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Mexico City, Mexico
2
School of Earth, Atmospheric & Environmental Science, University of Manchester,
Manchester, UK
3
Earth and Atmospheric Sciences Dept., University of Houston, Houston, TX, USA
4
Scripps Institution of Oceanography, University of California San Diego, La Jolla, CA, USA
5
Dept. of Physics, University of Nevada, Reno, NV, USA
Received: 3 December 2008 – Accepted: 15 December 2008 – Published: 30 January 2009

Full Screen / Esc

Printer-friendly Version

Correspondence to: D. Baumgardner (darrel@servidor.unam.mx)
Published by Copernicus Publications on behalf of the European Geosciences Union.

3265

Interactive Discussion

Abstract

5

10

15

20

25

The concentrations of gases and properties of aerosol particles have been measured at
the mountain site of Altzomoni approximately equidistant from Mexico City, Puebla and
Cuernavaca, at an altitude of 4010 m. At this location there is a diurnal transition from
local to regional mixed layer air whose properties depend on prevailing winds and larger
scale circulation. Three days during March 2006 have been evaluated during which
time the synoptic scale air flow was from the east, southeast and southwest. In general
the properties of gases and particles were similar when the regional mixed layer (RML)
was below the research site, regardless of the direction of flow. When the RML reached
the site, the highest concentrations of CO, O3 and aerosol particles were from the east,
decreasing as the flow shifted to the southeast then to the southwest. The maximum
−3
concentration of condensation nuclei (CN) was greater than 25×10 when winds were
−
from the east. The highest mass concentrations of organic matter (OM), sulfate (SO4 ),
+
−3
and Nitrate (NO3 ) were 80, 4 and 8 µg m , at standard temperature and pressure in
air from the east. The mass concentration of OM in the RML was greater than 70% of
the total mass, regardless of the air mass origin. This compares to less than the 60%
that has been reported for Mexico City.
At night, the mass fraction of sulfate went up by a factor of ten from the daytime value
when air arrived from the east. The relationship between the CO and OM suggests that
the majority of the daytime OM is from biomass burning and at night it is from wood
burning.
Whereas the maximum CO at Altzomoni, 0.35 ppm, was approximately one tenth of
the CO measured at the same time in the center of Mexico City, the maximum O3 of
120 ppb was approximately the same as in the city. The maximum nighttime values of
O3 was 60 ppb, indicating the presence of residual pollution.
From these results we conclude that even though Mexico City is the second most
populated city in the world, with an associated high level of pollution, there are other
significant sources of pollution in Mexico that contribute to the mixture of emissions
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that are dispersed throughout the region. This mixture rapidly erases the signature of a
unique Mexico City “plume” and suggests that the environmental impact of this region
should be considered as one that stems from a large area source rather than a single
megacity.
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1 Background
Many papers have addressed the issues of the regional and global impact of anthropogenic emissions from Mexico City, a large urban area classified as a megacity due
to its population of greater than 18 million people. Since the early 1990s there have
been several major field programs that focused on characterizing the pollution produced by this city and evaluating its impact on health and climate. The first of these
programs, Project Aguila, was the only one to study the vertical structure of pollution
in Mexico City prior to 2006. This program deployed the NSF/NCAR King Air for two
weeks in February of 1991 (Nickerson et al., 1992, 1993; Perez and Raga, 1998) and,
in addition to revealing the large variation in gas and particle concentrations over different parts of the city, it was the first time that the vertical profiles of particles and gases
were directly measured. As shown in Fig. 1, there were elevated layers of ozone (O3 )
and condensation nuclei (CN) that were detected in the morning sounding at 11:00 LST
during this flight on 13 February 1991. These were daily features that were verified on
other days. The maximum in O3 at the top of the mixed layer was subsequently simulated by Raga and Raga (2000) who showed that it was the light absorbing layer of
aerosols at the top of the mixed layer that led to a decrease in actinic flux and hence
a higher photochemical production rate of ozone at the top than at the bottom of the
layer. Elevated layers of aerosols also lead to local heating that further stabilizes the
mixed layer (Raga et al., 2000), increasing the concentration of aerosols that further
enhance photochemical reactions (Dickerson et al., 1997).
Figure 1 also illustrates that although Mexico City is at an altitude of 2270 m, and
is surrounded by mountains on the east, south and west, the particles and gases that
3267
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rise with the growth of the mixed layer can reach elevations as high as the mountain
passes, whose altitudes are marked on this figure.
In 1997 another major field campaign, the Investigacion sobre Materia Particulada
y Deterioro Atmosferico – Aerosol and Visibility Research (IMADA-AVER) was conducted in February and March (Edgerton et al., 1999). During that project measurements were made with wind profilers that provided further evidence that the Mexico City
mixed layer grows as much as 3000 m above the basin of the city (Whiteman, 2000).
The vertical structure of the atmosphere measured by aircraft and wind profilers
suggests that the city’s pollution will rise to levels where prevailing winds then transport
it regionally. Indeed, various modeling studies that followed the 1997 field program
simulated the transport of particles out of the Mexico City basin (Fast et al., 1998;
Whiteman et al., 2000); however, until recently there have been no measurements that
could quantify the magnitude of anthropogenic pollution that was transported through
any of the mountain passes around the city.
In late 2005 a research site was established on the Altzomoni ridge that is located in
the Pass of Cortez between the volcanoes of Popocatepetl and Iztaccı́huatl that rise to
the southeast of Mexico City. This site was selected because of its altitude of 4010 m
and its location in one of the mountain passes where the previous modeling studies
(Fast et al., 1998; Whiteman et al., 2000) indicated that air masses from Mexico City
would eventually arrive by midday. Preliminary measurements of carbon monoxide
(CO), O3 and other gases had also been made near this location in late April and
early May of 1999 using a van provided by the Mexico City government (Jimenez,
2004). Figure 2 is an example of CO and O3 measured during three days in that
period compared to measurements made on the same days at Merced, a site in the
center of the city, also operated by the city government as part of its Red Automática
de Monitoreo Atmosférico (RAMA). The daily frequencies are the same but shifted in
phase as would be expected if the mixed layer grows and is transported from the city.
These measurements motivated a more detailed investigation whose measurements
are presented in the following evaluation of the properties of gases and particles that
3268
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were sampled during an intensive operation period (IOP) in March 2006.
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The suite of instruments that was operated during the IOP consisted of sensors for establishing the meteorological state of the atmosphere, the concentration of the principal
trace gases and analyzers for determining the physical, optical and chemical properties of aerosol particles. The complete list of instrumentation is listed in Table 1 along
with the associated parameter that was measured, the responsible institute and their
sensitivity and accuracy.
The state parameters, winds and the solar and UV radiation were recorded once
per minute from the weather station1 that was located at an altitude of two meters
AGL. Measurements of CO and O3 were made with an active Fourier Transform Infrared (FTIR) spectrometer, operated with a path length of 350 m. The spectra from
−1
this remote sensing system, acquired at a rate of 1 Hz and 0.5 cm resolution, were
averaged to a sample interval of every five minutes. The concentration of Peroxiacetilnitratos (PANs) were made with a dual column gas chromatograph2 equipped with an
electron capture detector.
The concentration of particles larger than approximately 10 nm was measured with a
3
TSI model 3010 that was part of the TSI scanning mobility particle sizer (SMPS) that
also provided size distributions from 20 to 514 nm. The upper threshold was limited due
to the restriction on high voltage when operating at elevated altitudes where corona
discharge occurs if a voltage of 5000 V is exceeded. Size distributions for particles
4
larger than 300 nm were measured with the LasAir Model 310 that optically sized
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Davis Instruments
Metcon Inc., Königstein, Germany
3
Thermal Systems Incorporated, St. Paul, MN
4
Particle Measuring Systems, Boulder, CO

2
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particles from 0.3 to 25 µm.
The absorption and scattering coefficients were measured with two systems, a Par5
5
ticle Soot Absorption Photometer (PSAP) and a Nephelometer , both operating at a
6
wavelength of 550 nm and a Photoacoustic Soot Spectrometer (PASS) that used a
laser with a wavelength of 850 nm. The chemical properties were measured with an
Aerodyne Aerosol Mass Spectrometer7 (Canagaratna et al., 2007). Particle data were
acquired with several different data systems before merging after time synchronization
and averaging to a common time base of a sample every fifteen minutes for the analysis
presented in this study.
Sub-micron filter samples were taken every 12 h and Fourier Transform Infrared
Spectroscopy (FTIR) was used to quantify particulate organic functional groups, including saturated aliphatic (alkane), unsaturated aliphatic (alkene), aromatic, alcohol,
carbonyl, amines, and organosulfate compounds (Maria et al., 2002, 2003; Gilardoni
et al., 2007).
All of the instruments were housed in a lightly insulated utility shed with no environmental controls of temperature or humidity. All the particle instruments, with the ex8
ception of the LasAir, sampled aerosols from a PM1.0 cyclone separator . The sample
line from the cyclone to the nephelometer, PSAP and CN counter was heated to ap◦
proximately 40 C to maintain the particles at low humidity. The purpose of the cyclone
was to minimize truncation errors in the measurement of the scattering coefficient with
the nephelometer and the aerosols were dried to prevent humidity enhancement of the
absorption coefficient measured by the filter-based PSAP. The LasAir was operated in
front of the cyclone in order to sample the coarse mode particles. The nephelometer
was calibrated in accordance with the recommendations of the manufacturer, corrections were applied to the measurements of the PSAP to account for scattering effects
5

Radiance Research, Seattle, Wa
Droplet Measurement Technologies, Boulder, CO
7
Aerodyne Inc., Billerica, Ma
8
University Research Glassware, Chapel Hill, N.C
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(Bond et al., 1999) and the aerosol mass spectrometer was calibrated twice during the
project while installed at the research site.
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◦
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As shown in Fig. 3, Altzomoni (19.117 N, 98.654 W, 4010 m a.s.l.) is located approximately equidistance southeast of the center of Mexico City, northeast of Cuernavaca
and east of Puebla. During the month of March, a number of different large scale
circulation patterns evolved (Fast et al., 2007) during which time the air that arrived
at Altzomoni came from nearly all quadrants. Three days have been selected for the
current evaluation based upon the analysis of back trajectories produced by the NOAA
HYSPLIT program and using the final analysis (FNL) of the Global Forecasting System
for the 650 mb level (the average pressure at Altzomoni was 630±5 mb). The days
selected were 16, 18 and 19 March, during which times the air mass trajectories were
from the east, southeast and southwest, respectively, during daytime and night time.
These days were selected as those with no influence from local biomass burning or
heavy clouds and precipitation. The yellow lines in Fig. 3 show the 24 h trajectories for
the three days where the end times of the trajectories was 14:00 (all times will hereafter
be reported in local standard time). It should be noted that the 500 mb winds for these
days (Fast et al., 2007) were from south (16 March) and southwest (18 and 19 March).
The measurement site was situated at the highest point on the ridge with an unobstructed view in all directions (Fig. 4). As seen in Fig. 5, the terrain slopes toward
the west more abruptly than the east, a feature that will be discussed in greater detail in Sect. 4.0 as it relates to the differences between air masses of different origins.
In addition to its strategic location with respect to nearby urban areas, there are no
significant local sources of contaminants since it is situated in the national park of
Izta-Popo-Zoquiapan with only a single road nearby that is principally used to bring
3271
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10

weekend tourists to the park center that is approximately five km to the southeast of
the research site. The days selected for the current study were those where the RML
was clearly observed to grow to above the measurement site, as illustrated in Fig. 6,
and whose daily trends in gas and particle concentrations exhibited a sharp gradient,
as will be shown in the analysis below. The photos shown in Fig. 6 were taken with
a web camera looking westwards whose images were recorded every five min during
daylight hours throughout the project.
In the following analysis, the measurements are grouped according to the direction
of the 24 h trajectories and the results are shown as diurnal averages for the three
cases, where each data point is a fifteen minute average. Hence, in each of the figures
with time series, the blue, black and red curves are for the days when air was arriving
from the east, southeast and southwest, respectively.
3.2 Meteorology
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The general meteorological conditions for the March 2006 period have been discussed
in detail by Fast et al. (2007), the month when the Megacities Initiative: Local And
Global Research Observations (MILAGRO) international field campaign (Molina et al.,
2008) was being conducted. Figure 7 shows the daily averages of temperature, relative
humidity (RH), and the local wind speed and direction for the three cases. The air
masses from the east are generally a couple of degrees warmer in the morning hours
(Fig. 7a). The temperature in the southwesterly flow eventually increases until it is the
same as in the easterly flow by 08:00 LST. Note that there is no meteorological data
on days with air from the southwest between 10:00 and 17:00 due to a problem with
downloading data during that time period.
In the early morning hours the relative humidity (RH) of air from the southwest
(Fig. 7b) was five time as high as easterly and southeasterly air, but all of the cases
showed that the air dried to a minimum of 10% humidity between 06:00 and 10:00 before increasing again throughout the afternoon. The southeasterly and southwesterly
humidity increased to a maximum humidity of approximately 80% whereas the RH in
3272
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the easterly flow remained low until 18:00 when the winds fell to almost zero and the
RH increased to a constant value of 50% throughout the remainder of the evening.
The wind velocities varied widely throughout the day (Fig. 7c). The southwesterly
−1
flow had the weakest winds that varied between 2–4 ms . The winds from the eastern
−1
sector were much stronger, varying between 2–14 ms . The winds in the easterly and
southeasterly flows remained strong from midnight until 13:00 when they decreased to
their minimum values between 18:00 and 20:00.
As shown in Fig. 7d, although the larger scale flow comes from the east, southeast
◦
and southwest, the local winds remains nearly constant at 135 in the easterly and
southeasterly flow and between 180◦ and 225◦ in the southwesterly flow. After 14:00,
when the wind velocity was nearly zero, the wind directions have no meaning.
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The daily averages of CO, O3 and Peroxyacetyl nitrate (PAN) are shown in Fig. 8a–
c, along with the ratio of peroxypropionyl nitrate (PPN) to PAN (Fig. 8d). The CO at
Altzomoni remains at its minimum of 0.10 ppm, regardless of air mass origin, from midnight to 10:00. The CO in the air mass from the east and southwest begins to increase
at that time. In the southwest air mass the CO gradually increases throughout the afternoon and evening, reaching its maximum concentration of 0.15 ppm at 18:00. The
concentration of CO in the easterly air flow increases rapidly before reaching the first
maximum of 0.30 ppm at 13:30 and another maximum of 0.35 ppm at 15:00. It then decreases to a minimum of 0.10 ppm at 17:30 before abruptly increasing to a concentration of 0.28 ppm at 18:00 after which time it decreases to a constant value of 0.20 ppm
at 20:00 and remains there throughout the evening. The increase in concentration at
18:00 is associated with the period of very low wind velocity. The southeasterly flow
maintains the minimum value of 0.10 ppm until 14:00 at which time it reaches its maximum value of 0.20 ppm in a one hour period and remain at this concentration until
20:00 when it begins.
The O3 in the flow from the east and southeast is correlated with the CO showing the
3273
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same times for peaks. The maximum in the O3 concentration from the east is 120 ppb
and 80 ppb in air from the southeast. The O3 from the southwest has a different trend
than the CO, increasing from a minimum of 40 ppb at 08:00, reaching a maximum
of 70 ppb at 15:00 before decreasing back to a minimum value at 22:00. The night
time concentrations of O3 in the easterly and southeasterly flow are between 60 and
80 ppb, compared to night time, minimum values of 20 ppb measured in Mexico City
at the same time at the Merced air quality monitoring station operated as part of the
RAMA network.
The PAN (Fig. 8c) is below the detection limit until 11:00, regardless of the direction
of flow. In the southwest flow the PAN concentration, although less than 1.0 ppb, has
the same trend as CO during that period. The PAN in the flow from the east doesn’t
exceed the detection level until 13:30 at which time it increases to a maximum near
4.0 ppb before decreasing again below detection levels at 16:00. It does not reflect
the first maximum at 13:30 that was seen in the CO for this day. The PAN from the
southeast has a trend similar to the CO and reaches its maximum of 0.5 ppb at 15:00.
Given that PPN is primarily a result of fresh, anthropogenic emissions (Gaffney,
1998) the ratio of PPN to PAN (Fig. 8d) shows that only the PAN in the flow from
the eastern sector has anthropogenic influence.
3.4 Particle properties

20

25

The daily trends in the particle number and mass concentrations are plotted in Fig. 9,
◦
normalized to standard temperature and pressure (273.16 C, 1023.25 mb) to facilitate
easier comparison with measurements made at other altitudes and locations during
MILAGRO. The number and mass concentrations generally follow the trends in CO,
regardless of the air flow direction, showing the same times for maxima in number and
mass. The maximum in CN of greater than 25×10−3 in the airflow from the east is
almost twice the maxima from the southeast and southwest, both of about 15×10−3 . It
is worthy to note that the average daily maximum measured with the same instrument
−3
in Mexico City in April 2005 was 30×10 (Baumgardner et al., 2007).
3274
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Compared to the CN measurements that are dominated by the particles less than
0.1 µm, the measurements from the LASAir optical particle counter (OPC) are of particles >0.3 µm, which include part of the accumulation mode and most of the coarse
mode particles. The OPC concentrations (Fig. 9b) mirror those of CN and are quite
high, exceeding 1000 cm−3 in the easterly flow. The behavior of particles larger than
0.3 µm is magnified when the number concentrations are converted to mass concentrations. The mass concentrations in particles less than 1.0 µm and 10 µm, also known as
PM1.0 and PM10 , were derived from the size distributions of the number concentrations
measured with the OPC. These number distributions were converted to volume distributions assuming spherical particles, then multiplied by an average particle density of
1.9 g cm−3 estimated from the relative mass fraction of ions measured by the AMS and
from black carbon (BC) derived from the PSAP, following the equation of DeCarlo et
al. (2004). The trends in PM1.0 and PM10 are shown in Fig. 9c and d. As expected,
the mass concentrations follow a similar pattern to the OPC number concentration with
the exception of the PM10 in the flow from the east that has a very large peak at 11:30.
Given that this peak is not reflected in the CN or PM1.0 these large mass concentrations are likely a result of dust from a local source. The area immediately east of the
research site is largely devoid of trees and consists of small scrub brush and dry soil;
hence, the particles larger than a few micrometers are probably locally generated dust.
The ion mass concentrations and effective black carbon (EBC), also normalized to
standard temperature and pressure, are displayed in Fig. 10. The EBC is not a true
measure of the BC because it is derived from the absorption coefficient measured with
2 −1
the PSAP by using a specific absorption coefficient, ωa , of 10 m g to convert to
BC mass. As discussed in detail by Bond and Bergstrom (2006), ωa can vary widely
depending on the properties of the BC. The value used in the present study is taken
from the literature as being the most common, but with the caveat that the numbers
presented here have at least an uncertainty of ±50%. A second caveat is that during
the morning of flow from the southwest, the data is missing from the AMS between
01:00 to 10:30 due to a problem with the data system.
3275
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The mass concentration of organic matter (OM), shown in Fig. 10a, is the largest
−3
in air coming from the east. The maximum OM concentration is almost 80 µg m
3
−3
compared to 20 µg m from the southeast and 10 µg m in air from the southwest.
The OM in the easterly flow has multiple peaks during the day, similar to those seen
in the CN but not always at the same time. The concentration increase in OM starts
earlier from the southwest then reaches a constant value at 11:00, never changing
throughout the remainder of the day and evening. The OM in the southeasterly flow
increases later than in the easterly flow then decreases very slowly throughout the day,
reaching the minimum value by midnight.
The sulfate ion mass concentration, SO4 − , seen in Fig. 10b, has distinctly different
patterns depending on the origin of the air mass. In the easterly flow, sulfate does
not start increasing until after 13:00, unlike the OM that abruptly increased at 12:00.
−3
After reaching a peak value of 3.0 µg m , its follows a trend similar to the CO where
the concentration decreases until 17:30 before rapidly increasing to an even higher
maximum of 3.9 µg m−3 at 18:00. In the southwest flow, the sulfate is much lower in
concentration and also tracks the changes in CO. The maximum value is 2.0 µg m−3 .
−3
The sulfate in the southeasterly flow varies between 1.0 and 2.5 µg m during the
morning hours from midnight until 08:00 when it decreases to a minimum at midday
−3
before increasing once again to a concentration of 2.5 µg m where it remained until
23:30.
As shown in Fig. 10c and d, the ion mass concentrations of nitrate, NO3 + , and ammo−
−
nium, NH4 , have nearly identical trends that match those of the SO4 concentrations
in the flows from all directions.
The EBC (Fig. 10e) shows trends in the easterly and southeasterly flows similar to
the nitrate but the EBC in the southwesterly flow is not correlated with any of the other
gas or particle concentrations. The maximum concentration of EBC is from the east
−3
with a value of over 1000 ng m , twice the concentration in the southeasterly flow and
three times that of the EBC in the air from the southwest.
”The FTIR analysis was separated into periods when the filters were exposed in the
3276
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daytime when the site was in the RML, 11:00–18:00, and then above the RML at night
and early morning, 18:00–11:00 (following day), for the days when winds were from
the east and southwest. The daytime proportion of the alcohol and alkane groups,
53% and 17%, respectively, were the same regardless of flow direction. The amines
were higher from the east, 26% vs. 15% and carboxylic acids were a larger percentage
from the southwest, 14% vs. 5%. The principal difference in the organic composition
between the easterly and southwesterly air masses is in the alcohol and alkane groups
at night. The alcohol group dominates the organics making up 69% in the easterly flow
while alkanes make up 45% of the organics in the southwesterly flow. Carboxylic acids
in the southwesterly flow make up another 30% of the organics compared to only 7%
in the easterly flow.
The daily trends in the absorption, scattering and extinction coefficients and the single scattering albedo are displayed in Fig. 14a–d. The absorption coefficient, Babs ,
matches the pattern in EBC, previously described, since the EBC was derived directly
from Babs . The scattering coefficient, Bsct , reflects the trends in the OM for all air flow
directions.
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The daily trends in gas and particle concentrations are consistent with a meteorological
pattern in which the morning boundary layer in the regions below Altzomoni begins to
increase in depth by turbulent mixing as the surface is heated by solar radiation and
larger scale eddies are generated by the vertical wind shear. As described by Fast
et al. (1998) and Whiteman et al. (2000) the dynamics in the region of Mexico City
are complex but on average, during the March time frame, flow up the sides of the
mountains develops due to the thermal gradient produced by solar heating of both
sides of the surrounding mountains. As the depth of the RML increases the larger
scale flow will transport the gases and particles in the upper part of the layer away
from the primary sources. Boundary layer growth is a result of entrainment and mixing
3277
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of free tropospheric air at the top of the boundary layer. In the absence of any new
sources, the primary gases and particles will be diluted as they are transported and
dispersed.
In 2006, the RML, as measured by wind profilers, radiosondes and lidar (Shaw et
al., 2007) grew to an average depth of 3000±1000 m AGL by 17:00 LST±1 h. Based
on these measurements, made at several locations 30–50 km to the northeast of Mexico City, the RML would reach the height of 1700 m, the relative height of Altzomoni
above the Mexico City basin, at 12:00±1 h. The concentration of gases and particles
at Altzomoni will begin to increase as the RML reaches the site, mixing with the local
environment and achieving a maximum value as the top of the RML, where entrainment and mixing is most vigorous, continues to ascend above the ridge. After this time
the concentrations will either decrease as dilution with free tropospheric air continues
or, depending on the strength of the source and the local dynamics, the concentrations
will remain approximately constant until the source of turbulent mixing is removed. By
late afternoon, as the solar heating decreases, the surface begins to cool and the thermal structure boundary layer become more stable, cutting off the principle source of
energy and initiating the decrease in the mixed level depth. In the region of Altzomoni
the cooling of the mountain slopes produces a gradient flow down the hill sides with
a subsequent decoupling between some fraction of the air in the upper portion of the
RML and the air below. This forms an elevated, residual layer with higher concentrations of pollutants that remains after the lower of RML has receded below the altitude
of the research site.
The CO and particle concentrations (Figs. 8 and 9) in the easterly and southwesterly
flows show the first indication RML air between 10:00 and 11:00. The southwesterly
flow reaches its peak concentrations first at 12:00, followed by the easterly at 13:30
then southeasterly flow at 15:00. The differences in time when the concentration maxima are reached is a function of the local topography and the strength of the flow. As
Fig. 5 shows, the western slope of the ridge is much steeper so that when flows are
from the west the RML air will rise more rapidly. In addition, the sources of anthro3278
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pogenic emission are closer to Altzomoni on the west side than on the east where the
change in altitude is much more gradual.
The interaction of topography and dynamics can also lead to oscillations in the depth
of the RML so that the top of this layer can move up and down during the day. This
is the likely source of the decrease then increase in the concentrations during the day
when the flow is from the east as the RML first grows above the Altzomoni site at
14:00, recedes as the wind speed decreases then moves above the site as the flow
increases again from the east. On the days with flows from the southeast and south
west, the gas and particle concentrations remain approximately constant as the rate
of dilution by mixing and entrainment is balanced by a constant flow of new material
arriving from the sources of pollution. This continues until cooling of the surface begins
late in the afternoon around 20:00 and the RML recedes, leaving behind a part of the
contaminated air in the residual layer.
Measurements in 1997 in the southwestern sector of Mexico City (Raga et al., 1999),
at a hillside research site 440 m above the city, showed concentrations of approximately
40 ppb in ozone at night time compared to values less than 20 ppb in the city. The
higher values in O3 were a result of the residual layer that remained after the nocturnal
boundary layer had formed. At Altzomoni we see a similar trend except the residual
layer O3 is much higher in concentration, between 60 and 80 ppb.
It is instructive to compare a number of parameters measured at Altzomoni with
similar variables measured at other locations during the same or previous time periods.
Several aircraft were operated during MILAGRO (Molina et al., 2008) and two of them,
The Department of Energy (DOE) Gulfstream-1 and the NCAR/NSF C-130 carried
aerosol mass spectrometers and CO analyzers, as well as many other gas and particle
analyzers. The C130 made two vertical profiles approximately 50 km to the east of the
Altzomoni research site on 29 March (DeCarlo et al., 2008). The average values of OM
and sulfate at 4000 m were approximately 5 and 4 µg m−3 , respectively, normalized to
standard temperature and pressure (STP). As seen in Fig. 10, the average maximum
−3
−3
OM and sulfate concentrations range from 10–80 µg m and 1–4 µg m , respectively.
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Hence the aircraft was measuring similar sulfate but lower OM than at the ground site,
although the OM values are similar when comparing the aircraft data with early morning
and late afternoon and evening periods at Altzomoni.
Measurements were made with an Aerodyne AMS in Mexico City during the 2003
MCCMA campaign (Molina et al., 2007; Salceda et al., 2006) and it was found that,
on average, the OM, sulfate, nitrate and EBC contributed 59%, 11%, 11% and 12%,
respectively to the PM2.5 mass, when removing the contribution from soil. At Altzomoni,
as seen in Fig. 13, relative contributions of the ions and EBC depended on where the
RML was in relation to the research site and the direction of the air flow. Regardless of
the flow direction, in or out of the RML, the OM was the largest contributor to the total
mass. In the daytime it was 81%, 70% and 69% of the mass of particles coming from
the east, southeast and southwest. At night these proportions changed to 54%, 48%
and 65%. There was almost no change in how mass was apportioned between night
and day in the southwesterly flow; however, in the easterly and southeasterly flow, the
fraction of sulfate was three to ten times larger at night, depending on whether flow
was from the southeast or east.
The diurnal trends in the mass fractions are shown in Fig. 14. Because of the problem with the AMS in the morning hours on the day with southwesterly flow, we can
only discuss the full cycle in mass fractions of OM and sulfate during the easterly and
southeasterly flow. These mass fractions are negatively correlated as the sulfate mass
fraction is maximum at night and minimum during the day whereas the OM follows the
reverse trend. The mass fraction of EBC is largest in the morning in the easterly flow
while generally small in the northeasterly flow except for a gradual increase in the fraction of mass it contributes until the RML arrives and the total mass becomes dominated
by the OM.
Measurements of OM from aircraft during MILGRO were normalized with CO to account for the effect of dilution as the RML grows and is transported from the primary
source of the CO (Kleinman et al., 2007; DeCarlo et al., 2008). The values of OM/CO
in these aircraft measurements varied between about 10 and 80 and reflected changes
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in the age of the air where high values are related to locations further from the source
(Kleinman et al., 2007). In Fig. 15, the daily trends in OM/CO, SO4 /CO, NO3 /CO and
EBC/CO show that morning and nighttime ratios are much smaller than periods in the
afternoon when the RML is present. Given that CO is a conservative tracer the higher
ratios in the RML at Altzomoni indicate, in part, secondary production of OM and SO4 .
The range in OM/CO in southeasterly and southwesterly flow is similar to the aircraft
measurements; however, the low OM/CO values are not a result of being close to the
primary emissions as was the case with the aircraft, but are background values in air
that has been transported from much further away. The maximum OM/CO, SO4 /CO
and NO3 /CO values are very similar to those measured by Kleinman et al. (2007) in air
they identified with aging less than 12 h.
The mass concentrations of OM and inorganic compounds do not show a significant
decrease in concentration as related to the possible origins of the air masses. Average
maximum values of CO in Mexico City during the March 2006 period ranged from 3–
5 ppm, as measured at the RAMA station at Merced whereas the maximum CO at the
Altzomoni site was between 0.20 and 0.35 ppb, or approximately a factor of ten dilution.
−3
The maximum CN concentrations at Altzomoni were between 15 000 and 30 000 cm ,
only a factor of 2–3 lower than similar measurements made in the city (Baumgardner
et al., 2007). Salcedo et al. (2006) report average concentrations of OM and sulfate
of 21 and 3 µg m−3 . At Altzomoni the mass concentrations are between 1–80 and 0.2
and 4.0 µg m−3 , respectively. In addition, the O3 concentration maxima at Altzomoni
between 80 and 120 ppb are similar to the daily maxima in Mexico City. From this
we conclude that O3 and particles at the Altzomoni site are not only coming from the
primary emissions, but there are additional sources that offset the dilution as the RML
grows.
As discussed by Maria et al. (2003) the relationship between CO and OM is an
indicator of organic aerosol source types and secondary organic aerosol formation.
Sulfate, ammonium, and nitrate, as seen in the diurnal trends (Fig. 10) are also associated with many of these same combustion sources, so that the CO/OM slope is also
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a source indicator for inorganic species.
Figure 16 is a plot of CO versus OM for the three days, where each of the points
is a fifteen minute average. The color of the symbol indicates the hour of the day
as given by the scale to the right in the figure. The three lines, numbered 1–3 are
CO/OM relationships that have been established for primary sources of emissions:
(1) diesel trucks (Lloyd and Cackette, 2001), (2) wood burning (Cabada et al., 2002)
and (3) biomass burning (Andreae and Merlet, 2001). Note that the relationships 1–3
shown in this figure were derived for CO versus organic carbon (OC) rather than for
OM that is measured by the AMS. These lines have been adjusted by a factor of 1.8
according to the average relationship between OM and OC that has been established
by Takegawa et al. (2005).
The day time pairs of CO and OM fall close to the line indicating biomass burning
whereas at night most of the points are closest to the relationship that indicates wood
burning. This suggests that in addition to those pollutants produced by the major urban areas, there is also a significant contribution from biomass burning. The days that
were selected for this study were those where visual observations showed no obvious
fires burning in the surrounding area, such as those that were evident in the first quarter of March. As reported by Yokelson et al. (2007), however, satellite observations
show 218 fires in the study area and there was wide spread burning of waste in the
Yucatan peninsula to the southwest. The air flow direction does not change the CO to
OM slopes. There are large agricultural areas in the Puebla valley and to the south of
the mountains are other large agricultural areas where burn-off of planting areas in the
spring is a routine practice. The larger concentrations in flow from the east probably
reflects the closer proximity of wood fires and biomass burns while the lower concentrations from the southeast are from the more diluted emissions from the Yucatan. As
discussed by Yokelson et al. (2007) ammonium is another reactive fire emission that
could contribute to aerosol particles such as ammonium sulfate or ammonium bisulfate and affect secondary aerosol formation in general. As seen in Fig. 10b and d,
there was a large amount of sulfate and ammonium at night time in the southeasterly
3282
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flow and the sulfate was 30% of the total mass at night in the flow from the east and
southeast, indicating secondary formation of sulfate compounds.
Another indicator of the source of anthropogenic pollution and the relative mix of
fuel types during the combustion that produces the majority of primary particles and
gases is the slope of the BC to CO relationship (Baumgardner et al., 2001). As shown
in Fig. 17, when compared with the BC to CO relationship measured in Mexico City
in 2005 (Baumgardner et al., 2007), the day time relationship between BC (EBC in
this study) and CO fall in three groups: early to mid-morning, afternoon and nighttime.
Before the RML arrives in the early to mid-morning, the EBC to CO relationship has
the steepest slopes and at night the slope is closer to the relationship measured in
Mexico City. When the slope is steep, these are periods also when the CO to OM comparison indicated wood or biomass burning. When the RML arrives at Altzomoni, the
CO increases with respect to the EBC and then at night a residual layer of CO remains
while the concentration of BC particles decrease by deposition and coagulation.
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5 Summary and conclusions
Measurements of gas concentrations and particle properties at a mountain location in
the central plateau region of Mexico, at an altitude of 4010 m a.s.l., show that the CO
in the regional boundary layer air that arrives at the research site has been diluted by
a factor of ten but secondary processes maintain an ozone concentration whose maximum of 110 ppb is similar to that of Mexico City. The CO to OM relationship indicates
that biomass and wood burning upwind of the Altzomoni research site produce organic
material that is 80% of the total mass. Maximum particle concentrations were greater
3
−3
than 25×10 cm , only a factor of three less than maxima measured in the center of
Mexico City. Large night time concentrations of ammonium and sulfate when flow is
from the southeast suggest that emissions from burning in the Yucatan Peninsula are
being transported northwards.
From these results we conclude that even though Mexico City is the second most
3283
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populated city in the world, with an associated high level of pollution, there are other
significant sources of pollution in Mexico that contribute to the mixture of emissions
that is dispersed throughout the region. This mixture rapidly erases the signature of a
unique Mexico City “plume” and suggests that the environmental impact of this region
should be considered as one that stems from a large area source rather than a single
megacity.
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Table 1. Instrumentation at Altzomoni.
Parameter

Instrument

Institute

Detection Limit
◦

Accuracy

UNAM
Pressure
100 to 1024

−50 to +50
0 to 100%
±1 mb

Davis Inc.

UNAM

0 to 50 ms−1

Solar Radiation

Davis Inc.

UNAM

0.285 µm to 2.80 µm
0 to 1400 Wm−2

±1.5%

UV Radiation

Davis Inc.

UNAM

0.295 µm to 0.385 µm
−2
0 to 60 Wm

±1.5%

CO,O3

Active FTIR

UNAM

1 ppb

±15%

CN

TSI 3010

UNAM

0.01 µm

±1.5%

Size Distribution

TSI SMPS 3081

UNAM

0.020–0.514 µm

±15%

Size Distribution

PMS LasAir 300

UNAM

0.3–25 µm

±25%

Absorption Coeff.

Radiance PSAP

UNAM

1 Mm−1

±25%

−1

State Parameters
Temperature, RH,
Pressure

Davis Inc.

Winds

±
±5%
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Absorption Coeff.
Scattering Coeff.

DMT PAS
Radiance

UNAM
UNLV

1 Mm
1 Mm−1

±15%
±25%

J

I

Scattering Coeff.

DMT PAS

UNLV

1 Mm−1

±15%

Back

Close

SO4 , NO3 , NH4 ,
OC, Cl

Aerodyne AMS

Scripps/UNAM/U.
Manchester

Limit of Detection=
0.1 µg m−3

14%
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PAN/PPN

Metcon GC/ECD

U. Houston

50 ppt

±15%
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Figure 1
The concentrations of CN (solid curve) and O3 (dashed) were measured
Fig. 1. The concentrations of CN (solid curve) and O3 (dashed) were measured with the
with the King
NCAR/NSF
King
Air on February
13, 1991
during
andfrom
descents
from Juarez
NCAR/NSF
Air on 13
February
1991 during
ascents
andascents
descents
the Benito
International
Airport.
profile in Airport.
this figure
made
at approximately
11:00
the Benito
JuarezThe
International
Thewas
profile
in this
figure was made
at LST.
approximately 11:00 LST.
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Figure 2 – The time series of A) carbon monoxide and B) Ozone, measured at the Pass

Fig. 2. The time series of (A) carbon monoxide and (B) Ozone, measured at the Pass of Cortez
of Cortez (blue curve) and in central Mexico City (black curve) in April, 1999, show
(blue curve) and in central Mexico City (black curve) in April 1999, show similar daily cycles but
similar daily cycles but several hours out of phase.
several hours
out of phase.
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Cuernavaca

Title Page

Altzomoni

Figure 3 – The research site was situated on the Altzomoni ridge in the Pass of Cortez

Fig. 3. The research site was situated on the Altzomoni ridge in the Pass of Cortez between the
between and
the Popocatepetl
and Iztaccíhuatl
volcanoes.
Mexico City is 60
approximately
60
Popocatepetl
Iztaccı́huatl volcanoes.
Mexico
City is approximately
km to the northeast,
Cuernavaca
is northeast,
60 km to the
southeastisand
Puebla
50 km to the
The
yellow
lines
km to the
Cuernavaca
60 km
to theissoutheast
andeast.
Puebla
is 50
km to
the denote
back east.
trajectories
for
the
three
days
selected
for
the
study
presented
in
this
paper.
The yellow lines denote back trajectories for the three days selected for the study
presented in this paper.
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Figure 4 – The research site was at the highest point of the Altzomoni ridge, 4010 m,

Fig. 4. The research site was at the highest point of the Altzomoni ridge, 4010 m, with an
with an unobstructed,
360º view of the region.
◦
unobstructed, 360 view of the region.
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Figure 5 – This diagram is a vertical profile of the topography and shows that the terrain

Fig. 5. This diagram is a vertical profile of the topography and shows that the terrain slopes
more
gradually
to the easttothan
thethan
westtofrom
Altzomoni
site. This figure
slopes
more gradually
the to
east
the the
west
from themeasurement
Altzomoni measurement
is not to scale.

site. This figure is not to scale.
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Figure 6 – These two photographs, taken by the web camera that recorded images
Fig. 6. These two photographs, taken by the web camera that recorded images every five
every five
from the measurement
show
the regional
mixed west
minutes
fromminutes
the measurement
site, show thesite,
growth
of the
the growth
regionalofmixed
layer, looking
to layer,
the southern
City. edge of Mexico City.
lookingedge
west of
to Mexico
the southern
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Figure 7

The diurnal variations in the meteorological patterns of a) temperature, b)

Fig. 7. The diurnal
variations
in speed
the meteorological
of the
(A)three
temperature,
(B) relative
relative humidity,
c) wind
and d) wind directionpatterns
are shown for
cases of
humidity, (C) wind
speed
(D)(blue),
wind
direction
shown (black).
for theEach
three
of air coming
air coming
fromand
the east
southwest
(red)are
and southeast
datacases
point
from the east represents
(blue), southwest
(red)
and
southeast
(black).
Each
data
point represents a
a fifteen minute
average.
There
is missing data
from 1000
to 1700
LST on
fifteen minute average.
There
is
missing
data
from
10:00
to
17:00
LST
on
the day of souththe day of southwesterly winds due to a weather station malfunction.
westerly winds due to a weather station malfunction.
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Figure 8

These time series of a) CO, b) O3, c) PAN and d) the ratio of PPN to PAN

Fig. 8. These time
(A) CO,
(B)7.O3 , (C) PAN and (D) the ratio of PPN to PAN are for
are forseries
the sameof
conditions
as Fig.
the same conditions as Fig. 7.
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The diurnal variations in the concentrations of a) condensation nuclei, b)

Fig. 9. The diurnal
concentrations
of (A) condensation nuclei, (B) OPC particle
OPC variations
particle > 0.3 in
µm,the
c) PM
1.0 and d) PM10 are shown for the same conditions as Fig.
>0.3 µm, (C) PM
(D)
PM10 areareshown
fortothe
same
conditions
as Fig. 7. Note that all
7. Note
that all
concentrations
normalized
standard
temperature
and pressure.
1.0 and
concentrations are normalized to standard temperature and pressure.
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Fig. 10. These
time
ion
masses
(A) organic
material,
(B)
sulfate,(C)
nitrate, (D) amFigure
10 series
Theseof
time
series
of ion masses
a) organic
material,
b) sulfate,
c) nitrate,
monium measured with the AMS and (E) effective black carbon derived from the absorption
d) ammonium measured with the AMS and e) effective black carbon derived from the
measurements made with the PSAP, are for the same conditions as Fig. 9. Note that all conmeasurements made with the PSAP, are for the same conditions as Fig. 9.
centrations absorption
are normalized
to standard temperature and pressure. There is missing data from
Note
that alltoconcentrations
areday
normalized
to standard temperature
the AMS from
01:00
10:00 on the
of southwesterly
flow due and
to apressure.
power outage.
There is missing data from the AMS from 0100 to 1000 on the day of southwesterly flow
due to a power outage.
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Day
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Fig. 11. Figure
The FTIR
the components
of organic
carbon
ononfilters
11 analysis
The FTIR of
analysis
of the components
of organic
carbon
filters taken
taken inin at night
(top panel) and during the day (bottom panel) are shown for the cases of flow from the east
at night (top panel) and during the day (bottom panel) are shown for the cases of flow
(left side) and from the southwest (right side). The values are given as percentages of the total
from thederived
east (leftfrom
side)the
andanalysis.
from the southwest (right side). The values are given as
organic carbon
percentages of the total organic carbon derived from the analysis.
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Figure 12

The optical properties, derived from the nephelometer and PSAP, are

Fig. 12. The optical
properties,
derived
from
the nephelometer
and PSAP,
shown here
in a) absorption
coefficient,
b) scattering
coefficient, c) extinction
coefficientare shown here
in (A) absorption
coefficient,
(B)
scattering
coefficient,
(C)
extinction
coefficient
and (D) single
and d) single scattering albedo, for the same conditions as Fig. 9.
scattering albedo, for the same conditions as Fig. 9.
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Figure 13

The mass fraction of ions measured with the AMS and effective black

Fig. 13. carbon
The mass
fraction of ions measured with the AMS and effective black carbon mass
mass derived from the PSAP are shown for the days with flows from the east
derived from the PSAP are shown for the days with flows from the east (left), southeast (center)
(left), southeast (center) and southwest (right) for the night time (top panel) and the
and southwest
(right) for the night time (top panel) and the afternoon (bottom panel).
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Figure 14

These diurnal time series are the mass fractions of a) organic material, b)

Fig. 14. These diurnal
time
are
the
mass
fractions
(A) organic
material,(B)
sulfate
and series
c) effective
black
carbon
for the
days withof
different
flow directions.
Note that sulfate
and (C) effective black
carbon
for
the
days
with
different
flow
directions.
Note
that
the period from 0100 to 1000 is missing data due to problems with the AMS during
thatthe period
from 01:00 to 10:00 isperiod.
missing data due to problems with the AMS during that period.
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Fig. 15. The AMS ions
have
normalized
by thebyCO
to toaccount
for air mass
Figureand
15 EBC
The AMS
ionsbeen
and EBC
have been normalized
the CO
account for
dilution, shown hereairfor
(A)dilution,
organic
(B) sulfate,
(C)
nitrate
andand(D)
mass
shownmaterial,
here for a) organic
material, b)
sulfate,
c) nitrate
d) effective black
carbon.
effective black carbon.
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The carbon monoxide is displayed as a function organic material

Fig. 16. The carbon monoxide is displayed as a function of organic material measured with the
AMS for the
days
flow from
the east
circles),
southwest
measured
with
theof AMS
for the
days(filled
of flow
fromsoutheast
the east (filled
(filledsquares)
circles),and
southeast
(filled diamonds). The color of the symbol represents the time of day, shown by the color scale
(filled
and
southwest
(filled diamonds).
The to
color
of the
symbol
to thesquares)
right in the
figure.
The numbered
lines correspond
CO/OC
slopes
from represents
the following the
emission
sources:
(1)
diesel
trucks
(Lloyd
and
Cackette,
2001),
(2)
wood
burning
(Cabada
time of day, shown by the color scale to the right in the figure. The numbered
lines et
al., 2002) and (3) biomass burning (Andreae and Merlet, 2001).

correspond to CO/OC slopes from the following emission sources: (1) diesel trucks
(Lloyd and Cackette, 2001), (2) wood burning (Cabada et al., 2002) and (3) biomass
3305
burning (Andreae and Merlet, 2001).
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The effective black carbon is displayed as a function carbon monoxide for
Fig. 17. The effective black carbon is displayed as a function of carbon monoxide for the days
of days
flow from
the east
circles),
southeast
(filled
squares)(filled
and southwest
the
of flow
from(filled
the east
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southeast
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Mexico City in 2005.

color scale to the right in the figure. The dashed line shows the relationship established
from measurements made in Mexico City in 2005.
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