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Abstract—We have applied a nonlinear dynamic analysis to air quality data (ozone, carbon monoxide,
nitrous oxide and sulfur dioxide) obtained at 13 of the surface stations of the automated monitoring
network in Mexico City, following the work of Li et al. (1994, Atmospheric Environment 28, 1707-1714).
The time series used consisted of hourly data obtained during 1993. The analysis has helped to identify the
nature of the dynamics of ozone production and we have determined the number of degrees of freedom of
the system. Interestingly, this value varied with location within the city, ranging from two (at a station
located downtown) to eight. We suggest that this difference may be linked to variations in local orography
that forces a vortex-type circulation within the basin throughout the year. Copyright © 1996 Elsevier

Science Ltd
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1. INTRODUCTION

The problem of air pollution in Mexico City has
become a serious health threat for its inhabitants. The
problem has very particular characteristics because
the city is located 2.2 km above sea level and at
approximately 19°N. It therefore, receives more solar
radiation than other large cities located at sea level
and in sub-tropical and mid-latitude regions. This
incident solar radiation is very important in the ozone
formation process in the boundary layer. The ex-
tremely high emissions (both by mobile and industrial
sources) aggravate the problem dramatically through-
out the year.

During the winter months, which occur during the
dry season (October-May), the boundary layer be-
comes very stable during the night due to radiational
cooling from the surface in cloudless sky conditions.
Pollutants (emitted preferably during the daytime)
can become trapped close to the surface in the early
morning hours. As the day progresses, the stable
boundary layer becomes unstable due to heating from
solar radiation and grows, and pollutant concen-
trations become diluted. Nevertheless, it is often
observed that events of extreme thermal stability
(usually associated with very light or no wind) are
directly linked to very high ozone concentrations.
Because high emissions are initiated when the bound-
ary layer is stably stratified, there is ample time
for photochemical conversions from ozone precursors
to occur.

During summer months, solar heating at the sur-
face drives a convective boundary layer, with large

clouds developing most days. Ventilation of the
boundary layer is, thus, quite efficient by these con-
vective plumes. Often these clouds precipitate and
pollutants are substantially scavenged by the falling
precipitation particles. Also gases are incorporated
into cloud droplets within the clouds. Therefore, con-
vection and precipitation contribute to the effective
removal of gases and particles during the wet season
(June-September). Nevertheless, when large scale con-
ditions are appropriate (such as a high-pressure re-
gion affecting the Mexico City basin), extremely high
values of surface ozone are also recorded during
spring and summer.

The primary pollution problem in Mexico City has
been identified as the formation of photochemical
smog, in particular ozone. This oxidant is formed in
the atmosphere by chemical reactions involving nitro-
gen oxides and volatile organic compounds in the
presence of solar radiation. The particular conditions
of gaseous emissions in Mexico City are such that the
reactivity of precursor gases is enhanced. A reduction
of visibility is also associated with the formation of
photochemical aerosol particles. Because of their
oxidizing properties, photochemical oxidants acceler-
ate the conversion of sulfur dioxide into sulfates,
which in turn interact with radiation decreasing the
intensity reaching the surface.

In the present study we approach the problem of air
poltution in Mexico City from the point of view of
dealing with a highly nonlinear system in both the
chemistry and the dynamics. We try to gain some
understanding on the problem by performing a non-
linear dynamics analysis utilizing time series of ozone,
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carbon monoxide and sulfur dioxide, obtained from
surface monitoring stations.

Given the large number of inhabitants and the
serious health effects that pollution has on their lives,
it is extremely important to understand the dynamics
of ozone formation, and this would lead to problem
mitigation and eventually its prediction.

2. DESCRIPTION OF THE ANALYSIS METHOD

We have followed the methodology described by
Li et al. (1994), which has become fairly standard in
nonlinear time series analysis. We briefly describe it
here, for completeness. The key to the analysis is the
assumption that even if the exact description of the
dynamical system under study is unknown, its phase
space can be reconstructed by a single variable time
series, as detailed in Packard et al. (1980). If an
attractor, which describes the asymptotic behavior of
the dynamical system, for the problem exists in phase
space, then the dimension of the attractor will provide
a measure of the minimum number of independent
variables that fully describe the dynamical system. If
xo(t) is the time series of one of the variables in
a system represented by n first-order differential
equations, then the system can be transformed
to an nth order differential equation for the single
variable xo(t) and the derivatives of the original time
series can be estimated based on a de-correlation time
lag. The parameter n corresponds to the embedded
dimension.

The goal is to determine the correlation dimension
of the attractor (if it exists) from the original time
series, and thus, the number of degrees of freedom.
The procedure utilized has been described by Grass-
berger and Procaccia (1983). A correlation coefficient
can be constructed in phase space as:

N
Ci = I\IITZO(NZ =N i’jz;,l Hir —Ix; —x;) (1)
i*j
where H is the Heaviside function and r is an arbitrary
distance in phase space. For sufficiently small value of
r (Grassberger and Procaccia, 1983), the correlation
cocfficient will follow a power law:

C(r)~rP @

The correlation dimension D can be easily determined
and it provides an unambiguous distinction between
random and deterministic behavior, when it is plotted
as a function of the embedded dimension n.

The method described above has been increasingly
applied to the analysis of a variety of time series to
study the dynamic behavior of the atmosphere. A
wide range of values (from 2 to 9) for the correlation
dimension have been obtained (Nicolis and Nicolis,
1984; Osborne et al., 1986; Tsonis and Elsner, 1988;
Keppenne and Nicolis, 1989), results that indicate
no saturation of this dimension (Grassberger, 1986;
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Fraedrich, 1986). Islam et al. (1993) point out that
caution should be exercised when interpreting the
correlation dimensions obtained through this
method. They argue that unrealistically low values
have been obtained for the atmosphere (based on
analysis of precipitation or sunshine duration) be-
cause such time series may be constrained by the
presence of thresholds.

3. OBSERVATIONS

Mexico City has an automated network for atmo-
spheric monitoring (Red Automatica de Monitoreo
Ambiental, RAMA, operated by Departamento del
Distrito Federal) that consists of 25 surface-based
stations in which thermodynamic, dynamic and
chemical parameters are measured hourly. Not all
stations measure all the parameters mentioned, and
some of them also measure particles (total and smaller
than 10 um). The chemical species measured are
ozone {O,), carbon monoxide (CO), sulfur dioxide
(SO,) and nitrogen oxides (NO,). Figure 1 presents
a map of the Mexico City basin showing all the
surface stations denoted by letters. The stations that
have been selected for this study correspond to letters
C.F,G,L,N,P,Q,T,U, W, X, Y and Z. Also shown
are topography contours (400 m intervals) and the
extent of the urban area. Most of the stations are in an
urban setting, except for M and N which are located
close to Lake Texcoco and just outside of the main
populated areas.

Fig. 1. Map of Mexico City showing all RAMA stations,
topography contours (every 400 m) and extent of urban area.
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The instrumentation in the RAMA stations follows
the guidelines set forth by the U.S. Environmental
Protection Agency (EPA, 1983) and are frequently
calibrated. The measuring principle for ozone is based
on the chemiluminescent reaction of ozone with ethy-
lene. The resulting photocurrent is amplified and then
recorded. Carbon monoxide is measured by nondis-
persive infrared photometry, quantifying the absorp-
tion of CO by a suitable detector. Sulfur dioxide is
measured utilizing the pararosaniline method. A chemi-
cal reaction is induced in which the optical density at
a particular concentration is determined and related
directly to the amount of SO, present in the air
sample. And finally, nitrogen oxides (NO,) are deter-
mined by gas-phase chemiluminescence and the con-
centration of NO; is determined by subtraction. Data
quality is generally good and the time series for 1993
are fairly complete, especially for CO and O, (about
80% on average).

4. RESULTS AND DISCUSSION

4.1. Linear analysis

Table 1 shows the annual geometric mean
and standard deviation for Q;, SO,, CO and NO,
in the selected stations. The NO, time series have
a significant fraction of the data missing (at least 70%
of datapoints were required) and have not therefore
been used in any further statistical analysis. Note
the low O, values observed in station W, located
downtown.

Figure 2 shows a segment of the time series ob-
served at station T during March for O;, NO, and
SO;. The O, time series clearly shows a repeatable
diurnal cycle, with peak concentrations occurring
during the early to mid-afternoon. Concentrations
reached levels of 0.3 ppm during this period, exceed-
ing substantially the air quality standard for ozone
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(0.11 ppm for more than 1 h). The pattern of an ob-
served peak in the mid-afternoon hours is repeated
daily in all monitoring stations, throughout the year.
It is also clear from the figure that NO, concentra-
tions drop sharply when O; builds up (coinciding
with a decrease in NO levels after rush hour), and then
recover in the late afternoon. The O; concentration is
not related directly to the SO, concentrations, which
do not present the regularity of the O; and NO, time
series.

The O, time series were Fourier transformed to
determine the frequencies contributing most of the
energy. Figure 3 presents a typical example where it is
possible to identify the diurnal oscillations with large
harmonics at 12 and 8 h.

Cross-correlations between stations were computed
for SO, and CO time series. The results for both
variables indicate that there is a marked pattern of
higher correlation coefficients in the western part of
the city (Fig. 4). The cross-correlations calculated with
a time lag of 1 to 4 h indicate that there is a tendency
for the higher correlations to move from the north-
west to the southeast, along the western border of the
city. This pattern was first pointed out by Jauregui et
al. (1981), utilizing SO, concentrations measured in
January 1976, within the dry season. The pattern is
more clearly seen in SO, during the dry season, due to
the fact that SO, is rapidly depleted when the relative
humidity is high and in the presence of clouds. The
results obtained using CO (which is a more conserved
tracer) are in general agreement with the SO, ones,
suggesting that there is a predominant pattern of
transport within the city throughout the year.

4.2. Nonlinear analysis

The autocorrelation analysis for all 13 stations in-
dicated that a time lag of S h would give uncorrelated
time series. In contrast, Li et al. (1994), utilize a decor-
relation lag of 1 h, which at least in the conditions

Table 1. Geometric mean, standard deviation and percentage of datapoints present for ozone,
nitrogen dioxide, sulfur dioxide and carbon monoxide during 1993 in all stations considered

0, NO, SO, cO
(%1072 ppm) (x 107" ppm) (x 107 ppm) (ppm)

Station u o Yo u a % u G Y% u a Y
C 445 527 70 238 235 67

w 1.56 323 84 028 025 o4 276 220 91
Q 313 439 76 038 022 81 139 148 49 306 226 74
G 382 482 72 025 032 46 132 177 73 249 250 86
D 205 231 71
Y 275 460 85 037 025 58 248 226 61

Z 319 488 81 297 261 83
X 265 523 84 051 028 79 174 216 81 305 259 85
T 312 576 91 037 025 85 009 144 75 213 168 §7
U 267 570 84 3.10 250 85
N 371 297 70 030 0146 56 1.18 141 59

F 401 411 83 028 027 63 1.6s 199 78 265 227 85
P 309 485 81 216 240 75
L 379 376 77 040 026 68 1.84 274 69 282 273 I8
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Fig. 2. Time series of O; (a), NO, (b) and SO, (c) for the period 9-14 March 1993 in station T.

observed in Mexico City does not guarantee time
decorrelation. The correlation coefficient (from equa-
tion (3)) is computed for a range of embedded dimen-
sion from 2 to 20. Figure 5 shows the correlation
coefficient as a function of the arbitrary distance r, for
n=2,..,10, obtained for station T. The slope of these
curves, for small values of r, gives an estimate of the
correlation dimension. A linear fit was applied to the
segment with r between 0.001 and 0.05. The values

obtained for the slope as a function of the embedded
dimension are presented in Fig. 6, where it is clear that
the O; dynamics is not a random process. The sensi-
tivity to the choice of embedded dimension (10: tri-
angles, or 20: diamonds) is shown, suggesting that
n =10 was almost enough to determine the corre-
lation dimension. Nevertheless, the correlation di-
mension in all stations was calculated using n = 20.
Figure 7 shows the degrees of freedom determined for
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Fig. 3. Power spectrum of O; time series in station T.

Fig. 4. Cross-correlation coefficient map for SO, with lag 0.

all the stations considered. There is a clear minimum
in the center and towards the west. The lowest value
determined was two, at station W. It is important to
note that the observed O; values in this station are

consistently lower than in all other stations (see Table
1). Inspection of the site indicates that a large building
is located about 15m to the N of the station. It is
possible that the proximity of this building generates
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from station T.

small scale eddies that are responsible for consistently
underestimating O3 concentrations. It may also be
possible that this station is at the center of a wind
vortex determined by the local topography, which
would be consistent with the results from the cross-
correlation analysis. In a companion paper (Le
Moyne and Raga, 1996), we study a few high concen-
tration events in detail and address the possibility of
a vortical circulation within the urban basin.
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Fig. 6. Correlation dimension D as a function of the embed-
ded dimension n, calculated using O; data from station L.

The O, time series were Fourier analyzed as was
mentioned above, and among the several key frequen-
cies identified, the contribution to the diurnal oscilla-
tion was removed. The time series was then inverse
transformed back into physical space without the
diurnal cycle. The nonlinear analysis was repeated
utilizing the reconstructed O, time series. The number
of degrees of freedom decreased by one in all the
stations considered, consistent with removing one of
the physical factors (e.g. solar radiation) that directly
contribute to O, formation.

The O; time series for 1993 were partitioned
into two subsets, corresponding to a dry season
(March, April and May) and a rainy season (August,
September and October). The nonlinear analysis was

Fig. 7. Contour map of degrees of freedom obtained utilizing the 13 stations indicated.
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repeated and one degree of freedom less was obtained
from the dry subset, consistent with removing the
contribution of the annual cycle to the system. The
rainy season time series exhibits larger variability
than the dry season one, due to the added variability
introduced by precipitation. It is still possible to de-
termine the degrees of freedom from the rainy season
subset (one degree less than the full time series), but
the correlation dimension does not reach saturation
as smoothly as when using the full time series.

S. CONCLUSIONS

We have analyzed data from 13 stations of the
surface monitoring network in Mexico City for 1993.
A linear analysis of spatial cross-correlations has in-
dicated a preferred pattern of transport within the city
from the NW to the SE, along the western edge of the
city and clearly not through the center of it. The
nonlinear analysis performed indicates that there are
fewer degrees of freedom in the center and western
parts of the city, suggesting that perhaps the circula-
tions are limited or forced. We propose that a vortex-
type circulation may be present throughout the year
within the city, given the particular topography that
surrounds it. In a companion paper we explore more
fully this hypothesis.
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