzer

WSU UNAM Botanical garden Sodar

WSU CENICA, Pedregal, La Merced, La Reforma,

Santa Ana Tlacotenco

VOC canister samples by GC-FID

RAMA RAMA network 36 air quality monitoring stations

UNAM UNAM Network Met stations

SMN SMN network Met stations

SEGEM ININ Mobile unit

SMN Tacubaya Radiosondes

UAM/CENICA CENICA, UAM-Rectoria, Azcapotzalco Pilot balloons

UNAM/MIT Cuautitlan Tethered balloon (met parameters)

CENICA/UNAM Santa Ana Mobile unit

RAMA Cerro Catedral Mobile unit

RAMA La Reforma Mobile unit
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Table 1. Continued

2002

ARI Mobile Lab Pedregal, Constituyentes, La Merced,

Xalostoc, Teotihuacan, CENICA

AMS, TILDAS (NO2, HCHO, HONO), LICOR for CO2 and other equipment from

collaborators: MIT (PAH), MSU (PTR-MS), WSU (commercial NOx, SO2, CO

and O3 monitors and VOC canisters)

CENICA-INE CENICA Tethered balloon (met parameters, O3 and VOC canisters sampling)

UAM/UNAM/CENICA CENICA, Azcapotzalco, UNAM Pilot balloons

WSU Pedregal, La Merced, Constituyentes,

Xalostoc, Teotihuacan

VOC canister samples by GC-FID

WSU Ajusco Sodar

RAMA Ajusco, Teotihuacan Mobile unit

SEGEM Cuautitlan Mobile unit

CENICA-INE Chalco Mobile unit

SMN Tacubaya Radiosondes

UNAM Cuautitlan Radiosondes

KEY
ARI – Aerodyne Research, Inc.
ANL – Argonne National Laboratory
CENICA – Centro Nacional de Investigación y Capacitación Ambiental
Chalmers – Chalmers University of Technology
CSU – Colorado State University
CU – University of Colorado, Boulder
EPFL – Swiss Federal Institute of Technology
FUB – Free University of Berlin
IMP – Instituto Mexicano de Petróleo
INE – InstitutoNacional de Ecologı́a
LBNL – Lawrence Berkeley National Laboratory
MIT – Massachusetts Institute of Technology
MSU – Montana State University
PNNL – Pacific Northwest National Laboratory
PSU – Pennsylvania State University
RAMA – Red Automática de Monitoréo Atmosférico
SEGEM –Secretaŕıa de Ecologia, Gobierno de Estado de Mexico
SMA-GDF – Secretaŕıa de Medio Ambiente, Gobierno de Distrito Federal
SMN – Servicio Meteorológico Nacional
SSP – Secretaŕıa de Seguridad Pública
UAM-I – Universidad Autónoma Metropolitana – Iztapalapa
UCR – University of California, Riverside
UH – University of Heidelberg
UNAM – Universidad Nacional Autónoma de México
USDA – U.S. Department of Agriculture
WSU – Washington State University
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Fig. 1. Topographical map of the MCMA showing the monitoring sites during MCMA 2002/2003
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Fig. 2. Circulation Model for the Mexico City basin for O3-South, O3-North and Cold Surge

episode types. Arrows colored by time of day: early morning (0–5) in blue, morning (6–11) in

red, afternoon (12–17) in brown and evening (18–23) in yellow. Plateau winds on O3-South

days combine with vigorous mixing to transport the urban plume southwards of the mountains.

A low level jet forms in the Chalco passage causing a convergence line in the south of the city.

Strong westerly flow on O3-North days first enters the basin from the northwest but then comes

over the south and west rims of the basin during the day. The combination with the low level

jet forms a north-south convergence zone and exhaust of the basin to the northeast. On Cold

Surge days strong northerly winds blow into the basin. Low mixing heights lead to pollutant

accumulation in the city and channel flow through the Chalco passage. (Figure by B. de Foy).
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Fig. 3. Comparison of measured 2003 mobile emissions for NOx (light duty gasoline vehicles)

and CO, VOCs and SO2 (all vehicles) with MCMA EI estimates for the year 2002 (Ref. A is

Zavala et al., 2006; Refs. B and C are Jiang et al., 2005; Ref. D is de Foy et al., 2007). (Figure

by M. Zavala).
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Fig. 4. Average VOC distribution in urban sites by compound type during the morning period

(06:00–09:00 a.m.). This distribution was obtained from the canister samples analyzed by GC-

FID. Numbers around the circle charts indicate the percent contribution of each VOC species

(species key: *2-methyl-1-butene, ** 1,2,4-trimethylbenzene) (Figure by E. Velasco).
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Fig. 5. Median diurnal variation of some photochemical variables in MCMA 2003: (a) O3(ppbv,

solid line), NOx (ppbv, dashed line, right axis); (b) OH reactivity, kOH (s
−1

); (c) OH (pptv, solid

line), HO2 (pptv, dashed line, right axis); (d) glyoxal (ppbv, solid line), HCHO (ppbv, dashed

line, right axis); and (e) ozone production from HO2 only, P (O3)HO2 (ppbv hr
−1

) (Figure by

W. H. Brune).
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Fig. 6. The diurnal variation of median OH reactivity for three cities: Mexico City, April 2003 (red

circles); New York City, August 2001 (blue squares); and Nashville, July 1999 (black triangles).

(Figure by W. H. Brune).
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Fig. 7. The ambient PM1 chemical composition (green/organic, red/sulfate, blue/nitrate, yel-

low/ammonium) was fairly consistent throughout the urban region of the MCMA for any given

day during MCMA-2003, suggesting widespread sources of precursors and efficient secondary

aerosol formation (Figure by T. B. Onasch).
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Fig. 8. Measurements of ultrafine particles at the CENICA Supersite for a 3-day period (2–4

May 2003). Top: image plot of number size distribution function measured with a nano-SMPS.

Upper-middle: integrated number concentrations above and below 10 nm mobility diameter

(dm). Lower-middle: signals of AMS markers of oxygenated and hydrocarbon-like organic

aerosols (HOA and OOA, Zhang et al., 2005b, c) in particles smaller than 150 nm vacuum

aerodynamic diameter (dva). Bottom: concentrations of main AMS species for dva<150 nm.

Thick vertical lines indicate midnight, and dashed lines correspond to the periods with the high-

est concentrations of ultrafine particles identified by the nano-SMPS. The relationship between

dm and dva depends on particle density and shape as described by DeCarlo et al. (2004).

When particles are growing the nano-SMPS detects them earlier due to its lower size limit. The

AMS data includes larger sizes for improved signal-to-noise, but the composition is similar to

that of the smaller particles detected. (Figure by K. Dzepina).
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