JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 103, NO. D15, PAGES 18,927-18.946, AUGUST 20, 1998

Meteorological factors associated with inhomogeneous ozone
concentrations within the Mexico City basin

Jerome D. Fast and Shiyuan Zhong
Pacific Northwest National Laboratory, Richland, Washington

Abstract. Meteorological processes associated with inhomogeneous ozone concentrations
over Mexico City are examined by using observations from a recent field campaign and a
mesoscale dynamics and dispersion modeling system. During this 4-week field campaign,
meteorological measurements of the spatial flow structure within the Mexico City basin were
obtained for the first time. A mesoscale model that employs four-dimensional data assimi-
lation is used to create analyses that describe the boundary layer characteristics and local and
regional circulations in the vicinity of Mexico City. The mesoscale analyses are then used to
drive a Lagrangian particle dispersion model to simulate pollutant transport and diffusion.
The resemblance between the calculated particle concentration fields and the observed spatial

ozone patterns indicates that the mesoscale analyses, based on the model and the observed
profiles of wind, temperature, and humidity, captured the main flow features responsible for
the inhomogeneous ozone concentrations within the basin. The highest particle concentra-
tions usually occurred in the vicinity of the peak ozone concentrations during the afternoon.
The observations and mesoscale analyses provided evidence that the circulations are highly
complex, and relatively weak upper level synoptic systems had an impact on the local and
regional thermally driven flows in the area. In addition to horizontal advection and vertical
diffusion, vertical wind shears, recirculation patterns associated with venting and entrainment
processes, and mean vertical motions due to convergence within the basin also played an
important role in producing the spatial variations in the near-surface particle distributions.
The contribution of emissions from the previous day was found to be relatively minor for the
periods examined in this study, even though the nocturnal wind speeds were light, suggesting
that the high ozone concentrations are not due to multiday accumulation of pollutants.

1. Introduction

The rapid growth of megacities has led to serious urban air
pollution problems in many developing countries. For exam-
ple, hourly averaged ozone concentrations in the Mexico City
Metropolitan Area (MCMA) exceed the Mexican air quality
standard of 110 ppb nearly every day and often exceed twice
the standard. Ozone concentrations as high as 441 ppb have
been measured during the most severe air pollution events
[Garfias and Gonzolas, 1992]. In contrast to midlatitude
megacities, ozone exceedances can occur at any time during
the entire year because the subtropical latitude (~19.4°N) and
high altitude (~2250 m mean sea level, or msl) are conducive
to ozone production during the winter as well as the summer.
The prevailing dry, clear-sky conditions during the winter
months lead to the formation of strong surface-based inver-
sions at night [Collins and Scott, 1993; Garfias and
Gonzdlez, 1992] that persist for several hours following
sunrise. Strong solar heating of the ground generates turbu-
lent mixing that erodes these inversions in the morning, pro-
ducing deep boundary layers by the afternoon. Pollutants
initially trapped below the inversion are then mixed within
the convective boundary layer (CBL), which can be as high as
4 km above the ground. There is sufficient time for the
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photochemical production of ozone in the morning, before the
development of the deep CBL, because of high emission rates
and intense subtropical high-altitude solar radiation. During
the wet summer season, clouds inhibit photochemistry, and
precipitation removes trace gases and particulates so that
extremely high ozone episodes are less frequent.

Since the city is located within an elevated basin, it is
thought that the mountain ranges tend to restrict pollutant
ventilation. The effect of the surrounding terrain on the
development of thermally driven flows has been observed
[Jauregui, 1988; Lauer and Klaus, 1975], but few routine
meteorological measurements are made in the region that can
be used to describe the influence of local and regional circu-
lations on pollutant transport. For example, the twice-daily
rawinsondes at the airport are the only routine upper air meas-
urements. Hourly near-surface measurements of wind speed,
direction, temperature, and humidity are made at a number of
locations throughout the city, but some of the observations
are not representative of the surrounding conditions, since
they are affected by nearby buildings and trees in the urban
environment. These operational upper air and surface obser-
vations are insufficient to describe conditions within the basin
when the winds are light and variable or when multiscale flow
interactions form complicated circulations.

Additional instrumentation has been deployed during a
recent field campaign to better describe the meteorological
and air chemistry characteristics over the MCMA. Over a
3-week period in February 1991, rawinsonde, tethersonde,
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and aircraft measurements [Nickerson et al., 1992] were made
as part of the Mexico City Air Quality Research Initiative
(MARI) to provide input data for air quality models [Streit
and Guzmdn, 1996]. Most of the meteorological measure-
ments were made at one site, and information regarding the
spatial wind field characteristics was obtained only on a few
days. Bossert [1997], Wellens et al. {1994], and Williams
et al. [1995] used data from the 1991 MARI field campaign to
evaluate the local circulations produced by mesoscale models
and the transport of pollutants simulated by dispersion
models. Bossert [1997] demonstrated that both regional- and
synoptic-scale meteorology are important for understanding
flows and dispersion within the Mexico City basin.

Ozone measurements made throughout the MCMA over
the past several years have shown that ozone concentrations
are usually highest in the southwest section of the city and
lowest in the northeast [Bian et al., 1998; Bravo et al., 1996;
Collins and Scott, 1993; Streit and Guzmdn, 1996].
Climatological analyses suggest that the dominant near-
surface northerly winds during the day transport pollutants to
the south; however, the winds and ozone concentrations
associated with individual pollution episodes imply a more
complex relationship. For example, vertical wind shears can
effectively disperse pollutants over a much larger area than
can near-surface advection and diffusion alone. Preliminary
modeling studies [Fast et al., 1997; Zhong et al., 1997] have
shown that the interaction of synoptic flows and local
thermally driven circulations may determine where the high-
est pollutant concentrations occur within the basin. Because
of the lack of routine meteorological and air chemistry
measurements aloft over the city, the effect of the time-
dependent three-dimensional wind field on pollutant
distribution within the basin is not well understood. Even
though 80% of the air pollution in Mexico City has been
attributed to vehicle emissions [Collins and Scott, 1993], it is
likely that the distribution of point sources, such as the indus-
trial emission sources located in the northern end of the city
[Fuentes-Gea and Garcia-Gutierrez, 1990], plays a role in
producing spatially inhomogeneous pollutant concentrations.

A detailed spatial and temporal description of the complex
circulations within the basin is required to adequately
describe pollutant transport and diffusion over Mexico City.
In this study a mesoscale model that employs four-
dimensional data assimilation is used to simulate small-scale
and regional circulations influenced by complex terrain
within and around the basin during 7 high-ozone days of a
field campaign conducted in February and March 1997. The
mesoscale model results are coupled to a Lagrangian particle
dispersion model to identify the meteorological mechanisms
that contribute to the observed spatial ozone concentration
variations over Mexico City. This approach was found to be
very useful in describing the atmospheric processes respon-
sible for the ozone layers observed during the 1993 North
Atlantic Regional Experiment [Fast and Berkowitz, 1996;
Doran et al., 1996] and the 1995 North American Research
Strategy for Tropospheric Ozone field campaign [Berkowitz et
al., 1998]. Since aircraft measurements [Nickerson et al.,
1992, 1993] have suggested that pollutant layers may persist
over Mexico City from one day to the next, the particle dis-
persion model is also used to estimate the relative contri-
bution of previous day emissions on concentrations within the
basin atmosphere.
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2. The 1997 Field Campaign

As part of the Investigacion sobre Materia Particulada y
Deterioro Atmosférico-Aerosol and Visibility Evaluation
Research (IMADA-AVER) project a meteorological field
campaign (Doran et al., 1998) was conducted between
February 24 and March 22, 1997, to provide essential infor-
mation about the boundary-layer structure and evolution in
the vicinity of Mexico City. IMADA-AVER was conducted
cooperatively by the U.S. Department of Energy and the
Instituto Mexicano del Petroleo. The objectives of the
IMADA-AVER project were to understand the nature and
causes of the observed high particulate concentrations, high
ozone concentrations, and visibility impairment in the region.
In this study we focus on the meteorological processes that
contribute to spatial variations of high ozone concentrations
within the basin.

2.1. Instrumentation

During the field campaign, hourly vertical wind profiles
within 4 km of the ground were obtained from four 915-MHz
radar profilers located at Cuautitlan, Teotihuacan, UNAM,
and Chalco (Figure 1). A comparison of horizontal wind
component measurements from rawinsondes and wind pro-
filers over a 2-year period have been shown by Weber and
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Figure 1. Topography of the Mexico City region (100-m

contour interval), locations of radar wind profilers and
radiosondes during the 1997 IMADA-AVER field campaign
(Cuautitlan, Teotihuacan, UNAM, and Chalco), and locations
of the RAMA monitoring stations that measure near-surface
ozone. The symbols denote station groups; open symbols
denote stations that also measure meteorological quantities.
Gray shading denotes the MCMA. Surface monitoring
stations include Tlalnepantla (TLA), ENEP-Acatlan (EAC),
Azcapotzalco (AZC), Tacuba (TAC), Xalostoc (XAL), San
Agustin (SAG), Chapingo (CHA), Lagunilla (LAG), Merced
(MER), Hangares (HAN), Benito Juarez (BJU), Cuajimalpa
(CUA), Plateros (PLA), Pedregal (PED), Tlalpan (TPN),

Taxquena (TAX), UAM-Iztapalapa (UIZ), Cerro de la Estrella

(CES), and Tlahuac (TAH).
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Wuertz [1990] to have differences with a standard deviation
of about 2.5 m s™ that are mainly due to meteorological vari-
ability in the wind. Temperature and humidity profiles were
obtained from radiosondes launched 5 times per day (0800,
1100, 1330, 1630, and 1930 local standard time, or LST) at
the same locations. Twice-daily rawinsonde soundings were
made at the Mexico City airport near the middle of the basin.
Additional temperature and humidity profiles were obtained
from radiosondes launched at Tres Marias (1330 and
1630 LST), located about 45 km southeast of Mexico City,
and Pachuca (1330, 1630, and 1830 LST), located about
70 km northeast of Mexico City. In contrast to the 1991
MARI field campaign, meteorological instrumentation was
deployed at several locations to obtain continuous informa-
tion about the spatial characteristics of the wind, temperature,
and humidity.

Air quality data were provided by an automated surface
network of 33 monitoring stations in and surrounding Mexico
City. This network, called the Red Automatica de Monitoreo
Atmosférico (RAMA), routinely provides hourly near-surface
measurements of various pollutants. Ozone, carbon monox-
ide, sulfur dioxide, nitrogen oxides, and particulates are
among the quantities measured at RAMA monitoring stations.
The instrumentation at the RAMA stations follows the U.S.
Environmental Protection Agency guidelines [Raga and Le
Moyne, 1996]. The locations of the 19 monitoring stations
that measure ozone are shown in Figure 1. The RAMA
stations are grouped into five geographic regions, northwest,
northeast, southwest, southeast, and central, to obtain average
ozone concentrations over regions of the MCMA. Near-
surface wind speed, direction, temperature, and humidity are
measured at 10 of these locations, denoted by the open
symbols in Figure 1. During the field experiment, additional
surface meteorological stations measured the wind speed and
direction, temperature, humidity, and solar radiation at a
height of 2 m at the Teotihuacan and UNAM sites and at a
height of 10 m at the Chalco site.
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Figure 2. Daily maximum hourly ozone concentration

(heavy line) averaged over the 19 RAMA stations and the
highest and lowest daily maximum values during the field
campaign. The vertical gray lines denote days examined in
this study.
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Figure 3. Meteorological quantities measured during the
field campaign at the UNAM surface station including the
clearness index (see text for details), daily maximum
temperature, and daily minimum relative humidity. The
vertical gray lines denote days examined in this study.

2.2. Observations

The temporal variation of the basin-averaged daily maxi-
mum ozone concentrations and the highest and lowest ozone
concentrations observed among the stations during the field
campaign are given in Figure 2. The Mexican ozone standard
of 110 ppb was exceeded nearly every day at one or more
stations, and there were 11 days on which hourly ozone con-
centrations exceeded 200 ppb. Daily maximum ozone con-
centrations varied among the individual stations by as much
as 150 ppb on a given day, demonstrating the spatial inhomo-
geneity of ozone within the basin. The gray lines in Figure 2
denote 7 days that have been chosen for model simulations, as
we will describe in section 3.3. These periods were chosen
because of the relatively high values and differing spatial
distributions of ozone concentrations.

As Figure2 shows, the lowest ozone concentration
occurred on March 6, the highest ozone episodes occurred
before March 6, and more high-ozone days occurred before
March 6 than during the period afterward. The daily ozone
values appear to be associated with the ambient meteo-
rological conditions. For example, the cloudiness, tempera-
tures, and humidities at UNAM depicted in Figure 3 were
distinctly different before and after March 6. The clearness
index given in this figure is a function of the daily integrated
solar radiation. A value of 1 represents clear skies between
sunrise and sunset, and smaller values are produced with
increased cloudiness. Before March 6 the clearness index
often exceeded 0.9, the maximum temperatures were usually
between 25° and 30°C, and the afternoon relative humidities
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were less than 20%. After March 6 the skies became partly to
mostly cloudy, the temperatures were lower, and the relative
humidities were higher. The higher ozone concentrations
were associated with the clear skies, warm temperatures, and
dry conditions early in the field experiment.

As we mentioned previously, ozone concentrations varied
significantly across the basin and exhibited significant day-to-
day variations (Figure 2). Typical spatial and temporal varia-
tions are shown by the hourly surface ozone concentrations
averaged over each station group in Figure 4. The average
ozone concentrations on February 25 (Figure 4a) were the
highest recorded during the field campaign. Ozone concen-
trations exceeded 110 ppb at all of the stations during the
afternoon, but the center and western stations were about
50 ppb higher than the eastern stations. Ozone concentrations
on March 2 (Figure 4b) were highest in the southwest at
1300 LST; however, maximum values were observed at the
northwest stations later in the afternoon at 1700 LST. The
maximum ozone concentrations occurred in the southeast on
March 4 and 18 (Figures 4c and 4f) and in the northwest on
March 11 and 14 (Figures 4d and 4e). NO, concentrations
also exhibited spatial inhomogeneity and typically reached
peak values of 200 to 300 ppb between 0800 and 0900 LST,
suggesting that vehicular emissions were large contributors to
ozone production. The region with the highest NO, concen-
trations did not necessarily correspond to the region with the
highest ozone values, indicating that ozone distribution is a
function of transport processes, the timing of the emissions,
and the rates at which NO, and reactive hydrocarbons are
transformed into secondary pollutants by photochemical
reactions.
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The spatial ozone variations shown in Figure 4 suggest that
the basin circulations were significantly different from one
day to the next. Subtle changes in the ambient flow, due to
day-to-day variations in the large-scale synoptic conditions,
are expected to affect the development of thermally driven
flows produced by local and regional topographic variations.
High-pressure systems and weak upper-level winds charac-
terize the synoptic conditions over central Mexico in the
winter; however, the propagation of troughs and low-pressure
systems over the United States affected the upper-level flow
over central Mexico several times during the field campaign
as shown in Figure 5. Relatively large pressure gradients and
wind speeds at the 500-hPa level occurred over central
Mexico on March 2 (Figure 5a) as a result of a cutoff low
over Texas. Weak pressure gradients were observed on
March 4 (Figure Sb) and 14 (Figure 5c), but the position of
the troughs over the United States produced different wind
directions over central Mexico on each day. Wind profiler
measurements indicated that even weak synoptic forcing
affected the thermally driven wind systems so that it was
difficult to characterize common near-surface flow features
within the basin during the field campaign [Doran et al.,
1998].

While the wind profiler network provided valuable infor-
mation about the spatial characteristics of the winds, they
were insufficient to fully describe details of the three-dimen-
sional flows within the basin that affect pollutant transport.
Prognostic mesoscale models are the only tools available that
can be used to obtain realistic flow characteristics in data
sparse regions, such as the center of the basin and the
mountainous regions surrounding the city.

(b) 4 . 'h — ! sy (€) ga s | | P
- 200 March?2 | southwest ! 200 -] March 4 : F
—_ s | i I o
a ! | ! o
g s : ‘ ! F
> ~ 150 i 150 i -
£ - : ! -
o | 3
2 100 100 i -
£ . s
E i .
g - 50 50 A -
8 f l ;
E & o ;I L
18
(d) iy (f) TR |l PR T
200 March 14 200 — March 18/ !
0 northwest ] i i
2 i ] southeast and central 1
S 150 150 - | i
g : 5
2 100 100 = !
= ] i
E -
g 50 | 50 .
8 -2 ] | .
0 gF° ! | o | \ ] O™
——r 1|2 —TrTrr{Trr—+ 0 s e e e
. 18 12
time (LST) time (LST) time (LST) 18
—O— northwest —{}— northeast
e CeNlral
—e— southwest —— southeast

Figure 4. Hourly surface ozone concentrations averaged over each station group for (a) February 25,

(b) March 2, (c) March 4, (d) March 11, (e) March 14,

and (f) March 18, 1997.
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(a) 12 UTC March 2, 1997

(c) 12 UTC March 14, 1997
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Figure 5. The 500-hPa geopotential heights and winds at
1200 UTC from the NCEP AVN model analyses on
(a) March 2, (b) March 4, and (c) March 14. The solid circle
denotes the location of Mexico City.

3. Model Description

A mesoscale dynamic and dispersion modeling system is
used to investigate the effect of local and regional thermally
driven flows on the spatial distribution of ozone within the
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basin. We employ both observations from the 1997 field
campaign and mesoscale model results to identify the
meteorological processes in the vicinity of the MCMA.

3.1. Atmospheric Mesoscale Model

The Regional Atmospheric Modeling System (RAMS)
[Pielke et al., 1992] is the mesoscale meteorological model
used to describe the meteorological conditions in the vicinity
of Mexico City. The turbulence parameterization consists of
a simplified second-order closure method that employs a level
2 diagnostic scheme or a level-2.5 scheme with a prognostic
turbulence kinetic energy equation [Mellor and Yamada,
1982; Helfand and Labraga, 1988]. Although the cumulus
and microphysics parameterizations are not activated to
produce precipitation, condensation of vapor to cloud water
occurs in areas of supersaturation. The Chen and Cotton
[1983] shortwave and longwave parameterizations are used to
determine the heating or cooling caused by radiative flux
divergences. Turbulent sensible heat, latent heat, and
momentum fluxes in the surface layer are based on similarity
equations [Louis, 1979]. Prognostic soil-vegetation relation-
ships are used to calculate the diurnal variations of tempera-
ture and moisture at the ground-atmosphere interface. In this
study, vegetation type is based on a U.S. Geological Survey
1-km data set for North America. Vegetation in the Mexico
City region consists of forests at the higher elevations
surrounding the city and grass, crops, and shrubs at the lower
elevations.

RAMS employs a terrain-following coordinate system and
a two-way interactive nested grid structure. As Figure 6
shows, the modeling domain consists of three nested grids
with horizontal grid spacings of 36, 9, and 2.25 km. The
outer grid encompasses most of Mexico and parts of the Gulf
of Mexico and Pacific Ocean. The inner grid encompasses
the Mexico City basin and the surrounding mountain ranges.
By employing a nested grid configuration the effects of
synoptic and regional-scale flows on local circulations within
the basin can be represented. A stretched terrain-following
coordinate is employed with a grid spacing of 50 m adjacent
to the surface. The grid spacing is 100 m between 50 and
1250 m above ground level (AGL); above this height the
spacing gradually increases to 1500 m near the model top at
an elevation of 17.8 km AGL. Because of the staggered
coordinate system the lowest model coordinate is at about
26 m AGL. There are 42 vertical levels. With this vertical
resolution, 26 grid points are positioned within 4 km of the
ground to resolve boundary-layer processes responsible for
pollutant transport from surface releases.

A nudging four-dimensional data assimilation (FDDA)
technique has been incorporated into RAMS [Fast, 1995;
Harms et al., 1992], using a tendency term that is added to
the prognostic equations of the model. In this study, FDDA
brings four prognostic variables (u and v component of the
wind, potential temperature, and specific humidity) into
closer agreement with the standard upper air soundings at the
Mexico City airport (0000 and 1200 UTC periods), the hourly
wind profiler data, and the radiosondes (five per day) at the
four primary sites (Cuautitlan, Teotihuacan, UNAM, and
Chalco) throughout the simulation period within the inner
grid. On grids 1 and 2, data from the 0000 and 1200 UTC
rawinsondes are incorporated into the model. Surface obser-
vations are not assimilated into the model analyses. The
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domain width = 1764 km; ticks denote grid spacing
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Figure 6. Grid location and topography employed by the mesoscale model on (a) grid 1 and (b) grid 3, four
area emission sources employed by the particle dispersion model denoted by gray boxes SWe, SEe, NWe, and
NE,, and five particle sampling domains denoted by SW, SEg, NWj, NEg, and By.

resulting meteorological fields are mesoscale analyses, which
combine the predicted and observed variables when and
where observations are available. FDDA is applied to limit
the forecast errors in the prognostic variables and to reduce
the uncertainties associated with pollutant transport. Addi-
tional details of the FDDA procedure are given in the
appendix.

3.2. Lagrangian Particle Dispersion Model

A Lagrangian particle dispersion model [Fast, 1995] is
used to examine the transport characteristics associated with
meteorological processes in the vicinity of the MCMA. Dis-
persion is simulated by tracking a large number of particles
based on the mean velocity components predicted by RAMS
and subgrid-scale turbulent velocity components. The mean
velocity fields employed by the model are based on the meso-
scale analyses at 1-hour intervals. The model linearly inter-
polates the mean velocity field in time during individual
1-hour periods using a 15-s time step. The sub-grid scale
turbulent velocities are computed by solving the Langevin
equation with a Markov chain formulation [Legg and
Raupach, 1982] that is based on the Thomson formulation of
the equation for the turbulent vertical velocity component
[Hurley and Physick, 1991]. The turbulent velocity statistics
are consistent with the second-order closure applied in the
mesoscale model. Particles are nonbuoyant, and a perfect
reflection of particles occurs at the ground. Each particle is
tagged by its release location, release time, and current
position so that the history of a particle plume and individual
trajectories can be obtained. This information is useful in
identifying the atmospheric mechanisms associated with
pollutant transport and diffusion.

3.3. Experimental Design

Seven days from the 1997 IMADA-AVER field campaign
are examined: February 25 and March 2, 4, 9, 11, 14, and 18.
These days are chosen because the peak ozone values

occurred in different areas of the MCMA as shown in
Figure 4, suggesting that different meteorological processes
may have been responsible for the ozone distributions on each
day. In contrast to the observations in Figure 4, ozone con-
centrations on March 9 exhibited only minor spatial varia-
tions (not shown).

A mesoscale simulation is performed for each of the seven
cases. Each simulation starts at 0600 LST and lasts for
42 hours, with the second afternoon being the period of
interest. The main reason the model is initialized at this time
is that one of our objectives is to examine the relative
contribution of the previous day’s emissions to near-surface
concentrations. Another advantage of initializing the model
on the moming of the previous day is that a continuous and
realistic treatment of the diurnal boundary-layer character-
istics can be obtained. The model is initialized with the
National Center for Environmental Prediction’s Aviation
(AVN) model analyses (1° spacing) and standard 12 UTC
rawinsondes (Figure 6a). The mesoscale model’s lateral and
top boundary points are forced, through the use of nudging
[Davies, 1976], toward the AVN objective analysis fields dur-
ing the simulation period. The forcing at the lateral bound-
aries is applied on the outermost five grid points of grid 1; the
magnitude of the forcing varies linearly in time between
6-hour intervals. Continuous FDDA is applied throughout
the simulation period by using data from the field campaign
and standard rawinsondes, as we described in section 3.1.

The initial soil and vegetation temperature is set equal to
the initial atmospheric temperature at the lowest model grid
point. The initial soil moisture is set equal to 25% of the
saturation value throughout the soil layer to reflect the dry
conditions of the winter season. Soil type is specified as
sandy clay loam throughout the domain. Although soil mois-
ture should vary over the domain, there are no reliable data to
specify this parameter more accurately. The sea surface tem-
peratures are obtained by interpolating a 2-week composite
analysis with a 1° horizontal resolution to the model’s ocean
grid points. The soil temperature and moisture values at the
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lowest soil level and the sea surface temperatures are fixed at
their initial values during the simulation period.

Four area emission regions, denoted by the SW, SE,
NW,, and NE, gray squares in Figure 6b, are employed by
the particle dispersion model. Particles are released randomly
within the four sources near the surface between 0600 and
1800 LST on each day of the simulation period by using a
constant release rate. The same release rate (28 particles
min™') is used for each source in which particles are emitted
every 15 s. More than 160,000 particles are released for each
case. The resulting concentration fields on the second day are
due to both same-day and previous day releases. Five sam-
pling domains, as shown by the boxes in Figure 6b, are used
to determine relative concentration in specific portions of the
basin atmosphere. Four of the sampling domains, denoted by
SW,, SE;, NW,, and NEg, are located over the MCMA and
are slightly larger than the emission sources. A larger sam-
pling domain, denoted by B, encompasses most of the basin.

4. Results

Discussion of the model results will focus on the March 2,
4, and 14 cases, although some features from the other cases
will be included as well. Results from these cases are pre-
sented because the spatial distribution of ozone was
significantly different on each day, suggesting that different
circulations may have affected the transport of pollutants
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within the basin. The temporal and spatial variation of ozone
on the other days had characteristics that were similar to those
on March 2, 4, and 14. We first present observed and simu-
lated potential temperature and wind profiles to describe the
development of the boundary layer over the MCMA. Then
the surface wind and particle concentration fields are
examined and compared to the observed ozone distributions.
The vertical structure of the wind, temperature, and particle
concentrations are presented next to illustrate the effect of
vertical wind shears on near-surface particle concentrations.
Finally, the effects of previous day emissions on concentra-
tions within the basin atmosphere are quantified.

4.1. Observed and Simulated Meteorological Profiles

The observed and simulated potential temperatures at the
UNAM site on March 2, 4, and 14 are shown in Figure 7.
The 0800 LST profiles were characterized by several layers,
including a surface-based inversion, a less stable transition
layer, and another strong stable layer aloft. Strong radiative
cooling as a result of the dry, clear-sky conditions in the ele-
vated basin led to the development of the near-surface inver-
sions. Surface heating produced only a relatively shallow
mixed layer by 1100 LST on each day, implying that pol-
lutants emitted in the morning would be trapped near the
surface for a substantial period of time. CBL growth was
rapid after 1100 LST on each day, since the atmosphere was
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Figure 7. Observed and simulated potential temperature profiles at UNAM for (a) March 2, (b) March 4, and

(c) March 14.
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less stable aloft. Mixed layer depths late in the afternoon
were as high as 4 km AGL on March 2 and 4 and 2.5 km
AGL on March 14. The model qualitatively reproduced the
features of the observed potential temperature profiles; how-
ever, the simulated temperatures within 0.5 km of the surface
were 5°C lower than those observed at 0800 LST (except on
March 2), even though the radiosonde data were assimilated
into the model fields. This decrease also happened at the

ther three radiosonde sgites indicming the nnn]ing at the
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surface produced by the model surface energy budget was too
strong or the simulated drainage winds that advected cool air
down the slopes into the lower basin were too strong.
Nevertheless, the simulated temperature profiles were similar

to the observed profiles after 1100 LST, so that evolution of

the convective boundary layer was adequately simulated by
the model.

As we expected, thermally driven flows developed in the
region in response to the strong daytime heating in the
elevated basin and the presence of deep convective boundary
layers in the afternoon. Figure 8 depicts vertical profiles the
observed horizontal winds (hourly averaged) and simulated
horizontal winds (instantaneous) at UNAM, Cuautitlan, and
Chalco sites for March 2, 4 and 14 so that the mesoscale
analyses can be directly compared with the observations. The
winds at Teotihuacan were often similar to those at Cuautitlan
and are therefore not shown. The model qualitatively repro-

duced most of the observed features, but there were times at
hich relativelv large differences were prnﬂnmar] near the
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UNAM, 2 March

Chalco, 2 March
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surface (see appendix). The gray areas depict the depth of the
boundary layer as determined by the model. The top of the
boundary layer was defined as either the height where the
vertical potential temperature gradient first became larger
than 0.0025 K m" during the day or the height where the
turbulent kinetic energy first became smaller than 0.003 m’s™
during the night. _

The winds measured by the profilers between 1 and 3 km

AGI (a}\nvp the heicht of the surrcunding

AGL (above height the surrounding
mountains) indicated the passage of synoptic weather sys-
tems. On March 2 (Figure 8a) the winds were westerly at
about 10 m s” until 1500 LST as a result of an upper-level
cutoff low over Texas that produced strong synoptic winds
above 700 hPa over central Mexico (Figure 5a). The upper-
level winds weakened significantly after 1500 LST as the low
moved to the east, decreasing the pressure gradient over
Mexico. The 500-hPa winds over northern Mexico were
southwesterly as a result of a trough over the western United
States on March 4 (Figure 5b); however, northeasterly winds
between 5 and 10 m s™ were measured above 1.5 km AGL at
each profiler over the entire day (Figure 8b). A trough over
the Gulf of Mexico (Figure 5c) was responsible for the upper-
level westerly winds at about 15 m s' on March 14
(Figure 8c). The westerly winds observed by the profilers
above 2.2 km AGL weakened late in the afternoon as a ridge
of high pressure developed over Mexico. A high-pressure

system centered over southeastern Mexico at 700 hPa may
1
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observed by the profilers in the late morning and early
afternoon between 1 and 2.2 km AGL on March 14.

While the synoptic conditions were significantly different
on March 2, 4, and 14, the near-surface winds exhibited three
common features. First, the winds within 1 km of the ground
were light and variable during the morning hours. The day-
to-day variations in the morning wind directions are important
for air quality applications, since they probably influence the
convergence of ozone precursors within the basin on each
day. Even though the winds were light, pollutants can be
transported as far as 10 km over a 3-hour period by 1 m s™
wind speeds; however, reactive species may not be trans-
ported as far before undergoing chemical transformation. The
simulated wind speeds increased during the -afternoon as a
result of the downward transfer of momentum associated with
CBL growth. Second, southerly flow formed over the south-
eastern gap in the mountains and propagated into the basin
through Chalco on each day. In fact, southerly winds were
observed at this site in the afternoon on most of the days
during the field campaign. The model results indicated that
these winds were caused by a north-south temperature and
pressure gradient that developed in the afternoon as the basin
atmosphere became warmer than the atmosphere over the
valley south of Mexico City. The processes responsible for
this southerly flow are similar to those associated with a
plain-to-basin wind [de Wekker et al., 1998; Kimura and
Kuwagata, 1993] or a propagating density current [Bossert
and Cotton, 1994; Doran and Zhong, 1994]. Third, strong
northerly winds often formed during the field campaign over
Cuautitlan and Teotihuacan in the late afternoon and early
evening that were due to thermally driven wind systems
associated with the elevated heating of the central Mexican

14 LST March 2
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plateau. The northerly winds at Cuautitlan and Teotihuacan
and the southerly winds at UNAM and Chalco on March 2
and 14 indicate strong convergence within the basin late in
the afternoon that may trap pollutants over the MCMA.

4.2. Simulated Horizontal Particle Concentration Fields

The simulated near-surface wind fields and particle
concentrations within 100 m of the ground at two times on
March 2, 4, and 14 are shown in Figure 9. The observed
ozone concentrations and winds from the RAMA network as
well as the near-surface winds from the Chalco and UNAM
sites are also shown for comparison purposes. The observed
wind speeds are smaller than the simulated wind speeds at 26
m AGL (two vector scales are employed) because the
instrumentation is located closer to the ground. Since the
surface meteorological observations are not assimilated by the
model, they are an independent data set that can be used to
evaluate the simulated wind fields. The winds from the
RAMA network are often not representative of the surround-
ing conditions because of channeling or distortion of the flow
in the urban environment; therefore significant differences
between observed and simulated wind direction and speed are
expected to occur at times.

Particles were advected to the southwestern side of the
basin by near-surface northeasterly winds over the MCMA
during most of the morning of March 2. Heating of the basin
slopes resulted in northeasterly near-surface winds directed
up the south and western basin slopes and westerly near-
surface winds up the eastern basin slopes. As Figure 9a
shows, the maximum particle concentration at 1400 LST
occurred in the vicinity of the highest ozone concentrations at

16 LST March 2
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Figure 9. Simulated near-surface horizontal wind vectors and particle concentrations (shaded) over a
subsection of the third nested grid at (a) 1400 LST, March 2, (b) 1600 LST, March 2, (c) 1300 LST, March 4,
(d) 1700 LST, March 4, (e) 1400 LST, March 14, and (f) 1600 LST, March 14 with topography contours
(100-m interval). The size of the solid circles denotes the magnitude of the measured ozone concentration,
and the thick vectors denote observed near-surface winds. Particles less than 30 min old are not plotted in
order to distinguish the particle plume from fresh emissions.
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Figure 9. (continued)

the southwest monitoring stations. Southerly flow through
the southeastern gap in the mountains and over the southern
mountain ridge propagated into the basin after 1400 LST and
produced stronger southeasterly winds by 1600 LST over the
southern MCMA (Figure 9b), including the UNAM site
(Figure 8a). The southerly winds also produced stronger
near-surface convergence over the middle of the basin. The
maximum particle concentration was advected to the north,
consistent with the highest ozone concentrations that occurred
at the northwest monitoring stations at this time.

Figure 9¢ depicts the surface winds and particle concen-
tration field at 1300 LST on March 4. The flow into the
basin, the northeasterly winds over the MCMA, and the local

slope flows resemble the early afternoon wind field on
March 2 (Figure 9a), except that northerly winds are produced
over the entire southern basin slopes. The model does not
reproduce the anticlockwise circulation exhibited by the
observed near-surface winds. Northeasterly upslope flows
were produced along the southwestern slopes of basin so that
the highest particle concentrations occurred over the
southwestern and southeastern MCMA. The highest ozone
concentration at this time occurred at Tlahuac (Figure 1), the
monitoring station closest to Chalco, but the maximum par-
ticle concentrations were located farther to the west. The
simulated winds became more westerly over the southern part
of the basin later in the afternoon and advected a larger
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fraction of particles to the southeast by 1700 LST as shown in
Figure 9d. The observed winds were consistent with simu-
lated wind directions the entire afternoon except over the
southern basin at 1300 LST. In contrast to March 2, the par-
ticle plume was advected by the northerly flow farther to the
south beyond the surrounding mountains.

On March 14, particles released during the early moming
hours were advected predominately to the southwestern por-
tion of the basin by light surface winds. In contrast to the
previous two cases, the surface winds over most of the
MCMA became easterly by 1400 LST as shown in Figure e.
Very light winds were produced over the northeastern portion
of the basin, and southerly flow began to develop over the
southern basin slopes a few hours sooner than it had on
March 2. The highest surface particle concentrations: oc-
curred over the northwestern portion of the basin, consistent
with the highest ozone concentrations. Particles continued to
be advected primarily to the northwest during the rest of the
afternoon as the southeasterly flow penetrated into the center
of the basin at 1600 LST (Figure 9f).

To further examine the spatial distribution of particles, the
fraction of particles within each of the four MCMA sampling
domains is shown in Figure 10. On March 2, the largest frac-
tion of particles occurred within the southwest sampling
domain, SWg, during the morning and early afternoon
(Figure 10a). Particles were advected primarily into the NWj
and NEg sampling domains after 1400 LST, decreasing the
fraction of particles within sampling domain SWg. The
largest fraction of particles on March 4 occurred in the SW
and SE sampling domains (Figure 10b). Although the south-
west portion of the basin usually had the largest fraction most
of the afternoon, both of the southern sampling domains had
about the same fraction at 1300 and 1600 LST. On March 14
the largest fraction of particles occurred within the NWg
sampling domain during the entire aftemoon (Figure 10c).

In general, the highest particle concentrations occurred in
the vicinity of the peak ozone concentrations for most of the
afternoon for each of the three cases presented in Figures 9
and 10. The spatial patterns of particle concentrations were
also consistent with the ozone observations for the
February 25 and March 11 simulations. The correspondence
between the particle concentrations and the ozone values on

(a)
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March 9 and 18 was not as good as that for the other cases,
although there were periods in which the particle distribution
resembled the observed spatial ozone patterns. Average
ozone concentrations were nearly the same among the five
regions on March 9, but the maximum particle concentrations
usually occurred over the western portions of the basin. On
March 18, maximum particle concentrations were produced in
the southwest, rather than in the southeast, where the
maximum in the ozone observations occurred.

A statistical analysis of the differences between the
observed and simulated winds may explain some of the dis-
crepancies between the locations of the highest particle
concentrations and the peak ozone concentrations. For exam-
ple, the differences between the observed and simulated
winds at the UNAM site was somewhat larger on March 11
and 18 than on the other days (not shown). Unfortunately,
UNAM wind profiler observations were unavailable on
March 9 after 0700 LST, so that the model results cannot be
verified during the day. During the afternoon of March 9,
northeasterly winds between 4 and 6 m s within 0.5 km of
the surface simulated over UNAM permitted a large fraction
of particles to be advected toward the western portion of the
basin. On March 18 the observed winds within the CBL were
light and variable between 1300 and 1500 LST, but the simu-
lated easterly and northeasterly winds of 2 to 6 m s within
1.5 km of the surface prevented the particle plume from being
advected to the southeast. Relatively large near-surface wind
field errors over a few hours probably contributed to sig-
nificant transport errors during both of these cases. These
findings demonstrate that FDDA does not always guarantee
good agreement between observed and simulated winds,
especially when the observed winds are light and variable.

Information from the dispersion model allows the particle
source regions to be determined. On March 2, an equal frac-
tion of the particles in the southwest originated from each of
the four emission sources. Most of the particles in the south-
east on March 4 originated from the two eastern sources, SE,
and NE,, since the winds were northerly most of the day.
Early in the afternoon of March 14 a significant number of
particles from each source were found within the northwest
sampling domain, but the largest fraction of particles origi-
nated from NE, late in the afternoon. These results demon-

02 March 04 March

particle fraction

2
time (LST)

2 18
time (LST)

—o0— NWj (northwest) —a— NEg (northeast)

—e— SW; (southwest)

—m— SEg (southeast)

Figure 10. Fraction of particles in each quadrant of the MCMA as defined by sampling domains SWy, SEj,
NWj, and NE; on (a) March 2, (b), March 4, and (c) March 14.
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strate that local emissions alone cannot explain the occurrence
of high ozone concentrations at specific locations and that
different emission sources over the MCMA probably affect
specific locations on a daily basis and sometimes on an
hourly basis, depending upon the meteorology.

4.3. Simulated Vertical Particle Concentration
Fields and Trajectories

Vertical cross sections of the wind, potential temperature,
and particle concentrations (Figures 11, 13, and 15) and rep-
resentative kinematic forward trajectories of particles
(Figures 12, 14, and 16) are used to illustrate the atmospheric
mechanisms aloft associated with the surface concentrations
presented in the previous section.

Light, near-surface winds advected particles that were
released early in the moming on March 2 toward the south-
west (not shown). Upslope flows subsequently advected the
particle plume up the western and southern basin slopes
within a shallow CBL by 1100 LST. Particles over the slopes

" between 1100 and 1200 LST were mixed upward by vertical
diffusion processes and vented out of the CBL into the free
atmosphere, a process also known as “mountain venting” or
the “mountain-chimney effect” [Lu and Turco, 1994]. Strong
vertical wind shears were simulated by the model so that
southwesterly winds advected the layer of particles vented out
of the CBL back over the city by 1300 LST, as shown in
Figure 11a. Particles within this layer were entrained into the
CBL when the mixed layer over the city grew to a height of
1.2 km AGL. Mean sinking motions associated with the
return flow were also responsible for bringing particles down
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Figure 11. North-south vertical cross section of particle
concentration (shaded), potential temperature (contours), and
wind (v and w component wind vectors) at (a) 1300 LST,
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where the gray area denotes the four sources employed by the
particle model, the boxes denote the sampling domains, and
the ellipses represent mixing within the convective boundary
layer.
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Figure 13. Same as Figure 11 except at (a) 1200 LST,
March 4 and (b) 1500 LST, March 4.
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Figure 14. Same as Figure 12 except on March 4.

to the surface. Trajectories of particles emitted early in the
morning from all four area sources (Figure 12) exhibited
recirculation patterns associated with the mountain venting
and entrainment processes. High particle concentrations over
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Figure 15. Same as Figure 11 except at (a) 1200 LST,
March 14, and (b) 1600 LST, March 14.
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Figure 16. Same as Figure 12 except on March 14.

the southwestern basin were due to both near-surface hori-
zontal advection and entrainment of particles from aloft,
indicating that many emission sources may have contributed
to the high ozone concentrations in this region. The entire
particle plume was advected to the north by 1500 LST as the
simulated density current developed over the southem ridge
(Figure 11b) and as the westerly winds aloft decreased in
intensity and became southerly (Figure 8a). Near-surface
convergence in the middle of the basin produced strong
upward vertical motions that transported particles toward the
top of the CBL, where horizontal winds between 5 and
10 ms™ quickly advected the particle plume out of the basin
atmosphere. This process, defined here as “basin venting”
and called the “stovepipe effect” by Jauregui [1988],
efficiently reduced surface particle concentrations after
1500 LST.

On March 4, upslope flows along the southern basin slopes
were coupled to the upper-level northerly winds so that rela-
tively small wind direction shears were produced as shown in
Figure 13a. Particles were confined to within 0.6 km of the
ground until noon as they were advected from the MCMA
over the mountain ridge. As the CBL grew during the after-
noon, particles were mixed up to 1.5 km AGL by 1500 LST
as shown in Figure 13b. Particles vented out of the CBL into
the free atmosphere over the mountains were advected toward
the south, in contrast to the events of March 2. As shown by
the trajectories in Figure 14, particles emitted from eastern
sources after 0900 LST were mixed throughout the growing
CBL as they were advected by the northerly flow to the
southeastern end of the basin. Only a small fraction of the
particles emitted from the western sources was advected to
the eastern side of the basin. Trajectories did not exhibit
recirculation patterns like those on March 2, since there were
no substantial wind direction shears.
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The atmospheric processes on March 14 were similar to
those on March 2 in many respects; however, subtle differ-
ences in the wind shears affected the placement of the maxi-
mum number of particles. For example, particles were vented
out of the CBL on this day into the layer of moderate
southerly winds observed by the profilers (Figure 8c). The
5m s' winds aloft advected the layer of particles to the
northern portion of the basin by 1200 LST as shown in
Figure 15a. As the CBL grew, this layer was entrained into
the CBL as the entire particle plume over the MCMA was
advected to the north (Figure 15b). The particle trajectories
shown in Figure 16 are similar to those on March 2, except
for the longer transport distance aloft. While the midlevel
winds over the basin slopes were southwesterly, the particle
plume was turned to the north by more southerly winds over
the MCMA. The persistent high particle concentrations over
the northwesten end of the basin were due to both
entrainment and near-surface convergence. The different
CBL growth rates and the wind directions and speeds aloft on
March 2 and 14 resulted in variations in the recirculation
patterns and entrainment locations.

To further demonstrate the importance of pollutant recir-
culation, the age distribution of particles over individual sam-
pling domains on March 2, 4 , and 14 is shown in Figure 17.
About 30% of the particles within SWg on March 2
(Figure 17a) were between 4 and 8 hours old at 1400 LST, the
time of the maximum ozone concentration; therefore recir-
culation (Figure 12) may have been an important mechanism
contributing to the high ozone concentrations. The shorter
times of the remaining 70% of the particles were associated
with the horizontal advection of particles recently released,
because there were no other sources upwind of Mexico City,
and moderate wind speeds advected older particles beyond
the MCMA sampling domains in 4 hours. On March 4
(Figure 17b), nearly 75% of the particles within SEg were less
than 2 hours old at 1300 LST because the higher near-surface
wind speeds reduced the transport time of particles advected
into and out of the sampling domain. Only a very small frac-
tion of the particles were greater than 4 hours old the entire
day, demonstrating that the particle plume was not
recirculated over the MCMA. The high ozone concentrations
in the southeast cannot be explained by the newly emitted
particles, since photochemistry takes at least 3 to 4 hours to
produce high concentrations of ozone from primary emissions
of NO, and reactive hydrocarbons in a typical urban atmos-
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phere. This finding implies that the anticlockwise near-
surface circulation (Figure 9¢) may be much stronger than the
simulated one, so that the basin atmosphere was less well
ventilated. A relatively large fraction of the particles on
March 14 (Figure 17c) within NWg were 4 to 8 hours old
between 1200 and 1500 LST, somewhat earlier than the peak
ozone concentrations that occurred between 1400 and
1800 LST. The model results suggest that recirculation may
have been an important factor early in the afternoon but
relatively unimportant in the late afternoon. In fact, the near-
surface wind directions became easterly late in the afternoon,
so that most of the particles were advected directly from NE,
in less than 2 hours.

The recirculation on March 2 and 14 suggests that pol-
lutants would remain trapped within the basin atmosphere
during the day; however, the strong winds on March 4
indicate that the basin atmosphere can also be well ventilated.
To quantify the ventilation of the basin atmosphere, the par-
ticle loss with time within the four MCMA sampling domains
was computed for all seven cases, with results shown in
Figure 18. A value of 1 means that all particles emitted up to
that time on that day remain over the MCMA. Values greater
than 1 occur when particles emitted on the previous day
remained over the MCMA. In general, particles emitted dur-
ing the moming were advected by light winds and trapped
within a shallow boundary layer over the MCMA. During the
afternoon as the boundary-layer depth grew substantially
between 1100 and 1300 LST, the basin atmosphere became
well ventilated. As we expected, the strong northerly winds

‘on March 4 advected a large fraction of the particles out of

the basin, so that only 20% remained by 1400 LST. Because
of the lighter winds and recirculation patterns, 90% of
particles remained over the MCMA at 1400 LST on March 2.
The results from the other cases fell between the March 2 and
4 cases, with the fraction of particles remaining over the
MCMA gradually dropping off during the afte:noon. The
southerly winds at Chalco and northerly winds at Cuautitlan
and Teotihuacan imply that convergence would trap pol-
lutants within the basin atmosphere; however, vertical diffu-
sion and mean vertical motions due to the near-surface
convergence transported particles upward where stronger
winds aloft usually advected a large fraction of the particle
plume out of the basin atmosphere.
Clearly, a three-dimensional interpretation of the r=ic
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Figure 17. Age of particles within sampling domain (a) SWg on March 2, (b) NEg on March 4, and (c) NW
on March 14, where the vertical gray lines denote the time of the observed maximum ozone concentration.
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Figure 18. Fraction of particles remaining over the MCMA
(SW, SE;, NW, and NE sampling domains) for all seven
cases between 0900 and 2100 LST.

the vicinity of Mexico City. The measurements made during
the field campaign are insufficient, by themselves, to describe
all of the atmospheric processes responsible for pollutant
dispersion.

4.4. Previous Day Emissions

The fraction of particles in Figure 18 exceeded 1 early in
the moming for some of the cases because some of the par-
ticles emitted the previous afternoon remained within the
basin atmosphere or were transported back over the basin by
0600 LST. Since the winds were often light and variable at
night, pollutants emitted on one day may have an impact on
air chemistry the following day. It has not been possible until
now to estimate the potential impact of previous day emis-
sions, since the spatial variation of the winds aloft in the
vicinity of Mexico City had not been measured prior to the
1997 IMADA-AVER field campaign. The three-dimensional
meteorological fields produced by the observations and the
mesoscale model with FDDA provide the information needed
to estimate residence time of air parcels in the basin atmos-
phere at night.

The fraction of particles remaining within the basin atmos-
phere, as defined by sampling domain Bg, during the first
evening, is shown in Figure 19a. At the end of the afternoon
(1800 LST) the fraction of particles within Bg was between
30% and 50% of the total particles emitted during the day for
five of the cases and less than 15% for the other two cases.
Even though the measured winds were usually light
(Figure 8), the fraction of particles gradually decreased during
the evening as more and more particles were advected out of
the basin. This finding is not surprising because a 1 m s’
wind would advect a particle over 43 km downwind (approxi-
mately basin width) during a 12-hour nocturnal period
assuming a constant wind direction. By 0600 LST of the sec-
ond day the particle fraction that remained over Bs was less
than 13% of the total particles emitted the previous day in all
cases. Layers of particles at 0600 LST were distributed at
different elevations within 2 km AGL for each case
(Figure 19b).

An analysis of the average observed wind speeds during
the evening did not indicate a strong correlation between low
wind speeds and relatively high particle concentration layers
at 0600 LST. Even though the winds were weak, wind direc-
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Figure 19. (a) Fraction of particles within the basin
atmosphere as defined by the Bg sampling domain during the
first evening between 1800 and 0600 LST for all seven cases
and (b) instantaneous vertical particle profile from the Bg
sampling domain at 0600 LST.
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Figure 20. Illustration of the definition of total transport
distance, S, and resultant transport distance, L, used to define
the recirculation parameter, R, for a single particle trajectory.
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factor, R, for all seven cases, assuming 12-hour trajectories
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tion variation was also important in determining whether an
air parcel remained within the basin over a 12-hour period. A
recirculation parameter, R, based on air parcel trajectory char-
acteristics was therefore calculated to account for wind
direction variations [4llwine and Whiteman, 1994]. In this
study, R is defined as
Ri = 1 - h
Si
where i denotes the trajectory number, S is the length of the
trajectory, and L is the resultant transport distance over a
12-hour time period as shown in Figure 20. When R is equal
to 0, straight-line transport has occurred. When R is equal to
1, no net transport has occurred over the 12-hour time period,
and there has been complete recirculation. Additional particle
model simulations were performed for each case in which 10°
particles were randomly distributed within 3 km of the surface
over the MCMA at 1800 LST on the first day. R was calcu-
lated for each 12-hour particle trajectory. An average value
of R at 0600 LST as a function of initial elevation is shown in
Figure 21.

The evening of March 17-18 produced the largest values of
R, corresponding to the highest fraction of particles remaining
within the basin (Figure 21). February 25 produced the next
highest values, followed by March 4 and 9, also corre-
sponding to the fraction of particles shown in Figure 19b. R
varied significantly, depending upon the initial horizontal
position and elevation of the trajectory. There were many
trajectories with values of R of about 0.95 and transport
distances under 10 km during the evening of March 17-18,
but particles initially located over the eastern MCMA were
advected out of the basin atmosphere, resulting in an average
value of R of about 0.5. A common feature among the cases
was that a substantially higher fraction' of particles initially
located over the western or southwestern end of the basin at
1800 LST remained within the basin atmosphere than did
particles initially located over the eastern end of the basin.

(0<R<1) 1
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These findings are consistent with the aircraft data analyses
from the 1991 MARI field campaign that identified the
central and southwest portions of the MCMA to have the
highest ‘levels of pollutants aloft in the morning [Diaz-
Francés et al., 1994].

While the total particle fraction was small on the moming
of March 18, it was equivalent to about an hour's worth of
emissions. Entrainment of pollutants from the layer aloft
(Figure 19b) into the growing CBL would contribute to
surface concentrations by the early afternoon, but the pol-
lutants would be distributed throughout a deep mixed layer so
that the impact on surface concentrations might be small
unless the concentrations aloft were sufficiently high. While
meteorological conditions may exist that can trap a significant
fraction of pollutants within the basin atmosphere, the results
from the seven cases examined in this study suggest that
emissions from the previous day are a minor contribution to
air chemistry on the following day. It is possible that vehic-
ular and industrial emissions trapped in the surface-based
inversion layer at night (between 1800 and 0600 LST)
contribute to high near-surface pollutant concentrations in the
morning, but our interest here is the contribution of pollutants
from the residual layer aloft by entrainment.

5. Discussion

The correspondence between the calculated particle
concentration fields and the observed spatial ozone patterns
suggests that the mesoscale analyses based on the model and
the observed profiles of wind and temperature from the field
campaign captured the main flow features responsible for the
inhomogeneous ozone concentrations within the basin,
including the winds over the basin slopes and floor. The
highest particle concentrations usually occurred in the vicinity
of the peak ozone concentrations during the afternoon. The
observations, mesoscale analyses, and particle distributions
provided evidence that the circulations in the vicinity of the
MCMA are highly complex.

In addition to near-surface convergence, three-dimensional
recirculation was also found to contribute to the spatial varia-
tions in the particle concentration fields. In general, the
spatial inhomogeneities in the wind fields redistributed the
particles within the basin in the morning hours and sub-
sequently affected the maximum particle concentration in the
afternoon. Particles were advected by local slope flows over
the mountainous areas to the west and south of the city during
the day. A large fraction of these particles were vented out of
the CBL into the free atmosphere (mountain venting),
producing an elevated layer of particles aloft. 'When vertical
wind shears were present, the elevated particle layer was
advected back over the MCMA (recirculation) and mixed
down to the surface by vertical diffusion processes associated
with the growth of deep CBLs. The mixed layer depth and
the midlevel wind directions and speeds determined when and
where particles were entrained into the growing CBL,
implying that an accurate treatment of this interaction is
necessary in reproducing the spatial ozone distributions by air
quality models.

The contribution of emissions from the previous day was
found to be relatively minor for the seven periods examined
in this study, suggesting that the high ozone concentrations
are not due to multiday accumulation of pollutants. Particles
located over the southwestern portions of the MCMA at
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sunset were more likely to remain within the basin than were
particles released from other locations within the basin. On
the other hand, morning emissions were trapped near the
surface within shallow boundary layers over the MCMA. The
basin atmosphere became increasingly ventilated during the
afternoon as deep mixed layers developed; however,
recirculation of particles reduced the rate of ventilation on
some days. Southerly winds through the southeastern gap in
the mountains and northerly winds at the north end of the
basin produced convergence and strong upward vertical
motions in the model over the center of the basin late in the
afternoon. The mean vertical velocities coupled to mixing
processes in the CBL transported particles up to several
kilometers AGL, where stronger winds advected the particle
plume downwind of Mexico City (basin venting). The near-
surface convergence patterns varied from day to day,
depending upon the timing and strength of the regional
northerly and . southerly thermally driven wind systems.
These results demonstrate that air quality models should
adequately represent the complex convergence patterns and
magnitude of the vertical velocities when predicting the
reduction of ozone and other pollutants within the basin
during the late afternoon.

Despite the encouraging results, some caution should be
applied in using the mesoscale analyses to determine the
meteorological factors associated with pollutant transport
over Mexico City. For example, even though there was good
agreement between the simulated near-surface wind directions
and the RAMA wind directions, it is not clear how well the
RAMA stations represent the winds just above the height of
the buildings and trees. On the basis of the observations at
UNAM and Chalco the model probably overpredicted the
strength and depth of the near-surface daytime upslope and
nighttime downslope winds at times. There were no wind
observations over the mountainous areas surrounding the
MCMA to verify whether the model predicted the slope
winds correctly. An additional wind profiler located in the
vicinity of the airport would have been useful in obtaining
wind field characteristics over the center of the MCMA and
determining how far the southerly and northerly thermally
driven circulations penetrated into the basin. Uncertainties
associated with the winds in these regions affect the findings
regarding the transport and recirculation of particles within
‘the basin. Overprediction of the nighttime drainage winds
may have been partially responsible for the simulated near-
surface temperatures that were too cool early in the morning.
These low temperatures also may have been due to
uncertainties associated with the surface energy budget, such
as the specification of a dry; constant initial soil moisture
value. Showers occurred in the Mexico City area, producing
inhomogeneous soil moisture distributions during the latter
part of the field campaign. Another process not accounted for
by the mesoscale model is the urban heat island effect. It is
possible that omission of this process may explain why the
simulated surface temperatures are too low in the moming.
Surface temperatures over Mexico City have been observed to
be 4° to 5°C warmer than those over the surrounding areas at
night [Jauregui, 1988, 1997], but the impact of the urban heat
island on local circulations has been difficult to assess
because of the uncertainties associated with the surface wind
measurements in the city.

Even though there are still some uncertainties associated
with the meteorological conditions, the particle model results
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indicate that a chemistry model employing the mesoscale
analyses will probably capture the overall spatial and
temporal behavior of ozone in the basin, if emissions are
known. A chemistry model applied for these days may pre-
dict the correct ozone concentration, but the Eulerian
framework of many chemistry models would make it difficult
to determine how the various meteorological processes
affected ozone transport. The particle model approach proved
to be useful in identifying several atmospheric processes
responsible for pollutant transport within the basin, including
horizontal advection, recirculation, mean vertical motions,
vertical diffusion, mountain venting, and basin venting. The
complexity of the meteorology will also affect box model
studies that evaluate the relative importance of various chem-
ical reactions. Simple box model formulations cannot repre-
sent three-dimensional circulations that advect emissions
from one region to another; therefore comparisons of their
results with air chemistry observations over Mexico City may
be misleading.

Since simulating the transport of reactive chemicals, such
as ozone, with the use of a passive tracer has obvious limita-
tions, the mesoscale model analyses presented in this study
will be used in the near future as input to a photochemical
model to examine the effect of variable emissions and air
chemistry mechanisms on spatial ozone patterns within the
Mexico City Basin. Emission inventories for Mexico City are
currently being developed by other IMADA-AVER
participants.

6. Summary

Meteorological and air chemistry observations made dur-
ing the 1997 IMADA-AVER field campaign, a mesoscale
model, and a particle dispersion model have been employed
to identify the atmospheric mechanisms associated with
spatial ozone patterns over the MCMA. During this field
campaign, detailed measurements of the spatial structure of
flows within the basin was obtained for the first time.
Meteorological observations were incorporated into the meso-
scale model by using four-dimensional data assimilation to
produce analyses, with high temporal and spatial resolution,
that describe the boundary-layer development and circulations
in the vicinity of Mexico City. A Lagrangian particle dis-
persion model employed these analyses to help identify the
meteorological factors associated with the observed inhomo-
geneous ozone concentrations within the basin.

As we expected, the mesoscale model analyses reproduced
many features of the observed temperature and wind profiles
within the basin. The mesoscale analyses and the observa-
tions demonstrated that the boundary layer often exhibited a
strong diurnal variation with a strong surface-based inversion
at night and a deep mixed layer during the aftemoon because
of the high elevation, low latitude, and dry winter conditions.
Circulation patterns in the lower atmosphere were complex as
a result of local- and regional-scale thermally driven flows
and their interaction with the upper-level synoptic winds.
The correspondence between the calculated particle concen-
tration fields and the observed spatial ozone patterns suggests
that the mesoscale analyses captured the main flow features
responsible for the inhomogeneous ozone concentrations
within the basin, including the winds over the basin slopes
and over the basin floor where no measurements were made.
The complex circulations had a significant impact on the day-
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to-day variations in the spatial particle distributions in the
basin, implying that transport plays a role just as important as
that of local ozone production in determining the spatial
ozone distributions over the MCMA.

Several meteorological processes responsible for pollutant
transport within the basin were identified, including
horizontal advection, near-surface convergence, recirculation,
mean vertical motions, vertical diffusion, mountain venting,
and basin venting. Since high ozone concentrations occur
almost every day over the MCMA, one might expect that the
surrounding mountains act to trap pollutants from one day to
the next. However, the particle model results indicate that
contributions from previous day emissions are probably
small. Instead it is more likely that emissions trapped within
the surface-based inversion during the evening and early
morning ultimately contribute to the high ozone values ob-
served during the afternoon.

The particle model results demonstrate that ozone over
Mexico City may be very sensitive to flow phenomena. As
Fast [1998] showed, mesoscale model forecasts in basin
topographies may produce relatively large errors, especially
when winds are light, that will contribute to uncertainties in
ozone transport predicted by chemistry models. Data assimi-
lation can be used to reduce the uncertainties associated with
the meteorology, but additional simulations without FDDA
for periods of the 1997 field campaign are necessary to
further evaluate the boundary-layer characteristics predicted
by the mesoscale model. This is an important task, since
mesoscale model forecast errors associated with highly com-
plex terrain need to be reduced for more routine air quality
model applications for Mexico City and other megacities
located in complex terrain.

Appendix

A nudging FDDA technique has been incorporated into the
mesoscale model [Fast, 1995]. This technique adds a ten-
dency term of the form -GwyygWt (Vo - Vi) to the governing
equations, where G is the nudging coefficient, wyyq is the
spatial weighting function, w; is the temporal weighting
function, V, is the observed variable analyzed at a given grid
point, and Vy, is the model variable at a given grid point. For
our application, G is set to 8.3 x 10* s”, and the spatial
weight for the third nested grid becomes zero 15 km from an
observation site near the surface. This distance increases with
height to 20 km at about 5 km AGL. With the exponential
covariance model the spatial weight decreases by at least a
factor of €™ at a horizontal distance of 10 km from the obser-
vation location. Because the spatial weight becomes zero in
data sparse regions, only the model governing equations are
used to predict the meteorological quantities outside the basin
(Figure 6b). The distances associated with the spatial weights
become larger on grids 1 and 2, so that the rawinsonde obser-
vations (Figure 6a) influence a larger area of the model
results. The temporal weight becomes zero 40 min before and
after the time of a particular observation; therefore only the
model physics are used between the times of the five
radiosondes to predict the temperature and humidity evolution
within the basin. Relatively large differences between the
near-surface model results and the observations occurred
sometimes (i.e., for the Chalco site on March 4 shown in
Figure 8b) because the FDDA tendencies were small in
relation to the other physical terms near the ground. Without
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FDDA the mesoscale model qualitatively predicts the features
observed by the wind profilers and radiosondes; however,
significantly larger wind field errors can be produced at times,
as Fast [1998] described.
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