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Abstract

Measurements of chemical species and meteorological parameters were made at a site located 440 m above the mean
basin level of Mexico City, over a two-week period in November during Project Azteca. Data from three of the stations of
Mexico City's air quality monitoring network (Red AutomaH tica de Monitoreo Ambiental, RAMA) were also used to
estimate the dilution in concentration experienced by pollutants as they are transported upslope during the course of the
day. Both carbon monoxide and sulfur dioxide show a dilution of up to 50%, while ozone is usually more concentrated at
the elevated site. These comparisons clearly highlight the intrinsic di!erences between primary and secondary gases,
which are supported also by time}space, cross correlation analysis. The thermal mesoscale wind circulation dominates
concentrations of pollutants at the research site: upslope during the day and downslope during the night. The data
present clear evidence that downslope #ows during the night contribute to ozone concentration at basin sites. ( 1999
Elsevier Science Ltd. All rights reserved.
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1. Background

Mexico City is well known for its pollution problem,
mainly due to photochemically produced gases, such as
ozone, and also due to the presence of aerosol particles.
High pollution episodes are the result of the city's geo-
graphical location at an elevation of 2240 m above sea
level and due to the mountains that almost completely
surround the #at-based basin. Its tropical location (193N)
also contributes to the problem, given that incident
radiation is strong and does not vary signi"cantly
throughout the year. During the last decade, a large
e!ort was made to measure and to try to understand
the extent of the ozone and airborne particle problems
(EGCA/MARI, 1994; IMADA, 1998). Mexico City is
subjected to the in#uence of thermally driven, terrain-
induced mesoscale circulations (e.g. up/downslope
winds), that in#uence dispersion and transport of pollu-
tants, as was "rst suggested by JaH uregui (1988) and
recently modeled by Fast and Zhong (1998).

In this paper we further examine this hypothesis, aided
by data collected at an elevated during a two-week peri-
od in November 1997, in the context of Project Azteca.
This pilot project was a collaborative e!ort between
Universidad Nacional AutoH noma de MeH xico (UNAM)
and the National Center for Atmospheric Research
(NCAR), characterizing the microphysical and optical
properties of small particles and their relationships to
other gaseous pollutants. This paper studies the meteoro-
logical aspects of the diurnal evolution of the boundary
layer, while the in-depth studies of particle micro-
physical and optical properties and the characteristics of
gaseous pollutants are the focus of a companion paper
(Baumgardner et al., 1999).

2. Data description

The experimental site is located on the Southwest
edge of the city, within an ecological reserve (19315@N,
99311@W), at an elevation of 440 m above the mean basin
level of 2240 m. The site (which will be referred to as
Ajusco throughout the paper, due to its location on the

1352-2310/99/$ - see front matter ( 1999 Elsevier Science Ltd. All rights reserved.
PII: S 1 3 5 2 - 2 3 1 0 ( 9 9 ) 0 0 1 9 1 - 0



Table 1
Equipment utilized for chemistry measurements at the research
site

Gas
species

Measurement method Comments

O
3

UV absorption With and without 5 lm
inlet "lter

NO Chemiluminescence
NO

y
Chemiluminescence Gold/CO reduction

SO
2

Pulsed #uorescence Carbonate zero trap
CO Gas "lter correlation Heated Pd zero trap

Fig. 1. Topographical map of the southwest corner of the
Mexico City basin showing the RAMA (denoted by letters: T for
Pedregal, U for Plateros and Q for Cerro de la Estrella) and
research sites (denoted by a star).

slopes of the Ajusco peak) was chosen so that it would be
located above the polluted layer during the night and
early morning. A comprehensive suite of instrumentation
was deployed at the site. Measurements were made of the
gaseous pollutants, carbon monoxide (CO), sulfur diox-
ide (SO

2
), nitrogen oxides (NO, NO

y
) and ozone (O

3
).

Airborne particles were measured with a variety of ins-
truments, to characterize the size distribution. Particle
optical properties were determined from a 3-wavelength
nephelometer and a soot photometer, and measurements
were also made of visible and ultraviolet irradiance. The
pollution layer evolution was also recorded on time-
lapsed video (1 frame per minute) and on a digital camera
(1 picture every 30 min). Measurements of wind speed
and direction, temperature and relative humidity were
made with a commercial weather station.

The "eld campaign lasted for two weeks, from 4 to 18
November 1997, near the end of the rainy season. The
sampling strategy consisted of 24-h gas, radiation and
particle optical property measurements, while automated
particle spectra were sampled between 8 a.m. and 8 p.m.
(local time). The cascade impactors were exposed for 7-h
periods from 10 a.m. to 5 p.m., to include only samples
from the polluted mixed layer. The equipment was instal-
led in a house within the reserve, with all measurements
made from a stack that extended above the building by
approximately 2 m (to a total of &8 m above the
ground). Table 1 presents details of the equipment used
at the research site, which is very similar to the equip-
ment used at the RAMA stations. Note that the data
utilized in this study corresponds to 6-min averages, both
from the Ajusco research site and the RAMA sites. The
meteorological measurements were made at the same
elevation, about 3 m to the north of the stack where the
gases were sampled, with a Weather Monitor II (Davis)
unit.

Three stations from the RAMA network were selected
for the study: Pedregal (19319@N, 99312@W, 2342 m),
Plateros (19322@N, 99313@W, 2317 m), Cerro de la Estrella
(19321@N, 99310@W, 2247 m), which measure all the gas
pollutants and meteorological parameters. Fig. 1 shows

a map with the location of all the sites as well as the
topographical contours every 200 m. Pedregal is located
in a wealthy residential area, characterized by large prop-
erties and with very few local emissions. In contrast,
Plateros is located less than 500 m from an eight-lane
freeway, and Cerro de la Estrella is located in a more
industrialized area to the East of the other two stations.

3. Results

Fig. 2 shows the ozone time series over the 2-week
period of the project for the research site Ajusco and the
three basin stations, from 3 to 18 November. The diurnal
pattern of O

3
is observed at all stations, directly linked to

photolysis of anthropogenically produced nitrogen diox-
ide. Daily O

3
maximum concentrations ranged from

almost 300 ppbv down to 80 ppbv, during a cloudy and
windy 2-day period (10}12 November, due to the prox-
imity of a tropical storm in the Paci"c). Note also that the
Ajusco site (Fig. 2a) always shows much higher concen-
trations during the night than the basin sites, which had
already been observed by Bravo et al. (1992). During the
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Fig. 3. Time series of average, maximum and minimum values measured at the research site for (a) carbon monoxide (CO), (b) nitrogen
oxides (NO), (c) accumulated visible (SW) and ultraviolet (UV) radiation and (d) ozone (O

3
).

Fig. 2. Time series of ozone concentration at (a) the research site
at Ajusco; (b) Pedregal site; (c) Plateros site; and (d) Cerro de la
Estrella site.

evening, the site remains in the residual layer, while the
basin sites are all located within the stable nocturnal
layer. Vertical soundings made at the airport (located
within the basin) at 6 a.m. local time show this vertical

structure very frequently, particularly in the fall and
winter months. Basin sites typically show lower O

3
con-

centrations than the research site during the night, be-
cause O

3
destruction is more e$cient in the nocturnal

stable layer than in the residual layer aloft. Nevertheless,
during several nights it is possible to detect rising
O

3
concentrations at the basin sites and we will discuss

these occurrences in more detail later in this section.

3.1. Mean characteristics

Figs. 3 and 4 provide an overview of the conditions
observed at the research site during the whole project,
showing the daily mean (denoted by the square symbols),
maximum and minimum values for a number of di!erent
variables. Fig. 3, showing CO, NO

y
, accumulated visible

(SW) and ultraviolet (UV) radiation and ozone, indicates
the variability observed during the "eld project. The days
with clouds and rain (10}12 November), had lower radi-
ation and consequently lower maximum O

3
concentra-

tions. The CO and NO
y
(indicative of primary pollutants)

had higher than average concentrations for the period,
but since they corresponded to the cloudy period,
O

3
concentrations were low even though precursors were

a bit higher than average.
Fig. 4 shows the corresponding values for CO, SO

2
,

particle volume (from the automated spectral measure-
ments, for particles smaller than 3.0 lm in diameter) and
particle mass from the Andersen impactor (total, corre-
sponding to particles with aerodynamic diameter smaller
than 10 lm; small, corresponding to diameter smaller
than 3.3 lm). Both CO and SO

2
are approximate surro-

gates for primary particle emissions and gas-to-particle
conversions (secondary particle formation), that can be
related to the direct particle measurements (Baumgard-
ner et al., 1999). The large maximum concentrations of
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Fig. 4. Same as Fig. 3 but for (a) carbon monoxide (CO), (b) sulfur dioxide (SO
2
), (c) volume of particles with diameters in the range from

0.02 to 3.0 lm and (d) mass of particles in Andersen impactor (white bar: total mass, particles with aerodynamic diameter smaller than
10 lm; shaded bar: small particle mass, particles with diameter smaller than 3.3 lm).

Fig. 5. Frequency distribution of wind direction at the research
site and at the three sites within the basin.

SO
2
towards the end of the sampling period are linked to

natural emissions by the Popocatepetl volcano (about
60 km from the experimental site), rather than to anthro-
pogenic sources within the city (Raga et al., 1999). Total
particle mass shows a rather large variability during the
sampling period, ranging from 250 to 60 lg m~3. This
variability is very much reduced in the small particle
fraction, which shows a fairly constant concentration of
around 50 lg m~3. This di!erence in the traces could be
indicative of the di!erent origin of the particles in those
two fractions, the larger particles having a larger geologi-
cal component than the smaller ones.

3.2. Variability in terms of wind direction

Preliminary inspection of the diurnal wind direction
data at the research site suggested that winds were pre-
dominantly from the SW, followed by NE and SE, with
very few occurrences of NW winds, as can be seen in
Fig. 5. Pedregal site within the basin is similar to the
Ajusco site, while Plateros experiences more SW and
NW occurrences. In contrast, the frequency distribution
at Cerro de la Estrella (the site furthest to the East and
away from the mountains) is clearly dominated by SW
#ow. These distributions suggest that the mountain top-
ography is determining the dominant wind patterns: NE
winds corresponding to upslope #ow and SW winds
corresponding to downslope #ow. Further inspection
reveals a clear time separation for these wind directions:
southwesterly during the late afternoon and evening and
easterly (both NE and SE) during the daytime. This
particular &dipolar' pattern in wind direction is directly
related to the concentration of pollutants at the research

site, as can be appreciated in Fig. 6. The majority of
points in the night period (from 6 p.m. to 6 a.m. local
time) are clustered between 180 and 2703, the south-
westerly #ow that corresponds to downslope #ow at the
site. Higher concentrations, as well as larger variability,
are observed during the daytime period, but nevertheless,
the majority of the observations cluster in the north-
easterly quadrant.
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Fig. 6. (a) Ozone concentration at the research site Ajusco
as a function of wind direction for daytime (6 a.m.}6 p.m.)
and nighttime (6 p.m.}6 a.m.); (b) same as (a) but for carbon
monoxide.

3.3. Transport and dilution: primary vs. secondary
pollutants

In order to investigate the role of dilution as the air is
transported up the slope from the polluted basin to the
research site, we have calculated the ratio of concentra-
tions observed at the site to those measured at the three
basin stations. In particular, we selected CO, SO

2
and

O
3
to highlight the di!erences observed between primary

and secondary pollutants. Fig. 7 presents these ratios for
CO and SO

2
as a function of the wind direction at the

research site and as a function of time of day (daytime vs.
nighttime conditions). The dipolar pattern of upslope
#ow (from the NE quadrant) during the day and down-
slope #ow (from SW quadrant) during the late afternoon
and evening mentioned earlier is very obvious when
displayed in this manner. Note that the circles corre-
spond to values of the ratio equal to 0.5, 1 and 1.5.
Maximum values for the ratios exceed one on very few
occasions, with the exception of SO

2
ratios at night when

the in#uence of volcanic emissions is evident. The aver-
age value for the ratio between the research site and the
basin stations Pedregal and Plateros is 0.45 for both CO
and SO

2
during the daytime, indicating an average dilu-

tion of about 55% (assuming that sinks as well as extra
sources can be neglected). In contrast, the O

3
ratios (Fig. 8)

present a very interesting pattern: during the day, instead
of showing dilution with respect to basin sites, the ratios
are predominantly larger than 1. Note that the circles in
Fig. 8 correspond to values of the ratio of 1, 5 and 10.
This is even more remarkable during the night, when
ratios of over 10 are observed. The nighttime observa-
tions are easily explained by the fact that the research
site, being 440 m above the basin, is located within the
nocturnal residual layer while pollutants in the basin
(within the stable surface layer) are destroyed more e$-
ciently. The 6 a.m. (local time) soundings from the airport
within the basin typically show a stable layer in the "rst
200 m above the surface and a residual layer aloft. The
daytime observations indicate that O

3
has higher con-

centrations aloft than at the surface in direct contrast
with the observations of CO and SO

2
. Aircraft observa-

tions taken in February of 1991 showed peak O
3

concen-
trations at the top of the mixed layer (PeH rez Vidal and
Raga, 1998). One possible explanation is that O

3
is being

produced more e$ciently at the top of the mixed layer
rather than near the surface. The boundary layer in
Mexico City is characterized not only by high concentra-
tions of gaseous pollutants, but also of particulate matter.
During Project Azteca, measurements of particle optical
properties indicated a large light-absorbing component
in particles with diameter less than 1 lm. These absorb-
ing particles will modify the vertical pro"le of the solar
actinic #ux, and thus, the photodissociation rates. Even
though O

3
precursors are emitted close to the surface,

the presence of absorbing particles within the boundary
layers creates a gradient in the photodissociation rates
such that the production of O

3
is more e$cient aloft.

This hypothesis was presented by Raga et al. (1997) and
continues to be explored in the light of new measure-
ments made during Project Azteca.

This intrinsic di!erence in the transport and dilution of
primary and secondary pollutants as they move up the
slope was further investigated by calculating the cross
correlation between parameters at the research site and
at basin stations. These cross correlations were cal-
culated using data at 6-min temporal resolution, and are
presented in Fig. 9 as a function of time lag (in hours) for
CO and O

3
. Positive values of the lag correspond to the

time series at Ajusco leading the time series at the basin
site. The actual magnitude of the correlation coe$cients
is much lower for CO than for O

3
, and this is related to

the larger variability observed in the CO time series.
Being a primary emission, CO concentrations at basin
sites will be a!ected by very localized sources (such as the
nearby passage of heavy trucks). Such short events will
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Fig. 7. (a) Ratio of carbon monoxide at Ajusco to carbon monoxide at basin stations as a function of wind direction and time of day
(circles correspond to values of the ratio equal to 0.5, 1.0 and 1.5); (b) same as (a) but for sulfur dioxide.

not appear as peaks at the research site, but as an overall
increase in concentration over a longer period of time,
after the pollutant has been diluted and transported
upslope. Concentrations at the research site lag those at
the basin site Pedregal by about 1.25 h and site Plateros
by 2 h (see Fig. 1 for site location). These values are
consistent with the time that an air parcel would take
travelling at the observed mean wind speed (1.42 m s~1)
from the basin sites to Ajusco (the distance from Pedregal
to Ajusco is 7.8 km while the distance from Plateros to
Ajusco is 12.4 km). The site Cerro de la Estrella to the
East does not show correlation with the research site,
which is consistent with the predominant winds at that

basin site being away from the research site (see Fig. 5). In
contrast, the cross correlations for ozone in basin sites
Pedregal and Plateros have very signi"cant peaks (cor-
relation coe$cient of about 0.8), but for lag"0. This
means that at the research site and at both basin sites the
maximum ozone concentrations are observed at the same
time, not showing any evidence of a time lag due to
transport up the slope. This result is consistent with the
hypothesis presented earlier that ozone is not produced
at the surface within the basin and demonstrates the
importance of including photochemistry and perhaps
interaction between particles and radiation and not only
transport when studying pollutant distributions in urban
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Fig. 8. Same as Fig. 7, but for ozone. The circles correspond to values of the ratio equal to 1, 5 and 10.

settings. The correlation between O
3

and CO presented
in Fig. 10 at the research site also supports the argument
that primary and secondary pollutants are not necessar-
ily transported simultaneously up the slope. The low
correlation obtained between O

3
and NO

y
at the re-

search site indicates that the ozone has been formed prior
to arrival at the site.

3.4. Nocturnal downslope yows

The ozone time series presented in Fig. 2 indicate that
the concentrations at the research site are always higher
during the night than at the basin sites. This is explained
by the fact that the site is located within the nocturnal
residual layer, while the basin is immersed in the stable
surface layer that develops throughout the night. The air
in the surface layer is strongly strati"ed and less turbu-
lent; therefore, pollutants are not easily mixed in the
vertical. The titration of ozone by nocturnal NO emis-
sions will signi"cantly reduce O

3
concentration within

the basin. Nevertheless, close inspection of the time series
for Pedregal and Plateros shows evidence of increased
ozone concentrations during the night, usually after mid-
night. In particular, the concentration at Pedregal on
November 5th and 16th reached the same magnitude
as that observed at the research site, as can be seen in
Fig. 11a (for November 16th). In contrast, the site Cerro
de la Estrella very rarely shows increased nocturnal
ozone concentrations, and it is located furthest away

from the mountains. We suggest that the nocturnal
downslope #ows are responsible for bringing down to the
basin the higher ozone concentrations that are typical of
the residual layer. Fig. 11b presents the scatter diagram
for wind speeds at Ajusco and at Pedregal and Plateros,
and there is a clear evidence of correlation between them,
particularly when the magnitude is larger than 2 m s~1.
Wind direction remains constant during this period and
is the same for all three sites. It is very likely that the air in
the residual layer that is rushing down to the basin will
transport not only ozone but also particles and other
gaseous pollutants that could be important in the deter-
mination of pollution levels the following day.

4. Conclusions

A pilot project to determine the microphysical and
optical properties of aerosol particles in Mexico City was
carried out for a 2-week period in November 1997,
at a research site 440 m above the mean basin level.
The observing period was characterized by a range of
pollution conditions, from days with very large ozone
concentrations (above 250 ppbv) to days when the
concentration was well below the Mexican standard
(110 ppbv) coinciding with cloudy and windy days.

The results indicate that the diurnal upslope/down-
slope wind pattern (thermally forced circulation) is very
important in the determination of pollutant concentra-
tions at the research site. Analysis of the data from three
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Fig. 9. Cross correlation between research site and basin sites
for (a) carbon monoxide and (b) ozone.

Fig. 10. Cross correlation between ozone and carbon monoxide
(solid) and ozone and nitrogen oxides (dashed) at Ajusco.

Fig. 11. (a) Ozone time traces measured at Ajusco (solid), Ped-
regal (dashed) and Plateros (heavy solid) corresponding to 15}16
November 1997. (b) Wind speed at basin sites Pedregal and
Plateros as a function of wind speed at Ajusco.

stations of the monitoring network within the city indi-
cate that the two sites closest to the research site (and
thus to the mountains) also experience the thermal circu-
lation, while the station furthest to the East does not
show the aforementioned behavior.

The thermal circulation accomplished the transport of
pollutants from the city to the research site and for
carbon monoxide and sulfur dioxide it was accompanied
by a dilution of about 50% (neglecting sinks and extra
sources between the sites). Cross correlations between
research and basin sites indicated a lag for maximum
correlation of between 1 and 2 h for those gaseous pollu-
tants. This is consistent with the time that an air parcel
would take travelling at the observed mean wind
speed from the basin sites to Ajusco. In contrast,
ozone cross correlations were maximum for lag"0 for
the two closest sites. These contrasting results can only
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be reconciled when one considers that ozone is a second-
ary pollutant, not primary as CO and SO

2
. The results

obtained in this study are consistent with the hypothesis
presented by Raga et al. (1997) that in the presence of
large concentrations of absorbing particles, ozone is for-
med more e$ciently at the top of the boundary layer
than near the surface, where precursors are emitted.

Finally, there is strong evidence that the nocturnal
downslope #ows may be playing a signi"cant role in
increasing pollutant concentrations in the stable surface
layer, as was presented for ozone. It seems likely that
small particles as well as other gas species (not measured
by the monitoring network) may also be transported
back to the basin during the night and this extra source
may have important implications for photochemistry
and particle spectral evolution the following day. Further
theoretical studies are needed to quantify their possible
importance.
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