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• Aerial cable cars can reduce immediately
and substantially air pollutant exposure.

• Aerial cable cars as BRT feeders reduce the
inhaled dose of air pollutants per trip.

• Aerial cable cars are the transport mode
with lowest personal exposure to PM2.5

and eBC.
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Commuters in urban settlements are frequently exposed to high concentrations of air pollutants due to their proximity
to mobile sources, making exposure to traffic-related air pollutants an important public health issue. Recent trends in
urban transport towards zero- and low-tailpipe emission alternatives will likely result in decreased exposure to air pol-
lutants. The TrUST (Urban transformations and health) study offers a unique opportunity to understand the impacts of
a new cable car (TransMiCable) in underserved communities within Bogotá, Colombia. The aims of this study are to
assess the personal exposure to fine particulate matter (PM2.5), equivalent Black Carbon (eBC), and Carbon Monoxide
(CO) in transport micro-environments and to estimate the inhaled dose per trip during mandatory multimodal trips
before and after the implementation of the TransMiCable. We collected personal exposure data for Bus-Rapid-Transit
(BRT) feeder buses, regular buses, informal transport, pedestrians, and TransMiCable. TransMiCable showed lower ex-
posure concentration compared to BRT feeder and regular buses (PM2.5: 23.6 vs. 87.0 μg m−3 (P ≤ 0.001) and eBC:
5.2 vs. 28.2 μg m−3 (P ≤ 0.001), respectively). The mean concentration of PM2.5 and eBC inside the TransMiCable
cabinswere 62% and 82% lower than themean concentrations in buses. Furthermore, using aMonte Carlo simulation
model, we found that including the TransMiCable as a feeder is related to a 54.4 μg/trip reduction in PM2.5 inhaled
-Betancourt).
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dose and 35.8 μg/trip in eBC per trip. Those changes represent a 27 % and 34 % reduction in an inhaled dose per trip,
respectively. Our results show that PM2.5, eBC, and CO inhaled dose for TransMiCable users is reduced due to lower
exposure concentration inside its cabins and shorter travel time. The implementation of a cable car in Bogotá is likely
to reduce air pollution exposure in transport micro-environments used by vulnerable populations living in semi-
informal settlements.
1. Introduction

Motorized transport is a major contributor to air pollution worldwide
(Health Effects Institute, 2010). Despite several policies designed to reduce
tailpipe vehicle emissions, exposure to traffic-related air pollutants such as
nitrogen dioxide (NO2), fine particulate matter (PM2.5), carbon monoxide
(CO), and black carbon (BC) remains a significant public health issue due
to the impact of these pollutants on mortality, adverse cardiovascular and
respiratory endpoints, stroke, and cancer (Health Effects Institute, 2010;
Grahame and Schlesinger, 2010; Gan et al., 2011; Chen et al., 2013;
Peretz et al., 2008; Maynard et al., 2007; Chen et al., 2012; Global Road
Safety Facility et al., 2014). The burden of these outcomes attributed to
air pollution from traffic emissions has been estimated at 184,000 deaths
per year globally (Global Road Safety Facility et al., 2014). Furthermore,
in Latin American cities, PM2.5 exposures remain a major health risk imply-
ing that urban planning and transport policies that significantly impact am-
bient levels could have important health implications (Gouveia et al., 2021;
Targino et al., 2020).

Transport microenvironments contribute to a significant fraction of
daily exposure to traffic-related air pollutants (Dons et al., 2012). In
fact, daily exposure peaks occur while commuting (Gulliver and
Briggs, 2004; Kaur et al., 2007). Although <10 % of daily time is spent
on transport (Dons et al., 2012; Matz et al., 2018), it significantly con-
tributes to both daily personal exposure and inhaled dose of traffic-
related air pollutants (de Nazelle et al., 2012; Morales Betancourt
et al., 2017; Morales Betancourt et al., 2019; Cepeda et al., 2017). For
instance, a study in Belgium showed that daily commuting contributes
to 21 % of personal exposure to BC and 30 % of the inhaled dose of
BC, although only 6 % of the time was spent commuting (Dons et al.,
2012). In cities facing air pollution problems, such as Bogotá,
Colombia, a round-way trip in the Bus Rapid Transit (BRT) system ac-
counted for nearly 60 % and 79 % of the PM2.5 and eBC (mass concentra-
tion of black carbon in an optical absorption method) daily dose in
2017, respectively (Morales Betancourt et al., 2017).

Several studies have also shown that motorized commuters are exposed
to greater traffic-related air pollutants than users of active transport modes
(Gulliver and Briggs, 2004; de Nazelle et al., 2012; Dennekamp et al., 2002;
Levy et al., 2002). For example, in a recent study in Bogotá, high concentra-
tions of PM2.5, eBC, and sub-micron particles (Np) were observed for all
transport modes, yet the highest concentrations were observed on public
transport buses (Morales Betancourt et al., 2017). Despite high levels of
exposure in motorized transport, pedestrians and cyclists have higher
potential inhaled doses than commuters using motorized vehicles, with
cyclists experiencing the highest uptake of pollutants (Cepeda et al.,
2017). In addition, a systematic review found that commuters using
motorized transport lost up to one year of life expectancy over cyclists
due to the combined effects of PM2.5 exposure and less physical activity
(Cepeda et al., 2017).

Innovations in urban transport can be a means to overcome the signifi-
cant environmental and health burdens associated with urban mobility.
Latin America has been a center of innovation in urban transport andmobil-
ity (Sarmiento et al., 2017). For instance, 67 % of the 18 cities with aerial
cable cars used as a public transport alternative worldwide are in Latin
America. These cable cars are used to overcome accessibility and connectiv-
ity problems, usually providing accessibility for the population living
in informal settlements. In Latin America, cities such as Medellín
(Colombia), La Paz (Bolivia), Mexico City (Mexico), Santiago (Chile), and
Bogotá (Colombia) use aerial cable cars as part of their mass transit system
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(Canon Rubiano et al., 2020). One of the newest public transport alterna-
tives in Bogotá is TransMiCable, an aerial cable car designed as an
alternative for inclusive urban development to improvemobility in a socio-
economically deprived area of the city (Sarmiento et al., 2020), where
travel time reductions, comfort improvements, and in-vehicle security
were the benefits most valued by the 7.5 million users per year (Guzman
et al., 2022).

The natural experiment TrUST (Urban transformations and health) con-
ducted as part of the SALURBAL project (Salud Urbana en America Latina)
offers a unique opportunity to understand the impact of transport systems
and urban interventions on air pollution exposure through the analysis of
the aerial cable car system operation in Bogotá (Sarmiento et al., 2020).
The aims of this study are 1) to assess the personal exposure to air pollutants
(PM2.5, eBC, CO) in different transport micro-environments (BRT feeder
buses, regular buses, informal transport, pedestrians, and TransMiCable)
before and after the implementation of TransMiCable project and 2) to
estimate the inhaled dose per trip during multimodal mandatory trips
before and after the implementation of TransMiCable. This study improves
understanding of the potential impact of urban and transport interventions
among vulnerable populations on microenvironment exposure by provid-
ing direct exposure measurements. This study also provides evidence
relevant to policies, including those needed to achieve the United Nations'
sustainable development goal of environmental sustainability in under-
served communities (ONU, 2017).

2. Methods

We collect personal exposure data to assess personal exposure to air pol-
lutants (PM2.5, eBC, CO) in different transport micro-environments and use
the estimated data and secondary data sources to estimate themean inhaled
dose per micro-environment. We then combined this information with sur-
vey data on travel behavior and used simulation modeling to derive esti-
mates of exposures per multimodal trip.

2.1. Study area

The TrUST quasi-experimental natural experiment was conducted in
Bogotá, the capital of Colombia, with a population of 7.4 million inhab-
itants in 2018 (Sarmiento et al., 2020). Bogotá, like many other cities in
Latin America, faces challenges related to air pollution, as well as high-
traffic congestion and long commute times (Guzman et al., 2020). Par-
ticulate matter concentrations are the most concerning air quality prob-
lem in the city as they often exceed recommended limits. During 2019,
all the 13 air quality monitoring stations in Bogotá exceeded the World
Health Organization (WHO) annual mean concentration guidelines for
PM10 (15 μg/m3) and PM2.5 (5 μg/m3). At least four stations in the
city had annual mean PM10 concentrations higher than 40 μg/m3, and
two of those stations reported annual mean PM2.5 concentrations over
25 μg/m3.

Bogotá's integrated public transport system comprises several subsys-
tems: the BRT services, the BRT feeder bus services, the regular bus
services, and TransMicable. The BRT component, TransMilenio, uses exclu-
sive lanes for high-capacity buses (of either 140 or 250 passengers) and
dedicated stations. The regular and BRT feeder buses operate onmixed traf-
fic lanes and use roadside bus stops (Rodriguez-Valencia et al., 2019).
Along with the public transport system, some areas of the city count with
informal transport services, which are not part of the city public transport
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system and are operated by private citizens parallel to official public trans-
port alternatives (Heinrichs et al., 2017).

The natural experiment TrUST study was designed to assess the ef-
fect of implementing an aerial cable car system (TransMiCable) in the
Ciudad Bolívar district, a low-income area in the south of the city
(Fig. 1a, b). This transport system is often used in cities with geographic
barriers and often serves informal settlements with high slopes
(Sarmiento et al., 2020). Ciudad Bolívar is an administrative area of
Bogotá with 616,000 inhabitants that has undergone the effects of ac-
celerated urbanization that Bogotá has experienced since 1940. This lo-
cality is characterized by self-built settlements on highly sloped terrains
on the city's outskirts (Guzman et al., 2017). The settlements of Ciudad
Bolívar are also characterized by precarious planning, poverty, violence,
and high population density. The citizens in this area face severe eco-
nomic, employment, health, and mobility challenges (Sarmiento et al.,
2020).

2.2. Intervention

TransMiCable is an electric aerial cable car transport system with one
service line covering 3.34 km in length and four stations. It connects the
southernmost part of Ciudad Bolívar to one of the end-of-line BRT stations
(BRT Portal). From the BRT terminal station to the last TransMiCable sta-
tion, there is an elevation gain of 270 m due to the slopes in the area.
TransMiCable was inaugurated in December 2018 and mobilized 22,000
passengers per day in its first year of operation. TransMiCable is one com-
ponent of an inclusive urban development program aimed at reducing so-
cioeconomic inequalities by providing facilities and programs (e.g., parks,
community centers, local market facilities, tourism office, civic services
office, a housing physical improvement program, pavement of streets,
and a project to reduce geomorphological risk). This area of Ciudad Bolívar
Fig. 1.Geographic location of the study area. a.) Relative position of Bogotá within Colom
denoted “1” in the inset) within the city of Bogotá limits, and the location of the closest fi
the aerial cable car TransMiCable are shown for the Ciudad Bolívar intervention zone.
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comprises households located in neighborhoods within an 800-m airline
buffer around each of the current TransMiCable stations.

At the time of the study, both BRT feeder and regular buses were
diesel-powered with a capacity of up to 80 passengers. The BRT feeder
buses cover routes with endpoints at the closest BRT system terminal
station, while regular buses are part of the city's public transport system.
In addition, informal transport consists of passenger vehicles that are
often more than two decades old and refurbished to operate with com-
pressed natural gas.

2.3. Data collection

We collected information regarding exposure levels and accelerometry
needed to estimate exposure levels and inhaled doses in different transport
modes. For assessing personal exposure and estimating the mean inhaled
dose per micro-environment, we collected in-situ PM2.5, eBC, and CO
concentration data using portable devices in six transport micro-
environments: (1) BRT buses, (2) BRT feeder buses, (3) regular buses,
(4) informal transport, (5) pedestrians, and (6) TransMiCable. We also
measured concomitant objective physical activity with accelerometry
and global positioning system (GPS) sensors. We then used a Monte
Carlo simulation model to estimate the mean inhaled dose per multi-
modal trip. For the simulation, we used population travel behavior in-
formation derived from the household survey of the TrUST study and
the Mobility Household Survey from 2019 (Secretaría Distrital de
Movilidad, 2019) and calculated the estimated mean inhaled dose per
micro-environment as parameters.

The baseline measurements of exposure to air pollution in different
transport micro-environments were conducted before the implementation
of TransMiCable, between August and October 2018. The follow-up mea-
surements were collected one year after the inauguration of TransMiCable,
bia and the northern part of South America. b.) Location of the Intervention (frame
xed air quality monitoring site. c.) Detailed routes for buses, informal transport, and
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between August and November of 2019. We assessed the exposure to air
pollution through visits designed to mimic the usual travel patterns of
adults in the studied area. For the measurements, we carried portable
air pollution monitoring devices during the data collection work.

We measured air pollution on-board of the informal vehicles, BRT
feeders, regular buses, inside the TransMiCable cabins, and at the road-
side waiting area of the stations of the BRT system as part of the pedes-
trian walking trips. The specific routes of each transport mode
considered are shown in (Fig. 1c). The unit of analysis corresponds to
each micro-environment of transport. One trip in each direction was
performed on each sampling in the transport micro-environments. On
each sampling day, we gathered information during a 2 to 3-hour sam-
pling increments period, typically completing two trips per sampling
day. Data were collected during rush and valley hours. We sampled air
pollutants while traveling in transport micro-environments on 99 trips
during the baseline period and on 112 trips after the implementation
of TransMiCable. We carried out trip measurements on 32 BRT feeder
buses, 16 in regular buses, 11 in informal transport vehicles, and 40 pe-
destrian walking trips during the baseline period. During the follow-up,
we carried out trip measurements on 25 BRT feeder buses, 12 regular
buses, ten informal transport vehicles, and 49 pedestrian walking trips
on the same routes as those during the baseline period. Additionally,
we carried out 16 trip measurements inside the cabins once the cable
car was available.

Tomeasure PM2.5 personal exposure, we used a photometric particulate
matter sensor (DustTrak models 8520 and 8530, TSI Inc. MN, USA) which
determines PM2.5 continuously, with a logging time of 1 s and a 1.0 μg/m3

limit of detection. The zero-readingwas checked and corrected by sampling
through a HEPA filter in each sampling session. The sampling flow rate was
measured several times through the campaign to ensure a precise cut-off
diameter. Device-specific correction factors developed in previous studies
were applied to the raw PM2.5 DustTrak reading. These factors were 0.63
and 0.58 respectively. In addition, two gravimetric PM2.5 samplers Personal
Environmental Monitors (PEM) (SKC Inc. PA, USA) were used in some
selected sampling days to have an independent method to determine
PM2.5The PEM pump was set at 4 LPM to achieve the required flow for a
2.5 μm cut diameter through the impaction stage. However, for several
measurement days, the filter-samplers did not collect enough particle
mass to determine PM2.5 concentration accurately. For the valid samples,
the corrected DustTrak PM2.5 readings showed a slight +13.7 % mean
bias relative to the PEM. We used portable Aethalometers (AE51,
MicroAeth, CA, USA) to measure personal exposure to eBC. This device
infers eBC concentration from measurements of the rate of change in
absorption of infrared light due to the continuous collection of aerosol
deposits on a filter strip. The instrument was operated at a flow of
150 ml/min with data logged at 10-second intervals. The AE51 has ap-
proximately a ±0.1 μg BC/m3 precision at the selected flow rate. Fi-
nally, we used an electrochemical cell sensor to measure personal
exposure to CO (DeltaOhm, P37AB1347 SICRAM probe) with a 1 ppm
limit of detection.

We carried these devices in a backpack and traveled in the selected
transport modes. The sampling inlets for these devices were located in the
individuals' breathing zone. The time resolution of the direct-reading
instruments was set to 10 s. To account for variations in ambient air pollu-
tion levels during the sampling period, we used hourly data from the
nearest air-quality monitoring site for the specific dates and times of the
micro-environmental samplings. The air quality monitoring site location
relative to the study area is shown in Fig. 1b. The devices and methods
used in this study follow the methodologies proposed in previous studies
(Morales Betancourt et al., 2017; Morales Betancourt et al., 2019) and are
only briefly described here.

We also used Accelerometers (Actigraph GT3X+, Ft. Walton, FL.)
placed on the hip to measure physical activity levels simultaneously with
air pollutant concentration data. The GT3X + measures acceleration in
three axes at a frequency of 30 Hzwith a dynamic range of±8G. The accel-
eration event counts have been shown to correlate well with Metabolic
4

Equivalence Units (METs) (Freedson et al., 1998) and ventilation rate
(Kawahara et al., 2011). All measured variables were synchronized at a
10 s time base. Geolocation, elevation, and speed were tracked with a
GPS and recorded every second with an accuracy of ±5 m. We used a de-
tailed field registry to keep a precise record of events during each trip.
The registered data included the moment of boarding or deboarding a
given transport mode, the precise timing of walking segments, and specific
situations such as passing a high-emitting vehicle and other noteworthy
situations.

2.3.1. Analysis of personal exposure to air pollutants
The air pollution exposure datawas analyzed together with the GPS and

the field registry, such that the concentration data could be analyzed in the
context of the timing of events and the spatial location of the measure-
ments. The concentration-time series from the air pollution sampling de-
vices were synchronized using a lag-correlation analysis to ensure that all
instrument signals were exactly concurrent. The BC data was corrected to
account for a known loading effect caused by the accumulation of optically
absorbing particles on the MicroAeth filter. As filter loading increases, the
MicroAeth sensitivity reduces. To correct for this effect, we used Virkkula's
loading correction method (Virkkula et al., 2007):

BCc ¼ BCnc � 1þ k ATNð Þ (1)

where BCc is the corrected carbon concentration, BCnc is the uncorrected
concentration, ATN is the filter attenuation, and k is the loading correction
factor. This correction factor is obtained after performing simultaneous
measurements with two AE51 devices operating at different flow rates.
Both devices are assumed to lose sensitivity, and a least-squares method
is applied to the datawith Eq. (1). The optimal k found for our data is 0.005.

2.3.2. Inhaled dose per unit time for each transport micro-environment
We measure the inhaled dose per minute of each air pollutant j ∈ P,

where P is the set of air pollutants (PM2.5, eBC, and CO), and for eachmicro-
environment i ∈ M, where M is the set of microenvironments (BRT, BRT
feeder bus, regular bus, informal transport, pedestrian, TransMiCable).
For the estimation, we used the measured personal exposure concentration
data for each transport microenvironment, Ci

j [μg m−3], and the estimated
inhalation rate IRi [m3 min−1] associated with the activity level detected
with the accelerometers. The real respiratory track deposition of particles
is likely smaller than our estimated potential inhaled dose, requiring a dif-
ferent experimental setup (Madueño et al., 2019). According to these defi-
nitions, the estimated inhaled dose per unit time of pollutant j ∈ P in the

microenvironment i ∈ M, bD
j
i [μg min−1], is given by bD

j
i ¼ Ci

jIRi. Given
that estimation of inhaled dose per trip (see below) required consideration
of trips on the BRT and BRT exposures were not directly measured in this

study, we derived bD
j
BRT ,∀j ∈ P using personal exposure concentration to

PM2.5, eBC, and CO, as well as IR data measured for the BRT system in an-
other study (Morales Betancourt et al., 2019). Although the BRT exposure
data is for 2017, the system buses remained unchanged until 2020 when
a fleet renovation process took place, substantially reducing air pollutant
concentrations inside the BRT buses and stations (Morales Betancourt
et al., 2022).

We applied the Wilcoxon-Mann-Whitney nonparametric test to assess
differences in mean concentration across modes, as the data collected has
not a normal distribution according to the Kolmogorov-Smirnov normality
test. In addition, we assessed the median difference between baseline and
follow-up for a given transport mode. We conducted the analysis in R soft-
ware version 4.1.2 (R Core Team, 2019).

2.4. Monte Carlo simulation model to estimate the inhaled dose per mandatory
multimodal trip

We developed a Monte Carlo simulation model that generates synthetic
travel times to estimate the mean inhaled dose per mandatory multimodal



Fig. 2.Monte Carlo simulation model flow diagram.
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trip, incorporating population travel behavior information collected
through the household survey of the TrUST study and the Travel Household
Survey from 2019 (Freedson et al., 1998) and calculating the estimated
mean inhaled dose per micro-environment as parameters.

Mandatory trips are those regular trips from (to) work or study. A mul-
timodal trip usually combines different modes as trip stages (e.g., first,
walk; then, bus ride). We simulated trips using the household TrUST survey
conducted before and after the implementation of TransMiCable. Our
target population comprised the inhabitants of the surrounding neighbor-
hoods of TransMiCable stations that use one or more of the assessed
micro-environments as modes of their trips (19,836 trips at baseline and
31,730 at follow-up).

2.4.1. Monte Carlo simulation model parameters
We simulate the inhaled dose Dk

j for each air pollutant j ∈ P per manda-
tory trip k ∈ T, where T is the set of multimodal trip types assessed and P is
the set of air pollutants evaluated. As each trip is a conjunction of two or
more of the assessed transport modes in the set (of modes) M, the inhaled
dose is based on the measured inhaled dose of pollutant j in mode i ∈ M

per unit time in eachmode, bD
j
i, (described in Section 2.3.2), and the charac-

teristics of mandatory trips, such as the sequence of modes Mk used in a
given trip k ∈ T and the travel time per mode Δti. The inhaled dose per
trip is calculated as the sum of the contribution from the different modes
in the trip, i.e.,

Dj
k ¼ ∑

i∈Mk

bD
j
i � Δti,∀k ∈ T , j ∈ P (2)

where the sum runs over the multiple modes of the trip, Mk, and Δti is the
time spent at eachmode. Therefore, to estimateDk

j in away that is represen-
tative of the typical trips carried out in the area of study, it is necessary to
use available data on the travel time per mode of each trip. Therefore, we
Fig. 3. Time series of an air pollutant exposure measurement session conducted in Ciud
shown in black; gray shading shows time periods during which the mode was “walkin
represent changes in each microenvironment. The numbers in the shaded region are th
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used data from the TrUST Survey (Sarmiento et al., 2020) and the Mobility
Household Survey for 2019 (Freedson et al., 1998) to calculate travel-time
distributions for each mode of each multimodal trip.

The Mobility Household Survey is administered by Bogotá's Mobil-
ity Secretariat and collects data on total travel times and daily trips
for the entire city. From this survey, we could establish the main multi-
modal trips of interest for the study, the number of trips per day per
multimodal trip, and the total travel time for a representative sample
of our study area. Further details on the selection process of multimodal
trips can be found in Appendix A. For this study, we only included two-
and three-stage trips, where each stage represents a specific transport
mode.

Although the Mobility Household Survey provides valuable informa-
tion, it is impossible to retrieve travel time per trip-stage, only the total
travel time. To circumvent this limitation, we used data from the TrUST
Survey, which has detailed information for trips in the area of interest, in-
cluding travel times permode of transport and by trip. However, the sample
size for the TrUST survey ismuch smaller than that of the Travel Household
Survey. Hence, we harmonized the data from the two surveys by estimating
time distributions for each transport mode for each trip from the TrUST
Survey for consistency with the total travel time reported in the Travel
Household Survey.

Using a kernel density estimation, we estimated the probability density
function of the travel time per multimodal trip stage. Appendix B describes
the methodology used to estimate travel times. We calculated the percent-
age of commuters at baseline and follow-upwith the Travel Household Sur-
vey and the TrUST Survey.

We compared the total travel times for multimodal trips estimated with
the simulation model with the total travel times from the Travel Household
Survey data using the nonparametric Wilcox-Mann-Whitney to check the
consistency of the travel time estimations.
ad Bolívar on October 01, 2018. The time periods on board the BRT feeder bus are
g”; white corresponds to time spent at the BRT terminal station. The dotted lines
e mean concentration for that specific microenvironment.
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2.4.2. Monte Carlo simulation model
The model comprises several steps. First, we estimate the number of

trips per day per multimodal trip and the travel time distributions for
each mode of each trip. Second, the model generates the first replica-
tion, representing a typical day. The model creates N commuters as
trips per day for each replication and assigns them a multimodal trip,
representing the trips per day estimated from the Mobility Household
Survey. The commuter travels through every transport mode of the se-
quence, recording the travel time spent in each mode. Then, the model
computes for each commuter the aggregated inhaled dose for the trip
for each air pollutant. The number of commuters per trip is representa-
tive of the population under study. Third, after the last commuter
finishes the trip, the model estimates the mean inhaled doses per pollut-
ant per multimodal trip. Fourth, the model creates a new replication and
estimates the mean inhaled doses for that replication. The simulation
model performs several replications to guarantee a confidence interval
of 95 %. After estimating the mean inhaled dose per multimodal trip
for each replication, the model estimates a mean inhaled dose per mul-
timodal trip per air pollutant with the results of all the replications and
estimates confidence intervals. We designed and developed the model
in the R software version 4.1.2 (R Core Team, 2019). Fig. 2 shows the
flow diagram of the simulation model.
2.4.3. Experiment design for estimating mean inhaled doses per multimodal trip
To estimate the mean inhaled dose of PM2.5, eBC, and CO changes, we

compared the estimated inhaled dose for two-stage and three-stage multi-
modal trips at baseline and follow-up. We also compared trips at base-
line that contain “Bus” or “Feeder” as the first stage with those at
Fig. 4. Time series of a monitoring session during follow-up conducted in Ciudad Bolivar
shown in shading. Samplings inside the TransMicable are shown in black, in gray when
station. The dotted lines represent changes in each microenvironment. The numbers in
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follow-up that have “Cable car” as the first stage and maintain the
other stages as in baseline. We used t-tests for each comparison. We ap-
plied the t-test to establish whether the mean trip inhaled dose differ-
ences are significant.
3. Results

3.1. Personal exposure

An example post-processed data time-series obtained during sampling
sessions are shown in Fig. 3 (for Feeder Bus) and in Fig. 4 (for cable-car).
The data is partitioned according to the specific micro-environment
being measured at the time. The concentration of PM2.5, eBC, and CO
were often strongly correlated, suggesting a common origin for these
pollutants, very likely traffic-related. Furthermore, the observations
show that concentrations inside the motorized modes are often higher
than outside. This can be seen in Fig. 3 as a rapid increase in the concen-
tration of PM2.5, eBC, and CO when a BRT feeder bus is boarded, likely
due to poor fresh air exchange rates inside the cabins of public transport
buses. In contrast, while walking outdoors, exposure is often lower due
to the rapid dispersion of polluted plumes, even when next to busy
roads.

During the follow-up, once TransMiCable was operating, we found that
the exposure to eBC, PM2.5, and CO measured for the TransMiCable
were lower than those of any other mode considered, with a mean of
5.2 μg m−3 of eBC and 32.6 μg m−3 of PM2.5 inside the cable car cabins.
TransMiCable concentrations were significantly different from those in all
the other modes, including pedestrian mode. A typical monitoring data
on September 12, 2019. The periods corresponding to different stages of the trip are
the people in the field were walking, and in white the position at the BRT terminal
the shaded region are the mean concentration for that specific stage in the trip.
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time series when TransMiCable is sampled shows that the moments inside
the cable car cabins have low levels of air pollutants and exhibit lower var-
iations (Fig. 4). Detailed analysis of the measurements shows that increases
in the in-cabin air pollutant concentrations are due to the proximity of the
intermediate TransMiCable stations, where the laterally sliding doors of the
cabin open up, allowing the entry of outside air.

Data obtained from the nearby air quality monitoring site shows that
urban ambient PM2.5 concentrations only varied slightly between the base-
line (19.7 μg m−3) and follow-up (16.7 μg m−3) campaigns. This suggests
that the changes observed in-cabin are more likely explained by the micro-
environmental conditions and were not significantly impacted by the urban
ambient levels.

Fig. 5 synthesizes the observed concentrations for the 211monitoredmi-
croenvironments measurements. We reported high exposure concentrations
in motorized modes such as BRT feeder buses, regular buses, and informal
vehicles. Themean PM2.5 concentration inside buseswas 87.0 μgm−3 across
baseline and follow-up, and eBC 28.2 μg m−3 for either bus type. In both
sampling campaigns, the two bus subsystems analyzed, BRT feeder and reg-
ular buses, were found to have similar PM2.5 concentrations, with statisti-
cally indistinguishable medians. eBC concentration across modes shows
larger variability, with informal transport vehicles having the lowest eBC
among motorized modes, likely due to the use of refurbished Compressed
natural gas (CNG)-powered engines, which are expected to produce little
soot. These concentrations are consistent with what has been observed in
other studies in the city, which have reported median in-bus PM2.5 concen-
trations between 79.3 and 92.9 μg m−3, as well as eBC concentrations be-
tween 55 and 74 μg m−3 (Morales Betancourt et al., 2017).
Fig. 5. Exposure concentration for PM2.5 (in μgm−3), eBC (μgm−3), and CO (in ppm)
in each transport mode, (1) BRT Feeder, (2) Regular Bus (3) informal transport,
(4) pedestrians, and (5) TransMiCable, for both data collection moments (baseline
and follow up). The diamond marker is the mean concentration for each category;
the horizontal full line represents the median. A nonparametric Mann-Whitney
mean difference test was performed. The test compares TransMiCable with each of
the transport modes only at follow-up. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P≤ 0.0001.
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Compared to BRT feeder buses, the mean in-cabin TransMiCable PM2.5

and eBC concentrations were 30 μg m−3 and 12 μg m−3 lower, respec-
tively. On average, the measured concentrations inside the cable car cabins
are slightly lower than the background concentrations.

Pedestrian exposure was the lowest among the modes available before
the cable implementation during the baseline. The relatively lower expo-
sure for pedestrians has been observed in other studies, likely due to the
better ventilation when compared to the enclosed cabins of other transport
modes, as shown in Fig. 5.

We observed significant statistical differences across all modes
(P < 0.05) except for the BRT feeder and regular buses. This difference is
consistent with the fact that both bus services are diesel-powered and
cover similar routes. A summary of the significance of this test is included
in Appendix C.

3.2. Simulated inhaled dose

3.2.1. Selection of multimodal trips and commuters distribution
We used the methodology described in Section 2.4.1 and Appendix A to

select the multimodal trips evaluated and the commuters' distribution. Due
to changes in the use of multimodal trips between baseline and follow-up
and the inclusion of the cable car as a follow-up transport mode, we were
able to assess the inhaled dose for five multimodal trip types at baseline
and follow-up. We assessed the following multimodal trips for baseline
“Feeder – Bus”, “Feeder – BRT”, “Bus - BRT”, “Informal – Bus”, and “Feeder
– BRT – Bus”; and follow-up “Feeder – Bus”, “Feeder – BRT”, “Cable car –
Bus”, “Cable car – BRT”, “Cable car – BRT – Walk”, “Cable car – BRT –
Bus”. Table 1 shows commuters' distribution for each trip at baseline and
follow-up.

For the statistical analysis, we compared multimodal trips “Feeder –
Bus”, “Feeder – BRT”, and “Feeder – BRT – Bus” at baseline with “Cable
car – Bus”, “Cable car – BRT”, and “Feeder – BRT – Bus” at follow-up, re-
spectively. In addition, multimodal trips “Bus - BRT”, “Informal – Bus”,
and “Cable car – BRT – Walk” were evaluated either at baseline or follow-
up. However, their results are used only in the two-stage and three-stage
comparisons due to a lack of information.

3.2.2. Travel time evaluation
Our travel time estimations fallwithin the confidence interval of theTravel

Household Survey, demonstrating the consistency between both surveys at
the total travel time estimations level. Furthermore, baseline and follow-up es-
timated travel times fall within the same confidence interval (CI), suggesting
no significant changes in the travel time for multimodal trips when transport
modes did not change because of the intervention. However, trips that include
the cable car in one stage have shorter travel times than those that do not in-
clude the cable car. For the baseline campaign, the mean travel time for two-
stage trips was 125.5 min (95 % CI: 120.03–131.08), while the mean travel
time for three-stage trips was 137.9 min (95 % CI: 133.16–142.57). For the
follow–up campaign, the mean travel time for two-stage and three-stage
trips that included the cable car is 98.4 (95 % CI: 95.29–101.49). This value
Table 1
Distribution of commuters according to the mode combination used in multimodal
trips.

Percentage of trips per multimodal trip

Mode combination Baseline Follow-up

Feeder – Bus 1.32 % 0.49 %
Feeder – BRT 84.61 % 39.74 %
Bus – BRT 6.19 % –
Informal – Bus 3.75 % –
Feeder – BRT – Bus 4.14 % –
Cable car – Bus – 1.47 %
Cable car – BRT – 40.32 %
Cable car – BRT – Walk – 8.66 %
Cable car – BRT – Bus – 9.33 %
Total commuters 19,836 31,730



Table 2
Estimated inhaled dose per trip (Dtrip

j ) for air pollutants considered in this study.

Inhaled dose per trip

Type of multimodal trip PM2.5 dose (μg/trip) eBC dose (μg/trip) CO dose (mg/trip)

Baseline Follow-up Baseline Follow-up Baseline Follow-up

Mean Median
(Q1–Q3)

Mean Median
(Q1–Q3)

Mean Median
(Q1–Q3)

Mean Median
(Q1–Q3)

Mean Median
(Q1–Q3)

Mean Median
(Q1–Q3)

Feeder – BRT 166.1 166.7
(163–175)

153.1 157.6
(149–158)

81.0 80.8
(79–85)

74.5 76.8
(72–77)

6.3 6.3
(6.1–6.5)

5.8 5.9
(5.7–6.0)

Feeder – BRT – Bus 201 202.2
(198–203)

– – 100.7 101.6
(100−102)

– 8.2 8.3
(7.8–8.3)

– –

Feeder – Bus 103.7 104.7
(102–105)

89.9 91.0
(88–95)

54.3 54.7
(53–55)

47.2 48.1
(46–50)

4.6 4.7
(4.6–4.7)

4.1 4.3
(4.0–4.4)

Cable car – BRTa – – 141.8 140.3
(134–144)

– – 68.7 68.7
(65–70)

– – 5.1 5.0
(4.8–5.1)

Cable car - BRT - Bus – – 144.2 147.4
(139–148)

– – 71.4 72.6
(68–73)

– – 5.2 5.3
(5.0–5.4)

Cable car – Bus – – 77.3 76.7
(72–79)

– – 40.7 40.3
(37–42)

– – 3.6 3.5
(3.3–3.7)

Two-stage trips 148.4 144.9
(112–180)

114.0 117.3
(83–148)

68.4 65.2
(55–90)

57.3 60.1
(43–72)

6.1 6.1
(5.2–7.1)

4.5 4.7
(3.8–5.5)

Three-stage trips 197.0 189.5
(187–201)

143.6 145.7
(138–148)

96.4 93.7
(90–101)

69.1 70.1
(68–73)

7.6 7.5
(7.3–8.2)

5.2 5.3
(5.0–5.4)

Note 1: Values in blank represent insufficient data to estimate those multimodal trips' travel time in each campaign.
Note 2: We only include multimodal trips with at least two stages, as those are the ones that include motorized vehicles or the cable car.

a The cable car is a feeder of the BRT system in the follow-up measurement.
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is 102.8 (95%CI: 100.60–104.92) for trips that do not include the cable car as
a transport mode.

With the collected information from the baseline and follow-up
campaigns, we estimated the inhaled dose per trip for up to tenmodal com-
binations. Appendix D summarizes the travel time estimations for the mul-
timodal trips evaluated.

3.2.3. Inhaled dose per trip estimation
We estimated the inhaled doses of PM2.5, eBC, and CO per trip for each

multimodal trip per campaign. Table 2 summarizes the potential inhaled
dose estimations (mean and quantiles) for each multimodal trip, as well
as two-stage and three-stage trips overall. Fig. 6 summarizes the inhaled
dose estimations per trip (mean and quantiles) for PM2.5, eBC, and CO for
each two-stage multimodal trip before and after the implementation of
TransMiCable.

The two-stage trip “Feeder-Bus” has the lowest inhaled dose per trip
(PM2.5: 103.7 μg/trip; eBC: 54.3 μg/trip; CO: 4.6 mg/trip) among all
baseline multimodal trips. Likewise, the comparable two-stage trip “Cable
car-Bus” has the lowest inhaled dose per trip (PM2.5: 77.3 μg/trip; CO:
40.7 μg/trip; eBC: 3.6mg/trip) among all follow-up and baselinemultimodal
trips.

When analyzing trips by the number of stages at baseline, the esti-
mated PM2.5 inhaled dose in two-stage trips is significantly lower than
in three-stage trips (148.4 μg/trip vs. 197.0 μg/trip). Likewise, the esti-
mated eBC inhaled dose is significantly higher for three-stage trips than
for two-stage trips (96.4 μg/trip vs. 68.4 μg/trip). When analyzing at
follow-up, two-stage trips have a smaller mean inhaled dose than
three-stage trips overall air pollutants assessed (PM2.5: 114.0 μg/trip
vs. 143.6 μg/trip; eBC: 57.3 μg/trip vs. 69.1 μg/trip; CO: 4.5 mg/trip
vs. 5.2 mg/trip).

Lastly, as shown in Fig. 6, trips that include “Cable car” present a signif-
icantly lower mean inhaled dose per trip in PM2.5 and eBC, compared with
the comparable multimodal trip with “feeder” as the first stage.

4. Discussion

Our results show that innovations in urban transport, such as
TransMiCable, can reduce commuters' exposure to traffic-related air pollut-
ants. Specifically, we found that the cable car is the transport modewith the
9

lowest personal exposure to PM2.5 and eBC. The concentration inside the
cable car cabins is even lower than for pedestrians, which is surprising as
most studies have shown higher concentration inside the cabins of trans-
port modes. The mean in-cabin cable car concentrations of PM2.5 and eBC
were 62 % and 82 % lower than those found in buses, respectively (BRT
feeder or regular buses). Furthermore, cable car users experienced concen-
trations of PM2.5 and eBC 3.1 and 4.2 times lower, respectively, when com-
pared to informal transport users. In addition, pedestrians have the second-
lowest exposure.

TransMiCable reduced commuting times, traveling 3.34 km in only
13 to 17 min. This represents a 50 % reduction in commute time com-
pared to when traveling the same distance using other transport
modes. This reduction in commuting times and the much lower expo-
sure concentrations result in a decrease in inhaled doses for cable car
users. The cable car impact on the inhaled dose was most evident
when we analyzed the cable car as a BRT feeder substitute. The de-
crease in inhaled dose experienced by commuters in “Feeder - Bus”
multimodal trips that replaced the first bus stage by the cable car,
i.e., “Cable car - Bus” combination, was 26.4 μg/trip and 13.6 μg/trip
lower for PM2.5 and eBC, respectively. These reductions in inhaled
dose are relevant considering they are driven mainly by a change of
transport mode choice. The decrease in the PM2.5 inhaled dose is
roughly 12 % of the 227 μg/trip (Morales Betancourt et al., 2019) in-
take dose estimated for a person exposed for 24 h to the daily PM2.5

WHO guideline concentrations. The implementation of TransMiCable
and its urban transformations in Bogotá are likely to significantly re-
duce air pollution exposure for populations living in semi-informal set-
tlements in transport microenvironments as it is related to a shift in
transport modes and a reduction in waiting and travel times for the
users of TransMiCable.

Recent research has also demonstrated significant reductions in per-
sonal exposure to air pollutants following a technological upgrade of the
BRT fleet (Morales Betancourt et al., 2022). The commuter exposure reduc-
tions achievedwith the implementation of TransMiCable further contribute
to a decrease in air pollution exposure in the city and suggest that interven-
tions to implement cleaner transport alternatives can have rapid and sub-
stantial benefits.

The results of this study are consistent with previous literature showing
lower concentrations of traffic-related air pollutants for commuters using
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electric-powered public transportmodes. In particular, Andersen et al. (2019)
found that commuters on an electric train have 83-, 97-, and 53-times lower
exposures to BC, ultrafine particles, and PM2.5 than those commuting on a
diesel train. Similarly, Liu et al. (2015) found that commuters in an electric
subway have 31 times lower PM2.5 exposure than commuters in a diesel
bus. Similarly, personal exposure to PM2.5, ultrafine particles, and BC in a
hybrid diesel/electric bus was significantly lower than in diesel buses
(van Ryswyk et al., 2020). Although the aerial cable car and other electric
public transport modes may differ in some features, they are similar in
10
combustion-related air pollutants, given that they do not use fuel to power
the engines.

Although the impact of the cable car on exposure to traffic-related air pol-
lutants in transportmicroenvironments is limited to its riders, given that a lit-
tle over twenty thousand passengers use this transport mode per day and the
low exposure levels reported in our work, we would expect a significant
health impact of the cable car implementation for the population in
the study area. In addition, given the high demand for this transport al-
ternative, we expect the implementation of similar projects in the city to
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expand the effects of reduced commuter exposure to other communities.
Today, there are plans to build nine additional cable car lines in Bogotá.

Urban transformations such as the cable car have emerged as an al-
ternative to connect underserved neighborhoods located on terrains
where steep slopes and hilly topography limit the development of
other forms of transport (van Ryswyk et al., 2020; Carlet, 2016). Besides
the positive environmental impacts of this system shown in this study,
several social impacts are also expected due to improvements in the ac-
cess of the served neighborhoods to other locations, as well as increased
subjective well-being and social capital, and greater access to work and
education opportunities that might enhance the overall quality of life
(Carlet, 2016). These results are especially important for informal set-
tlements, where is estimated over 1 billion people live worldwide,
many of them in hilly topography. Thus, the implementation of cable
car systems along with further urban transport modernization initia-
tives in Bogotá, including the operation of a large fleet of electric-
powered buses, the BRT fleet renewal process, and the implementation
of other cable car systems, will likely result not only in substantial lower
commuter exposures but also in positive air pollution, health, and social
impacts.

5. Limitations

Despite the strengths of this study, there are some limitations. First, we
did not estimate changes in commuters' health outcomes associatedwith re-
duced exposure to air pollutants due to the introduction of the cable car.
While no previous studies assess the health impacts of this transport innova-
tion, previous studies have documented health benefits resulting from re-
ductions in traffic-related air pollution due to interventions to reduce
traffic volume and congestion in London and Stockholm (Johansson
et al., 2009; Tonne et al., 2008). Lastly, the inhaled dose per trip obtained
in this studymight be slightly underestimated since this was only estimated
formandatory trips, usually trips for education orwork purposes. However,
according to the Bogotá Travel Household Survey, trips for education and
work represent >48 % of daily trips in Bogotá (Secretaría Distrital de
Movilidad, 2019).

6. Conclusion

We assessed the changes in personal exposure to traffic-related air pol-
lutants attributable to the implementation of a new cable car system in
Bogotá. The assessment was performed by combining in-situmeasurements
of personal exposure of PM2.5, eBC, and CO in several transport mode alter-
natives, including the cable car. The field campaigns were carried out in
two stages, one before (baseline) and one after (follow-up) the implementa-
tion of the cable car system. Thesemeasurements were then combinedwith
detailed travel patterns information derived from two surveys, a city-wide
Travel Household Survey and a smaller survey focused on the study area
carried out specifically for this project.

We observed that the concentration of all pollutants inside the cable car
cabins was the lowest among all the transport modes considered. The aver-
age concentration of PM2.5 was 32.6 μg/m3, and for BC was 5.2 μg/m3.
These values are much lower than those observed inside the public trans-
port buses in the area, for which the PM2.5 and eBC concentrations were
87.0 μg/m3 and 28.2 μg/m3, respectively.

The estimation of the inhaled dose for commuters in the study area
through a Monte Carlo simulation model shows that for trips where
the cable car substituted a feeder ride, there are significant reductions
in inhaled dose for all air pollutants analyzed. For example, the net re-
duction in inhaled dose amounts to 25.5 μg/trip for PM2.5 and 13 μg/
trip for eBC. Similarly, significant reductions were observed for other
multi-stage trips for which a cable car ride replaced one such stage
after it was implemented.

Findings from this study have important public health implications. First,
cable car interventions might be part of an agenda of urban transformations
in developing countries contributing to ambient, health, and social benefits.
11
Due to cleaner technology, the implementation of aerial cable carsmight con-
tribute to reductions in ambient air pollutants, thus contributing to the Sus-
tainable Development Goals (SDG 11) in low and middle-income countries.
Second, this study shows that the cable car also results in lower commuters'
exposure to air pollution in transport microenvironments, likely resulting in
potential health benefits for users. Third, social benefits for underserved pop-
ulations might result from this transport intervention, especially by
connecting them with greater opportunities to improve their living condi-
tions. Fourth, the results of this study support informed decision-making to
implement additional cable cars in underserved and poorly connected neigh-
borhoods in Bogotá and similar urban areas in Colombia.
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Appendix A. Flow diagram of selection of multimodal trips
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Appendix B. Flow diagram for estimation of travel times
AppendixC. P values resulting from theWilcoxon-Mann-Whitney test. Significance is observed for each of the tests betweenmodes, considering a
95 % confidence interval
Wilcoxon-Mann-Whitney test for equality of means
P-value
B
R
In
C

BRT feeder
 Regular bus
13
Informal
 Cable car
 Pedestrian
RT feeder
 –
 0.058
 0.030
 2.7.E−06
 1.4.E−14

egular bus
 –
 –
 9.2.E−05
 1.5.E−07
 2.2.E−16

formal
 –
 –
 –
 2.2.E−04
 1.4.E−03

able car
 –
 –
 –
 –
 0.022

edestrian
 –
 –
 –
 –
 –
P
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Appendix D. Travel time per multimodal trip
Travel time per modal share
Modal share
Fe
Fe
B
In
Fe
C
C
C

No. stages
 Travel household survey
14
Baseline estimated
 Follow up estimated
Travel time (minutes)
 Travel time (minutes)
 Travel time (minutes)
95 % CI
 95 % CI
 95 % CI
eder – Bus
 2
 [0–227.06]
 [108.17–115.54]
 [103.33–110.12]

eder – BRT
 2
 [98.73–111.72]
 [105.98–111.63]
 [100.50–105.55]

us – BRT
 2
 [64.32–161.68]
 [114.19–154.91]
 –

formal – Bus
 2
 –
 [108.17–115.54]
 –

eder – BRT – Bus
 3
 [36.75–198.24]
 [140.42–151.30]
 –

able car - Bus
 2
 –
 –
 [93.74–103.09]

able car – BRT
 2
 –
 –
 [92.74–100.88]

able car – BRT – Walk
 3
 –
 –
 [98.72–106.14]

able car – BRT – Bus
 3
 –
 –
 [95.41–101.00]
C
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