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Abstract: Here, we present an assessment of long-term trends in the O3 weekend effect (WE)
occurrences and spread within the Mexico City (MCMA), Guadalajara (GMA), and Monterrey
(MMA) metropolitan areas, which are the three largest metropolitan areas (MAs) of Mexico and
concentrate around 33% of the total population in the country. Daytime averages and peak differences
in O3 concentrations from weekdays to weekends were used as a proxy of WE occurrence. All MAs
exhibited the occurrence of WE in all years at least in one monitoring site. Substantial differences in
O3 daytime averages and peaks from weekdays to weekends have decreased over time in all MAs,
and since 1998 and 2013 for the MCMA and GMA, respectively, higher O3 levels during weekends
are typical during most of the year. The largest variations in the O3 WE were observed at downwind
and urban core sites of the MCMA and GMA. Significant increasing trends (p < 0.05) in the O3 WE
magnitude were observed for Sundays at all sites within the MCMA, with trends in annual averages
ranging between 0.33 and 1.29 ppb O3 yr~!. Within the GMA, for Sundays, fewer sites exhibited
increasing trends in the WE occurrence and at lower growth rates (0.32 and 0.48 ppb yr—!, p < 0.1)
than within the MCMA, while within the MMA no apparent trends were observed in marked contrast
with the MCMA and GMA. Our findings suggest that policies implemented have been successful
in controlling weekday ground-level O3 within the MCMA and GMA, but further actions must be
introduced to control the increases in the O3 WE magnitude and spread.

Keywords: long-term trends; O3 precursor emissions; policy; surface O3; spatiotemporal trends

1. Introduction

Tropospheric Os is a secondary air pollutant formed by photo-oxidation of volatile organic
compounds (VOCs), carbon monoxide (CO), and methane (CHy) in the presence of nitrogen oxides
(NOx =NO + NOy). It may cause deleterious effects on human health and vegetation [1,2], and act as
an effective greenhouse gas [3,4]. In large metropolitan areas, high levels of tropospheric Oj are typical
during seasons with intense photo-chemical processing and stable high-pressure systems that prevent
dispersion of precursor emissions. In metropolitan areas of US and Canada, VOC and NOx emissions
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have decreased significantly during the last two decades in response to the introduction of stricter
emission standards for motor vehicles and industries, which has helped to improve the air quality [5-7].
Nevertheless, strong weekly patterns with lower emissions of NOx and VOCs during weekends than
on weekdays have resulted in the so-called “O3; weekday/weekend effect” (WE) [8], which is the
occurrence of higher concentrations in ground-level O3 during weekends than during weekdays.

The O3 WE is explained by non-linearity of the system of O3 production, which may lead to
increases in production rates of O3 with increasing NOy, whereas for other conditions the production
rates may decrease with increases in NOx and/or VOCs [1]. Such behaviour complicates the effective
design and implementation of control strategies for reducing ground-level O3, and highlights the need
for conducting periodic evaluations of the results achieved by existing policies. This phenomenon
was reported first in the 1970s in the New York-New Jersey region [9] and Baltimore-Washington
metropolitan areas [10], and at the Los Angeles basin [11]. Nevertheless, only recently, the combination
of the modelling approach, continuous monitoring and field studies has shown the complexity of this
phenomenon associated with local meteorology, physiography, and changes in precursor emissions [12].
Thus, ground-level O3 during weekends over time may increase, decrease, or not vary in relation to
weekdays from city to city [12,13]. In urban areas with significant O3 precursors emissions from motor
vehicles, decreases during weekends of up to 50% and 20% in NOx and VOC emissions, respectively,
may result typically in changes of around £10% in ground-level O3 [14,15].

In the US, a national analysis of weekday /weekend differences in O3 from 1997-1999 to 2008-2010
shown the vanishing of higher concentrations during weekends than weekdays, from around 35% to
less than 5% of the sites studied in response to a greater decline in NOx emissions [12]. By contrast,
for the Santiago metropolitan area in Chile, Seguel et al. reported a significant increase since 2004
in diurnal average concentrations in ground-level O3 during weekends than during weekdays [16].
Such increase was associated with an increase in the VOC/NOx ambient ratio due to lower NOx
emissions from motor vehicles during weekends. In the Mexico City metropolitan area (MCMA),
non-significant changes during 2001-2007 in ground-level O3 from weekdays to Saturday and Sunday
were reported by Stephens et al. with only occasional higher O3 concentrations during weekends
despite relatively lower emissions of precursors [17]. The little change in O3 from weekdays to
weekends was attributed to workday O3z production being limited by VOCs and inhibited by NOx
and, small or no changes in the VOC/NOx ratio due to simultaneous decreases in VOCs and NOx
emissions during weekends.

Ground-level O3 in the MCMA has decreased constantly since the 1990s in response to several
primary pollutant emissions reduction initiatives [18-20]. By contrast, O3 levels in the Guadalajara
metropolitan area (GMA) and Monterrey metropolitan area (MMA), the second and third largest
cities in the country, respectively, have remained constant or increased during the same period
due to the relatively little attention to control precursor emissions [21]. Nevertheless, O3 pollution
episodes are still observed in the MCMA to date. For instance, during March 2016, a high-pressure
system caused high Os concentrations up to 185 ppb. To reduce such high levels, emergency
actions implemented included the driving restriction to around 40% of the overall vehicular fleet
and, industrial and service cuts, which apparently worsened the event and have been maintained
ever since [22]. Additional actions such as the driving restriction on Saturdays for vehicles with
plate registration out of the MCMA have contributed also to decrease emissions during weekends,
modifying the O3 production system. The observed decrease in ground-level O3 within the MCMA has
resulted in lower violations to the national official standard (NOM-020-SSA1-2014), which currently
sets the maximum permitted level in 95 ppb O3 as a 1 h average. Therefore, it is imperative to examine
the results from the MCMA O3 precursor control emissions policies implemented in order to better
understand the atmospheric chemistry and to identify the policies to be applied in other metropolitan
areas in Mexico.

Existing studies have addressed the O3 weekend effect within the MCMA [17,23] and O3
sensitivity for the Monterrey Metropolitan Area (MMA) [24]. However, none of those has considered
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changes in the WE of ground-level O3 in metropolitan areas of Mexico. In this study, we describe
trends in the WE occurrence and magnitude within the three major metropolitan areas of Mexico.
Long-term and high-frequency measurements of O3 recorded at five air quality stations within the
MCMA, Guadalajara (GMA), and MMA were used to assess changes in emission precursors from
weekdays to weekends since the 1990s. In order to better assess temporal and spatial changes in the
WE from year to year, a time window for the peak occurrence in O3 was defined using an exploratory
analysis of the collected data sets. Finally, we describe how decreasing trends in O3 precursor emissions
have resulted in lower O3 levels during weekdays but led to higher levels on weekends.

2. Methodology

2.1. Metropolitan Areas Description

The MCMA is located in Central Mexico (19°22’ N, 99°09’ W) and has a surface area of around
9500 km? (Figure 1). It lies at an average altitude of 2500 m a.s.l. and is surrounded completely by
mountains. The MCMA has a population of around 20.1 million inhabitants, which makes it the most
populous city in Mexico [25]. The climate is mild with an annual average temperature of 17.5 °C and
an annual average rainfall of 846 mm. The predominant wind direction throughout the year at the
MCMA (Figure 1). It has the largest vehicle fleet in the country with around 8.9 million motor vehicles
and a motorization index of 0.4. In the MCMA, air pollutants emitted primarily from the industrial,
transport, and service sectors have led to poor air quality compared with other large cities in Mexico
and with other megacities worldwide [26,27].

Predominant
= vind direction

Figure 1. The Mexico City (MCMA), Guadalajara (GMA), and Monterrey (MMA) metropolitan areas
in the national context and the monitoring sites in relation to each metropolitan area. The red arrows
show the predominant wind direction at each site throughout the year.
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The GMA is located NW of MCMA (20°40’ N, 103°21’ W; Figure 1), covers an area of 3600 km?
and lies at an average altitude of 1550 m a.s.l. It has around 4.9 million inhabitants, which makes it
the second most populous urban area in Mexico [25]. The climate is mild with dry springs and wet
summers. The annual average temperature is 19.3 °C, and the annual average rainfall is 868 mm.
Westerly winds dominate at the GMA during most of the year (Figure 1). The vehicle fleet is comprised
of around 2.1 million motor vehicles, with a motorization index of 0.4. The GMA experiences occasional
pollution events during stagnation events due to local emissions from automobiles, industry and
commercial and services activities [28].

The MMA is located north of the MCMA, around 200 km south of the US border (25°40" N,
100°20" W; Figure 1). It lies at an average altitude of 550 m a.s.l. and is surrounded by mountains to
the south and west. It has a population of around 4.2 million, which makes it the third most populous
urban area in the country [25]. The climate is semi-arid with an annual average rainfall of 590 mm,
and an annual average temperature of 25.0 °C with hot summers and mild winters. At the MMA,
the predominant wind direction is east during most of the year (Figure 1). It has a vehicle fleet of
around 1.9 million motor vehicles and a motorization index of 0.4. In the MMA, rapid weather changes
and enhanced industrial activity may cause recurrent pollution events during spring and winter [21].

2.2. O3 Measurements, Instrumentation, and Calibration

In order to protect the population health in metropolitan areas of Mexico, the environmental
legislation makes compulsory the continuous monitoring of ground-level O3 and five additional air
pollutants (CO, NO,, SO,, PMjg, and PM; 5), along with seven meteorological parameters (wind speed
(WS), wind direction (WD), temperature (Temp), rainfall, solar radiation (SR), relative humidity (RH),
and pressure). In all MAs, ground-level O3 is measured, in accordance with EPA EQOA-0880-047,
using Thermo Environmental Instruments Inc. (TEI) model 49 UV photometric analysers with a
stated precision of less than £2 ppb O3 and a detection limit of 2 ppb O3. The continuous records
are summarized as hourly averages and stored in the official air quality department websites of each
metropolitan area. Hourly O3 data, valid with a minimum data capture of 75%, were downloaded
from the Atmospheric Monitoring System (SIMAT) of the MCMA (http:/ /www.aire.cdmx.gob.mx),
from the Atmospheric Monitoring System (SIMA]) of the GMA (http://siga.jalisco.gob.mx/aire/),
and from the Integral Environmental Monitoring System (SIMA) of the MMA (http://aire.nl.gob.mx/).
We used data recorded at monitoring sites representative of different environments within the three
MAs, which are not directly influenced by strong emission sources [29].

Measurements, calibration, maintenance procedures, and quality assurance/quality control
(QA/QC) followed the protocols established in the Mexican standards NOM-036-SEMARNAT-1993
and NOM-156-SEMARNAT-2012. All data sets have been validated by the Air Quality Research
Division of the Environment and Natural Resources Secretariat (SEMARNAT). All data validation
protocols follow standards established by the US Environmental Protection Agency [30]. Further details
of the MCMA, GMA, and MMA O3 records can be found elsewhere [20,21].

2.3. Calculation of the Weekend Effect (WE)

To assess temporal changes in ground-level O3 from weekdays to weekends during the studied
periods, we used two metrics reported in the literature [31] and references therein. First, we calculated
differences in O3 daytime averages (06:00-18:00 CDT) by subtracting the average concentrations from
Tuesday to Thursday from the Saturday and Sunday average, as:

WEvG (WEEK, WEEKEND) = AVG(WEEKEND) — AVG(WEEK) 1)

where WEEK = {Dtyg, Dwep, Dtau} and WEEKEND = {Dgat, Dsyn} are a set of O3 concentrations
from weekday and weekend reference days, and AVG is the O3 concentration averaged from each O3
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set. Thus, WE ay is the difference between daytime O3 from Saturday to Sunday minus Tuesday to
Thursday (Sat-Sun/Tue-Thu).

Second, we calculated differences in O3 highest concentrations (peaks) between reference days
within the same week, e.g., weekend (Saturday, Sunday) minus weekday (Wednesday), as:

WE (DnwN, Dawp) = MAX(Dnwa) — MAX(Dawp) ()

where WE is the difference calculated by subtracting the highest value observed on Wednesday (Dnwp)
from the highest value observed on Saturday (Sat/Wed) or Sunday (Sun/Wed) (Dnwn)- Dnwp and
Dnwn are vectors expressed in concentration (ppb O3) from the same week with n missing data in the
reference days. NWN € {Sat, Sun} and NWD € {Tue, Wed, Thu} are indexes with values from a given
week. Thus, if WE (Dnwn, Dnwp) > 0, a WE is detected; otherwise, there is no WE.

To discard bias in the WE calculation due to missing data, the O3 time-series were filtered for
retaining only reference days with no missing values during the peak occurrence maximum probability
time window. The time window was defined from a peak probability distribution for each monitoring
site, calculated from days with no missing values, e.g., 24 values per day. Then, the O3 peak timing
was determined from the filtered data set for each metropolitan area and site. Finally, the overall peak
probability distribution was constructed from the whole data sets with no missing values during the
O3 peak timing established from the filtered data set. A 50% data capture threshold was used in order
to consider the WE calculation valid. Figure 2 shows the overall peak probability distributions for each
monitoring site and metropolitan area, and Table S1 shows the recovered data by monitoring site for
the WE calculation.
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Figure 2. Peak probability distributions by monitoring site calculated from the filtered data sets for the
(a) MCMA; (b) GMA and (c) MMA.

2.4. Spatial Interaction Calculation

To show the WE spatial extent at each metropolitan area, we assessed the WE spatial interaction
among sites per year. The WE spatial interactions were assessed using the graph theory approach [32],
which allows the analysis of interactions among monitoring sites over time. We represent the Os
annual averages calculated from differences in O3 peaks in a vector D; thus, we have a sequence of
vectors D; with i € {1,2,...,n}, where n is the number of years with WE data for each metropolitan
area. The length of each D; is 5, as it corresponds to the number of sites selected for a better spatial
representation. We used the vectors D; to build a graph (network) by year with the set of vertices
(nodes) representing sites and edges (links), which allows measuring the relation from site to site.
A summary of graph theory notation is presented for a better interpretation of the calculation steps.
Briefly, a graph G = (V, E) consists of a set V of vertices and a set E of edges. n(G) = |V| is the number
of vertices of G, and m(G) = |E| is the number of edges, henceforth referred as n and m, respectively.
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A graph H = (Vy, Epy) is a subgraph of another graph G = (V,E) if Vg C V and Eyy C E. Thus, let B
be a matrix of i x j with entries b;; € (D;); when j € {1,...,5}. The matrix A is obtained with entries
ajj = b,] if bl] > 0,and ajj = 0if bz] <0.

We computed the Euclidean distance between elements in each row in the matrix A,
which produces a sequence of symmetric matrices W;. Let m; be the average of the row i of matrix
A. Then, we build a sequence of graphs G; for each matrix W;, such that there is an edge between
vertex u and vertex v if (w;),, < m;. We compare the distance between two sites for each year,
assigning an edge for differences smaller than the averages. The existence of an edge represents similar
WE variations between two sites.

The density and largest clique of each graph were calculated to understand the WE structure and
spread. We recall that the density of a graph G is

den(G) = - m ®)

(n—1)/2
where the graph density is the proportion between the number of existing edges and the total possible
edges, i.e., the higher the density, the higher the WE spread over the whole metropolitan area.
The largest clique is the complete subgraph with the largest number of nodes, representing the
number of sites that exhibited similar values in the WE magnitude. We recall that a complete graph is
produced when every vertex is joined to all other vertex by edges.

2.5. Statistical Analyses

The SIMAT, SIMA]J, and SIMA air pollutant data sets were analysed extensively using the openair
package v2.1-5 [33] for R software v3.1.2 [34]. Peak probability distributions were computed using
Python 2.7 with Pandas 0.20.3, numpy 1.13.3, and Matplotlib 2.1.1 packages. Long-term changes in the
WE were computed with the TheilSen function included in openair, which allows testing the presence of
a statistically significant monotonic linear trend. TheilSen relies on the non-parametric Mann-Kendall
test to estimate the linear trend slope and intercept, which is quantified with the non-parametric
Sen’s test. Further details can be found elsewhere [21]. Statistical analyses were performed with the
computational software SPSS 25.0 for Microsoft Windows.

3. Results

3.1. The WE Occurrence

The three MAs studied here have particular tropospheric photochemical environments associated
to differences in local precursor emissions sources and meteorology [24,35,36]. Overall, the WE
occurrence in ground-level O3 has been defined in Equation (1) as the existence of higher daytime
averages (06:00-18:00 CDT) for Sat-Sun than for Tue-Thu [12,31]. Figure 3 shows that all MAs studied
here experience the WE occurrence in all years in at least one monitoring site. Higher O3 levels on
weekends arise from reduced Oj titration due to lower NOx emissions mostly from diesel powered
vehicles than during weekdays [37]. Hernandez-Paniagua et al. reported significant decreases in
NOx levels for these three MAs during weekends, which explains the WE occurrence incidence [21].
For most of the years, the GMA and MMA show a WE occurrence in >40% of each year weeks,
while since 2002 the largest occurrences are observed clearly at the MMA with no apparent trend.
By contrast, the MCMA and GMA exhibit large variation in the WE occurrence between 2000 and
2012, and a marked increase since 2013 and 2012, respectively. A comparison made since 1996 when
there are data available for all MAs reveals the existence of significant differences (p < 0.05) in the WE
occurrence among MAs. Furthermore, the later WE increase at the GMA and MCMA is opposite to the
apparent decrease observed since 2013 for the MMA, which suggests significant variations across MAs
of Mexico.
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Figure 3. Percentage of weeks by year with weekend effect (WE) occurrence within the MCMA, GMA,
and MMA. The WE occur whether at least one of the sites in each metropolitan area (MA) exhibits
higher Sat-Sun daytime O3 averages (06:00-18:00 CDT) than Tue-Thu daytime averages.

3.2. Weekend/Weekday Differences in the O3 Peaks

An additional method in ground-level Os peaks (1 h averages) for observed differences on
Wednesday, Saturday, and Sunday, defined as reference days, was used to test the WE occurrence
as shown in Equation (2). Oz peaks may be higher on weekends than during weekdays despite
lower levels in traffic and O3 precursor [38]. Therefore, the WE occurrence and magnitude may
exhibit variations from city to city. The weekend-to-weekday difference variations may provide
insights of changes in O3 precursor emission dynamics over time in response to the introduction of air
quality control strategies. Table 1 summarizes the minimum, average (mean), and maximum O3 peak
differences for each MA. It should be noted that negative differences correspond to higher O3 peaks
during weekdays than during weekends (no WE occurrence), while positive differences correspond
to higher O3 peaks during weekends (WE occurrence). Within the MCMA, the largest differences
for the no WE occurrence were observed all at PED in 1992 for Sat/Wed (—234 ppb O3), in 1992 for
Sun/Wed (—235 ppb O3) and in 1992 for Sat-Sun/Tue-Thu (—106 ppb Os). By contrast, the largest
WE occurrence was observed at PED for Sat/Wed in 1988 (205 ppb O3) and Sat-Sun/Tue-Thu in 1997
(65 ppb O3), and at MER in 1992 for Sun/Wed (180 ppb O3).

For the GMA, higher O3 peaks on weekdays than on weekends were observed at VAL for
Sat/Wed in 1996 (—190 ppb O3) and for Sun/Wed in 1996 (—169 ppb Os), while MIR showed the
largest for Sat-Sun/Tue-Thu in 1997 (—59 ppb Os). The largest WE occurrence within the GMA was
observed at CEN for Sat/Wed in 1997 (169 ppb O3), at VAL for Sun/Wed in 1997 (143 ppb O3), and at
TLA for Sat-Sun/Tue-Thu in 2010 (58 ppb Os). Higher O3 peaks during weekdays lead to no WE
occurrence regularly at STA, with the largest differences observed for Wed/Sat in 1993 (—116 ppb O3)
and Wed/Sun in 1993 (—143 ppb Oz). For Sat-Sun/Tue-Thu, the largest difference was observed
at SNB in 2004 (—47 ppb Os3). The largest magnitude in the WE occurrence was observed at STA
for Wed /Sat (125 ppb O3) and Wed/Sun (138 ppb O3) in 1994 and 2004, respectively, and at OBI
for Sat-Sun/Tue-Thu in 2004 (52 ppb O3). Among the three MAs, the MMA exhibited the lowest
differences for the occurrence and no WE occurrence, despite showing the largest number of weeks per
year with WE occurrence. These differences suggest that O3 levels change moderately from weekdays
to weekends compared to the MCMA and GMA.
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Table 1. Descriptive statistics for the weekend/weekday differences in O3 peaks and daytime averages.
Max values correspond to the magnitude of the WE occurrence.

Sat/Wed Sun/Wed Sat-Sun/Tue-Thu
Metropolitan Area Site

Min  Average Max Min Average Max Min Average Max

MCMA MER —188 3 186 —191 -2 180 -73 1 46
1986-2016 PED 234 1 205 —235 —10 176 ~ —106 0 65
SAG 118 2 123 —156 0 133 —44 1 45

TLA  —-232 2 190 —213 -1 148 —53 1 51

XAL -192 3 140 —154 3 164 —48 2 52

GMA ATE  —129 0 131 —114 —4 116 —56 0 56
1996-2016 CEN 143 3 169 —166 -3 106 —46 1 54
MIR —145 1 125 —145 -2 105 —59 0 57

TLA —-120 2 157 —145 -2 114 —53 1 58

VAL —-190 1 144 —169 —4 143 —46 1 54

MMA GPE —106 -1 88 —134 -2 102 —45 0 44
1993-2016 SNN —100 -1 86 —104 -2 89 —34 0 34
OBI —115 0 102 —136 0 133 —45 2 52

SNB —104 -1 113 —109 -2 84 —47 0 45

STA —116 -1 125 —143 -3 138 —41 1 45

It is clear that the largest weekday/weekend differences are observed at sites downwind and
close to highly trafficked roads in all MAs. This is consistent with enhanced Oj titration by abundant
vehicular emissions during weekdays but reduced during weekends [39]. Such behaviour can be
explained by the urbanization degree as proposed by Atkinson-Palombo et al. [31], which suggests
that changes in the O3 WE are a function of traffic count, population, and employment within 4 km
zones around each site. Although O3 measurements started in different year, most of the largest
variations are observed by the beginning of the monitoring at the three MAs. It can be interpreted to
indicate large weekday/weekend changes in emissions from motor vehicles during the 1990s prior to
the mandatory three-way catalytic converter introduction for all vehicles in 1993 in the country [18].
Furthermore, the O3 WE magnitude is proportional to the O3 and NOx levels observed at each MA,
which explains the largest differences in the WE observed for the MCMA, where air pollutants levels
are typically higher than in the GMA and MMA [20,21,40].

3.3. Long-Term Trends in the WE

Quantifying the absolute change in the overall O3 levels and WE magnitude is crucial to evaluate
the success of air quality policies introduced for controlling precursor emissions. The secular trends
in O3 peaks differences and daytime averages were calculated from annual averages, derived from
monthly averages, which were filtered with the STL technique to discard meteorological influences
on the calculated trends [41]. Although no significant differences (p > 0.05) were observed between
filtered and non-filtered annual averages for all cities, filtered data were used for the trends calculation
as reported elsewhere [21,42]. Figure 4 shows the linear fittings for the O3 differences at all sites and
MAs, and Table 2 lists the parameterisation of the trends. Overall, only the MCMA exhibits significant
increasing trends (p < 0.1) for all sites in the Sun/Wed difference, while only PED shows significant
increases for all metrics. Although all sites within the MCMA exhibit year-to-year variations, the range
of these decreases over time and shifts to WE occurrence as noted clearly for Sun/Wed (Figure 4).
The trend linearization of differences with the Mann-Kendall approach shows increasing rates for
Sun/Wed ranging from 0.33 ppb O3 yr~! (0.03% yr~') at SAG to 1.29 ppb O3 yr—! (0.13% yr—') at PED.
The WE increases at PED for Sat/Wed and Sat-Sun/Tue-Thu correspond to growth rates of 0.42 and
038 ppb yr~! (0.04 and 0.04% yr~!), respectively. Such trends suggest that the magnitude of the O3
WE will continue to increase within the whole MCMA and more strongly at downwind sites.
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Figure 4. Long-term trends for O3 peaks and daytime averages of reference days within the MCMA
during 1988-2016, GMA during 1996-2016, and MMA during 1993-2016. Each data point represents
the annual average that defines the year. The continuous lines show the Sen trend.
Table 2. Summary of rates of change in the O3 WE magnitude at the three metropolitan areas.
Rates of Change
Metropolitan Area  Site Sat/Wed Sun/Wed Sat-Sun/Tue-Thu
ppb yr! %yr~! p ppbyr! % yr~1 r ppbyr—1 %yr~l p
MCMA MER 0.08 0.01 0.64 0.06 el 0.11 0.01
PED 0.42 0.04 * 1.29 0.13 xHx 0.38 0.04 o
SAG —0.05 —0.01 0.42 0.04 * 0.08 0.01
TLA —0.05 0.02 0.34 0.04 * 0.09 0.01
XAL —0.07 —0.01 0.33 0.03 * 0.07 0.01
GMA ATE —0.15 —0.02 0.32 0.03 + 0.07 0.01
CEN —0.44 —0.04 0.41 0.04 + 0.05 0.01
MIR —0.16 —0.02 —0.08 —0.01 0.10 0.01
TLA —0.37 —0.03 0.26 0.03 0.05 0.01
VAL —-0.23 —0.02 0.48 0.05 * —0.09 —0.01
MMA GPE —0.08 —0.01 0.00 0.00 0.02 0.00
SNN —-0.17 —0.03 + —0.11 —0.02 —0.08 0.01
OBI —-0.12 —0.01 0.10 0.01 0.02 0.01
SNB —0.16 —0.03 —0.08 —0.01 —0.04 —0.01
STA —0.05 —0.01 0.33 0.03 0.00 0.00

* Level of significance p < 0.1. * Level of significance p < 0.05. *** Level of significance p < 0.001.

The MCMA WE trends are compared with those calculated for the GMA and MMA to discuss
them in a national context. Only the GMA exhibits significant increases (p < 0.1) in the WE magnitude
for the Sun/Wed differences at ATE (0.32 ppb O3 yr—!; 0.03% yr~'), CEN (0.41 ppb O3 yr—1; 0.04% yr—1),
and VAL (0.48 ppb O3 yr~1; 0.05% yr~!). By contrast, the MMA shows no increasing trends for O3
levels on weekends for all sites. Furthermore, the SNN upwind site exhibits a significant decrease in
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the Sat/Wed differences of 0.17 ppb O3 yr~! in response to larger O3 levels during weekdays. This is
consistent with persistent increases in NOx and the higher increase in O3 levels reported for SNN
compared to other sites within the MMA [20]. Although apparent but no significant (p > 0.1) decreases
for the Sat/Wed differences are noticeable within the GMA and MMA, year-to-year variations could
influence the trends significance. Furthermore, opposite trends for the Sun/Wed differences between
the GMA and MMA suggest different emission scenarios for them. Nevertheless, STA and OBI at
the MMA that show no significant increases for the WE Sun/Wed during 1993-2016 may become
significant in future years resembling the behaviour observed currently within MCMA.

3.4. Compliance with the Mexican Official Standards for O3

To standardize the exceedances number per year during weekends, the 95 ppb O3 latest standard
was used to determine how the compliance with the official standard has changed over time at
the three MAs. Figure 5 shows that at all MAs the O3 1 h official standard was exceeded both on
Saturdays and Sundays in all years in at least one monitoring site [40]. Within the MCMA, the largest
number of exceedances is seen at the downwind PED site, which is consistent with the largest
observed exceedances number in the MMA at the downwind STA site, while in the GMA no clear
pattern is observed. The breaches number to the O3 1 h official standard have decreased markedly
within the MCMA since the 1990s, while no apparent trends are observed for the GMA and MMA.
Nevertheless, there have been years with severe increases in the breaches number within the GMA
at all sites, for instance between 2010 and 2011, and within the MMA in 2005 and 2014. By contrast,
within the MCMA, only PED exhibits an increase in the breaches number more noticeable on Sundays
since 2014. The increase in the annual breaches number to the Oj official standard is explained by the
WE increasing magnitude observed at PED.
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Figure 5. Number of exceedances per year to the O3 1 h average Mexican official standard of 95 ppb.
4. Discussion and Conclusions

Air pollutants record levels observed within the MCMA between the late 1980s and early 1990s led
to the introduction of numerous strategies to improve the air quality [18]. The strategies to control O3
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precursor emissions have been effective notably within the MCMA, as annual averages of ground-level
O3 represent around 50% of those observed in the early 1990s [29]. While there have been significant
efforts to control the air pollutants levels within the MCMA, the GMA, and MMA have received less
attention from the environmental authorities because the typical pollutant levels are lower than within
the MCMA [26]. Nevertheless, the three MAs experience frequently recurrent breaches to the 1 h O3
official standard [21]. Indeed, the moderate increase in O3 levels within the MCMA observed since
2013 and markedly in 2016 has resulted in further increases to the breaches number to the Oj official
standard at some sites (Figure 5) [22]. Within the GMA and MMA, O3 long-term trends differ from
those observed in the MCMA [21]. This highlights the specific strategies need to control Os levels for
each MA, which consider the local air quality scenarios and precursor emissions sources.

4.1. Changes in the O3 Precursor Emissions

Weekend /weekday differences in O3 levels arise from reduced NOx emissions on weekends
and vary in magnitude from city to city due to the particular chemical environments [38].
Although meteorology may influence the O3 WE on short time scales [24], the variations occur
during periods no longer than weeks and have no significant effects on O3 WE long-term trends [12].
By contrast, long-term changes in the WE occurrence have been associated with the introduction of
long-term programs for reducing O3 precursor emissions [16]. In particular, the O3 WE occurrence and
spread have been ascribed to larger reduction in VOC emissions than in NOx emissions, which has
resulted in environments where O3 production is VOC-limited. For instance, in urban areas of
California, Marr and Harley [13] reported the WE spread from few to many monitoring sites from 1980
to 1999 because national control strategies caused larger reductions in VOC emissions than in NOx
emissions. By contrast, Wolff et al. reported the WE shift away in urban areas across the US from 35%
to less than 5% of monitoring sites that exhibited WE in the late 1990s [12], because changes in control
policies favoured larger declines in NOx than in VOC emissions.

In Mexico, the strategies to control O3 levels have been directed to reduce emissions from
industrial, commercial, and motor vehicle sources [18,29]. At national scale, the highest annual
NOx emissions correspond to motor vehicles that contribute in around 46% of the total, while motor
vehicles and commercial sources contribute similarly in around 16% and 20% of total annual VOC
emissions, respectively [43]. While motor vehicles have represented a feasible opportunity to control
NOx emissions, wider strategies have been required to reduce VOC emissions. A detailed description
of all implemented air quality control policies in MAs of Mexico can be found elsewhere [18,21,28,44].
To clarify whether the increasing WE arises from lower decreases in NOx emissions during weekends
compared with those during weekdays, we used ground-based measurements for reference days of
NOx restricted to the 06:00-09:00 CDT period, when ambient levels are dominated by emissions from
motor vehicles [45].

Figure 6 shows the long-term trends for reference days and overall ground-level NOx, and Table 3
lists the parameterization of the trends. Within the MCMA, the larger significant decreases (p < 0.05)
are observed for the overall data set at all sites, ranging from 0.2 to 1.1 ppb yr~! during 1988-2016,
apart from SAG. Lower decreases in NOx are observed for the restricted rush hour period. Only on
Sundays, all sites exhibit significant trends, with decreases at MER, PED, and XAL and increases at
SAG and TLA. The MER and PED sites are predominantly influenced by local emissions both of petrol
and diesel fuelled vehicles and aged air masses from the northern area of the MCMA, while SAG is an
upwind site relatively away from the urban area with less vehicular influence.
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Figure 6. Long-term trends in NOx annual averages calculated constrained to 06:00-09:00 CDT.

Table 3. Annual rates of change for NOx long-term trend between 06:00-09:00 CDT expressed in
ppb yr~! during the studied periods within the three metropolitan areas.

Rates of Change

Metropolitan Area  Site Wednesday Saturday Sunday Overall
ppbyr'  %yr' p  ppbyr' %yr' p  ppbyr' %yr' p  ppbyr! %yr! p
MCMA MER —0.1 —-0.2 0.0 0.0 -0.3 —-0.3 * -1.0 -1.0 i
1988-2016 PED —0.6 -0.8 o —0.4 -0.7 ek -03 -0.7 o -1.0 -17 o
SAG 1.0 11 0.3 0.4 0.4 0.4 ** 0.0 0.0
TLA 0.3 0.2 0.6 0.6 ok 0.2 0.3 * -0.2 -0.3 *
XAL -13 0.7 el —0.2 —0.1 -1.0 —-0.9 Hx -1.1 -1.1 ok
GMA ATE -1.1 -0.9 * -1.6 —1.4 * 0.0 0.0 -0.9 —14
19962016 CEN —2.8 -2.0 * -3.1 —2.2 —-22 -2.0 * -2.0 -2.1 *
MIR 1.5 1.6 * 0.2 0.2 0.2 0.3 0.0 0.1
TLA -12 —-0.9 -15 -12 —-0.8 —-0.9 -1.0 —-13
VAL —-3.2 2.7 . -17 -19 * -11 -1.8 e -1.6 —2.6 i
MMA GPE 0.6 1.6 * 0.4 11 * 0.4 11 * 0.2 0.1 +
1996-2016 SNN 11 33 x> 0.8 29 x> 0.8 2.8 * 0.4 18 wx
OBI -15 -19 ** -0.9 -16 * -0.9 -1.6 * -0.9 -18 Hx
SNB 12 6.6 * 0.9 5.6 0.9 5.6 0.5 3.4
STA 1.5 35 ** 0.8 22 * 0.8 22 + 03 0.8

* Level of significance p < 0.1. * Level of significance p < 0.05. ** Level of significance p < 0.01. *** Level of significance
p <0.001.

For the GMA, only CEN and VAL exhibit significant decreases in the overall NOx, while only VAL
shows a significant decrease on all days. The VAL site is predominantly influenced by emissions from
petrol and diesel vehicular activity, mostly from the Mexico and Avila Camacho avenues, which exhibit
reduced diesel traffic on Sundays. By contrast, within the MMA, only OBI shows significant decreases
on all days in marked contrast to the increases observed at the other sites. Indeed, both the industrials
upwind SNN and the downwind STA sites show significant increases for all days during the restricted
rush hour period. It is likely that industrial emissions could be offsetting the trends in vehicle emissions
despite the period restriction imposed to the analysis. The decreases in NOx determined at OBI are
consistent with those observed at sites strongly influenced by vehicular emissions at the MCMA and
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GMA. This provides evidence that policies implemented to reduce NOx emissions from motor vehicles
have yielded significant results nationwide.

Accurate data of long-term changes in VOCs levels can help to unveil the origin for the WE
magnitude increase observed at monitoring sites within the MCMA and GMA. Nevertheless, while the
outlook for ground-level NOx is clear at the three MAs, no conclusive results have been reported
for VOCs. This is partially due to the lack of continuous monitoring of VOCs because these are not
criteria pollutants, neither considered in the current legislation. Furthermore, the scarce information of
VOC levels over time within the MCMA have been obtained during short field campaigns, while the
existing data for the GMA and MMA reported to date do not allow a trend comparison.

Overall, from measurements made at MER and PED for VOCs levels within the MCMA in 2012,
Jaimes-Palomera et al. reported reductions in light alkane and aromatic levels during the morning rush
hour compared to 2003 levels [46], which were consistent with the decrease in VOCs levels reported
by Garzoén et al. from 2002 to 2012 [47]. For the same sites, Arriaga-Colina et al. and Velasco et al.
suggested an apparent stabilization/decrease in the total levels of around 50 species of VOCs [48,49].
Such studies suggest that strategies to control VOC emissions within the MCMA have been effective
to some extent. However, in terms of VOCs level changes, the overall successful decrease in O3 levels
within the MCMA has been ascribed to increases in ambient reactive olefins concentrations derived
from changes in petrol composition along with reductions in levels of highly reactive VOCs [46].
Unfortunately, the uncertainties in national and local emission inventories estimates for VOCs do not
allow to perform a direct comparison with field data [21]. Although the continuous measurements of
VOCs that started in 2012 within the MCMA could help to understand the increasing WE, these are
not publicly available to date. Nevertheless, emission estimates of VOCs with lower uncertainties are
required also for a better design of control strategies.

4.2. Long-Term and Spatial Distribution of the WE Occurrence

We observed variations in O3 WE occurrence intra-cities, which is more widespread within the
MCMA. Overall, increases in the WE are observed at downwind and urban core sites within the
MCMA and GMA. This is consistent with the study of Atkinson-Palombo et al. made at Maricopa,
Arizona, where higher variations in the WE at urban core sites were observed, in contrast with fringe
sites that exhibited almost no WE effect [31]. This also agrees with a study made in Ontario, Canada,
by Huryn and Gough who reported that urbanized sites, typical of urban cores, experience the WE
occurrence recurrently, while fringe and rural sited do not [39]. It is likely that a growth in urbanization
parameters such as population and vehicle fleet may have been influencing the WE spread in some
regions of MCMA and GMA [18,21,26,28,39]. By contrast, within the MMA, growing emissions from an
expanding industrial area may have offset the effect of urbanization on changes in the WE occurrence.

The spread and increase in the WE magnitude within the MCMA are confirmed by the spatial
interaction analysis, which is consistent with results from the long-term trends approach. Because the
WE spread occurs only within the MCMA; results are presented only for it. Figure 7 shows three annual
WE interaction graphs representative cases (Gg, G16, G25), constructed following the methodology
described in Section 2.4. We recall that the sub-index represents a number in the sequence of graphs;
for example, Gg represents the plot for 1997. It is clear how the interaction among monitoring sites
has become stronger over time, with few interactions among sites during the 1990s and all possible
interactions in 2016. This can be clearly seen in Figure 8a, where the density of the graph increases
with the WE spread over time. High densities are observed from 2007 onwards despite year-to-year
variations. Simultaneous increases in the size of the largest clique confirm the increasing magnitude of
the WE (Figure 8b).
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clique for each graph.

4.3. Policy Implications

In this section, the successful strategies implemented to control ground-level O3 within the MCMA
are presented and used to discuss the potential causes for the rise in the WE. We discuss also how
higher levels in O3 during weekdays than during weekends within the GMA and MMA arise from the
more stringent air quality control policies lack. Finally, the successful strategies that have helped to
reduce the magnitude in the O3 WE implemented at MAs worldwide are presented.

Ground-level O3 decreased significantly within the MCMA during 1990-2016, remained with
no significant changes within the GMA during 1996-2016, and increased within the MMA during
1993-2016 [21,22]. However, within the MCMA and GMA, we observed increases in the occurrence
and magnitude of the WE that have led to increasing breaches to the 1 h Oj official standard during
weekends after 2014 and 2008, respectively. Although control strategies have been effective in reducing
O3 precursor emissions simultaneously, larger decreases in VOC emissions in the VOC-sensitive
environments existing at the MCMA and GMA resulted in the spread and increase of the WE
magnitude [36]. These increases are consistent with those reported in California during the 1990s in
VOC-sensitive regions where large reductions in VOC emissions increased the WE in some regions [13].
By contrast, increasing O3 precursor emissions in the VOC-sensitivity environment at MMA have
not significantly changed the WE occurrence [24,50]. It is likely that increasing emissions from the
growing industrial activity within the MMA may control the WE effect spread. This behaviour was
previously reported for the MCMA by Stephens et al., who observed similar or even higher O3 levels
during weekdays between 1986 and 2008 when O3 precursor levels were much higher than they are
currently [17]. Indeed, we show that at the MCMA, the WE is more noticeable from 2008 onwards
after the period addressed by Stephens et al. [17].

Jaimes-Palomera et al. suggested that, although vehicles represent the VOC emissions major
share within the MCMA [46], other sources are also significant and must be controlled to continue
reducing O3 levels. It is clear also that the mandatory three-way catalytic converters introduction
in new vehicles since 1993 have helped to reduce NOx levels at the three MAs [51]. In particular,
for the MCMA, the license-plate-based driving restriction, more stringent exhaust emissions inspection
programs, and the public transport vehicle fleet replacement/update have been successful strategies
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in reducing vehicle emissions [18]. While industrial emissions have only been reduced apparently at
the MCMA and GMA, further strategies are required at the MMA to control O3 levels.

Although the strategies implemented to date have controlled O3 levels successfully, these have
failed to control the WE within the MCMA and GMA. This has resulted in increases in the number
of exceedances to the 1 h O3 standard mostly during Sundays in such MAs. Furthermore, the WE
spread and magnitude increase observed within the MCMA and GMA demonstrate the complexity of
O3 production and control. Finally, environmental authorities must consider that control strategies
targeting NOx may result in higher O3 levels in the short term due to the VOC-limited environments
within the three MAs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/10/9/3330/s1,
Table S1. Data capture of weekend and weekday O3 1-h averages during the time window defined from the peak
probability distribution for all monitoring sites of the three metropolitan areas.
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