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Abstract: Tropospheric ozone is an obligatorily-regulated pollutant, to ensure health protection and
better air quality. Most countries have established maximum permissible limits (MPL) equal to 0.06
or 0.070 ppmv, but these could be insufficient considering the strictest MPL of the World Health
Organization (WHO) guidelines. Such concentrations may still cause health damage to some groups
of the population in urban areas. Additionally, the mean value is the principal statistical parameter
for monitoring air pollution. This factor may be hiding critical ozone concentrations for public
health. This work examines the mean and maximum ozone based on a multi-temporal analysis,
to explore the use of a maximum average value as an air quality standard. The mean ozone had a
remarkably stationary contrast; while, the maximum ozone emphasized a semi-permanent state of
high pollution over the year. Diurnal variation highlights the differences of frequency between the
mean and maximum ozone above any MPL, which is accentuated when compared with the WHO
guidelines. Under the WHO-MPL, the mean ozone underestimates the highest concentrations; while
the maximum ozone represents the extremely high concentrations observed over the year. Instead,
the maximum average ozone becomes moderate; this preserves the proper, but conservative high
concentrations, following similar temporal patterns as the mean ozone. This parameter is proposed
to be adapted as an alternative statistical criterion to prevent negative effects on public health due to
high and frequent ozone concentrations in subsequent years.

Keywords: maximum average ozone; ozone precursors; air-quality management; seasonal variation;
health protection; time-series analysis

1. Introduction

Air pollution is the cause of 7 million premature deaths every year [1]. About 0.15 to
0.49 million of these deaths are attributable to respiratory complications by ozone [2]. Ozone
is one of the main constituents of photochemical smog and a major human health concern
among air pollutants [1]. Tropospheric ozone is formed through UV–photochemical atmo-
spheric reactions involving oxygen, nitrogen oxides (NOx), and volatile organic compounds
(VOCs) [3–6]. Natural sources emit ozone precursors; however, incomplete automobile
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combustion processes and continued industrialization related to population growth have
the strongest association with increments of tropospheric ozone in megacities [7–11].

The persistence of high ozone concentrations in urban areas is a hazard factor that can
cause severe health problems among the inhabitants. According to the WHO, there is a
high probability that young people who normally breathe at least 0.060 ppmv are prone
to suffer pulmonary function alterations in the short term [12,13]. While, a population
exposed up to 0.080 ppmv over 6.6 h could be at risk of damage in tissues of the respiratory
tract, breathing problems (inflammation, irritation, coughing, and chest tightness), asthma,
and lung inflammatory reactions in the short term. In the medium and long term, ozone
levels above 0.120 ppmv may produce lung function changes, lung diseases, and mortality.

The general framework indicates that the international community has made manda-
tory the control of tropospheric ozone and its precursors, to avoid high-pollution episodes
and acute effects on human health. There have been efforts to reduce the frequency of
high pollution episodes based on epidemiological evidence, as well as the establishment of
ozone doses to prevent acute effects on human health [13]. Countries such as the United
States have established a maximum permissible limit of 0.070 ppmv, considering the 8-h
moving average values [14]; while the World Health Organization suggests an MPL of
0.050 ppmv for ozone [15]. However, none of these limits ensure absolute safety condi-
tions [16]; because some population groups may still suffer chronic disease, either from
cumulated effect or the mixture of ozone with other pollutants in the long term [12].

We took the Guadalajara Metropolitan Area (GMA) in Mexico as a study case, due to
ozone constantly acting as an air pollutant, producing recurrent atmospheric contingencies
during the spring–summer seasons; similar poor air quality prevails in the winter season,
due to particulate matter such as PM10 or PM2.5 [17]. The maximum permissible limit
(MPL) for ozone in the country was 0.080 ppmv for the 8-h moving average; in 2014, the
Mexican standard was updated to 0.070 ppmv [18], as in the United States [14]. It is a
limit significantly higher than the strictest limits of the WHO. There are no studies in the
GMA focused on the analysis of ozone concentrations under the strictest limits of the
WHO-AQGs. Instead, recent studies in the GMA analyzed a part of the long-time series
given their publication date [19–21], these have led to a limited understanding of ozone. In
a global context, the GMA is a medium-sized metropolis that may represent the type of city
with high levels of pollution from ozone.

This study aims to discuss the current standard limits internationally established to
control air pollution from ozone in urban areas, considering the importance of complemen-
tary analytical factors in the study of episodes of high ozone concentrations. An alternative
statistical criterion is examined to evaluate air quality based on the monitoring system. The
maximum average concentrations may depict the real level of this pollutant, considering
a quasi-homogeneous air pollution from ozone in the city. This study emphasizes the
need to adopt preventive measures against high ozone, in favor of public health for the
subsequent years.

2. Materials and Methods
2.1. Study Area

The GMA is located at the western end of México (Figure 1). The mean elevation in the
city is 1585 masl; the climate is warm and humid with a well-defined summer rain regime
(June–October) [22]. Meteorological data measured in the city shows that the annual mean
temperature is around 19.2 ◦C, with a monthly average temperature between 15.5 and
22.9 ◦C during the winter (January) and spring (May) seasons, respectively; meanwhile, the
diurnal temperature variation is normally around 16.1 ◦C [23]. The average annual rainfall
range is close to 866 mm, with a summer regime (June to October) having July as the rainiest
month, with 225.6 mm on average. The wind direction typically is from the southeast (July
to October) and southwest (December to June) [21]. The city receives high amounts of solar
irradiation, with an average annual irradiance of 5.7 ± 0.9 kWh m−2 d−1 [24]. Overall,
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these environmental properties induce well-defined changes in the atmosphere throughout
the annual cycle.
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atmospheric conditions promote the formation of photochemical smog, prevailing for 
large periods of the day during the dry–warm season, which is produced by mobile 
sources (the main cause of annual pollution). Mobile sources contribute to 85% of the total 
emissions in the state, with CO, VOCs, and NOx as the most abundant substances, all of 
them tropospheric ozone precursors. Additionally, typically, forest fires next to the city 
worsen the air quality of the GMA due to particulate matter. 

Figure 1. Map with the monitoring network in the Guadalajara Metropolitan Area (GMA). Empty
locator: stations excluded by incomplete information for the analyzed period. Abbreviations: Las
Águilas, AGU; Atemajac, ATM; Centro, CEN; Loma Dorada, LDO; Las Pintas, LP; Miravalle, MIR;
Tlaquepaque, TLA; Oblatos, OBL; Santa Fé, SF; Vallarta, VAL.

This climatic variable induces a photo-reactive atmosphere, which mainly favors the
ozone formation rate during the dry–warm season (March–June), when the temperature
reaches the highest values, under the lowest percentage of humidity (Figure 2). The
atmospheric conditions promote the formation of photochemical smog, prevailing for large
periods of the day during the dry–warm season, which is produced by mobile sources (the
main cause of annual pollution). Mobile sources contribute to 85% of the total emissions
in the state, with CO, VOCs, and NOx as the most abundant substances, all of them
tropospheric ozone precursors. Additionally, typically, forest fires next to the city worsen
the air quality of the GMA due to particulate matter.
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2.2. Data Source and Quality Control

The present study focuses on information from the eight stations published with the
most complete data record of the atmospheric monitoring system in the GMA, from 1996
to 2019 (Figure 1). Ozone was measured using a non-dispersive UV photometry technique
using a Lear Siegler model 9810 gas analyzer, which receives scheduled preventive main-
tenance every three months [26]. This dataset contains more than 1.68 million records of
the tropospheric ozone, averaged every 60 min. The dataset underwent a quality control
process, removing invalid data related to electrical or analyzer failures, equipment mainte-
nance, calibration, and values outside the detection limits, all following the methodology
described by [27]. The ozone concentrations were analyzed with conditional functions
for compliance, with a sufficiency criterion (at least 75% of the hourly and daily records)
established by the Mexican Official Standard [18]. Descriptive statistics showed that all
stations met the 75% sufficiency criterion, that is, eighteen hours or more in every one of
the six to eight stations per day. The valid records were from 87.0 to 91.8% of the total
information in almost all stations, except the Oblatos station, where 77.8% was recovered.

The hourly dataset helped us to perform an analysis of ozone concentrations in fine-
scale (1-h and 8-h moving average). This was based on calculation of an index (normalized-
difference ozone index) and the statistical probability; both throughout the day and consid-
ering the entire 24-year period. In addition to the hourly analysis, this dataset helped to
calculate the ozone at daily and monthly resolution, to expose a broad picture of the ozone
behavior. The first step was the estimation of the daily mean and maximum ozone per
station; subsequently, we estimated the daily average, maximum, and maximum average
values as parameters of the eight stations established in the city These parameters were
aggregated at monthly scales, to analyze the seasonal variation throughout the annual cycle.

2.3. Time Series Analysis

The 1-h ozone concentrations helped to build time series with daily mean and max-
imum values over a period of twenty-four years [17]. Time series were used to discover
normal and temporal patterns (most frequent values) of the ozone concentrations (cyclical
variations, and seasonality) using seasonal decomposition method. This method involved
the subtraction of the trend, cycles, and random effects, in order to understand the seasonal
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variation (e.g., day, month, quarter) [28]. Under seasonal decomposition, the seasonal index
quantifies differences between the monthly ozone and the full period average. The index
is a simple ratio to obtain a reference value (the unit) establishing proportional seasonal
deviations.

2.4. The Normalized-Difference Ozone Index (NDO3I)

The normalized index for the ozone is a complementary tool to analyze its concentra-
tion; the index works as a filter based on a cut-off threshold defined by any MPL value,
highlighting only those ozone measurements outside the standard limit established for any
case, according to the country (Equation (1)). It is not a model that seeks to replace an air
quality index for such criteria pollutant; instead, the index only shows unacceptable ozone
concentrations for public health, considering the simple magnitude of the tropospheric
ozone in urban areas.

NDO3 I =
O3,i − O3,r

O3,i + O3,r
(1)

The index reflects the difference between the absolute hourly ozone concentration (i)
and an MPL value (r); while, the sum of the paired amounts normalizes such deviations.
The MPL values used as thresholds were 0.050 ppmv for WHO guidelines and 0.070 ppmv
for the EPA’s standard. The numerical scale of the index ranges from 1 to −1, representing
all possible values as a function of the total amplitude ozone measurements, setting zero as
the reference value for both MPLs. Given its practicality, we applied the NDO3I to hourly
measurements. The NDO3I and the general statistical probability function (next section)
were both used to evaluate discrete data at local scales in absolute terms (deviations in
terms of ppmv). Therefore, the studies interested in these models or the results derived
from this work should take into account specific methods for a standardized analysis, to
reduce the bias inherent in the differences related to regional variability.

2.5. Statistical Probability

In addition to the analysis of the 1-h and 8-h moving average values, the statistical
probability based on a binomial function (Equation (2)) was used to evaluate the proba-
bility that ozone exceeds three different maximum permissible limits (0.080, 0.070, and
0.050 ppmv) in the different temporal window during the day. Together with the NDO3I,
they show the high ozone concentrations over the entire study period and how they may be
over short periods (hours). This function helps us to understand the frequency of the ozone
measurements above any MPL, in terms of their probability. The following propositions
support the criteria to build the function: (1) any ozone observation such that the ozone
concentration is a typical value, and (2) a fixed probability related to a specific limit such
that the ozone above that limit is a successful event (poor air quality).

p(x) =
(

n
x

)
·px·qn−x,

(
n
x

)
=

n!
x!(n − x)!

(2)

where p is the probability of success, q is the probability of failure, x is the variable that
measures the success in n number of hours, and n is defined here as an 8-h temporal
window. The last constant takes into account that the tropospheric ozone is directly related
to the intensity of natural light. Since the highest concentrations commonly occur along
with the temporal windows from ten to twelve hours a day (approximately 7 a.m. to
7 p.m.) with some variations associated with seasonal changes. The statistical, probabilistic
approach takes a temporal window of eight hours as the possible period to find high ozone
concentrations. This takes into account that the solar radiation becomes negligible in the
early sunrise hours and the last sunset hours.
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3. Results and Discussion
3.1. Spatial Variation

The comparison between stations showed that at least 50% of the ozone measures
were close to the median values (Figure 3). The statistics indicate that the median values
of all stations were in a short range of 0.022 to 0.027 ppmv for the daily mean ozone and
0.052 to 0.060 ppmv for the maximum ozone. The small differences among sites indicate
that there are no important spatial gradients, helping to draw a quasi-homogeneous air
pollution condition in the city. Such similarities comprehensively allowed us to characterize
the ozone throughout the entire area of influence. In this sense, every parameter should
be considered as the result of the eight stations, to interpret the average of the mean
values (mean ozone), the maximum (maximum ozone), and the average of the maximums
(maximum average); with the later statistical parameters measurable only from daily to
smaller scales (e.g., monthly or yearly).
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Figure 3. The statistical distribution of the daily ozone concentrations in the 8-stations in the monitor-
ing network of the Guadalajara Metropolitan Area: (a) mean ozone, (b) maximum ozone. The box
and whisker plot denote the lower quartile, median and upper quartile (box), the percentile 5 and
95 (whisker), mean (red asterisk), and outliers (black-red squares). Abbreviations: Las Águilas, AGU;
Atemajac, ATM; Centro, CEN; Loma Dorada, LDO; Las Pintas, LP; Miravalle, MIR; Tlaquepaque,
TLA; Oblatos, OBL; Santa Fé, SF; Vallarta, VAL.

3.2. Long-Term Trend Analysis
3.2.1. Bias Trends

The time series analysis highlights important aspects of the tropospheric ozone in
GMA. Two periods (1996–1998 and 2010–2011) were identified with atypical concentrations
(Figure 4). A statistical comparison between monthly ozone showed that those atypical
years, significantly, were 32.2 to 45.8% higher than the values in the typical years (p < 0.05)
(Table 1). Their seasonal variation followed a normal pattern with high concentrations
in the warm–dry season and lower concentrations during the rainy season, such as in
all other years in the time series (Described in Section 3.3). However, the prominent
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contrasts with the previous or later years suggest possible systematic errors. Therefore, a
comparative analysis identified their incidence in the long-term trend. The case considering
all the twenty-four years delineated a decreasing trend over the full period, which is
more evident for the maximum ozone. In contrast, the exclusion of the five atypical
years shows a reasonable increase in the mean ozone trend, while the maximum ozone
remains quasi-stable (Figure 4). These results represent an update of the ozone trends,
considering the largest volume of data analyzed so far in the study area, in comparison
with previous studies.
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Table 1. Statistical comparison between typical and atypical periods of ozone concentrations.

Mean Ozone Max Ozone Max Average Ozone
2-10Month Typical Atypical Difference

% Typical Atypical Difference
% Typical Atypical Difference

%
January 0.020 0.028 39.1 0.117 0.177 51.3 0.054 0.080 48.4

February 0.023 0.031 37.9 0.125 0.193 54.9 0.056 0.079 41.1
March 0.027 0.035 29.7 0.129 0.188 45.2 0.059 0.082 38.2
April 0.032 0.039 20.4 0.139 0.190 36.8 0.064 0.085 31.2
May 0.036 0.052 43.9 0.159 0.228 43.5 0.073 0.113 54.7
June 0.031 0.046 48.0 0.147 0.221 50.2 0.064 0.098 53.8
July 0.027 0.031 16.9 0.120 0.157 30.0 0.054 0.065 20.9

August 0.024 0.031 25.1 0.107 0.149 39.5 0.048 0.064 32.6
September 0.021 0.026 24.8 0.104 0.153 46.3 0.043 0.060 39.4
October 0.022 0.027 24.8 0.128 0.190 47.7 0.050 0.066 30.6

November 0.020 0.027 34.1 0.119 0.176 48.4 0.053 0.078 45.4
December 0.019 0.026 41.3 0.111 0.172 55.3 0.053 0.084 57.3

Average differences 32.2 45.8 41.1

Typical concentrations correspond to monthly average values of the periods 1999–2009 and 2012–2019. Atypical
to monthly average values of the periods 1996–1998 and 2010–2011. Ozone concentrations in ppmv.

3.2.2. Atypical Ozone Measurements

The analysis of variance indicates that there are no significant differences, whether or
not we consider these atypical years in the global assessment (p < 0.05, with an r2 = 0.98).
These highly atypical values preserve compliance with annual ozone cycles and seasonal
patterns; however, they induce a decrease in the long-term ozone trend at the end of the
period, similarly to that reported in recent studies for shorter periods [20,21]. Such a trend
is opposed to the growing number of mobile sources with an average annual growth rate
of 3.5% in the last decade, or 4.2% in the last five years. Since vehicles are the main source
of ozone precursors, the long-term trend of ozone could be determined. Therefore, its
growth rate suggests similar increases of ozone precursors, and, eventually, a consequent
increase of the ozone concentrations. On the other hand, systematic errors based on the



Atmosphere 2022, 13, 152 8 of 17

technological adaptation of the monitoring system could also explain the evident decrease
in the inter-annual trend observed between 1996 and 1998. The partial or total obsolescence
of the measurement equipment that was not replaced could affect its optimal functioning,
producing measurement deviations such as those observed from 2010 to 2011 [29]; devia-
tions seem to be related to problems such as the calibration of the analyzers, adjustment of
the calibration bands, and the ozone dilution standard (personal communication). Given
these reasonable discrepancies with the mobile sources and probable systematic deviations,
we excluded atypical periods from the analysis.

3.3. Inter-Annual Cycles and Seasonal Variability
3.3.1. Pattern Description

The inter-annual cycles followed a temporal pattern with regular and periodic varia-
tions, closely associated with a stable long-term trend. In this context, the evaluation of the
seasonal variations was in terms of the monthly average values of the nineteen typical years.
The mean ozone showed a clear seasonal pattern of high values during the spring–summer
season (March–August) and low values in the summer to fall (September–February) in
almost all years, remaining within concentrations below 0.040 ppmv (0.019−0.036 ppmv),
a quantity relatively safe for public health (Figure 5a). Conversely, the maximum ozone
showed high values in May and October, divided by the rainy season. Their concentrations
were up to three times the mean ozone, reaching up to 0.159 ppmv in May, and with
the lowest close to 0.100 ppmv in August and September. While the maximum average
ozone become moderate, which varied in the range of 0.043 to 0.073 ppmv, with regular
concentrations above the WHO and EPA-MPL almost all the year. This parameter shows
the proper, but conservative, high ozone concentrations following the temporal pattern of
the mean values.

The seasonal index explains the monthly variability throughout the course of the
annual cycle. The mean ozone had main seasonal changes up to 70.5%, while, the maximum
and averages of the maximum were 45 and 55.9%, respectively (Figure 5b). These results
highlight the importance of the mean values in showing a remarkable stationary contrast. In
addition, the seasonal index denotes that maximum ozone and its average values preserve
the smaller annual seasonal change; emphasizing a semi-permanent state of high pollution
throughout the inter-annual cycle, diminishing only in the second half of the rainy season.

3.3.2. Human and Environmental Influences

The GMA has a highly photo-reactive atmosphere, which may be related to the high
amount of ozone and the chemical precursors derived from the vehicular fleet [30]. Solar
irradiation becomes a determining factor that favors ozone formation. The monthly solar
irradiation that potentially reaches the surface of the GMA is higher during the spring–
summer seasons (Figure 2); however, the cloudy skies associated with the high atmospheric
humidity tend to attenuate the irradiation during the rainy season [24]. Considering this
seasonal pattern, the evaluation of solar irradiation helps in understanding its influence on
the seasonal variation of ozone. A comparison of their changes, evaluated in terms of the
monthly exchange rate, shows the direct dependence of the ozone as a response to the solar
irradiation variation (Figure 5c). A prominent fall in the proportion of solar irradiation
for the dry–warm to the rainy seasons and the persistently negative rate until September
explains the temporal variations in the monthly ozone concentrations; mean ozone is better
adjusted to such temporal patterns.
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Figure 5. (a) Monthly ozone values regarding the maximum permissible limits of EPA standards and
WHO guidelines, (b) Monthly ozone variation is based on the decomposition of the seasonal subseries
and index of seasonality, and (c) comparison of the monthly variation between ozone concentrations
and solar irradiation.

In this sense, the statistical analysis confirms that solar irradiation strongly correlates
with the mean ozone (r = 0.93, p < 0.05), explaining 86% of its variance. While the correlation
was moderate, with the maximum (r = 0.80, p < 0.05) and maximum average ozone (r = 0.77,
p < 0.05) explaining the 64.3 and 58.9% of the variation, respectively. The correlation
degree of the ozone formation, as a function of the solar radiation availability, denotes
the importance of the cloudy sky conditions in the rainy season, which attenuates the
formation rate of the tropospheric ozone. The statistical analysis also shows that the three
statistical parameters of the ozone preserve significant differences among them (p < 0.05);
this is a property that can be better observed if the information is analyzed at a diurnal
temporal scale. These results show that solar radiation is a fundamental factor that drives
the seasonal variation of ozone; however, its normal cycle could not generate variations in
the long-term trend of ozone concentrations.

On the other hand, the old and unregulated automobiles of the GMA contribute to
the increase of NOx, the inventory in the state shows that close to 70% of the vehicle fleet
is composed of units produced before 2006 [31]. Statistical information published by the
local environmental agency shows that NOx emissions have diminished over time [29];



Atmosphere 2022, 13, 152 10 of 17

the NOx trend corresponds with a slight decrease of the annual fuel consumption, which
was close to 15% between 2011 and 2015, having a sharp decrease in 2016. These NOx
emissions together with the VOCs, both induce a VOC-NOx sensitive regime that regulates
the ozone formation [32]. This chemical regime and its causes could explain the semi-stable
and even the slightly negative ozone trend. Therefore, permanent monitoring of VOCs
could contribute to improving the understanding of the ozone regime and its main sources.

3.4. Diurnal Changes

The long-term analysis of monthly and seasonal ozone variation helped to under-
stand the normal behavior over time. Moreover, the analysis of the mean and maximum
concentrations above critical limits with the use of the NDO3I allowed us to highlight the
magnitude and period in which the highest concentrations occur. The ozone index and the
critical standard EPA [14] showed a common diurnal pattern along with the twenty-four-
hour records, when the ozone exceeds this limit and remains above it for extended periods
(Figure 6a,b). The mean ozone smooths the high values of the maximum of ozone at all of
the monitoring stations, eventually, hiding ozone peaks above that limit. In the inter-annual
cycle, the ozone intermittently exceeds the EPA limit, this can be seen in the first half of the
year when high concentrations could reach up to eight hours or more. Instead, the ozone
decreased below 0.070 ppmv in the rainy and fall–winter seasons.
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Figure 6. (a) Ozone measurements above the EPA’s standard limit, derived from the ozone index
(NDO3I) analysis of the twenty-four-years of the time-series sequence of the Guadalajara Metropolitan
Area. (b) Graphical representation of the NDO3I referred to the EPA’s limit.

A similar analysis of the critical WHO-MPL depicts high ozone concentrations from
eight to sixteen hours during the spring–summer season (Figure 7a,b). Diurnal events
were also very common during the fall–winter season, when NOx emissions increased
due to changes in the atmospheric dynamics linked to the typical thermal inversion of the
season [33]. The ozone increased in the rainy period, compared to the WHO limit, despite
significant proportions of solar irradiation available at the ground level (23–28%) being
attenuated by humidity and cloudy sky. The occurrence of sunny days throughout the
rainy season explains the eventual high ozone concentrations, because of the photochemical
reaction of the ozone precursors [24].
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Figure 7. (a) Ozone measurements above the WHO’s guidelines are expressed in terms of the
ozone index (NDO3I) over twenty-four years in the Guadalajara Metropolitan Area. (b) Graphical
representation of the NDO3I referred to the WHO’s limit.

Comparison of the frequency between records above the USEPA standard and WHO
guideline, as well as differences between the mean and maximum ozone showed evidence
of the number of hours per day in every year during which the population in the GMA
had been exposed to unhealthy ozone levels. The mean values seem to underestimate
worrisome ozone concentrations, while, the maximum values overestimated such levels.
In both cases, the parameters reflect extreme conditions that, far from helping to make a
better decision, in the best of cases contribute to keeping environmental protection policies
the same.

3.5. Tropospheric Ozone under the Strictest Limit
3.5.1. Comparison among Standards

The nineteen typical years depict important differences, depending on the MPL values
and the three statistical parameters. A comparative analysis regarding 8-h moving average
concentration based on the average maximum and average values of the maximums was
obtained from the eight stations. A time series with more than 166 thousand hourly records
showed the scenario of air pollution by ozone in the GMA. It is clear that, when lowering
the MPL, a major number of hourly records could be classified as periods of poor air quality.

The Mexican standard establishes poor air quality for health protection under two
different criteria, one similar to EPA’s criterion, and the other when the ozone concentration
exceeds 0.095 ppmv in one hour at least once a year. Time series analysis, regarding the
limit 0.095 ppmv, showed that about 0.4% of the hourly mean ozone did not meet this
standard in any station; if such a standard is applied to the maximum values, 3.6% of the
hourly measures would be above that limit (Table 2). The percentage of poor air quality
events is apparently very small (0.4%); however, there are about 35 events per year on
average when ozone concentrations are extremely high. In the best scenario, these high-risk
events may contribute to an increase cases of breathing problems, such as inflammation,
irritation, cough, and tightness in the chest.
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Table 2. Ozone frequency analysis based on the typical dataset (19 years).

1-h Data 8-h Moving Average Data
Total dataset 166,560 100.0% 166,560 100.0%

Filtred dataset 155,134 93.1% 144,967 87.0%

Mean ozone
Freq O3 > 0.095 ppmv (NOM) 1 685 0.4% n.a. n.a.
Freq O3 > 0.070 ppmv (EPA) 2 n.a. n.a. 4870 3.4%

Freq O3 > 0.050 ppmv (WHO) 3 n.a. n.a. 17,747 12.4%

Maximum average
ozone

Freq O3 > 0.095 ppmv (NOM) 1 n.a. n.a. n.a. n.a.
Freq O3 > 0.070 ppmv (EPA) 2 n.a. n.a. 11,169 7.7%

Freq O3 > 0.050 ppmv (WHO) 3 n.a. n.a. 33,259 22.8%

Maximum ozone
Freq O3 > 0.095 ppmv (NOM) 1 5591 3.6% n.a. n.a.
Freq O3 > 0.070 ppmv (EPA) 2 n.a. n.a. 15,642 10.8%

Freq O3 > 0.050 ppmv (WHO) 3 n.a. n.a. 34,333 23.7%
1 Mexican standard for permissible limit values; 2 EPA’s standard regulation for the air pollutants maximum
permissible limits; 3 WHO’s Air Quality Guidelines; The filtered dataset implies the sufficiency criteria for quality
and the subtraction of the statistical outliers. n.a. Not apply.

The EPA and WHO MPLs for 8-h moving average concentrations were evaluated,
taking into account the three parameters (Table 2). The analysis showed that 3.4 and
12.4% of the mean ozone, obtained from all records, were above the 0.070 and 0.050 ppmv,
respectively, which could be classified as poor air quality. Furthermore, the frequency
of poor air quality events increases dramatically, if we consider the maximum ozone
concentrations, 10.8 and 23.7% for EPA and WHO MPLs, respectively. A similar proportion
occurs with the maximum average ozone, the frequency of poor air quality events is close
to 7.7 for EPA and 22.8% for WHO MPLs.

A comparison between mean ozone and EPA MPL (under the criterion of an 8-h
moving average) showed that about 255 high ozone events per year were above such a
limit, which means 0.7 events per day based on the mean ozone. While, the maximum
average ozone measured in any place of the city showed that 588 high ozone events per year
were above such a limit, which means 1.6 events per day. The same analysis, referred to the
WHO MPL, indicated that the maximum average ozone was above 0.050 ppmv 1750 times
per year (on average); which means 4.8 events per day over the two decades. This frequency
is 6.8 times the frequency recorded with the mean ozone above the EPA MPL.

On the other hand, the probability function was estimated in eight-hour periods for
the WHO’s guideline, EPA’s standard and the last Mexican standard (Table 3). The function
showed that events with high ozone concentrations exceeding all MPLs for one to four
hours tend to be small (up to 8.5%) (Figure 8a,b). The probability increases to between
20.4 to 38.1% for events with durations of five to seven hours; particularly, the probability
that high concentrations will remain above the EPA and WHO-MPLs for seven hours is
between 31.3 and 38.1%, respectively. While, the high-ozone events prevailing for up to
eight hours above such MPLs range from 10.2 to 25.9% probability, respectively.

Table 3. Binomial function’s parameters.

Fixed Probability

Limits 0.050 ppmv 0.070 ppmv 0.080 ppmv

p(O3 > limit) 0.84 0.78 0.75
q(O3 > limit) 0.16 0.22 0.25

n= 8 h O3 range = 0.003−0.322 ppmv
x= 1−8 h
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Measurements and statistical probability showed that high ozone concentrations
remained for several hours a day. Normally, ozone does not remain for more than 8 con-
secutive hours; however, the WHO warns that exposure for periods of 5 to 7 h represents
a risk to the population’s health [12,13]. These results show evidence for claiming the
strictest MPLs, to establish the real context of the air pollution from ozone, highlighting
the need to consider alternative statistical criteria in the air quality evaluation of ozone or
other pollutants.

3.5.2. Normal Pattern under the WHO-MPL

The entire time series of an annual cycle was summarized to show the normal ozone
variations under the WHO reference limit, considering the hourly records and the three
statistical parameters in terms of the NDO3I values. The analysis shows that the ozone
measurement is above the WHO standard and any MPL over the years. Mean ozone hardly
reaches up to 10% of the time in exceeding the 0.05 ppmv in the entire cycle; maximum
average values were close to 29%; while, maximum ozone exceeded 65% (Figure 9a). Such
percentages reveal that the frequency of high ozone concentrations, concerning the WHO
limit, persisted for approximately a third of the time in the GMA.

Furthermore, the NDO3I delineated the normal temporal boundary between high
ozone concentrations (above WHO-MPL) and those with the least risk to public health
(Figure 9b). Special attention should be given to the maximum average ozone, which
typically tends to be above the 0.050 ppmv, close to the solar noon and for six or more
hours, almost all the year. Meanwhile, the mean and maximum parameters seem to
be far away from explaining the typical high ozone concentrations; this is due to the
mean underestimating the highest ozone concentrations, while the maximum represents
the extremely high concentrations observed all the time. The hourly time series and
probabilistic approach show that the maximum average ozone concentrations depict a
better correspondence with the more realistic levels of the tropospheric ozone pollution
observed in the GMA, all in the context of the WHO guidelines.
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In the light of these results, it is questionable whether the MPLs based on current
parameters prevent damage to health. This is taking into account that high ozone concen-
trations for periods of six to eight hours per day could be sufficient to produce adverse
health effects in the short term for susceptible groups of the population [12]. Furthermore,
long-term exposition could be the cause of many lung disease cases and mortality in the
GMA. The results from this research point out the potential advantages of taking into
account the maximum average ozone as an additional criterion, to prevent these kinds of
effects on public health.

3.6. Implications

The air quality regulation appears to be underestimated, in light of international
conventions. Since relatively low ozone concentrations have been considered harmful to
public health in urban areas [15], more restrictive pollution control policies are required
to ensure better air quality in urban areas. Air pollution by ozone is an issue that must
be addressed with the greatest responsibility, to reduce its effects on public health. A few
countries, such as India, have adopted the strictest ozone limit (0.050 ppmv) [34]. Whereas,
Brazil, United States, and Mexico have tightened their maximum permissible limits to
levels of 0.070 ppmv [14,18,35]; while, European Union members and Canada and Japan,
have preserved a limit of 0.060 ppmv [36–38].

Adoption of WHO-guidelines for ozone represents a great challenge, due to the vehic-
ular fleet and industrial activities typically growing, and consequently, ozone precursors
are increasing in urban areas. The actions derived from such guidelines should be accom-
panied by other measures to regulate the ozone precursors and improve the air quality
in urban areas. This study leads us to raise the requirement to review the current criteria
for controlling air pollution. The assessment of high ozone levels based on public infor-
mation provides a complementary perspective to develop better schemes of prevention,
contributing to more documented decision-making. The results obtained here suggest that
the average of the maximum values could be adapted as a complementary reference to
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estimate the probability of exceeding any MPLs in the immediately following years. The
adoption of this parameter will help to establish a baseline for assessing air quality under
seasonal variability or trends in the short- and medium-term.

The use of maximum average values intended as an auxiliary criterion could reinforce
decisions in the current programs of state environmental contingencies for health protection
regarding the ozone or other criteria pollutants such as NOx. Important public resources for
health care could be saved because of the reduction in the number of medical consultations
for ozone-related diseases. Additionally, the strictest limit would also demand and promote
improvements in several sectors, such as (1) alternative energy development; (2) new
agreements and policies to reduce emissions from mobile sources into the atmosphere,
such as the transition from combustion engine vehicles to hybrid or electric vehicles;
(3) technological solutions to control the precursors (VOCs and NOx); (4) the updating
of environmental politics to establish stricter criteria to the atmospheric contingencies
declarations, including regulation of ozone precursors; and (5) the update of instruments
and components or the system of renovation for optimized and reliable monitoring systems,
including the VOCs, among others.

Ozone is a secondary pollutant that strongly depends on its precursors, such as VOCs
and NOx; nevertheless, their regulation is a serious and common problem that faces
many governments for air pollution evaluation. In Mexico, this is not different, and NOx
information is available; however, the national monitoring network does not measure the
VOCs systematically. Therefore, it is necessary to find a new alternative source to solve
the gap in the VOCs information and reach an understanding of the mechanisms behind
the ozone rate and its sensitivity to precursors. In this sense, the results derived from the
present study could help to underline the need to consider their inclusion in permanent
monitoring programs.

4. Conclusions

This study indicates that it may be necessary to consider the maximum average ozone
as a complementary parameter, to decrease human health risks in urban areas. Our results
indicate that the maximum ozone and the maximum average ozone showed important
temporal patterns that are hard to see only with the mean ozone. Among the most important
findings is the persistence of high values above the WHO limits for long periods throughout
the day, which are highly frequent over the annual cycle. The implementation of these
measures could be replicated and evaluated by the scientific community, to be discussed in
the international agenda, and eventually adapted by convention in most countries.
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