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Abstract: The protection of pedestrians, cyclists, and public transportation passengers from environ-
mental pollution is a global concern. This study fills the gap in the existing knowledge of temporal
exposure to air pollution in Latin American metropolises. The paper proposes a methodology ad-
dressing the relationship between two objects of study, i.e., the users of active modes of transport
and air quality. This new methodology assesses the spatiotemporal concurrence of both objects
with statistical analysis of large open-access databases, to promote healthy and sustainable urban
mobility. The application of the empirical methodology estimated the number of users of active
transportation modes exposed to poor air quality episodes in the Guadalajara metropolitan area
(Mexico) in 2019. The study considered two pollutants, ozone (O3) and particulate matter (PMy),
and two active modes, cycling and bus rapid transit (BRT). Spatiotemporal analyses were carried
out with geographic information systems, as well as with numeric computing platforms. First, big
data were used to count the number of users for each mode within the area of influence of the air
quality monitoring stations. Second, the number of air pollution episodes was obtained using the air
quality index proposed by the Environmental Protection Agency (USA) on an hourly basis. Third,
the spatiotemporal concurrence between air quality episodes and active mode users was calculated.
In particular, the air quality monitoring data from the Jalisco Atmospheric Monitoring System were
compared to users of the public bicycle share system, known as MiBici, and of a bus rapid transit line,
known as Mi Macro Calzada. The results showed that the number of cyclists and BRT passengers
exposed to poor air quality episodes was considerable in absolute terms, that is, 208,660 users, while
it was marginal when compared to the total number of users exposed to better air quality categories
in the study area, who represented only 10%. To apply the results at the metropolitan scale, the spatial
distribution of the air quality monitoring system should be improved, as well as the availability of
data on pedestrians and conventional bus passengers.

Keywords: pedestrian; bicycle; active transportation modes; air quality; risk; health; mass transport
system; bus rapid transit; GIS; big data

1. Introduction

Air quality is a big concern in cities. Since 2016, 90% of worldwide city dwellers
living in low- and middle-income countries have breathed air that did not meet the safety
standards set by the World Health Organization (WHO), causing 4.2 million premature
deaths due to air pollution [1,2].

Air pollution is the presence in the air of matter (solid particles and gases) or forms of
energy that cause risk, damage, or serious annoyance for people and other living organisms.
According to the WHO [2], PM, carbon monoxide (CO), ozone (O3), nitrogen dioxide (NOy),
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and sulfur dioxide (SO,) are the pollutants with the strongest evidence for being public
health concerns.

The Environmental Protection Agency (EPA) proposed the universally recognized air
quality index (AQI) [3] to assess air pollution. The EPA defined six categories according to
pollutant concentrations. The categories were labeled corresponding to the level of concern,
thatis, 1,2, 3, 4, 5, or 6 for good, moderate, unhealthy for sensitive groups, unhealthy, very
unhealthy, and hazardous concern, respectively.

Specifically, O3 and PM pollution at ground level poses a high risk to health [4,5]
and have multiscale temporal patterns. The concentrations may vary according to the hour
of the day and the season, e.g., O3 concentrations are higher during the daytime than at
night, and particulate matter, such as PMy, is more concentrated in the winter than in the
summer. Precipitations also affect PM concentrations [6].

Exposure to excessive O3 can cause breathing problems, trigger asthma, and reduce
lung function, leading to lung disease. Additionally, breathing air with high concentrations
of PM is considered the leading environmental cause of death and disease. Both long-
term and short-term exposure to PM are associated with morbidity and mortality from
cardiovascular and respiratory diseases [2].

Different modes of transport are associated with specific effects of bad air conditions
on health [7,8], for instance, the private car is recognized as the most polluting mode of
transport [9-11]. Recently, urban policies in large metropolises have promoted active trans-
portation modes through investments in infrastructure, in particular, for improvements for
pedestrians, cyclists, and users of mass transport systems. However, active modes, such as
walking, cycling, and accessing public transport stations or bus stops, involve a physical
effort [12,13]. Thus, the activity involved for these modes requires more inhalation and,
consequently, users are more sensitive to air quality [14,15]. The integration of public and
nonmotorized transport networks in cities, as well as the reduction of the use of private
cars, will contribute to minimizing the health risks to pedestrians, cyclists, and mass public
transport users and promote sustainable cities [16].

This study proposes a novel methodology to estimate the exposure of users of active
modes to air pollution. It also seeks to give information to these users on healthier threshold
hours for walking or cycling. This new methodology involves addressing the relationship
between two objects of study, i.e., the users of active modes and air quality, assessing the
spatiotemporal concurrence of both objects with the statistical analysis of large open access
databases, to support healthy and sustainable urban mobility. This study carried out an
empirical analysis in the Guadalajara metropolitan area (GMA), Mexico.

This metropolis is one of the most polluted in the country and in Latin America [17].
Moreover, the city is susceptible to pollution impacts, since nonmotorized and public
transport journeys predominate in the city’s modal split by 40% and 37%, respectively.
This suggests that at least two-thirds of the population, the active mode users, may be
vulnerable to poor air quality conditions.

This fact shows the importance of cross-temporal and spatial studies to identify the pol-
lution impacts on city inhabitants. This is also recognized in existing literature [6,7,18-24].
Despite studies in Europe [7,25-27], there is a lack of analysis of large databases of temporal
exposure to air pollution concerning active mode users in Latin American metropolises.

A great number of users were expected to be exposed due to the historical poor air
quality episodes in the city and the high number of active mode users. Nevertheless,
the results showed that this number was smaller than initially assumed. Even though the
relative figures were low, the absolute number of users exposed should prompt the adoption
of public policies to protect them, such as the reduction of automobile dependency and the
promotion of active transportation modes in the city, benefiting the entire population.

This article is structured as follows. The study area is defined in Section 2, with a focus
on the air quality monitoring system’s areas of influence, the bicycle share system, and the
bus rapid transit (BRT) system. The materials and methods are presented in Section 3,
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followed by the results in Section 4. The discussion and conclusions are included in
Sections 4 and 5, respectively.

2. Study Area

The study area was defined by the overlap between the active mode stations where
data were available and the area of influence of the air quality monitoring stations (AQSs) of
the Jalisco Atmospheric Monitoring System (SIMA], by its initials in Spanish) in the GMA.

2.1. The Guadalajara Metropolitan Area: Geographical and Mobility Context

The GMA is the capital of the Jalisco province. It is an urban area of 5.2 million
inhabitants in western Mexico [28], comprising nine municipalities: Guadalajara, Zapopan,
San Pedro Tlaquepaque, Tonald, El Salto, Tlajomulco de Zuifiga, Juanacatlan, Ixtlahuacan
de los Membrillos, and Zapotlanejo. As shown in Figure 1, the city is surrounded by moun-
tains to the northwest, west, and southeast. The prevailing wind circulates west-southwest,
combined with a “chimney effect” caused by north-northeast winds [29], increasing the
pollutant concentrations in the south-southeast sector of the city.
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Figure 1. Air quality monitoring stations and active modes stations in the Guadalajara metropolitan
area, Mexico. The Figure shows air quality monitoring stations (AQSs) of the Jalisco Atmospheric
Monitoring System (SIMA], from its initials in Spanish) and their area of influence (AI), the stations
of the bicycle share system (MiBici), conventional bus stops, and stations of the Urban Electric Train
System (SITEUR, from its initials in Spanish), i.e., light rail transit (LRT), bus rapid transit (BRT),
and high-quality buses (HQB). Source: authors based on [30-35].

The metropolitan area has a semiwarm climate, with some heat island episodes. There
are temperature inversions in the city on 78% of the days of the year, mainly between
November and June. This phenomenon favors the formation of O3 and makes it difficult for
volatile compounds such as PMjg to disperse. However, the situation improves in the rainy
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season (June-August) as the pollutants, mainly the PMj, suspended in the atmosphere
precipitate [29].

Air quality is a growing concern in the GMA. Quantifying and monitoring air pollution
is the first step to reduce exposure to air pollution [2]. The local government monitors
the air quality through the SIMA] [36] and offers real-time air pollution measurements.
Figure 1 shows the ten fixed AQSs. The AQSs measure the concentration of five pollutants
(CO, PMyg, O3, SO,, NOy) as well as meteorological variables (ambient temperature,
relative humidity, and wind speed and direction). The data are used as the input for the
announcement of environmental alerts in the city.

Figure 1 shows the heterogenous spatial pattern of the AQSs that partially assess
the ambient pollution in the metropolis. Juanacatlan, Ixtlahuacan de los Membrillos,
Tlajomulco de Zuiiga, and Zapotlanejo are mostly outside the SIMA]’s area of influence,
while El Salto, Tonala, Tlaquepaque, and Zapopan are only partly inside this area. Only
the Guadalajara municipality has acceptable coverage by the SIMA].

According to the National Institute of Ecology and Climate Change (Mexico) [10],
in 2019, the number of days on which the maximum recommended thresholds were
exceeded, in at least one parameter, for any pollutant in the GMA was 267 days. This is
6% more than the number registered in 2018 and represents two thirds of the year with
excessive levels of air pollution. The figures in Table 1 reveal that PM;y and O3 are the
pollutants that most frequently exceed the standards. Given these figures, this study
focused on PMjg and Oj as the pollutants to be analyzed.

Table 1. Ambient pollutants in the Guadalajara metropolitan area in 2019. Source: authors, based on [10].

Pollutant Assessment Unit Value Standard [NOM-Mexico] Number of Days above Standard
O3 8h ppm 0.146 0.070 39.50%
PM;jg 24h ng/m3 261 75 41.10%
CcO 8h ppm 3.6 11 N/A
NO, 1h ppm 0.203 0.210 N/A
50, 8h ppm 0.013 0.2 N/A

N/A: Nonapplicable; ppm = parts per million.

Private vehicles are recognized as the main source of ambient air pollution in cities [37],
and the GMA is no exception [38,39]. Between 1980 and 2010, the low-density urban
development paradigm in the city increased individual motorized trips by more than
942% [17].

Mass transport systems are recognized as a solution for sustainable transport de-
velopment [26] and a catalyst for better air quality, despite the negative impacts during
their construction [27]. Nevertheless, their contribution to the GMA modal share is very
limited. According to the Jalisco State Government [17], 37% of the trips in the GMA are
made on foot, 3% by bicycle, 37% by public transportation, and 23% by private vehicles.
The mass transport systems barely contribute, with only 3% of the modal share. It is
recognized that commuting on foot and by bicycle can significantly reduce urban pollutant
emissions [40,41]. According to the National Institute of Statistics and Geography (INEGI,
from its initials in Spanish) [28], 25% of dwellings in the GMA have a bicycle as a potential
means of transportation. This figure contrasts with the contribution of cycling to the modal
split in the city [42].

Historically, cars have been favored in the GMA with large infrastructure investments.
Recently, the government, motivated by community associations and academic institutions,
has promoted a sustainable mobility paradigm, particularly through active modes, e.g.,
improvements to the network of bike lanes, the expansion of the bicycle share system
(known as MiBici), as well as the enhancement of the Urban Electric Train System (SITEUR,
from its initials in Spanish).

MiBici is the public bicycle share system in the city, established in 2014 and recognized
as one of the best bicycle share systems in the country in 2019 [43]. The system serves
more than 86,000 cyclists through 3200 bicycles and 300 stations [44]. Balderas et al. [16]
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state that one of the main reasons users choose MiBici is the low cost compared with other
transportation modes. The Ciclocities Ranking 2019 [43] states that the local governments
of Guadalajara, Zapopan, and Tlaquepaque have enhanced the cycling infrastructure by
deploying public specialists in mobility and by giving it priority in planning bodies.

Figure 1 shows that the spatial distribution of MiBici is located mainly in Guadalajara,
to a certain extent in Zapopan, and very little in Tlaquepaque. This network is nonexistent
in the rest of the GMA municipalities. Cycling represents around 2% of the total modal split
in the GMA [42]. The peak hours of use of the MiBici system are 8:00 a.m. and 6:00 p.m.
According to Jalisco Cémo Vamos [45], MiBici registered an average of more than 2.8 million
annual cycling trips in the period 2014-2020. The same source reports that the kilometers
of bicycle lanes increased five-fold between 2015 and 2020, totaling 182 km. The highest
number of trips since the operation began was in 2019, with 4,660,470 trips taken by more
than 27 thousand users, with an average travel time of 12:32 min [44]. The heterogeneous
spatial distribution of MiBici shows a west—east pattern limited to the core of the city
(Figure 1).

The SITEUR has operated since 1989. The public carrier serves more than 98.5 million
passengers a year through 121 stations, i.e., 3.23% of the total modal split in the city, mainly
with light rail train and BRT [17]. This study counted the BRT Line 1 passengers, due to
the data availability when this research was conducted. The BRT Line 1, known as Mi
Macro Calzada, is 16.6 km long with 27 stations, and has been in operation since 2009.
It accounts for 30.3% of SITEUR trips. The main line plus the 15 feeding lines served
44.2 million passengers in 2020, [46] with a five-minute frequency (morning peak hour) [47].
As shown in Figure 1, the BRT is north-south oriented and only serves the Guadalajara
municipality up to the Tlaquepaque boundary.

2.2. The Jalisco Atmospheric Monitoring System’s Area of Influence

The study area was determined by the SIMA]’s coverage and the data availability
on an hourly basis. The spatial distribution of the AQSs does not cover the GMA's entire
urban footprint, as shown in Figure 1. Moreover, according to the SIMA] [48], the AQSs
have a two-kilometer area of influence, for which real-time hourly measurements for PMjg
concentrations in micrograms per cubic meter and Os in parts per million are recorded;
these concentrations are used to calculate their related AQIs.

The spatial concurrence between the AQSs’ areas of influence and the active modes of
transport stops/stations was identified through a geographic information system (ArcGis
Pro, ESRI®, Redlands, CA, USA). The calculations included 10 AQSs, 287 bike share stations,
9073 conventional bus stops, 77 BRT stations, and 48 light rail transit stations [30,35].

Air quality monitoring data affecting most of the active mode users were not available.
Figure 2 highlights the narrow coverage of the AQSs with respect to the active mode
stops/stations. Thirty-seven percent of the MiBici stations, 28% of the conventional bus
stops, 44% of the BRT stations, 22% of the high-quality bus stops, and 38% of the light
rail train stations were outside the area of influence of the AQSs in the city. Only 107 of
the MiBici stations were included in the area of influence of four AQSs: Atemajac, Centro,
Tlaquepaque, and Vallarta. Similarly, only twelve BRT stations were considered for this
study, as they fell inside of the AQSs’ areas of influence. Specifically, the BRT stations
located within the area of influence of the Centro AQS were Ciencias de la Salud (10),
Juan Alvarez (11), Alameda (12), San Juan de Dios (13), Bicentenario (14), La Paz (15),
and Nifios Héroes (16). The stations in the area of influence of the Miravalle AQS
were Lépez de Legazpi (23), Clemente Orozco (24), Artes Plasticas (25), Esculturas (26),
and Fray Anggélico (27).
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Figure 2. Study area. The figure shows the area of influence (AlI) of the air quality monitoring stations (AQSs) managed

by the Jalisco Atmospheric Monitoring System (SIMA], from its initials in Spanish). The map highlights the active mode

stations considered in the study, i.e., 107 stations of the MiBici bicycle share system and 12 bus rapid transit (BRT) stations.
Source: authors based on [30-34].

Unfortunately, no data for the conventional and high-quality buses or the light rail
trains were available on an hourly basis. Thus, due to the SIMAJ’s spatial pattern, to-
gether with the data availability, five AQSs, 107 MiBici stations, and 12 BRT stations were
considered for the computations.

3. Data Sources and Methods

The WHO states that using large yearly databases allows outcomes to be refined,
taking into account seasonal variations [8]. The analysis assessed data from the selected
stations in 2019. This year was chosen as the reference year to prevent misrepresentation
due to changes in travel behaviors caused by the COVID-19 pandemic in 2020 and 2021.
An hourly time scale was selected due to the O3 and PM;j temporal behavior, and data
availability. This study benefited from open data availability for all AQSs [48], particularly
for O3 and PMy.

Nonmotorized modes and public transport account for 77% of trips in the city [17].
Disappointingly, no data on pedestrian trips were available, nor trips made by privately
owned bicycles. The MiBici open data system [49] was accessed to obtain the total trip
registers to or from any of its anchoring stations for 2019. The SITEUR reported the number
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of passengers entering the BRT stations hourly [50]. No data for light rail trains were
available at the required accuracy.

As a consequence of data availability, hereinafter, the term “active mode users” refers
to trips via MiBici and pedestrians accessing BRT stations in the areas of influence of AQSs.
Table 2 shows data sources and recording frequency for each kind of station computed in
this study, i.e., AQS, MiBici, and BRT.

Table 2. Sources of data on air quality monitoring and active transportation modes in the Guadalajara metropolitan area

in 2019.
Station Data Temporal Basis * ol:;;rc‘::;s Source
. . . Ministry of the Environment and Territorial
Alr quality O3 and PMy concentration Hour 87,600 Development (Semadet, Jalisco, Mexico) SIMAJ [36,48]
Active transportation b Bicycle in—ouf an;h:)rih Minute 2,388,884 Government of the State of Jalisco, Mexico: MiBici [49]
mode asSENgers coming 1nto the Hour 105,120 Urban Electric Train System, Guadalajara [50]
BRT station
* For the year 2019.

Allocation of

Concurrence

Active mode
data

episodes by
AQI category

management

analysis

A statistical spatiotemporal approach was used. The year 2019 was chosen as the
most recent year without potential changes to travel behaviors due to the COVID-19
pandemic [7]. Figure 3 shows the conceptual model used to identify the number of active
mode users exposed to poor air quality episodes in the reference year. First, the active
mode database was organized to identify the number of active mode users in the AQSs’
areas of influence, on an hourly basis. Then, the number of episodes per hour in each
AQS area was assessed using the air quality index [3]. Finally, the concurrence between
pollutants and users of active transportation modes was assessed.

Number of active
mode users /
hour /
air quality station

Active modes
big data

Data Hourly trips
adjustments computation

Moving average
(8 and 24 hours)

Number of episodes /
hour /
air quality station

Pollutants
big data

Episodes of AQI
categories allocation

Air Quality Index
(AQI) calculation

Active mode users
Vs
episodes time
match

Number of active mode users /
AQI category /
air quality station

Stratified comparative
analysis

o !
g Ao mnaalas ; Air quality Concurrence Protess
BO i input/output data input/output data output data H
L i

Figure 3. Conceptual model. Active modes analyzed were bicycle share system and bus rapid transit (BRT). Pollutants

computed were ozone (O3) and particulate matter (PMj). Air quality index (AQI) refers to the Environmental Protection

Agency index [3]. The word “users” refers to both bicycle trips and BRT passengers.
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3.1. Active Mode Data Management

Data from the 107 MiBici stations were used to calculate the number of trips per hour
linked to each AQS. The data were managed using Python programming language and
Pandas, among other libraries. The following assumptions were made to compute bicycle
trips and create a database that would be compatible with AQS data. First, one hour was
added to the temporal data. Second, bicycle trips traveling at least one minute inside
the AQS’s area of influence were quantified as one trip in the corresponding hour. Third,
the cyclists were exposed to air quality episodes both when starting and ending the trip at
the station, and thus counted twice. However, if a cyclist started and finished the trip at
stations linked to the same AQS, it was counted as only one trip.

The SITEUR also provided hourly data on people accessing the 12 selected BRT
stations. There were no data for passengers leaving the stations; these results were under-
estimated, since BRT users were only counted as passengers accessing the BRT and not as
pedestrians after their transit journey.

3.2. Allocation of Episodes by AQI Category

AQI was assessed to allocate a category of O3 and PMjg pollution in the five AQSs
studied. The AQI was designed by the EPA [51], and calculations were performed using
the MATLAB programming language.

First, moving averages of pollutant concentrations were calculated for 8 and 24 h
time windows, for O3 and PM;, respectively. The AQI was calculated by substituting the
moving averages directly in Equation (1). Next, the AQI was classified according to the
established categories described in the introduction (Section 1). Finally, the number of
episodes in AQI categories 3, 4, and 5 were linked to AQSs for each hour of the year; these
three categories correspond to poor air quality episodes.

AQI = [(AQIy; — AQIy,)/(Concy; — Concy)] X (Cong; — concy,) + (AQIL,) (1)

where

Cong; = Input concentrations for a given pollutant;

Concy,, = The concentration breakpoint that is less than or equal to Cong;;
Concyy; = The concentration breakpoint that is greater than or equal to Conc;;
AQIy, = The AQI value/breakpoint corresponding to Concy;

AQIy; = The AQI value/breakpoint corresponding to Concyy;.

3.3. Concurrence Analysis

The concurrence analysis implied stratified computations of two inputs: first, for the
number of MiBici trips and BRT passengers per hour in the five AQSs’ areas of influence;
then, for the number of poor air quality episodes falling into categories 3, 4, or 5. It was
assumed that the entire study area had the same compensation to calculate exposure to
pollutants. The concurrence analysis was computed with dynamic tables on a spreadsheet
(Excel, MSOffice®, Redmond, WA, USA), associating spatiotemporal correspondence. As
a result, the number of active mode users exposed to category 3, 4, or 5 episodes was
estimated, both for O3 and PMj.

4. Results
4.1. Active Mode Data Management

As expected, the number of passengers who walked to access the 12 mass transport
BRT stations was higher than the number of trips logged at the 104 MiBici stations, that
is, 20,028,250 and 2,388,884, respectively. Figure 4 displays the number of annual active
mode users studied on an hourly basis. Figure 4a shows that most of the MiBici trips were
in the area of influence of the Centro AQS. All stations registered two peak hours, i.e., 9:00
and 19:00. At 9:00, there were 131,608, 17,005, and 41,602 trips in the area of influence of
AQS Centro, Tlaquepaque, and Vallarta, respectively. These figures increased at 19:00 in
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the same areas of influence, that is, 153,314, 21,062, and 58,179 trips, respectively This was
concurrent with the standard working hours in the city. In addition, the trips linked to the
Centro station also showed a peak hour at 14:00 (lunch time), i.e., 129,274 trips.

BR
1,200,000
MiBici
160,000 1,000,000
n
) Zc'jo 800,000
120,000 % 600,000
%) 1]
£ 80,000 2 400,000
2 & 200,000
40,000 | 0
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Figure 4. Active mode users and poor ozone (O3) or particulate matter (PM;) episodes in the study area on an hourly basis.

The order of magnitude between figures must be considered to properly compare them. (a,b) refer to the annual number of

MiBici trips and bus rapid transit (BRT) passengers, respectively. (c,d) show the number of days with episodes within the

worst air quality index (AQI) categories for O3 and PMy, respectively.

The spatial pattern of the BRT passengers was similar, although the stations that
contributed to the peak hours were clearly distinguished. Figure 4b shows the three peak
hours at the BRT stations in the area of influence of the Centro and Miravalle AQSs, that is,
between 8:00 and 9:00, between 14:00 and 15:00, and between 19:00 and 20:00. Of the
20 million passengers using these stations, 60% were in the area of influence of the Centro
AQS and 40% in that of the Miravalle station, i.e., 12,208,712 and 7,819,538, respectively.
Moreover, it was shown that 1,832,788 passengers walked to reach BRT stations in the
vicinity of the Miravalle AQS between 8:00 and 9:00, and 2,152,791 passengers accessed
BRT stations around the Centro AQS between 19:00 and 20:00. This can be explained by
the fact that the former AQS serves a mostly residential area, while the latter serves areas
with a high density of workplaces, particularly retail trade and public services.

4.2. Allocation of Episodes by AQI Category

The AQI calculations emphasized categories three, four, and five. According to the
EPA, categories four and five strongly affected users in active modes. No consensus was
found regarding the impact of category three episodes on active mode users. Even though
the Environmental Protection Agency does not explicitly include cyclists as a sensitive
group, some organizations promote the use of face masks for cyclists riding within areas in
AQI category three. Thus, this category was computed to account for cyclists” exposure
to pollutants.
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For the studied area, only the Tlaquepaque AQS recorded PMj data in 2019. Thus,
the PM results are not included in this section, since the calculations were not represen-
tative of the phenomenon in the study area. However, it is important to note that in the
south-southeastern AQSs of the city (Santa Fe, Las Pintas, and Tonala), more high-PMg-
concentration episodes are usually recorded but there were no available records of users
of active modes of transport for their areas of influence. Figure 4c shows the temporal
pattern of the AQI on an hourly basis. The results showed that the worst O3 concentrations
were between 17:00 and 23:00, as expected for O3 behavior. The worst air quality episodes,
adding the three AQI categories together, were recorded at 19:00 on 227 days. Table 3 shows
the total number of episodes in the three AQI categories and the percentage of episodes
accounted for by the five SIMA] stations in the study area with respect to the entire GMA.
PM;( was not representative of the phenomenon, due to the scarce data assessed, and
hence was dismissed.

Table 3. Days with poor air quality episodes in 2019 on an hourly basis.

AQI31 AQI41 AQI51!
Pollutant X ; .
[Episodes 2] [% 3] [Episodes 2] [% 3] [Episodes 2] [% 3]
O3 993 55.19 342 52.31 96 59.26
PMy 1 7.14 3 100 0 0

1 Air quality index (AQI) category according to EPA; 2 number of episodes in the corresponding AQI category,
on an hourly basis in 2019; 3 percentage of episodes in the corresponding AQI category accounted for by the
5 AQSs, on an hourly basis at the metropolitan scale.

4.3. Concurrence Analysis

Few MiBici and BRT users within the study area were exposed to O3 and PMy
episodes in categories three, four or five of the AQI during 2019, that is, less than 1.48%
and 0.87%, respectively. Table 4 shows the spatiotemporal match between the pollutant
episodes and the active mode users. The difference between the two modes in the order of
magnitude of the figures is explained by the modes’ attributes: MiBici is unipersonal and
BRT is mass transport.

Table 4. Active transportation users exposed to Oz and PMj in the study area.

MiBici BRT MiBici + BRT
Total users AQI! 2,388,884 20,028,250 22,417,134

3 28,469 1.19% 145,468 0.73% 173,937 0.78%
o 4 6467 0.27% 27,761 0.14% 34,228 0.15%
3 5 43 0.00% 18 0.00% 61 0.00%
Total 34,979 1.48% 173,247 0.87% 208,226 0.93%
3 431 0.02% 0 0.00% 431 0.00%
PMyp 4 69 0.00% 0 0.00% 69 0.00%
5 0 0.00% 0 0.00% 0 0.00%
Total 500 0.02% 0 0.00% 500 0.00%

O3 + PMyg All categories 35,479 1.50% 173,247 0.87% 208,726 0.93%
L Air quality index (AQI) category according to EPA.

The results show that only 0.24% and 0.14% of MiBici and BRT users in the study area
were exposed to unhealthy or very unhealthy levels of concern, i.e., categories four and
five. However, the figures become relevant when analyzed in absolute terms. More than
200,000 active users were exposed; this is almost 35,000 and 173,000 MiBici and BRT users,
respectively. Only 22 cyclists were riding and 18 pedestrians were accessing BRT stations
while category five O3 episodes occurred, and this occurred only in the area of influence
of the Miravalle AQS, as shown in Figure 5. Nevertheless, more than 30,000 active mode
users were exposed to category four O3 episodes.
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Figure 5. Spatiotemporal concurrence of air quality episodes and active mode users in 2019. Figures
summarize ozone (O3) and particulate matter (PM;jg). Source: authors based on [30-34].

Although these figures are modest in the context of the metropolitan area’s overall
trips, it should be considered that, in this study, active transportation modes only served
a small fraction of the urban area in the metropolis, due to the limited area of influence of
the AQSs in the city (Figure 5).

More than two hundred thousand active users were exposed to Os. In contrast,
the exposure to PM affected fewer than 500 passengers, due to the lack of data for this
pollutant in most of the AQSs. According to the daily temporal pattern, most of the
exposure occurred in the afternoon. Fewer than 10% of the total users were exposed to
pollutant episodes in categories three, four, or five.

5. Discussion

According to the novel methodology proposed, the data availability determined the
estimation of the exposure of active mode users to air pollution. In the case of the GMA,
the spatial and temporal data accuracy of active modes and air quality was limited. On the
one hand, MiBici data were accessible and well structured. Thus, the spatiotemporal data
precision allowed deep analyses of this active mode. In contrast, no data on pedestrian
flows were available at all. Additionally, regardless of the great potential of data anal-
ysis from smart cards already proved in other cities [52], neither bus nor light rail train
data were available at the required accuracy. Only data on passengers accessing BRT
stations were obtained on an hourly basis. All these active modes data limitations led to
an underestimation of the real situation.
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On the other hand, the gaps in the air quality data were a consequence of the het-
erogeneous spatial distribution, the small number of AQSs, and their temporal lack of
operation [17]. First, the spatial distribution and the 2 km area of influence of the AQSs
resulted in the assessment of only 18.63% of the GMA urban fabric. This spatial restriction
dismissed most of the MiBici and BRT stations. Second, PM1y was assessed only by the
Tlaquepaque AQS; thus, the results of this pollutant were underestimated.

Despite the data availability limitations in the GMA, the results allowed the trends
of the mobility and the temporal exposure of cyclist and BRT users to air pollution to be
successfully identified. Concerning the mobility patterns, two tendencies were identified.
First, the BRT stations located in residential areas were largely used in the morning,
while the downtown stations were predominantly used at lunchtime and in the evenings.
The trips are generated by the concentration of economic activity [53]. This trend confirms
other studies’ results showing that cycling and BRT trips are mainly used for commuting
to work [54]. Second, results showed that active mobility was concentrated around the
central AQSs, confirming that a high centrality in cities promotes mobility concentration
in the downtown area where the main economic activity is concentrated [55], as in other
metropolises in Latin America [56,57].

The results for the temporal exposure of cyclists and BRT users to air pollution showed
that users traveling in the evenings, i.e., from 18:00 to 21:00, were more exposed to air
pollution than users travelling at other hours of the day, similar to other empirical cases in
Latin America [58,59].

6. Conclusions

The link between air quality and active transportation modes assessed in this study
is recognized locally and worldwide [7,26]. When using active transportation mode sys-
tems, such as MiBici and SITEUR, people perform physical activity, contributing to their
health [41]. However, cyclists, pedestrians, and transit users are susceptible to traffic
injuries [60,61] and environmental pollution [62]. This research focused on the latter.

The study estimated the exposure of active mode users to air pollution and identified
the healthier threshold hours for walking or cycling in the GMA. It is extremely important
to protect pedestrians, cyclists, and passengers of public transport from ambient pollution
in a context such as the GMA, where more than 70% of trips are made on foot or by
nonmotorized vehicles, buses, or mass transport systems.

The number of exposed users was small, since the results revealed that 208,660 users
of MiBici or BRT, i.e., less than 10%, were exposed to the worst categories of the AQI in the
study area, mainly within category three. Furthermore, according to the results, cyclists
and pedestrians may reduce their exposure to poor air quality episodes when traveling
before 18:00 and after 21:00.

The 13th Sustainable Development Goal (SDG) seeks to bring down the levels of atmo-
spheric pollution by shifting from private motorized modes to active transportation [26,63].
The proposed methodology can be applied in other metropolitan areas to provide key
information for sustainable mobility and air quality contingency plans in the context of
this SDG [64].

The empirical application of the methodology led to three general suggestions for cities
seeking to reach SDGs. First, spatiotemporal data of active mode users should be recorded
and made available as open access data, according to worldwide trends [65,66]. Next,
air quality monitoring systems should properly assess the air quality in the metropolis.
Finally, urban planning, mobility, and environmental and public health policies should be
coordinated and should fully adopt the current urban sustainability paradigm [37,67].

The results did not apply to the whole metropolitan area due to methodological and
data deficiencies: The limited area of air quality monitoring due to the spatial distribution
of the AQSs; the lack of active mode users’ data; the underestimated calculations as a con-
sequence of the gaps in the PM;j( data; and the lack of data from pedestrians, conventional
buses, and light rail train users. Despite the limitations in the data availability for the study
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area, this methodology can be replicated in other urban areas to support decision making
in the generation of public policies for the benefit of active mode users and to promote safe
and healthy active mode trips, thus contributing to sustainable mobility in cities.
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