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o Particle number size distribution recorded at 9 different metro platforms.
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e At operating hours, coarse particles less abated than UFP by tunnel ventilation.

o The control of coarse particles should be a priority at the metro system.
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An extensive air quality campaign was performed at differently designed station platforms in the Bar-
celona metro system, aiming to investigate the factors governing airborne particle number (N) con-
centrations and their size distributions. The study of the daily trends of N concentrations by different size
ranges shows that concentrations of Ng3_19 are closely related with the schedule of the metro service.
Conversely, the hourly variation of Nggo7-10 (mainly composed of ultrafine particles) could be partly
governed by the entrance of particles from outdoor emissions through mechanical ventilation. Mea-
Keywords: suref’nen'ts under different. ventilation settin.gs fat three metro platforms revegl that‘ the '.effect on air
Metro system quality linked to changes in the tunnel ventilation depends on the station design. Night-time mainte-
UFP nance works in tunnels are frequent activities in the metro system; and after intense prolonged works,
these can result in higher N concentrations at platforms during the following metro operating hours (by
up to 30%), this being especially evident for Ni_1o. Due to the complex mixture of factors controlling N,
together with the differences in trends recorded for particles within different size ranges, developing an
air quality strategy at metro systems is a great challenge. When compared to street-level urban particles
concentrations, the priority in metro air quality should be dealing with particles coarser than 0.3 pm. In
fact, the results suggest that at narrow platforms served by single-track tunnels the current forced tunnel
ventilation during operating hours is less efficient in reducing coarse particles compared to fine.

© 2017 Elsevier Ltd. All rights reserved.

Size distribution
Forced ventilation

worldwide. In major cities, metro can be viewed as a transport
lifeline, relieving road traffic congestion (Vasconcellos, 2001). They

1. Introduction

Metro systems are main transportation modes and typically
serve billions of commuters annually in metropolitan areas
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also reduce air pollution above ground, thus Silva et al. (2012)
concluded that a metro strike in Sao Paulo led to a significant in-
crease in daily mean particulate matter (PM) mass concentrations
due to extra road traffic. However, the underground system is a
confined space that may cause a concentration of contaminants,
either infiltrating from the outside atmosphere or generated
internally. In this context, a number of studies have been conducted
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to assess the levels of air pollutants and their chemical composi-
tions. Generallyy, PM mass concentrations in metro systems,
whether on platforms or inside trains, have been found to be higher
when compared to those in adjacent outdoor air (Martins et al.,
2015a and references therein).

It has been argued that current levels of PM in metro systems
are unlikely to lead to any significant excess health effects in
commuters (Nieuwenhuijsen et al., 2007 and references therein).
Moreno et al. (2017) reported a low oxidative potential in metro
samples from Barcelona compared with outdoor air. Conversely,
some studies have shown evidences of a significant toxicity. For
example, Steenhof et al. (2011) concluded that the underground PM
samples caused the largest decrease of metabolic activity compared
to traffic and urban background PM. Karlsson et al. (2008) also
reported that, compared to outdoor PM, metro PM is more geno-
toxic and induces oxidative stress in cultured human lung cells. In
the Paris metro system, Bachoual et al. (2007) concluded that lung
inflammatory and structural cells could be targets of metro PM
exposure. Consequently, it is reasonable to conclude that PM con-
centrations at metro systems should be controlled and reduced
where possible.

The first comprehensive metro air quality study was conducted
in Boston at the end of the 1980s (Chan et al., 1991) and focused on
exposure to gasoline-related volatile organic compounds (VOCs).
This work was followed by further studies assessing levels of
different air pollutants in metro systems. After more than a decade
of research, different air pollutants such as different size modes of
PM mass (Furuya et al., 2001; Seaton et al., 2005; Park et al., 2012;
Querol et al., 2012), PAHs (Furuya et al., 2001), CO (Cheng and Yan,
2011), NO3 (Klepczynska-Nystrom et al., 2012), O3 (Wad, 2002),
metals (Kang et al., 2008; Karlsson et al., 2008; Park et al., 2012;
Querol et al., 2012; Moreno et al., 2014; Martins et al., 2016a,b),
and different biological pollutants (Wad, 2002; Hwang and Park,
2014; Triado-Margarit et al., 2016) have all been measured using
off-line samplers and/or real-time monitors. A search on SCOPUS
using the combined keywords “air quality”, “metro system”, and
“exposure” results in more than 65 publications in the past 10
years. However, publications on particle number (N) concentrations
in metro systems both at platforms and inside trains are more
limited (Levy et al., 2002; Birenzvige et al., 2003; Aarnio et al.,
2005; Seaton et al., 2005; Cheng et al., 2009; Ma et al., 2012;
Klepczynska-Nystrom et al., 2012; Gustafsson et al., 2012;
Midander et al., 2012; Onat and Stakeeva, 2013; Colombi et al.,
2013; Suarez et al., 2014; Cusack et al., 2015). Commuting studies
have reported a higher particle size mode in metro systems
compared with other transport modes and with those reported for
urban backgrounds (Moreno et al., 2015).

Several studies have concluded on a lack of correlation of PM
mass and N concentrations, which implies different sources and/or
formation processes for particles in different size ranges
(Morawska et al., 1998; Mejia et al., 2008). PM mass is dominated by
coarse particles (>1 um) and provides little information about

Table 1
Specifications of the instruments deployed for this study.

ultrafine particles (UFP; <0.1 um). UFP often contribute only a few
percentage to the mass, at the same time contributing to over 80%
of N. Therefore, the focus of a study differs widely when measuring
one or another parameter.

The main goal of this study is the characterization of N con-
centrations in different size ranges in the metro system of Barce-
lona (Spain) in order to assess the influence of key parameters,
mainly station design, ventilation settings, number and location of
ventilation grills and train frequency. Thus, intensive monitoring
campaigns have been carried out at 9 different platforms and
different seasonal periods, accounting for specific features.

2. Methodology
2.1. Instrumentation

Different particulate matter size distribution instruments are
often used to extend the measured size range within a single study,
thus implying that the values they provide are comparable and
complementary (Price et al., 2014). For this study, an Optical Par-
ticle Sizer (OPS 3330; TSI) and an Electrical Low Pressure Impactor
(ELPI; Dekati) were used. Specifications on each instrument are
summarized in Table 1. Maintenance services were routinely per-
formed, including the cleaning of the charger and the impactor of
the ELPI, in order to avoid changes in the cut points and particle
bouncing effects. It is important to note that while OPS is based on
the optical diameter, ELPI classifies particles according to their
aerodynamic diameter. Different types of particles have distinct
relationships between optical and aerodynamic diameters (Chien
et al., 2016), which could result in important differences between
instruments which are necessary to be characterized and taken into
account when interpreting measurements.

The linear regression shows poor agreement between both
pieces of equipment OPS and ELPI for N concentrations calculated
over similar size ranges (0.374—10 um as reported by OPS, and
0.384—10 pm as reported by ELPI; Figure S1). The study of the
relationships by size ranges reveals that temporal trends between
OPS and ELPI are more similar when each range of the OPS is
compared with the immediately higher one of the ELPI. The R? of
the linear regression between equipments increases by 25% and
the slope is closer to one when the selected size range for ELPI is
0.616—10 pm (the lower selected stage being 0.616—0.953 pm
instead of 0.384—0.616 pm; Figure S1). As the aerodynamic
diameter is highly affected by density, one possible reason for this
is that ELPI could slightly overestimate particle sizes due to the
high density of metro particles, which ranges from 2.3 to
3.1 g cm~3, based on their chemical composition (Martins et al.,
2015b). On the other hand, the occurrence of particle re-
entrainment (bounce), as the surface was not coated during
sampling, could also lead to certain errors in the size classification
in spite of the routine maintenance. Accordingly, regarding data
reported by the ELPI, the interpretation will mainly focus on total

ELPI

OoPs

Measurement principle
Particle size range 0.007—10 um

Size uncertainty 4% in cut-off diameter®
Size channels 12

(0.007—-0.056; 0.056—0.094; 0.094—-0.156; 0.156—0.263;

0.263-0.384; 0.384—0.616; 0.616—0.953; 0.953—1.61;
1.61-2.4; 2.4-4.01; 4.01-6.62; 6.62—10)

Flow rate 30 L min~!

Impactor technology with particle charging and electrical detection

120° light scatter and filter sampling

0.3—10 pm

5% at 0.5 pm

16

(0.300—-0.374; 0.374—0.465; 0.465—0.579; 0.579—0.721; 0.721-1;
1-1.2; 1.2—-1.4; 1.4-1.732; 1.732-2.156; 2.156-2.5; 2.5—3.343;
3.343—-4.162; 4.162—5.182; 5.182—6.451; 6.451—8.031; 8.031-10)
1.0 L min~'; +5% accuracy

2 Pagels et al., 2007.
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particle N concentrations (Ng007-10), Which mostly accounts for
UFP (>80%).

All the instruments were placed at the end of each platform
corresponding to the train entry point, far from the passengers'
access-to-platform point, and behind a light fence for safety pro-
tection. This location was selected to minimize obstruction to the
commuters while representative measurements were performed
without interruption. The aerosol inlets were placed at roughly
1.5 m above the platform ground level.

Continuous measurements (24 h day~'; 7 days per week) with a
5-min time resolution were performed using the OPS. On the other
hand, the ELPI was scheduled to measure only two weekdays each
week to avoid impaction substrate saturation (which can cause the
equipment to shut down), with a 5-s time resolution. The particle
collection into each impactor stage of the ELPI was carried out onto
one aluminium foil per week. Particles on the aluminium foils were
extracted using cotton soaked with ethanol. The resulting sub-
strates corresponding to the particle size ranges between 0.007 and
4 um were acid digested (HF:NO3:HClO4, 2.5:1.25:1.25 mL) and
subsequently analyzed by Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES) and Mass Spectrometry (ICP-MS)
to determine major and trace elements, respectively. Substrates
corresponding to the two highest stages (4—10 pm) were not
considered. A lower surface retention of particles was observed for
those larger sizes due to particle re-entrainment (bounce), as the
surface was not coated to avoid contaminating the later chemical
analyses. Laboratory blanks were routinely analyzed to account for
contamination potentially introduced during sampling or analysis.
In addition, a standard reference material (NIST 1633b) was added
to a fraction of a blank substrate as additional sample quality
control. In spite of the described limitations associated with the
ELPI size classification, the availability of results on chemical
composition represents a good approach to describe differences
between size ranges in order to identify potential sources. Thus, the
relative abundance of key components for the 0.007—0.094 (UFP)
and the 0.953—4.01 um fractions has been compared and will be
discussed.

Data on N concentrations recorded at an urban background
station (41°23'14” N, 02°06’56”E, 78 m.a.s.l) were used for com-
parisons. In spite of representing urban background conditions, this
station is affected by road traffic emissions from the Diagonal
Avenue (approximately 200 m distance), one of the largest avenues
in the city (100000 vehicles/working day; Ajuntament de
Barcelona, 2015). At this station, N concentrations were recorded
with a 3787 TSI WCPC, measuring total particles from 0.005 to
1 pm.

2.2. Sampling sites

The Barcelona metro system (managed by Transports Metro-
politans de Barcelona, TMB) absorbs around 50% of the urban
commuting load, transporting 1.25 million commuters on week-
days, with the average journey time being 15 min (TMB data).
Trains run from 5:00 h until midnight every day, with additional
services on Friday nights (finishing at 2:00 h on Saturday) and
Saturday nights (running all night long), and with a frequency
between 2 and 15 min, depending on the day (weekend or week-
day), metro line and time of day. Structural differences between
lines are notable, making this system especially interesting in terms
of air quality.

Currently, the Barcelona metro system comprises eight lines
with a total length of 124.5 km and including 157 train stations. The
new stations, in lines 9 and 10 (L9 and L10), have platforms sepa-
rated from the tunnel by a wall with mechanical doors (PSDs) that
are simultaneously opened with the train doors. Nine underground

stations accounting for distinct designs and located at six different
metro lines were selected for continuous monitoring (Fig. 1): Joanic
(L4), Santa Coloma (L1), Tetuan (L2), Llefia (L10), Sagrera, Sant
Illdefons (L5), Palau Reial, Maria Cristina and Tarragona (L3). The
architecture of the stations and tunnels is different for each station:
one wide tunnel with two rail tracks separated by a middle wall in
Joanic, Palau Reial and Maria Cristina stations, and without a
middle wall in Santa Coloma, Tarragona and Sant Ildefons, a single
narrow tunnel with one rail track in Tetuan, two wide tunnels with
one rail track separated by a middle platform at Sagrera, and a
single tunnel with one rail track separated from the platform by a
wall with platform screen door systems (PSDs) in Llefia (see Table 2
for further details about the selected stations). The study was car-
ried out during warmer (April-September) and colder periods
(October—March; Table 2), according to TMB ventilation protocols
to assess seasonal differences, as ventilation rates at tunnels are
higher during the warmer period.

2.3. Statistical methods

Non-parametric Mann-Whitney-Wilcoxon tests were carried
out in R programming language (www.R-project.org) to determine
the statistical significance of variations in N concentrations during
operating hours at a selected metro platform after modifying spe-
cific parameters, namely:

- Ventilation protocol.
- Night conditions (affected or not by intense maintenance/
renewal works).

3. Results

3.1. Particle number concentrations at platforms: characterization
by size range

A summary of N concentrations reported for different metro
systems worldwide, including those recorded in this study, is
shown in Table 3a and b. The selected particle size ranges in the
available studies varies widely, highly determining the reported
concentrations. As previously discussed, a lower cut size above
0.1 um implies not accounting for UFP. UFP generally represent over
80% of total N concentrations (Morawska et al., 1998). Thus, studies
in Table 3 are shown in two groups based on the lower cut size of
the selected measurement methods, finer (a) or coarser (b) than
0.1 um, in order to facilitate the comparison of N concentrations by
similar size ranges. UFP at platforms have usually been found to be
lower or similar to those reported in ambient air (e.g. Cheng et al.,
2009; Midander et al., 2012) and in other transport modes (Suarez
et al., 2014; Moreno et al., 2015).

Table 4 shows median concentrations recorded by OPS (Ng3-10)
and ELPI (Nggo7-10) at each station during metro operating hours
and distinguishing the colder and the warmer periods, as described
in Table 2. As can be observed, Ng3_19 concentrations vary widely
among stations, ranging between 62 and 148 #cm > during the
colder period and between 48 and 183 #cm~> during the warmer
period. The highest concentrations were measured in those sta-
tions belonging to the oldest metro tunnels of the system (L1, L3),
while the lowest concentrations were recorded in the newest
metro station with PSDs (Llefia). For the old stations under study, a
moderate correlation was obtained between Ny 3_1¢ concentrations
and the depth of each station (R* = 0.72; Figure S2).

In four of the selected stations, Ng3_19 measurements were
available both in the colder and in the warmer period. It is impor-
tant to note that ventilation rates at tunnels are always higher
during the warmer months (April—September) in all stations,
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Fig. 1. Map of the metro system of Barcelona indicating the selected metro stations.

Table 2
Main characteristics of the metro stations selected for this study.

Trains in the metro Number of )
Measurement period

Subway station Line Depth (m) Design line (frequency) accesses to

-Mean for weekdays-  platform Warmer Colder
Joanic L4 -7.6 ( 1 17 (4:36 min) 1 2 Apr-2 May 2013 28 Oct-25 Nov 2013
Llefia L10 -43.6 9 (6:00 min) 1 31 May-1Jul 2013 13 Jan-10 Feb 2014
Santa Coloma L1 -14.6 [ ] 25 (3:53 min) 1 1 Jul-30Jul 2013 10 Feb-10Mar 2014
Tetuan L2 -12.5 ( ) 17 (3:55 min) 1 2 May-31 May 2013 25 Nov-20 Dec 2013
Sagrera L5 -10.5 q_(\ 25 (3:38 min) 2 20 Jan-31 Mar 2015
Palau Reial L3 -14.2 r 1 24 (3:43 min) 2 1 Apr-14 May 2015
Maria Cristina L3 -13.7 r ] 24 (3:43 min) 2 14 May-10 Jun 2015
Tarragona L3 -14 r ] 24 (3:43 min) 1 10 Jun-1Jul 2015
Sant lldefons L5 -10.5 r 1 25 (3:38 min) 2 3 Feb-29 Feb 2016
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Table 3
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N concentrations reported for different metro systems worldwide, including concentrations recorded during this study (distinguishing the colder and the warmer mea-
surement periods). Studies have been classified in two groups based on the lower cut size of the selected measurement methods, finer (a) or coarser (b) than 0.1 um.

City Study

N (#cm~3) on platforms Method

(a)

Barcelona (Spain)
Boston (USA)

Helsinki (Finland)
London (UK)

Prague (Czech Republic)
Stockholm (Sweden)
Stockholm (Sweden)
Stockholm (Sweden)
Taipei (Taiwan)

Moreno et al., 2015

Levy et al., 2002

Aarnio et al., 2005

Seaton et al., 2005

Cusack et al., 2015
Klepczynska-Nystrom et al., 2012
Gustafsson et al., 2012

Midander et al., 2012

Cheng et al., 2009

23000 (0.01—-0.3 um)

25 000 (0.02—1 pm)

31000 + 14000 (0.01—0.5 pm)
14 000-29 000 (0.02—1 pm)

11 500 (0.014—0.637 pm)

8 960 + 660 (0.01—0.1 um)
900-6000 (0.01—0.7 pm)
7500-20 000 (0.014—0.33 pm)
15 500 (0.02—1 pm)

Electrical charging of particles
Condensation nucleus counter
Condensation nucleus counter
Condensation nucleus counter
Scanning mobility particle sizer
Scanning mobility particle sizer
Scanning mobility particle sizer
Scanning mobility particle sizer
Condensation nucleus counter

Barcelona (Spain) This study Colder: 12 500 (0.007—10 pm) Electrical low pressure impactor
(b)
Fukuoka (Japan) Ma et al., 2012 108-145 (0.3->5 um) Laser optical counter

Istanbul (Turkey) Onat and Stakeeva., 2013

Milan (Italy)
Washington D.C. (USA)
Barcelona (Spain)

Colombi et al., 2013
Birenzvige et al., 2003
This study

54-209 Rush hours
49-184 Non-rush hours
(0.3->0.5 pm)

124-220 (0.3->5 um)
100-1000 (>1 wm)
Warmer: 116 (0.3—10 um)
Colder: 100 (0.3—10 pm)

Optical counter

Optical counter
Laser optical counter
Optical sizer

Table 4

Summary of median and the interquartile range (25th—75th percentile) of Ng3_10 (OPS) and Ng007-10 (ELPI) concentrations at each station during metro operating hours,

distinguishing the colder and the warmer measurement periods.

Metro station Colder period

Warmer period

No.007-10 (#cm~3)

No3-10 (#cm3)

No3-10 (#cm~3)

Median 25th percentile 75th percentile Median 25th percentile 75th percentile Median 25th percentile 75th percentile

Joanic 17 520 8984.2 25527 89 66 110 75 52 104

Llefia 7060 4910 11 000 62 45 83 48 37 72

Santa Coloma 9246 6585 13 820 126 93 167 150 133 192

Tetuan 16 175 10 700 26 360 148 120 195 105 60 133

Sagrera 105 76 144

Palau Reial 183 145 220

Maria Cristina 122 98 156

Tarragona 130 102 155

Sant Ildefons 80 55 110

according to TMB ventilation protocols. The comparison of Ng3-19
concentrations by the different size ranges in these four stations is
shown in Fig. 2 and Table S1. For the sake of simplicity, N concen-
trations for each size range at each station have been normalized by
the average value for all stations to allow the combined comparison
of all size ranges between stations in Fig. 2. Namely, the mean N
concentration for a given size range and station has been divided by
the mean N concentration for the given size range at all the stations
(see Table S1 for absolute N concentrations). The most important
differences between the colder and the warmer seasonal periods
were observed in Tetuan and Llefia stations, where Ng3_19 con-
centrations were by 30—40% lower in the warmer period compared
to the colder, which is consistent with the higher ventilation rates
during the warmer period. It is especially remarkable the case of
Tetuan; while concentrations at this station were the highest in all
size ranges during the colder period, this was only true for particles
coarser than 1.4 um during the warmer period. The importance of
ventilation rates at tunnels to air quality in Llefia is somehow sur-
prising considering the presence of brand new full-length PSDs
which would be expected to inhibit air exchange between platform
and tunnel. However, recent works have already indicated that PSD
systems are not as effective at preventing contamination of the
platform by tunnel air (Martins et al., 2015a; Kwon et al., 2016). In
Joanic, decreases were recorded for all the considered size ranges

except for Ng3—o37 which were by 55% higher in the warmer
period. Conversely, in Santa Coloma, N concentrations for all size
ranges were always higher (by 20%) during the warmer period.
Thus, the influence of changes in ventilation rates differ widely
between stations, the reasons for these discrepancies may be
related to the design, depth and volume of the platforms, but
further research is needed.

The lowest Ng 3_19 concentrations in all size ranges measured in
Llefia station during both seasonal periods could be partly attrib-
utable to the design of the station equipped with PSDs, and espe-
cially to the lower train frequency and more advanced ventilation
setup.

No.007—10 data was only available during the colder period and in
four stations, with concentrations ranging between 7060 and
17520 # cm >, which is in the range of those measured in the
outdoor urban background of Barcelona (14 000 # cm™> on average
during the same period for Nggo5-1). The highest concentrations
were recorded at Joanic station, opposite to what was observed for
No3-10, and the lowest in Llefia (Table 4), when comparing the
same measurement periods. This variability could be due to the
expected distinct origin of particles in different sizes ranges.

Fig. 3 shows the averaged diurnal variation of Ngo07-10, No3-1;
Ni_25 and Ny 5_190 concentrations for the whole sampling period.
Similar daily trends of Nggp7-10 concentrations, which mainly
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Fig. 2. Comparison of N concentrations between stations for different size ranges
(0.3—10 pm) as measured by OPS during the colder and the warmer period.

*To better compare each size range between stations, N concentration, expressed as
dN/dlogDp, for each size range at each station has been normalized by the average
value for all stations. See Table S1 for further information.

represent UFP, were recorded at all the old stations, closely related
with the daily ventilation protocol. The typical ventilation protocol
at the old stations accounts for two periods: a) 7:00—22:00 h:
impulsion of outdoor air at platforms and extraction of indoor air in
tunnels, and b) 22:00—7:00 h: no ventilation at platforms and
impulsion of outdoor air in tunnels. The lowest concentrations of
UFP were recorded from 3:00—6:00 h, depending on the station,
which differ from the daily cycle of Ng3-19, whose concentrations
start increasing earlier, coinciding with the beginning of the metro
service. Important peaks of Nggg7—10 were recorded from 8:00 to
10:00 h and from 19:00 to 21:00 h. Concentrations of Nggg7-10
considerably decrease at 22:00 when the ventilation at the

platforms stops, while Ng3_10 concentrations remain more stable
and decrease with the end of the metro service (Fig. 3).

Conversely, the pattern is rather different in Llefia station, where
the highest Nggg7—10 concentrations were recorded at around
13:00—14:00 h, this peak can also be observed in the rest of stations
but not as markedly. Ventilation setups are more advanced in the
new stations; the only difference between day (6:00—23:00 h) and
night (23:00—6:00 h) settings consists in a lower number of
operating fans at platforms during nights. Both at platforms and
tunnels, ventilation includes slow extraction of indoor air and slow
impulsion of outdoor air.

Thereby, disagreements in the daily evolution of Nggg7-10 and
No3—10 suggest different origins. Hourly trends seem to indicate
that UFP could be partly governed by the entrance of particles from
outdoor emissions through mechanical ventilation, as increases do
not coincide with the beginning of metro operating hours but are
more closely related with road traffic rush hours.

According to the results, it should be noted that the nature of the
subway environment and the emissions taking place, together with
the possible contribution of outdoor sources, do not allow as yet to
statistically assure which are the factors controlling all the
observed differences in particles concentrations at platforms and to
what extent. Nonetheless, those clearer differences between sta-
tions allow giving an estimation of potential responsible factors, as
for example the favorable effect of the design of the newest plat-
forms of the system, with more advanced ventilation setups.

3.2. Chemical characterization

Martins et al. (2016a) assessed and quantified those chemical
components tracing the indoor and the outdoor source affecting
the metro system of Barcelona. Accordingly, elements can be
assigned to outdoor and metro sources, the latter including emis-
sions generated by the circulation of trains (rail tracks, wheels,
brake pads, catenaries [overhead electrical rails], and pantographs
[sprung mechanical link between the train and the electric rail]).
Authors concluded that the metro source is responsible for more
than 50% to the concentration of Al;0s3, Ca, Fe, Cr, Mn, Cu, Sr, Ba, Mg,
Li, Ti, Co, Zn, and Ce, with a clear dominance of Fe.

The relative contribution of selected inorganic chemical com-
ponents determined on samples collected by the ELPI is shown in
Fig. 4, distinguishing the size ranges 0.007—0.094 (UFP) and
0.953—4.01 pum (coarse particles). The most notable difference is
the high relative abundance of Fe in the 0.953—4.01 pm size range
compared with UFP, at all the stations. Fe is the most representative
tracer of train circulation-related sources, thus it seems to indicate
a relative small contribution of these sources to UFP.

On the other hand, the relative contribution of Ca is higher in the
ultrafine than in the coarse fraction, except at the newest station of
Llefia.

It is important to highlight the significant higher contribution of
S03", P and K to the UFP fraction compared to the coarse. These
compounds are typically associated to external sources (Querol
et al., 2012; Martins et al., 2016a), what also support the different
origins of UFP and coarse particles. Na has also a higher relative
contribution in the 0.007—0.094 size range at Joanic, Tetuan and
Llefia, while in Santa Coloma a small contribution to both fractions
was recorded.

Regarding trace elements, the fraction with the highest contri-
bution varies between stations. A common aspect at all the stations
in terms of trace elements is that Cu, Mn and Ba have a higher
contribution in the coarser fraction. These compounds have been
found to be closely related with wheel and brake abrasion (Mn, Ba),
and electric cable wear (Cu).
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Fig. 3. Mean daily cycle of N concentrations, expressed as dN/dlogDp, for particles in the size ranges 0.007—10 (as reported by ELPI), 0.3—1, 1-2.5, and 2.5—10 pm (as reported by

OPS) at Joanic, Tetuan, Llefia and Santa Coloma stations.

3.3. Time variation of N concentrations

Table 5 shows the kernel density plots of Nggo7—10 and Ng3-10
concentrations during weekdays for the colder and the warmer
periods and distinguishing between three different periods of the
day, based on the train frequency: non-operating hours
(0:00—5:00 h), hours with the maximum train frequency
(7:00-9:00 h), and hours with a standard train frequency

(10:00—21:00 h). These periods were selected not only based on
the train frequency but restricting them so that the ventilation
setup was homogeneous within each period at all the stations.

As can be observed, for Ng3_19 concentrations, two different
types of stations can be identified: (1) those clearly following the
expected daily trends, with the highest concentrations coinciding
with the maximum train frequency and the lowest at nights, and
(2) those with concentrations relatively similar between periods.
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Kernel density estimation of 5-min Ng 07-10 and Ng 3_10 concentrations for the two different measurement periods, colder and warmer, at all the selected metro stations, and
comparing three different periods of the day with differences in the number of trains running. The kernel density function estimates the probability density function of a

considered variable (Silverman, 1986). It was used as a known accurate method to study the distribution of a variable (Wand and Jones, 1994).
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During the period with the maximum train frequency, No3-10
concentrations are 2—65% higher on average than at night. This
wide range highlights important differences between stations.

When data in a specific station is available for both the warmer
and the colder periods, it can be seen that differences between
periods are less discernable during the colder period; this is espe-
cially true at Santa Coloma and Tetuan stations. Conversely, in
Joanic and Llefia, it is not as clear due to the high concentrations
recorded at nights during the warmer period. In a number of sta-
tions (e.g. Joanic, Llefia and Tarragona during the warmer period),
concentrations were found to reach higher values during nights
than from 10:00 to 21:00 h or even from 7:00 to 9:00 h, which was
related to maintenance/cleaning works carried out during the
nights. These works were observed to be responsible for increases
in Ng3-10 concentrations up to 90%, although these acute events
usually lasted less than 30 min.

The station of Palau Reial is the one with the highest Ng3-10
concentrations, revealing a poorly-ventilated confined environ-
ment, and it is also the one with the clearest differences between
periods (Table 5); underlining a significant impact of sources
related to train circulation. Very noticeable differences between
periods are also observed in Tetuan, where a wide range of con-
centrations was recorded at 7:00—9:00 h, reaching very high
values. An opposite clear example is Sagrera, where concentrations
are very similar all day long, which could be related to the design of
this station, with two wide accesses located at both ends of the
station, allowing for better natural ventilation.

Differences between 7:00—9:00 h and 10:00-21:00 h are
generally lower for Ng g7-10 (dominated by UFP) than for Ng3-10,
thus the finest particles, which contribute the most to N concen-
trations, seem to be less affected by the train frequency, as stated in
the previous section. In the station of Joanic, N gp7-10 concentra-
tions at 10:00—21:00 h were significantly higher than at
7:00—9:00 h, while in the rest of the stations concentrations are
very similar. This could be related with the lower depth of Joanic,
being more affected by outdoor emissions from a highly road
trafficked area.

Variances between stations have not been found to be related to
the number of trains operating in each metro line (see Table 2). It is
difficult to establish which factors are responsible for this and also
to what extent. Nonetheless, the comparison amongst stations
seems to indicate that the station design, related to the influence of
outdoor emissions, the ventilation set-up efficiency and the
occurrence of night activities might be involved.

3.4. Particle number concentrations under specific scenarios

3.4.1. Different ventilation setups

Two different ventilation settings, namely: (A) low extraction of
indoor air in the tunnel during operating hours (standard settings
in the colder period) and, (B) no ventilation in the tunnel during
operating hours, were established to account for differences in air
quality conditions at the platforms of Joanic, Santa Coloma and
Tetuan (Fig. 5). Ventilation at platforms consisted of impulsion of
outdoor air in both cases. Ventilation settings for mode B were
tested to assess if the piston effect produced by the movement of
the trains was enough to maintain similar air quality conditions
than under standard conditions. To avoid time of measurement
effects, this analysis was performed accounting for those periods
when the ELPI and OPS were simultaneously measuring. Details of
the statistical tests used to determine if the differences between
ventilation settings at each station and for each size range were
significant are reported in the supporting information (Table S2a).
Table S2a summarizes the median and the interquartile range
(25th—75th percentile) of N concentrations for each station and

ventilation protocol during metro operating hours, as shown in
Fig. 5. It also shows the p-value corresponding to the Mann-
Whitney-Wilcoxon tests performed under the hypothesis that
modifying the standard conditions would result in increased con-
centrations. Concentrations were higher under mode B than under
standard conditions during operating hours at Joanic and Tetuan.
This is especially evident at the station of Joanic, highlighting the
increase recorded for Ng gg7—10 (>60%). At this station, increases are
statistically significant for all size ranges. The increase at both
stations lessens as the lower limit of particle size increase, and it is
almost negligible in the case of Tetuan for N3 5_19, when differences
in concentrations between periods are not statistically significant.
This seems to indicate that mechanical ventilation in the tunnel
during the colder period is not enough to significantly reduce
coarse particles at Tetuan, highlighting the need of further mea-
sures. Conversely, at Santa Coloma station, concentrations were
very similar during both periods, only Ng3-1 concentrations seem
to suffer a slight increase. It can be concluded that narrow plat-
forms served by single-track tunnels or by two rail tracks separated
by a middle wall seem to strongly depend on the mechanical
ventilation in the tunnel and the motion of the train is not enough
to maintain similar air quality conditions. On the contrary in Santa
Coloma with a more spacious double-track tunnels, particles are
not as affected when the tunnel ventilation is switched off, which
represent an opportunity of energy savings, as previously observed
for PM; 5 concentrations by Moreno et al. (2014).

3.4.2. Intense maintenance works

Maintenance works are frequent activities carried out at metro
stations during night-time, and are likely to affect the air quality of
the metro station. They take place from 0:00 to 5:00 h in order to
avoid affecting the normal operation of the metro line. The study of
how the impact of these works progresses over time is important to
characterize the possible effect on the passengers' exposure. The
sampling campaign carried out at Sagrera station (L5) was mainly
aimed to the assessment of this effect. In this station, intensive
renewal works were performed in order to mitigate rail vibrations
in the tunnel. These works were performed during 31 nights (44%
of measurement days), and they include material transport using
diesel vehicles; sleepers' replacement including railway cut and
ballast addition and tamping; rail installation; and welding works.
All these activities were carried out using gasoline/diesel machin-
ery. No.3—10 concentrations during nights affected by these intense
works were by 30—60% higher than at nights under normal con-
ditions. Acute increases (>90%) were observed, but lasted less than
1 h, probably due to an appropriate ventilation at tunnels, mediated
by impulsion of outdoor air at nights. Table S2b summarizes the
median and the interquartile range (25th—75th percentile) of N
concentrations during metro operating hours (5:00—0:00 h) for ech
size range and distinguishing days following nights affected by
works and nights under normal conditions. The Mann-Whitney-
Wilcoxon test was selected to account for the significance of the
differences in N concentrations between the distinguished days
(see Table S2b for information about p-values). During those days
following works, median N;_jo concentrations were significantly
higher (by 15—30%; p-value <0.001) than during days under
normal conditions (Figure S3, Table S2b). The highest concentra-
tions were reported during the activities related with material
transport and sleepers’ replacement, while during new rail instal-
lation concentrations were similar to those measured before the
beginning of the works period (Table S3).

4. Conclusions

Underground urban rail systems carry more passengers per trip
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in some urban areas than any other commuting mode. Studies have
shown that metro air quality can be substantially different than
corresponding outdoor ambient air level or other commuting
exposure in terms of airborne particles concentration, sizes and
chemical composition; even concluding that metro particles have a
higher oxidative potential than outdoor ambient particles. In this
context, indoor measurements of real-time N concentrations and
size distribution were measured at 9 metro station platforms
located in the metropolitan area of Barcelona. The main results
from this study can be summarized as follows:

- No3-10 concentrations vary widely among stations, with the
higher values being recorded in those stations belonging to the
oldest metro lines of the system. The lowest concentrations
were recorded at the newest metro station, equipped with PSDs,
which may be able to limit the amount of particles introduced to
the platform from the tunnel, and, mainly, with an advanced
ventilation setup.

Discrepancies in the daily evolution of N concentrations
comprising different sizes suggest that Nggp7—10 (mainly ac-
counting for UFP) could be partly governed by the entrance of
particles from outdoor emissions through mechanical ventila-
tion. Conversely, the evolution of Ng3_1¢ is more closely related
with the activities of the metro service.

The extent to which Ng3_19 concentrations are affected by
changes in the hourly train frequency varies between stations
and between seasonal periods. Factors responsible for these
differences have not been totally resolved, although the station
design, related to the influence of outdoor emissions, and the
ventilation-setup efficiency are likely to be involved.

The study of N concentrations under specific scenarios reveals
that: (1) at old design stations with a spacious double-track
tunnel, N concentrations are not significantly affected when
the tunnel ventilation is switched off, what could mean
important energy savings; (2) during metro operating hours,
coarse particles are reduced in a lesser extent than fine particles
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by the current mechanical ventilation, particularly at narrow
platforms served by single-track tunnels; (3) intense night-time
maintenance works at tunnels can increase N concentrations
during the following metro operating hours at platforms by up
to 30%, specially of N1_qo.

This study implicates that the same abatement strategies are not
efficient for all particle size ranges at metro stations, highlighting a
major challenge. The control of coarse particles during rush hours
should be a priority to reduce metro user exposure when compared
with ground-level urban concentrations.
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1 | INTRODUCTION

Abstract

Subway systems worldwide transport more than 100 million people daily; therefore,
air quality on station platforms and inside trains is an important urban air pollution
issue. We examined the microbiological composition and abundance in space and time
of bioaerosols collected in the Barcelona subway system during a cold period.
Quantitative PCR was used to quantify total bacteria, Aspergillus fumigatus, influenza
A and B, and rhinoviruses. Multitag 454 pyrosequencing of the 16S rRNA gene was
used to assess bacterial community composition and biodiversity. The results showed
low bioaerosol concentrations regarding the targeted microorganisms, although the
bacterial bioburden was rather high (10* bacteria/ms). Airborne bacterial communities
presented a high degree of overlap among the different subway environments sam-
pled (inside trains, platforms, and lobbies) and were dominated by a few widespread
taxa, with Methylobacterium being the most abundant genus. Human-related microbi-
ota in sequence dataset and ascribed to potentially pathogenic bacteria were found in
low proportion (maximum values below 2% of sequence readings) and evenly de-
tected. Hence, no important biological exposure marker was detected in any of the
sampled environments. Overall, we found that commuters are not the main source of

bioaerosols in the Barcelona subway system.

KEYWORDS
airborne bacterial community, bioaerosol, culture-independent approach, indoor air quality,
indoor microbial ecology, subway system

humans spend about 90% of their time in confined spaces,* where air

could be a significant transmission pathway, monitoring the air quality

Air quality in public places has become an issue of concern for public
health. Consequently, with the increase in knowledge on health prob-
lems associated with air pollution, the interest in bioaerosols has also
increased. Due to their microscopic size, bioaerosols are able to re-
main airborne for long periods of time and travel long distances (eg,“?).
Bioaerosols can also easily get into the human respiratory tract, and
indeed, depending on their composition, a fraction of the microbial
burden can account for infectious diseases and at high concentrations
produce toxins or act as aIIergens.3 As current lifestyle implies that

of indoor environments is of major interest.> However, despite its un-
deniable impact from the point of view of public health, there is com-
paratively little knowledge of the indoor air microbiome from public
places, even if these spaces are usually very busy and can therefore
be key locations for the transmission of pathogens.®

Subway stations are underground environments within a confined
space and are sometimes poorly ventilated and crowded conditions
which are likely to negatively affect the air quality.” Given the fact that
nearly 200 cities around the world have subway networks which are
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used by more than 100 million people every day,® there is surprisingly
little information published on subway aerial microbiological burdens
(eg,6'9). Furthermore, many of the studies focusing on airborne micro-
organisms (bacteria and/or molds) from subway networks have used
culture-dependent approaches.®° As most environmental microbes
are not currently cultured by such approaches,*! only a small fraction
of the actual microbial content (generally <1%) can be identified with
these techniques. Consequently, culture-independent approaches are
needed for a better identification of airborne microorganisms. It is,
however, clear enough from the research carried out so far that some
studies have pinpointed Cladosporium, Penicillium, and Aspergillus gen-
era (a set of environmental molds) as having high prevalence in some
subway air samples.2"** On the other hand, new studies on the char-
acterization of the urban environment by means of a metagenomic-
based approach (focused on the microbiome’s analysis from surfaces)
are currently in progress.'>1¢

In this study, we examine bioaerosols collected in the Barcelona
subway system during an intensive monitoring campaign carried out
over four months (November 2013-February 2014) inside trains, on
platforms, and in lobbies. The system in Barcelona absorbs around
50% of the urban commuting load, transporting 1.25 million com-
muters on workdays.17 Trains are equipped with air-conditioning (AC)
systems that when operating have a positive effect on the air quality
inside the carriages by decreasing the concentrations of coarse par-
ticles (PMlo,w), Air quality studies in the Barcelona subway network
have to date focused on other aspects related to the air quality of
the Barcelona subway system, such as factors controlling particulate

matter concentrations and composit-ion,”’21

so that our study was of-
fering something new in attempting to characterize bioaerosols. In
particular, we focused on the evaluation of microbiological compo-
sition and bioaerosol abundance in space and time using molecular
methods such as quantitative real-time PCR on DNA (and cDNA) to
quantify total bacteria, the fungus Aspergillus fumigatus, and the vi-
ruses influenza A and B, and rhinoviruses. In addition, we carried out
a pyrosequencing analysis of the 16S rRNA gene to assess bacterial

biodiversity.

2 | METHODS

2.1 | Sampling site

Trains from a total of six lines and four subway stations from the
metropolitan underground network of Barcelona (TMB), Spain, were
selected to take air samples during the 2013-2014 winter season.
The Barcelona subway system comprises eight lines built progres-
sively since 1924 to 2016. The system carries around 376 million
passengers a year and is chosen by about 50% of the urban popula-
tion as their mode of public transport in the city. The platforms have
a specific ventilation system that introduces outdoor air to renew
the air throughout lateral ventilation outlets across the platform and
extracts the aged air through a vertical well. In addition, a ventila-
tion system operates in the tunnels where vertical wells introduce
outdoor air into the tunnel and remove underground air toward the

WILEY-

Practical Implications

e With the increase in knowledge on health problems as-
sociated with air pollution, air quality in public places has
become an issue of concern for public health. Hence, the
interest in bioaerosols (the fraction of aerosols of biologi-
cal origin) has increased, as they may have infectious, al-
lergenic, or toxic properties. We examined for the first
time the bioaerosols (including a set of target pathogenic
microorganisms—Aspergillus fumigatus, influenza viruses,
and rhinoviruses), inside trains and on platforms and lob-
bies, during a monitoring campaign within the Barcelona
subway system. Low bioaerosol concentrations were
found regarding the targeted microorganisms, commut-
ers were not the main source of bioaerosols, and poten-
tially pathogenic bacteria were found in low proportion.
Thus, the study shows no major biological exposure evi-
dence for commuters.

surface. All trains are operated using a rigid overhead catenary elec-
tric power supply and run from 05:00 h until midnight every day,
with a frequency between 2 and 15 min, depending on the day
(weekend or weekday), subway line, and time of day. Trains from
all lines are equipped with an efficient air-conditioning system (with
windows impossible to open) that works continuously throughout
the year to maintain a comfortable temperature, but with higher in-
tensity during the summer period. Each of the four stations has a
different architectural design, and it was chosen to obtain a wider
range of sample characteristics, including a station with open dou-
ble rail track (Santa Coloma), double track separated by a wall in the
station (Joanic), single rail track (Tetuan), and a new station with
platform screen doors (PSD’s) separating the single rail track from
the platform (Llefia). Over a four months period extending from
November 18, 2013 to February 11, 2014, a total of 54 air samples
(six each time) were collected at an average interval of one week ex-
cept during the holiday season (late December/early January) when
no sampling was performed.

Thus, for each selected date (nine series in total), two samples
were taken inside trains (indicating whether AC was functioning or
not), two samples at the boarding platform and two at the ticket of-
fice (lobby). Measurements inside the trains were performed in the
middle of the central carriage of the train along the whole length
of the line uninterruptedly with and without air-conditioning. The
AC system has filters that are currently replaced monthly according
to the manufactures instructions. The total duration of the trip de-
pended on the length of the line and ranged from 45 to 90 min. A
manual record of the time when train doors opened and closed was
taken, with an average time of 30 s for doors being opened at each
station. To minimize the possible effect of major differences in pas-
senger numbers on the results, all journeys were performed at the
same time of the day (starting at 10:00 am), avoiding rush hour but
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when a moderately high number of travelers were present. Similarly,
when comparing trips with and without AC, the samples were col-
lected in the same train, traveling one way with AC and making the
return journey without AC. In addition, nine fields blanks, one for
each collection day, were used to determine the level of baseline
contamination.

Environmental conditions were recorded (temperature, relative
humidity) while sampling at platforms and inside trains, with values
showing low variability. The ranges were as follows: 21-24°C (tem-
perature) and 32-38% (RH) were recorded on platforms, and 21-23°C
(up to 26°C without air-conditioning) and 33-57% RH inside the trains.
Differences in temperature and RH when measuring with and without
air-conditioning inside the same train varied from 0.5 to 2°C and 1 to

3%, respectively.

2.2 | Sampling and sample preparation

Samples were collected at 1 m above the ground using a Coriolis®u
(Bertin Technologies, Montigny-le-Bretonneux, France), in 15 mL of
PBS (phosphate-buffered solution), at a rate of 200 liters of air/min
for 10 min. Samples were kept in a portable cold storage bag with ice
packs and sent to the Barcelona laboratory on the same day, except
on February 11 when they were shipped the next day. The collection
fluid was divided into three aliquots (triplicate) of 1.5 mL each, which
were centrifuged (10 min, 10 000 rpm). Pellets were then stored at
-80°C until shipment to the Canada laboratory (Quebec City, Canada,
CRIUCPQ).

RNA extraction was performed after the samples were pre-filtered
(sterile units of 45 um pore size), and the remaining collection liquid
was processed through a Microcon-30 kDa centrifugal filter unit col-
umn (MRCFORO030, EDM Millipore, Darmstadt, Germany). Volumes
ranging from 100 to 140 pL were used to perform the extraction
using the Qiagen Viral RNA QIAamp®. Extracted RNA was eluted in
50 pL of elution buffer and contaminating DNA removed from RNA
samples by treating with the TURBO DNA-free™ kit (Ambion, Austin,
TX). The manipulation was performed according to the manufacturer’s
instructions.

cDNA synthesis was carried out using iScript cDNA Synthesis®
kit (Bio-Rad Laboratories, Hercules, CA, USA), and 15 uL of the 50-
uL RNA extracted previously was used for the RT reaction. The final
reaction mixture (20 plL) was as follows: 15 uL of sample, 4 uL of the
iScript 5x reaction mix, and 1 pL of the iScript reverse transcriptase.
The PCR reaction was performed according to the manufacturer’s rec-
ommendations. The tubes containing the cDNA were then stored at
-80°C until shipment to the laboratory (Quebec, Canada, CRIUCPQ).

2.3 | Transportation and storage

The samples including 189 pellets of 1.5 mL samples prepared for
DNA extraction, the corresponding RNA extracts (without DNA) (30-
35 pL/tube) and the cDNA (20 pL/tube), were shipped on dry ice.
Upon arrival at the Quebec laboratory, they were immediately trans-
ferred to -80°C freezer, and so, until their analysis.

2.4 | Extraction and purification total DNA

The DNA of the air samples was extracted using the Qiagen commer-
cial kit (Qiagen, Mississauga, ON, Canada), QIAamp® DNA Mini Kit,
according to the protocol established by the manufacturer, but modi-
fied to include a lysozyme digestion. The purified DNA was eluted in
200 uL of AE buffer, and samples were stored at —20°C until use.

2.5 | Preparation of standard curves

DNA from E. coli (#ATCC: 35218) and A. fumigatus was extracted
using the Qiagen commercial kit (Qiagen, Mississauga, ON, Canada),
QlAamp® DNA Mini kit according to the manufacturer's recommen-
dations, except a 180-uL ATL buffer was used instead of a 200-pL AL
buffer. In the case of the viruses, previously prepared plasmid DNA
containing PCR targets was used. DNA (genomic of plasmids) per tube
was assayed in order to calculate the volume to be suspended in TE
buffer for 5 x 10° copies of genome/pL. Then, 10 uL aliquots were
prepared. The results of the concentration of total bacteria have been

expressed in terms of E. coli.

2.6 | Quantitative PCR (qPCR)

PCR amplifications were performed using a thermal cycler CFX384
Touch™ real-time PCR System (Bio-Rad Laboratories, Mississauga,
ON, Canada). Quantification of total bacteria, A. fumigatus and the
three viruses, was performed using the different primer pairs and
probes listed in Table S1. The composition of the reaction mixtures
and the various amplification programs used are presented in Tables
$2 and S3. To quantify the DNA, serial dilutions (10° to 10° genome/
uL) of E. coli and A. fumigatus genomic DNA, as well as plasmid DNA
containing target site from each virus, were used to make stand-
ard curves. In all cases, data were acquired with the CFX Manager’
(Bio-Rad Laboratories, Version 3.0.1224.1015) software which auto-
matically determined threshold values. Negative controls (NTC) were
also included in each PCR assay. All samples including controls were
analyzed in duplicate. The concentrations obtained for the NTC
were subtracted from each series. The chosen protocol for bioaero-
sols quantification has been used in different type of environments

with no inhibition observed.??2

2.7 | DNA pyrosequencing

Air samples were pooled according to their location for the same
stations, train line, and the presence of not of air-conditioning. A
total of 20 samples were then used for sequencing. Bacterial tag-
encoded FLX amplicon pyrosequencing (bTEFAP) was performed
at the Plateforme d’analyses génomiques of the Institut de Biologie
Intégrative et des Systémes (IBIS, Université Laval, http://www.ibis.
ulaval.ca/?pg=sequencage) on a Roche 454 FLX instrument with ti-
tanium reagents following manufacturer’s procedures. The variable
regions V6-V8 of the 16S rRNA gene were amplified with the primers
described previously.26
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2.8 | DNA sequence and statistical analyses

bTEFAP sequences provided after Roche standard procedures of
both quality checking and reads denoising were processed using the
UPARSE pipeline?” version usearch8.0.1623_i860sx32. Sequences
were trimmed in length, 250 pb, which substantially reduce the error
rate. Approximately 53% of the original reads (102 397) passed the
filter (corresponding to 54493 reads). The sequences were then clus-
tered into operational taxonomic units (OTUs) using a cutoff of 0.03%
as identity threshold and, in addition, analyzed to discard chimeric
reads by means of a double strategy using UCHIME: de novo and
reference-based chimera filtering step against “Gold” reference da-
tabase available for ChimeraSlayer. Unique sequences (ie, singletons)
were removed. Overall, 49 752 sequencing reads could be assigned to
some of the OTU representative sequences, which were then parsed
to create an OTU table. A total of 136 OTUs were subsequently ana-
lyzed, and an average sequence depth of 2488 sequences per sam-
ple was obtained. In order to minimize effects of sampling effort on
all OTU-based analyses, the original OTU table was average rarefied
(based on 100 random subsamplings without replacement) to a depth
of 1000 sequences per sample using the script multiple_rarefactions_
even_depth.py available in the Quantitative Insights Into Microbial
Ecology toolkit—QIIME—.28 Using these settings, a sample of the
original dataset was discarded (corresponding to the lobby in Santa
Coloma station), because had fewer sequences than the requested
rarefaction depth. Taxonomic assignment was carried out with SINA—
Aligner and classifier (version 1.2.11) using SILVA_119 reference da-

tabase??%°

with the de-replicated version at 99% sequence similarity.
Sequences original from bTEFAP representative OTUs were depos-
ited in GenBank with accession numbers LT158063-LT158198.

All statistical analyses were run in the R environment (http:/
www.r-project.org/). Community ecology-related parameters were
calculated using the vegan package.’’ Community similarities were
represented by non-metri multidimensional scaling (metaMDS func-
tion) using Bray-Curtis dissimilarities after Hellinger standardization.?
Additionally, analyses of similarities (ANOSIM) were performed based
on 1000 permutations to test for significant differences between a
priori sampling units from the data matrix (ie, otu table), as the differ-
ent compartments analyzed from the subway system (Inside train—
with air-condition or without—Lobby and Platform). The ANOSIM R
statistic is based on the difference of mean ranks between groups and
within groups and ranges from O (no separation) to 1 (complete sep-
aration).®® The multivariate homogeneity of group’s dispersions (vari-
ances) was checked before proceeding with ANOSIM with the aim
to discard heteroscedasticity among groups (permutest.betadisper
function), and latterly used as a means of assessing the beta-diversity.
Shannon indices and expected species richness were calculated using
the functions diversity and rarefy (respectively); however, in the sec-
ond case, the original OTU table was used to avoid its overestimation.
Hypothesis contrast test was carried out with stats package; non-
parametric tests were used when the assumptions for the parametric
equivalents were not achieved. For the data descriptions showing the

taxon composition, the taxonomic information related to the OTUs
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was summarized (at genus level when possible) by means of the sum-
marize_taxa.py script available in QIIME. Venn diagram analysis was
performed by means of the venn command available in Mothur.3*
The isolation source category ascribed to the taxons was based on
the habitat and ecology information available in “The Prokaryotes—A
Handbook on the biology of bacteria,” and further refined when aiming
to determine its putative human origin using data available in Human
Microbiome Project.> All graphs were constructed with the ggplot2
package.36

The presence of airborne potentially pathogenic bacteria in the
bTEFAP dataset was analyzed by means of BLAST analyses against a
de novo created database of 16S rDNA sequences representing 275
bacterial species of both obligated pathogens and a number of oppor-
tunistic ones. The database used for searches was constructed as from
the list of pathogenic species inventoried in a previous work®” and fur-
ther refined by means of online searches of the ascribed taxa. For such
analyses, just those phylotypes presenting sequence identity values
above 98% were considered. In addition, the highest BLAST alignment
coverage values were prioritized (threshold set at 99%). As even iden-
tity values at 100% would need additional confirmation steps of such
pathogenic capacity by studying specific virulence markers, the results
here presented should be interpreted with caution and, thus, regarded
as indicative of potentially pathogenic bacteria (ie, one would incorpo-
rate it to the concept of indicator species). The phylotypes adscribed
to potential pathogenic bacteria were further classified in accordance

with their host or pathogenic potential (obligated or opportunistic).

3 | RESULTS

3.1 | Quantification of airborne target
microorganisms

3.1.1 | InfluenzaAand B

The viral load related to influenza on the subway indoor air was as-
sessed by gPCR analyses. Influenza was detected in a number of sam-
ples: 30 of 54 in case of influenza A and 26 of 54 in case of influenza
B were positives. Roughly, their frequency of detection was similar
among different compartments analyzed. On average, the concentra-
tions of influenza A were higher than those obtained for influenza
B, being 2.66 x 10% genomes/m® and 1.82 x 102 genomes/m?, re-
spectively (t-test, P-value < .05). On the other hand, Kruskal-Wallis
test confirmed that both, influenza A and B, did not significantly vary
among groups of samples (trains, platform or lobby) (Figure 1A), al-
though concentrations seemed slightly lower in platforms and lobbies.
We did not observe differences according to the setting of the AC
system or between different stations (last data not shown).

Influenza activity as reported by Google flu trends (www.google.
org/flutrends/) and data from Information System of Primary Health
Care Services (SISAP) of the Catalan Institute of Health (ICS) for the
Catalonia region in winter 2013-2014 showed that for this flu season,
the peak of cases occurred during the sampling campaign (Figure S1).
More in detail, we were able to detect significant differences among
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influenza concentrations between the two sampling periods of such
winter campaign (Mann-Whitney U-test, P-value < .01) (Figure 1B).
Here, a greater incidence of influenza before the winter holidays was
observed.

3.1.2 | Rhinovirus

Rhinovirus was seldom detected during the studied period. The only
quantifiable samples contained concentrations of 1.02 x 10%, 3.08 x
10%, and 1.06 x 10° of rhinovirus genomes/m°® of air. The first two
concentrations came from air samples taken inside trains with AC,
while the other came from the air of a train without AC.

3.1.3 | Aspergillus fumigatus

The quantification of A. fumigatus showed that only three of the
54 samples yielded concentration greater than the detection limit.
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Indeed, a sample from a train with AC contained 1.52 x 102 of A. fu-
migatus genomes/m® of air; while on platform and lobby, they con-
tained 8.12 x 102 and 1.78 x 102 of A. fumigatus genomes/m3 of air,
respectively.

3.2 | Bacterial quantification and diversity

Bacterial load was higher than the values reported by target microor-
ganisms, as expected. The concentrations ranged from 1.07 x 10° to
3.29 x 10° equivalent E. coli genomes/m3 of air, which correspond to
an average concentration of 4.46 x 10* equivalent E. coli genomes/
m? of air. Kruskal-Wallis test confirmed that there is no significant
difference (P-value > .05) between groups of samples (train, platform,
or lobby) (Figure 2) and also between different stations. In addition,
total bacteria were not significantly different in relation to the setting
of the air-condition system or sampling period (Mann-Whitney U-test,
P-value > .05) (data not shown).

FIGURE 1 Comparison of
concentrations of gene copies of specific
markers for airborne influenza viruses
determined by gPCR analyses from samples
of Barcelona subway system (n = 54).

The panel A allows the comparison of
concentration values between the different
compartments analyzed, whereas panel B
shows a comparison among different time
periods

Nov-Dec Jan-Feb
sampling sampling
period period

I:l Inside train
|:| Lobby
|:| Platform

Inside train
[}

Station
W Joanic

A |efia
+ Sta Coloma

X Tetuan

FIGURE 2 Concentrations of

airborne Bacterial 16S rRNA gene copies
determined by gPCR analyses for different
compartments of the Barcelona subway
system (n = 54)
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FIGURE 3 Non-metric multidimensional ® 35
scaling (NMDS) ordination analysis of ®
community similarities based on Bray-
Curtis dissimilarities. Colors are related 0.00 - @ 4
to the place of origin of samples in «
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proportional to the OTU richness (set <>(< N
at 0.03 cutoff). Each point corresponds ®
to the different sample types analyzed,
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dispersion) of each group on the ordination " el ‘,”,Q(;Z‘S obby - ftiorm ®
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beta-diversity as distance to centroid for
different groups of samples compared

Bacterial communities did not present significant differences in
composition and structure among compartments (inside train—AC
or non-AC—platform or lobby), as shown in NMDS ordination anal-
ysis based on Bray-Curtis dissimilarities (Figure 3). ANOSIM statis-
tic further confirms the high degree of overlapping (R: -0.09635;
significance: 0.887).%8 In addition, the multivariate homogeneity
of groups’ dispersions confirmed no differences (P-value =.112)
(inner panel in Figure 3). The ecological diversity (Shannon index)
and specific richness were rather low in comparison with other en-
vironmental sequence datasets—normally set at hundreds of spe-
cies and above and H’ values around 3 or even higher (Figure 4).
For instance, H-values lower than 2 in all cases would indicate both
low richness and high dominance of a small number of taxons. In
addition, not significant differences were observed between com-
partments for these alpha-diversity indicators (anova, P-value > .05
in both cases).

Regarding identified taxa, 19 of 87 (22%) were found to overlap
for the locations inside train, platform, or lobby (Figure 5A, Table S4),
that is, they were ubiquitously detected, and so regarded as wide-
spread taxa. Within this category, Methylobacterium, members of
Chitinophagaceae, Bradyrhizobium, Paracoccus, and Sphingomonas
were detected at high proportion and high frequency, that is, mean
relative abundances >0.5% and occurrence >75% (Figure 5B). Genera
related to human microbiota as Staphylococcus and Neisseria were de-
tected at rather high proportion (mean relative abundance 0.5-1%) but
at lower frequencies (<50%).

Among the two different air-conditioning settings tested (switch on
or off) and locations within subway system, we did not find significant
differences on the relative abundance of widespread—abundant—taxa

Axis 1

(aNova, P-value > .05). Similarly, when considering all taxa putatively
related to human microbiota (either commensal or potentially patho-
genic), significant differences in mean relative abundances between
the air-conditioning settings were not found (t-test, P-value > .05;
Figure S2). In addition, the frequency of such bacteria was similar
between both groups. Thus, after the air-conditioning system was
switched off, we did not observe higher occurrence of human-related

bacteria.

3.3 | The presence of potentially pathogenic
airborne bacteria

Through BLAST analysis, we linked the 16S rRNA gene sequences
to species or genera for which pathogenic strains (or varieties) have
been previously reported (Table 1). Thus, they were regarded as an
indicator of the presence of potentially pathogenic airborne bacte-
ria. Overall, this group showed low mean relative abundances in the
dataset, c. 0.25%. The highest values were rather low, normally <2%.
Interestingly, Staphylococcus epidermidis, which has been reported as
an opportunistic pathogen39 (ie, just affecting immunocompromised
patients in nosocomial infections), presented the highest abundance.
Those potentially pathogenic bacteria, in most of cases, were evenly
detected in the different sites analyzed.

4 | DISCUSSION

Despite the effect on human health of bioaerosols breathed in pub-
lic transport systems being of broad research interest, only a small
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FIGURE 4 Boxplots of bacterial diversity (Shannon index, upper
panel) and bacterial richness (as number of OTUs at 0.03 cutoff,
lower panel) for different analyzed compartments in the Barcelona’s
subway system

number of studies have focused on bioaerosol exposure of citizens in
subway stations (eg,é’g). Bioaerosol sampling in subway stations and
trains requires several compromises related to the sampling method
that needs to be portable, must collect the sample quickly, has to
be robust, and require minimal manipulation. Sample 2 m® of air for
a short time has achieved an acceptable limit of detection but pro-
vides little information on the temporal variations of concentrations
of bioaerosols. Repeated longitudinal sampling will provide a better
picture of the presence of bioaerosols but will also be performed at
high speed as it is expected that concentrations are low. We studied
the microbiological air composition within the Barcelona subway sys-
tem to improve knowledge on what bioaerosols commuters are daily
exposed to and in which concentrations.

The results presented show low overall bioaerosols concentra-
tions for the specific targeted microbial populations. However, total
airborne bacteria averaged approximately 10* bacteria/m®, which is
higher than values previously reported.#4%*! For example, as previ-
ously studied in Seoul and Oslo stations, the average concentration

of viable bacteria in the air was a few hundred CFU/m®.84! However,

when microscopic counts were carried out, similar bacterial concen-
trations to ours were found,® and it was shown that fluorescence mi-
croscopy and qPCR methods were comparable to each other.*? Thus,
the discrepancy is most probably related to the use of molecular meth-
ods rather than cell culture as culture methods are known to underes-
timate real concentrations.**~*

We did not observe significant differences in total bacteria con-
centrations among the different track configuration included in this
study. These results do not follow the trend observed for PM, ; con-
centrations at the same sampling locations. Thus, previous studies
described that the PM, ; concentrations were lower inside trains, es-
pecially when AC was funct'ioning.18 As the sources of airborne bac-
teria (outdoor air, humans) and PM, . (breaks and mechanical friction
and wear) are different, the observed lack of correlation between both
pollutants is not surprising.

The qPCR specific to influenza A and B virus yielded similar mean
concentrations of the order of 10? influenza genomes/m® of air
(Figure 1A). This value would be 100-fold lower, in case of influenza A,
than other previously measured at indoors of different public places.*
No information was available in case of influenza B. In order to better
interpret data and to determine whether subway users can be exposed
during commuting to influenza virus, we performed a rough estima-
tion of the potential inhaled dose during fall-winter studied period
(November 2013-February 2014). Assuming a uniform airborne con-
centration (related to the mean value) of 2.66 x 102 genomes/m3 of air
and 1.82 x 10? genomes/m® of air for influenza A and B, respectively,
and an adult breathing rate of 20 m3/day46, we estimate the inhalation
doses during exposures of 1 h to be 2.2 x 102 total viral particles in
case of influenza A and 1.52 x 10 total viral particles for influenza B.
Here, we assume that each genome equivalent represents one viral
particle and that not all viral particles are necessarily infectious. Our
assay did not test for viral infectivity, but one should consider that the
ratio existing between infectious versus total influenza virus particles
in laboratory stocks was established roughly as two orders of magni-
tude lower.*”~% Although it is not known whether this ratio could be
extrapolated to environmental samples, one must take into account
this loss in infectivity when aiming to estimate the infectious counts
(eg, Tissue Culture Infectious Dose—TCID,,). The presented value
could be lower if considering that the most frequent average journey
time in the Barcelona subway was previously reported to be 35 min.*’
Conversely, rhinoviruses presented a much lower frequency; they
were just detected three times. In such case, the potential of com-
muters to be exposed was not demonstrated but further longitudinal
sampling should be executed to better describe potential metro users
exposure,50 especially during the outbreak’s period (typically in the
fall).

Interestingly, influenza  concentrations reported from
November-December period were significantly higher compared
to January-February. Nevertheless, data reporting influenza activ-
ity (from institutional entities of Catalonia’s Government and from
public Web facilities of Google Inc.) showed that the influenza peak
occurred during the later period. Here, we assume that our method-

ological approach has low bias as gPCR primers sets were originally
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relative abundance values above 0.5% or
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designed for universal detection of influenza (A and B),>! and there-
fore, we are reporting total concentrations from several influenza

varieties and strains being in the aerosols. Thus, from this obser-

vation, a number of questions, which should be attended in further

investigations with samplings along different flu outbreaks, arise.

One might wonder if it is probable to obtain similar results in the

future or if, instead, this is a kind of spurious and unique finding. If

this happens regularly, then these data could give us some capacity
to make predictions over oncoming flu outbreaks. In spite a rather
high number of new questions, we have also observed during the flu
peak that the influenza A concentrations were significantly higher
than those detected for influenza B (Welsh t-test, P-value < .01).
This might be in accord with data reported by Public Health Agency
of Catalonia (ASPCAT) where 99.7% of severe cases reported during

T
50 100

Occurrence (%)

the 2013-2014 campaign were related to influenza A (varieties H3,
H3N2, and HIN1pmd09).

Regarding the quantitation of A. fumigatus, when detected, it was
in average of 102 per m® of air. This is consistent with the results ob-
tained by Bogomolova and Kirtsideli'? where the bacterial load of the
St. Petersburg subway air was higher than the fungal one. Furthermore,
once again, the concentrations obtained were much higher than what
is usually found in the literature, again probably due to the same rea-
sons previously stated in relation to the culture-independent methods.
When comparing our data with other subways, it is important to con-
sider the characteristics of the Barcelona subway system. All stations
where samples were obtained were underground and have a venti-
lation system introducing outdoor air throughout lateral ventilation

outlets across the platform and extracting air through a vertical well.



TRIADO-MARGARIT ET AL.

WILEY

572

+ + + +
+ + + +
+ - + +
+ - + -
+ - + +
- - - +
+ + + +
+ - + +
+ + + +
+ + + +
wJiopejd Aqqon JV-N oV

sjuswIedwod JUSIBYIP Ul UoLI3IQJ

S
(0]4

13

z

v

T
ot

9

6

L
(6T =u)
2IU3LINDQ0

"(us3oyed Jueld) wnJpadbubjos bluols|pY 03 Jejilis Ajlenba os|e 9g 01 puNo} sem asnedaq 1ax2Id piuos|by 03 pausisse Ajsnonsiquiy,
‘(uaBoy3ed se pajiodau jou) sisuasupjBupix
1239bgo423ug pue ‘(d1siuniioddo) lubwxIaM ") (SINSSL YOS PUe UIS) SNU250122Ubd 12320q0J23U7 pU SLI2UINA bIYaLiayds] 03 Jejiwis Ajlenba os|e 9q 0] puno} sem asnedaq lipunalf 1232pqoJ3i) 03 pausisse Ajsnondiquiy,
(812254 S4I 1s) 24pjnBuls wnlia1obgauAio) o3 Jejiwis Ajjenba osje 3q 03 punoj sem asnedaq WNWIssNUIL Wnkiajobgauio) oy pausisse Ajsnonsiquiy,
‘(ogsiunyioddo wiay3 4o |[e) SIUINBUDS *§ pue ‘Subjul °§ ‘sl|pdo SN220203da.3S 03 Jejiwlis AJlenba os|e 9 03 puno} sem asnedaq avjuownaud sn220303da.3g 03 paugisse Ajsnondiquiy,

¥Z0

0cT
ce0

0S50

€390
L6T
790
860
€T

0L€
(%) @d>uepunge
Xe

€00

ST°0
€00

€00

700
01’0
€10
ST°0
LT°0

€0

(%) @2uepunge
ueay

66

00T
66

00T

00T
00T
00T
00T
00T

66

(%) @3esan0d
1svia

8'86

7’86
66

8'86

66
8'86
00T
8'86
8'86

8'86
(%) al

€9 NLO

9% NLO
8¢ NLO

96 N1O

7€ NLO
Y1 N1O
09 N1O
0z NLo
¥Z NLO

ZZ N1o
NLO p3aieRy

q1590C NSA
WINWISSHNUIW WNLIa}obqaukio)

.'dds sn220203da.i3s
£ET HO 1luyos sn22020jAydpis

L¥C-vvd
DLV SubioAnjnw prapjoyying

60T NV bvdasouad

vLapjowHng|dNINY
blbJIquib blIdpjoyxyIng

12-1°2¢ apzuanyu snjiydowany
SVVHADLY L1 lpunadf 42300qoa3D
99T INSQ 1MazIN3s spuowopnasd
plL6C9 NSA 1ma31d piuols|Y

8¢¢CT D01V
Sipiwiapida sna2020jAydois

utesys o1uasoyied

sanssy)
HOs pue upjs
sJaylo
pue S1ana)
‘Aojesidsay

opsiunyoddo

adAj aseasig

IV INOYHM UleJ} SPISUL “Dy-N ‘UO-13S UOLPUOD-JIE UM UjeJ} SPISUI WOy udXe) sajduies Dy “aseasip Jo adA} usSoyjed jo dnois yoes apisul aduepunge
ueaw 419y Aq pallos Uaaq aAeY BXE] "UMOYS e pazAjeue sjuawedwod dy1ads sy} Ul UOLI3ap Sy} PUE ‘SDUSIINII0 JO JAGUINU 19SEIEP SJOUM U} UJ (%) ddUepunge dALE[2] WNWIXew
pue pagelany (%86< sanjeA Ayguspl | Sy1g Suguasaad) susSoyied [elsa3oeq 40 saouanbas auas YNYA SOT Sy} 03 pajejas A[2so[d Aemgns euojadieg ayj Ul punoy elsideq sawiogly T 314V.L



TRIADO-MARGARIT €T AL.

Furthermore, all trains are equipped with a filtered air-conditioning
system and windows are kept closed. Although few samples in our
study were positive (only three), no conclusions can be drawn re-
garding the absence of health risk. Indeed, the presence of certain
pathogens such as A. fumigatus is considered unacceptable in indoor
air and considering the absence of an exposure limits value to mold,
the risk of allergic lung disease for certain categories of passengers at
greater risk (immunocompromised, or elderly asthmatics) can exist.'?
Nevertheless, considering that its origin is probably outdoor air, as it
is one of the most ubiquitous of the airborne saprophytic fungi,52 we
could conclude that the risk of exposure is not more elevated in the
subway than in outdoors.

The analysis of airborne bacterial communities reveals that the
commuters are not the main source generating bioaerosols in the sub-
way system. Here, it is interesting to note that most recurrent and
abundant taxa did not match to those regarded as human microbi-
ota (neither commensal nor pathogenic). Nevertheless, our statement
should be taken with care, as we lacked sampling during rush hours.
As changes in microbial communities between peak and non-peak
commuting hours were previously described and related to increases
in skin-associated genera in peak samples,9 our study would be more
representative of middle-to-low density periods. Thus, we may have
underestimated bioaerosols generated from commuters and then
also its relative abundance in the dataset. However, Adams et al.*® re-
ported recently that a weak influence of human occupancy on micro-
bial communities of built environments could exist, specifically from
those well ventilated with a moderate occupancy. Actually, even in a
high-traffic-influenced building, it was found that indoor air communi-
ties closely tracked those in outdoors.®>* However, a higher propor-
tion of human-associated bacterial genera were found in indoor air.>*
Conversely, a previous study reached opposite conclusions,® being
anthropogenic sources the major contributors to airborne bacteria.
However, a culture-dependent approach was used instead, and there-
fore, results are not comparable.

Airborne bacterial communities in Barcelona subway system were
largely dominated by a limited number of taxa, where Methylobacterium
was the most abundant. Moreover, some varieties of this genus have
shown the ability to grow in the presence of particulate exhaust ma-
terial (soot), and so, their possible role as biological monitors of ve-
hicular pollution has been suggested.’® Indeed, it was found that
Methylobacterium might grow with some of the polycyclic aromatic hy-
drocarbons (PAHs) and long-chain aliphatic hydrocarbons contained in
such material. The subway systems are distinctive microenvironments
where the concentration of pollutants from both the atmosphere and
those generated internally can occur.” Barcelona’s subway aerosol is a
complex mixture of compounds dominated by hematitic ferruginous
particles sourced from the abrasion of wheels, rail tracks, and brakes,?!
but also containing a high proportion of carbonaceous materials
mainly derived from brake and catenary wear (and biomass and fossil
fuel burning), as well as abundant “crustal” PM silicate dust released
from granitic ballast. Moreover, a higher concentration of PAHs was
detected in the Barcelona subway system during the same sampling
period.r? Hence, the observed situation would be reasonable, with

WILEY-

some bacteria reported in polluted environments being predominat-
ing, as is the case of Methylobacterium. One source of origin for such
dominant bacteria might be found on the subway air-ventilation sys-
tem, including AC ventilation inside trains. As previously reported,®®>’
and references therein®; Methylobacterium-like bacteria have been
found to be dominant in coil fin biofilms from air-handling (including
air-conditioning) systems. Indeed, the desiccation resistance capacity
observed for Methylobacterium was partly stated as an explanation of
its dominance in such biofilms, generally subjected to extended pe-
riods of dehydration. Notwithstanding, the high relative abundances
reported by this taxon are likely to be overestimated, as multiple rRNA
operons (ie, five) have been reported previously from Methylobacterium
genome sequences.’’ Further studies to compare their abundance at
indoor and outdoor systems should be carried out in order to deter-
mine whether this situation is idiosyncratic from the subway system.
The other abundant and widespread taxa in the bacterial communities
(>0.5% mean relative abundance and >75% occurrence, Figure 5 panel
B) have been described from diverse environmental sources, although
mainly in soils. Some of them would thrive successfully on polluted
environments as suggested by sphingomonads,° besides their high
metabolic diversity, as observed in members of the genus Paracoccus
t00.5* These have been found able to grow as methylotrophs and also
as chemolithoautotrophs using products that may be related to vehicu-
lar and industrial emissions (eg, pollutants such as carbon monoxide or

carbonyl sulfide) 623

although given that Barcelona subway platforms
have low CO levels,?® such an interpretation seems less applicable to
our samples. Furthermore, members of Chitinophagaceae have been
already described as airborne bacteria in urban environments.®*

Samples from inside trains were further inspected to see whether
the different AC settings (switch on or off) could infer some differences
in terms of composition and structure. For instance, to see whether
a shift on the proportion of bacterial types from different sources
(human related vs. other environmental sources) exists. A number of
exclusive taxa were found but no differences were observed for the
dominant groups. Here, the effect that produces the opening and clos-
ing of doors and ventilation systems may help to explain the homog-
enization of results.

The degree of overlapping observed for airborne bacterial commu-
nities, which were dominated by a few widespread taxa, would seem
to be more related to the prevalence of abiotic factors and bioburden
on building structure (including trains) than for the commuters’ occu-
pancy. Thus, we hypothesize that this situation would be favored by
the concentration of pollutants from outdoor air sources, nighttime
maintenance activities, etc. (acting as facilitators), and moreover, bio-
fouling in air-ventilation systems (including AC) might act as a possible
source of such dominant taxa. Further investigations are needed to
probe such hypothesis. Contrary to the observed results, one would
expect a higher microbial diversity, expressed in terms of richness and
ecological diversity, related to the intrinsic variety and also the quan-
tity of commuters using the subway. Considering the low proportion of
human-related microbiota in our sequence dataset, and that only one
minor part of it can be related to potentially pathogenic bacteria, there
is not an important biological exposure on any of the compartments,



TRIADO-MARGARIT €T AL.

7 L wiLEy

more than those related to the fact that this is a confined and crowded
place where the transmission of respiratory diseases could be facili-
tated. Moreover, there was not a higher airborne concentration when
the air-conditioning was switched off. A more detailed monitoring
(yearly or interanual) would identify regularities and specific dynamics
associated with the microbial communities and the bioburden found
in subway systems. Studying seasonal variations would also be highly
interesting, despite the relatively constant environmental conditions

found in subway system.
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Abstract

Underground subways are an important transport mode for citizens in large cities,
and their complex ventilation conditions promote the concentration of air
pollutants from both outdoor and indoor air. The indoor air at platforms of ten
subway stations in the metropolitan area of Barcelona was sampled on PMzs in
2015 and 2016, and analyzed on polycyclic aromatic hydrocarbons (PAH) and
organic tracer compounds. Results are presented and discussed in terms of
influence of nighttime maintenance works and ventilation systems on the indoor
air concentrations. The concentrations of PAH are in the range of outdoor
concentrations with higher PAH values in the colder period of the sampling
campaign. The modern subway stations, with advance ventilation and platform
screen doors that separate the subway system from the platform, show lowest
PAH and PM concentrations. There is no influence of nighttime maintenance
activities on the air quality in the platform during the daytime. An attempt is made
to estimate the contribution of outdoor and indoor sources on the presence of
PAH with the use of the data obtained from the chemical analysis of organic tracer
compounds, i.e. hopanes, nicotine, and levoglucosan. Source apportionment
analysis estimates that 75 % of the detected PAH at the platforms have an

outdoor PM origin.
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Highlights

e PM2s at subway platforms are several times higher than the outdoor
ambient air concentrations.

e Platform Screen Doors and advanced ventilation systems in modern
stations reduce PMzs concentrations on the platform.

e Conventional stations are influenced by outdoor PM and PAH
concentrations are similar to those observed in the outdoor ambient air
with benzo[a]pyrene concentrations in winter above the recommended
concentration for outdoor air.

¢ Nighttime maintenance works and inverse ventilation in conventional
subway systems do not influence the indoor air quality for PAH.

e 75% of the detected PAH concentrations at the platforms in the subway

stations origin from outdoor air.



1.Introduction

Underground subways are an important transport mode for citizens in large cities,
and they have distinctive micro-environments with complex ventilation conditions
which may promote the concentration of air pollutants from both outdoor and
indoor air. Particulate matter (PM) in the underground subways is of great
concern since many people spend considerable time commuting on a daily basis,
and the exposure to PM-bounded chemicals has been linked to adverse health
effects (Bigert et al. 2008). Previous studies on the air quality at platforms in
subways from Barcelona have reported PM concentrations that were usually
several times higher than outdoors (Martins et al., 2015; 2016). A dominant part
of the PMzs (atmospheric particulate matter with an aerodynamic diameter less
than 2.5 pm) in Barcelona’s metro stations consists of iron (haematite) and
carbonaceous particles (mostly elemental carbon) from the rail track, catenary
system, and brakes (Martins et al. 2016). These results are in agreement with
other studies of subway systems in the world (Martins et al. 2016 and references
therein). Nevertheless, the analysis of organic compounds showed that a
substantial part of the PM is also formed by organic compounds in different
concentrations and from a diversity of sources. Elevated to moderate
concentrations of polycyclic aromatic hydrocarbons (PAH) were observed in all
Barcelona’s subway stations as well as molecular tracer compounds from
biomass burning and cigarette smoke (Martins et al. 2016). PAH are produced
by incomplete combustion of organic material, such as fossil fuels, with some of
the PAH, such as benzo[a]pyrene, being genotoxic. Higher PM2.s and organic
tracer concentrations were generally observed in the older narrow single tunneled
stations in the cold period of the year (when ventilation is weaker in the
underground system). On the other hand, lowest PMzs and organic tracer
concentrations were observed in the modern station that was equipped with a rail
track separated from the platform by a glass wall with platform screen doors
(PSD), an advanced ventilation system, and driverless trains with computer-
controlled driving system that optimize speed, braking, and stopping processes.
These first results indicated that outdoor air pollutants may influence the air
quality of the subway platforms through the ventilation systems. On the other
hand, rail track and catenary maintenance works, including adding new ballast to



the ralil track , are conducted during nighttime in the subway system with the use
of diesel fueled engine trains. It is unknown what the influence of these operations
is on the air quality of the platforms during the daytime. In order to study the
influence of maintenance works and ventilation on the platform air quality, several
metro station platforms in the city of Barcelona were sampled on PM2s and
analyzed on PAH and outdoor combustion tracer, e.g. nicotine from cigarette
smoke and levoglucosan from biomass burning, as well as hopanes from vehicle

lubricant oils.

The Barcelona’s subway system comprises of eight lines stretching 103 km and
including 140 stations (Figure 1). On a daily base, over 125 million passengers
commute in the subway system, which is about 50% of the urban commuting
load. In the present study, platforms from ten metro stations in the metropolitan
area of Barcelona were sampled on PM2s in and outside periods of rail track
maintenances as well as under varied platform ventilation modes during 2015
and 2016. The stations cover a wide range of variety in structure (e.g. single
tunnel, or double tunnel subways), and period of construction (i.e. from 1959 to
2016). Especially, the two platforms from the modern station (Collblanc) consist
of PSD and an advanced ventilation system. Totally, 137 filter samples were
extracted in an organic solvent mixture and quantitatively analyzed on seven
PAH, among them benzo[a]pyrene, and on organic tracer compounds nicotine,
levoglucosan, 17(H)a-21(H)B-29-norhopane and 17(H)a-21(H)B-hopane by GC-
MS. The analysis of several subway stations during different seasons allows
observing seasonal trends of organic pollutants and getting an insight on the
variability of composition of the organic aerosol in these stations when rail track

maintenance is conducted or ventilations systems are being modified.



2.Materials and methods

2.1. Subway stations and PM2.5 filter sampling

The selection of the subway stations was done within the IMPROVE LIFE project.
The nine stations are located in different neighborhoods in the metropolitan area
of Barcelona and have contrasting designs belonging to the different lines (Figure
1, Table 1). All stations consist of platforms in double tunneled subways, whether
or not with a wall between the two platforms, except in the case of the Collblanc
station with single tunnels. These modern stations have their platforms along a
single track and they are separated from the rail track by a PDS with independent
ventilation systems for tunnel and platforms. All other stations have a mechanical
ventilation system that introduces outdoor air to the platforms, and extract air
outside trough ventilation grids in the tunnels. PMz.swas collected on pre-cleaned
quartz filters by means of a high volume sampler (HiVol, CAV-A/MSb, MCV) from
5 a.m. to midnight (subway operating hours) at a sampling rate of 30 m3 h'l. A
field blank of each station was taken at each station. After sampling, the filters
were stored in aluminum foil at 4°C before analysis. The HiVol sampler was
placed at the end of the platform far away from the commuters’ access to platform

point and behind a light screen for security protection.

2.2. Sample analysis.

A quarter part of each PMzs filter was used for organic analysis following the
methodology described elsewhere (Martins et al. 2016). Briefly, filter samples
were spiked with deuterated standards and extracted in a mixture of
dichloromethane and methanol (2:1 v/v, 3 x 15 mL) using an ultrasonic bath. After
each extraction, the extracts were filtered on glass fiber filters in a stainless steel
filter holder (Sartorius) using a glass syringe (Fortuna Optima) in order to
eliminate particles from the extracts. The filtered extract was concentrated to 500
mL by rotovap. An aliquote of 25 pl was evaporated under a gentle N2-gas stream
and 25 pL bis(trimethylsilyDtrifluoroacetamide (BSFTA)+trimethylchlorosilane
(99:1) (Supelco) and 10 uL of pyridine (Merck) was added and placed in a 70°C



oven for one hour in order to derivate the OH of levoglucosan to trimethylsiilates.
Then, 25 pL of 1-phenyldodecane in isoocthane (30 ng) was added to the aliquots
before analysis by gas-chromatography coupled to mass-spectrometer (GC-MS)

operating in full scan mode for the analysis of levoglucosan and nicotine.

The remaining extract (95 %) was used for the analysis of PAH and hopanes, by
adding it on top of a chromatography column that contained 1g aluminium oxide.
Then, the PAH and hopanes containing fraction was eluted from the extract by
rinsing the column with 6 mL mixture of dichloromethane and hexane (2:1 v/v).
The collected fraction was concentrated by rotovap to 500 mL and transferred to
a vial and further concentrated to 25 puL under a gentle N2-gas stream. Before
analysis by GC-MS, 25 pL of internal standard 1-phenyldodecane in isoocthane
(30 ng) was added to the vial.

Sample extracts were injected into a Thermo GC/MS (Thermo Trace GC Ultra —
DSQ Il) equipped with a 60 m fused capillary column (Rxi-5Sil MS 0.25-mm x 25-
pm film thickness (Restek) for the analysis of levoglucosan and nicotine, and a
30 m column for the analysis of PAH and hopanes. For the organic tracer
analysis, the initial oven temperature started at 60 °C held for 1 min., while the
initial temperature for PAH and hopanes analysis was 90 °C. Then both programs
were heated to 120°C at 12°C/min and to 320°C at 4°C/min where they were held
for 10 min. The injector, ion source, quadrupole and transfer line temperatures
were 280°C, 200°C, 150°C and 280°C, respectively. Helium was used as carrier
gas at 0.9 mL/s. The MS selective detector was operated in fullscan (m/z 50 —
650) for molecular organic tracer analysis and in SIM-mode for the PAH and

hopanes, and electron impact (70 eV) ionization modes.

Organic molecular tracer compounds were identified by the retention times in the
chromatograms and levoglucosan (LEV; biomass burning) with ion m/z 204 and
nicotine (NIC; tobacco smoke) with ion m/z 84. Quantification was performed with
the external standard calibration curves. The concentrations were corrected by
the recoveries of the surrogate standard levoglucosan-dz (m/z 206) and levels in
field blanks.

PAH and hopanes were identified by retention time comparison of the peaks in

the chromatograms with the following ions in SIM mode: benz[a]anthracene (BAA



m/z 228), chrysene+triphenylene (CHR m/z 228), benzo[b+jt+k]fluoranthene (BFL
m/z 252), benzo[e]pyrene (BEP m/z 252), benzo[a]pyrene (BAP m/z 252),
indeno[1,2,3-cd]pyrene (IP m/z 276), and benzo[ghi]perylene (BGP m/z 276).
17(H)a-21(H)B-29-norhopane (norHOP) and 17(H)a-21(H)B-hopane (HOP) were
identified in the m/z 191 mass and the corresponding retention times.
Quantification was also performed by the external standard method and the
calculated concentrations were corrected for the recoveries of the above
mentioned surrogates, which consisted of deuterated compounds for each
individual PAH, except benzo[e]pyrene and the hopanes, which are corrected
with benzo[a]pyrene-d12. In all cases the recoveries of the surrogate standards
were higher than 70%. Field blank levels were between 1% and 30% of the
sample levels. All concentrations were corrected for blank levels. Limits of
Quantification (LOQ) were calculated by dividing the lowest measured levels in
the standard calibration curves by the volumes of the analyzed sample fraction.
These were 0.1 ng m3 for organic molecular tracers and 5 pg m= for PAHs and

hopanes.

2.3. Complementary data

PM2.s was weighted on the filters by a microbalance, while total carbon (TC)
concentrations were measured on a quarter part of the filter by the Thermal-
optical Transmittance method as described elsewhere (Martins et al. 2016).

2.4. Source apportionment

To get an insight of the contribution of the potential outdoor and indoor sources
on organic aerosol in this study, the concentrations of the analyzed tracer
compounds were used in a multiple variance regression model. In this work the
multivariate curve resolution— alternating least squares (MCR-ALS) method
(Tauler, 1995) was used. This method has been applied successfully for
environmental source apportionment of the urban organic aerosol (Alier et al.
2013; van Drooge & Grimalt 2015). MCR-ALS is based on an alternating linear

least squares optimization under non-negativity constraints which produces



physically better profiles than PCA, and it has been shown to produce analogous
results to PMF (Terrado et al., 2009).

3. Results and Discussion
3.1.PM2.5 and TC concentrations

Table 1 contains the mean concentrations (+ standard deviation) of PM2s, TC,
and analyzed compounds at the metro station platforms. As can be seen, the
concentrations of PMz2s and TC measured at the platforms are correlated (R? =
0.69; p<0.001), with the TC being about 20 % of PM2s. Highest concentrations
were observed in the L3 subway platforms of Tarragona, Poble Sec and Palau
Reial (PM2s5= 87 pug/m? in a period when new ballast was being added), while
lowest mass concentrations were measured at the platform of the modern L9
stations Collblanc (36 pg/m3) and the not-operative platform Collblanc 2 (19
ug/m?3). The lower levels at the Collblanc platforms can be attributed to the PSD
installed in this station that prevent the PM from the tunnel entering the platform,
but it could also be attributed to the lower frequency of trains at this station (9 per
hour) compared to the other conventional stations (19 — 30 per hour, stations with
two rail tracks) and the more advanced ventilation setup. Generally, the PMzs
measured at the platforms is higher than the average PM:2s concentrations
measured at traffic sites in the city (Figure 2), with factors ranging from 2.7 to 6.1.
An exception is the not-operative platform of Collblanc 2; PM2s measured here is
very similar (within a factor 1.2) to the outdoor PM2.s concentrations in the city in
the same period. The efficiency of the ventilation system in the Collblanc station
was tested by switching it off on several days (5 days) and comparing the effect
with days that the system was functioning (9 days). The PMzs concentrations
significantly increased from 24 + 5 ug/m® to 58 + 6 pug/m? when the ventilation
was switched off, while the TC concentrations increased from 5 + 1 ug/m3to 7 +
1 pg/mé3, indicating an accumulation of indoor PM that is about four times higher
than the outdoor PM2s (Table Sla). Hence, when the ventilation system at
Collblanc is switched off, the PM concentrations at the platform are similar to the
ones observed in the conventional stations. For example, Tarragona station

showed PMzs and TC concentrations around 70 pg/m® and 14 ug/m3. The



ventilation efficiency in this station was also tested. Here, the concentrations do
not change significantly when the ventilation in this station is working in reverse
mode (Table Sla), showing that the open platform-trail track and the movement
of the trains through the tunnel is dominating the ventilation of the conventional
platforms. Any of the other variables tested, i.e. track works and ballast adding to
track during nighttime, did not influence the PM2s and TC concentrations at the
station platforms during daytime (Table S1b and S1c). These results show that a
dominant part of the PMzs in metro stations consists of indoor PM in the form of
iron (haematite) and carbonaceous particles (mostly elemental carbon) from the
rail track, catenary system, and brakes due to movements of the trains during the
operating hours, which is in agreement with the previous study (Martins et al.
2016). A more detailed discussed on the results of PM and inorganics in the

present study will be published elsewhere.
3.2. Organic tracer compound concentrations

Considering the organic tracer compounds and PAH; levoglucosan is the
compound found in highest compound concentration, followed by nicotine, and

hopanes. Individual PAH showed lowest concentrations (Table 1).

Hopanes are molecular tracer compounds from mineral oils (Schauer et al. 2008)
and their presence at the platforms can be related to lubricant oils from road traffic
that have penetrated to the indoor air through ventilation or by the trains in the
subway system. The two hopanes analyzed here, 17(H)a-21(H)B-29-norhopane
and 17(H)a-21(H)B-hopane, were the most abundant hopanes and their
concentrations showed a very strong correlation (R? = 0.97; p<0.001) with ratio
of 1.2 of norhopane respect of the concentration of hopane. Highest
concentrations were observed in the L3 subway platforms of Poble Sec
(Yhopanes = 5.8 ng/m?), Palau Reial (5.3 ng/m3 and Tarragona 4.8 ng/m?3),
coinciding with the station that showed higher PM concentrations. The lowest
hopane concentrations were measured at the platform of the modern L9 stations
Collblanc (1.3 ng/m?3) and the not-operative platform Collblanc 2 (1.2 ng/m?3) with
the PSD systems. The later concentrations at Collblanc are close to the ones
observed in the outdoor air in Barcelona (Alier et al. 2013; van Drooge et al.

2012), while the concentrations at the platforms of the conventional subway



stations are two to five times higher than those observed generally in the outdoor
air, even at urban road sites (Alier et al. 2013). The ~hopane concentrations at
the station platforms correlate with the observed measured PM2s and TC
concentrations (R? = 0.45 and 0.54, respectively; p<0.01) indicating that an
important part of the hopanes at the platforms are more related to an indoor
source than to an outdoor source. The nighttime rail track work or ballast adding
did not change the daytime concentrations at the platforms of the stations were
this was analyzed (Table S1b,c). Changes of ventilation at the platforms did also
not have any significant influence on the hopane concentrations (Table S1a). On
the days that the ventilation was switched off in the modern Collblanc station the
hopanes showed slightly lower concentrations compared to the days when the
ventilation was functioning normally, indicating that the reduced input of outdoor
air may result in lower hopane concentrations, or that the PM from the tunnel and
track has little influence on the platform PM. Since the PM2s increased
significantly when the ventilation system was switched off, and to a certain extend
the TC as well, it is probable that these particles are generated on the platform

instead of coming from the track, tunnel or from the outdoor air.

Levoglucosan is a molecular tracer compound for biomass burning, which is not
expected to be emitted inside the subway system. Therefore, the detected
concentrations at the platforms have their origin in the outdoor air and penetrates
to the indoor air by ventilation, whether diffusive or active. Levoglucosan was
measured in substantial concentrations at the subway platforms of Joanic (88
ng/m3), Sagrera (66 ng/m?), and Santa Coloma (59 ng/m?) and Sant lldefons (55
ng/m?3), while lowest concentrations were measured at the platforms of the L3 line
Palau Reial (5 ng/m?), Tarragona (5 ng/m3), Maria Cristina (4 ng/m®) and the
modern L9 platforms of Collblanc (3- 7 ng/m?3). The data shows a clear seasonal
trend with higher concentrations measured in the samples that were collected in
the colder periods of the sampling campaign (October to March; Table 1). This
period coincides with higher outdoor air concentrations around 100 ng/m2 in
Barcelona from regional biomass burning smoke (van Drooge et al. 2014). These
outdoor concentrations are typical for urban areas without local biomass burning
sources (Puxbaum et al. 2007). The observed levoglucosan concentrations at the
aforementioned platform are in the same range, indicating that outdoor air PM



could have been mixed with the indoor air at the platform. The contribution of this
outdoor PM to the indoor PMzs, or TC, is however not equally important for the
different stations. The overall correlations between levoglucosan and TC is very
weak (R? = 0.06), although a substantial correlation (R? = 0.41; p<0.05) between
these two variables was observed at the platform of Sagrera station. This station,
compared to the other conventional stations, has high levoglucosan
concentrations, moderate TC concentrations, and relatively low hopane
concentrations, which probably increases the contribution of outdoor PM on the
platform indoor PM in this station compared to the other conventional stations.
The nighttime activities in the tunnels and rail tracks, or the ventilation setting has
no significant influence on the platform concentrations of levoglucosan (Table
Sla,b,c). The mean concentration in Sagrera station with no-rail track works is
almost the double of that for samples with rail track work, but this is a result of
the fact that all 5 samples of no-rail track works were collected in the beginning
(January) of the campaign when levels were generally higher. Despite this, these
mean concentrations were not significantly different due to the large standard

deviation.

Another molecular tracer compound for outdoor PM is nicotine (Rogge et al.,
1994; Bi et al., 2005), since cigarette smoking is not allowed at the platforms. The
nicotine concentrations showed variable concentrations among the sampled
stations. The highest mean concentration was measured at the platform of L3
station Poble Sec (29 ng/m3), while lowest concentrations were measured at
other L3 stations, i.e. Palau Reial (2 ng/m3), Maria Cristina (3 ng/m?3), and the
modern L9 stations of Collblanc (3 ng/m?3). The concentration observed at the
platform of Poble Sec is similar to the ones measured at an urban roadside in
Barcelona near the entrance of a subway, while the lower levels of other platforms
coincides with urban background concentrations (Alier et al. 2013; Ladji et al.,
2009; van Drooge et al.2015). Higher nicotine concentrations coincide with
samples from stations that were collected in the colder period of the sampling
campaign, although this seasonal trend is not as clear as observed in the case of
levoglucosan. There was a substantial correlation between these two outdoor PM
tracer compounds in the overall data from the stations (R? = 0.55; p<0.01), with
an exception of the data from the platform of Poble Sec (Figure 3). Despite the



prohibition of indoor cigarette smoking, this activity can sporadically be observed
at the platform. The correlations between nicotine and PMzs or TC (R? = <0.08)
were very weak, indicating that cigarette smoking, as expected, does not
contribute much to the indoor PM at the platforms. Even the high nicotine
concentrations (29 + 5 ng/m3; n = 12) at the Poble Sec platform do not correlate
to PM2s or TC (R? < 0.06). Therefore, the nicotine detected at the Poble Sec
platform could be from indoor smoking, although it does not contribute much to

PM mass.

PAH are tracer compounds for any incomplete combustion of organic matter. In
the studied urban area, combustion of fossil fuels from motorized vehicles is the
major source (Alier et al. 2013; Mortanais et al. 2015). Highest > PAH
concentrations were measured at the platform of Joanic (4.2 ng/m3) and Sagrera
(4.1 ng/m?3), while the lowest concentrations were measured at the platforms of
the modern L9 Collblanc stations (0.5-0.6 ng/m?). The relative composition of
individual PAH is dominated by benzo[b+j+k]fluoranthene (BFL) followed by
benzo[ghi]perylene (BGP), although the samples collected at the platforms of
Sagrera, Palau Reial and Poble Sec higher abundance of chrysene was
observed. Benzo[a]pyrene (BaP), the only PAH regulated by law (EC, 2004) with
an annual target value for outdoor PM of 1 ng/m® and a recommended annual
value of less than 0.12 ng/m? following the guidelines of the World Health
Organization (WHO, 2013), showed highest mean concentrations at the platform
of Joanic (0.66 ng/m3) and Sagrera (0.31 ng/m3). The lowest concentrations of
0.04-0.08 ng/m® were measured at the Collblanc platform. The other stations
showed intermediate BaP concentrations between 0.12 and 0.25 ng/m3.
Generally, these levels are lower than the target value for outdoor PM, but in the
range of the recommended value for health safety for outdoor exposure, being
very similar to those measured in the outdoor PM in urban traffic sites in the city
and indoor air in primary schools (Mortanais et al. 2015). Generally, the outdoor
ambient air BaP concentrations show an increase in the city in the colder period
(October to March) and are predominantly related to fossils fueled engine
vehicles (Alier et al. 2013; Reche et al. 2012). In this study, the seasonal trend
can be observed in the sampling sequence at the platform of Sagrera station (n
= 35) from half January until the end of March 2015. A substantial decrease of



the BaP concentrations, as well as other PAH (Figure 4), can be observed. This
trend correlates (R? = 0.86; p<0.001) very well with levoglucosan concentrations
in the same samples (Figure 4), and can also be observed in the whole data set
(including all samples from all stations; R? = 0.55; p<0.01). The strong correlation
of these compounds at the subway platforms does not automatically means that
BaP is linked to biomass burning, but it indicates that the outdoor air PM is a
major pathway for BaP, and other PAH, to the indoor air at the platforms. The
modern stations, constructed in the past years, showed substantial lower
concentrations of organic pollutants, due to more sophisticated ventilation
systems, but especially due to the fact that they were sampled in summer, when
outdoor PAH levels are also lower.

The influence of rail track works and ballast adding to the tracks during the
nighttime could not be detected (Table S1b,c), suggesting again that outdoor PM
is the major source for particle bounded PAH at the platforms. Nevertheless, the
inverse ventilation of the platform in the station of Tarragona did not show any
change in the PAH concentrations (Table Sla), suggesting that the open
platforms to rail track and the movement of the trains through the tunnels is a
major force for the ventilation of outdoor air to the platforms. The modern station
of Collblanc, with the PSD system, showed a slight decrease of the PAH
concentrations when the ventilation was switched off (Table S1a). The changes
are however not significantly large, mainly due to overall low PAH concentrations
in the sampling period in the outdoor air. It would be recommendable to repeat

the testing in winter under conditions of higher outdoor PAH concentrations.

3.3. Source apportionment of organic aerosol

The analysis of the organic tracer compounds allows to estimate the source
apportion of a part of the organic particle matter at the subway platforms,
considering that levoglucosan and nicotine have an outdoor origin, while hopanes
have an predominantly indoor origin, i.e. from the subway system. To get an
insight of the contribution of the potential outdoor and indoor sources on organic
aerosol in this study, the concentrations of the analyzed tracer compounds were

used in a multiple variance regression model. In this work the multivariate curve



resolution— alternating least squares (MCR-ALS) method (Tauler, 1995) was

used with the augmented dataset.

A two-component solution explaines 92.3 % of the variance in the data set, and
involves a clear separation between a potential indoor aerosol and outdoor
aerosol (Figure S1a). The indoor aerosol is represented by hopanes (98 %), while
the outdoor aerosol is represented by levoglucosan (100 %). Nicotine
contributions are divided equally between the two components. In this two-
component model about 75 = 13 % of the PAH is related to outdoor aerosol
component. The outdoor component is most relevant at the subway platforms of
Sagrera (79 %), Joanic (70 %) and Sant Illdefons (82 %) that were sampled in
winter. On the other hand, in the other subway stations the organic aerosol was
dominated by the indoor contributions (> 65 %) (Figure S1b).

Addition of a third component (96.3% of explained variance) separates the
outdoor aerosol, i.e. contributions of levoglucosan and higher molecular weight
PAH, into two outdoor aerosol components (Figure S2a), suggesting two different
outdoor sources. In fact, the outdoor component that contains benz[a]anthracene
and chrysene (outdoor_1) is dominating at the platform of Sagrera, while the
other outdoor component (outdoor_2) is dominating in the other stations, such as
Joanic (Figure S2b). Benz[a]Janthracene and chrysene are semivolatile PAH,
while the other PAH are particle bounded at ambient temperatures. The higher
contributions of benz[a]anthracene and chrysene with respect to other PAH in
Sagrera station could be due to specific conditions in this station in terms of
organic matter or platform air temperatures, involving a partitioning of these
semivolatile PAH from the gas phase towards the particle phase. In any case, the
presence of the PAH at the platforms seems to be originated from outdoor
sources. In the three-component model, nicotine is still divided between indoor

and outdoor_1 aerosols, and does not contribute to this third component.

Addition of a fourth component (98.3 % of explained variance) separates the
contributions of nicotine (cigarette smoke) into a forth component (68 % of
nicotine), which also contains 35 % of the hopanes, but very little contributions (<
10 %) of PAH (Figure 5a). The contributions of this cigarette smoke component
is important at the platform of the subway stations of Poble Sec (46 %), and



Tarragona (37 %) (Figure 5b). In other stations the contributions are less than 23
%. The origin of this component could be outdoor air, but contributions from illegal
indoor smoking cannot be excluded, especially in the station of Poble Sec where
the highest nicotine concentrations were detected. The indoor component is still
represented by hopanes (65 %) and remains high in the L3 stations of Palau
Reial, Tarragona and Poble Sec. This indoor source also represents 19 + 4 % of
the detected PAH. The score values of this indoor component shows the best
correlation with TC concentrations (R? = 0.67; p>0.001), indicating that the
platforms in the stations with highest indoor contributions are exposed to
carbonaceous particles from the subway system and activities. On the other
hand, the subway stations with low indoor aerosol contributions, i.e. Collblanc
and Sant lldefons also showed lowest TC concentrations. In the case of the
Collblanc station, these low contributions can be explained by the physical
separation of the rail track with the platform by mains of the PSD screens. The
outdoor sources are most important in the stations that were sampled in winter
and coincides with the period of higher outdoor PM and PAH concentrations. In
fact, the two outdoor sources represent 77 £ 7 % of the detected PAH. Based on
the ventilation tests, there are evidences that the modern station of Collblanc with
the PSD system reduces the introduction of indoor PM from the tunnel and
subway system to the platform. However, at this stage it is still unclear whether
the PSD screen system would impede the introduction of outdoor PM and PAH
onto the platforms under outdoor conditions with high PM and PAH
concentrations (i.e. winter). Notwithstanding, it is clear that the contributions of
outdoor air to the PM at the platforms it is not a dominating component based on
the overall very weak correlations (R? < 0.02) between the scores values of the

outdoor components and the TC or PM2s concentrations.

Conclusions

The PM2s and TC concentrations at the platforms of the conventional subway
stations are several times higher than the outdoor ambient air concentrations,
while the modern stations with PSD and advanced ventilation systems show
concentrations similar to outdoor. Nighttime maintenance works and inverse

ventilation in conventional subway systems do not influence the indoor air quality



for PAH. If the ventilation is switched off in the modern stations the PM
concentrations increase to those observed in conventional stations, although the
concentrations of organic tracer compounds from outdoor and subway PM show
no changes. Conventional stations are influenced by outdoor PM although the
indoor PM from the subway system dominates. PAH concentration at the
plattorms are similar to those observed in the outdoor ambient air with
benzo[a]pyrene concentrations in winter above the recommended concentration
for outdoor air. The analysis of the organic tracer compounds levoglucosan,
nicotine and hopanes, allowed to estimate the source apportion of a part of the
organic particle matter at the subway platforms. 75% of the detected PAH

concentrations at the platforms in the subway stations origin from outdoor air.
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Figure and Table captions

Table 1. Characteristics of the analyzed subway platforms and concentrations
(mean and standard deviation) of analyzed organic compounds.

Figure 1. Map of subway system in Barcelona. The analyzed stations are
indicated by stars in the map.

Figure 2. PMzs concentrations measured at the subway platforms of the
different stations, and the mean outdoor PM2.5 concentrations of four urban
traffic sites in Barcelona (i.e. Eixample, Sant Gervasi, Plaga Universitaria, Poble
Nou).

Figure 3. Nicotine concentrations versus levoglucosan concentrations in the
analyzed filter samples, and the correlation coefficient of the linear regression
between these variables, excluding the values from Poble Sec. The black dots
represent the concentrations observed at the platform of Poble Sec.

Figure 4. Temporal trend of levoglucosan (grey) and benzo[a]pyrene (BaP;
black) at the platform of Sagrera Station. The black dots indicate the samples
that were collected after nights without any rail track works.

Figure 5a. Loading % of the analyzed compounds in the outdoor and indoor
components in a four-component resolution.

Figure 5b. Score values (left) of the components and the TC concentrations
(right, pg/m?3) at the station’s platforms.
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Figure 5a.
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Supplementary information

Table Sla.
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Table Sla Tarragona (June 2015) Tarragona (april 2016)
number of samples 6 6 3

mean sd mean sd mean sd mean sd
outdoorPM2.5 18 2 19 1 14 3 15 3
PM2.5 (pg/m3) 70 10 84 12 77 18 81 10
TC (ug/m3) 14 2 16 2 13 2 13 2
PM2.5/PM2.50urdoor 3,9 0,6 4,5 0,9 6,1 2,3 54 0,4
TC/PM2.5 0,20 0,02 0,19 0,02 0,17 0,02 0,16 0,00
benz[a]anthracene 0,08 0,02 0,14 0,05 0,08 0,05 0,10 0,02
chrysene 0,25 0,06 0,30 0,09 0,18 0,08 0,22 0,06
benzo[b+j+k]fluoranthene 0,24 0,07 0,36 0,19 0,24 0,03 0,30 0,12
benzo[e]pyrene 0,19 0,06 0,31 0,12 0,19 0,04 0,26 0,13
benzo[a]pyrene 0,15 0,03 0,20 0,11 0,12 0,07 0,13 0,06
indeno[123cd]pyrene 0,11 0,05 0,14 0,06 0,08 0,04 0,10 0,01
benzo[ghi]perylene 0,19 0,03 0,40 0,22 0,18 0,07 0,22 0,07
SPAH 1,21 0,23 1,86 0,76 1,08 0,32 1,33 0,46
nor-hopane 2,30 0,44 2,60 0,54 2,08 0,60 2,26 1,31
hopane 2,12 0,50 2,96 0,86 1,68 0,47 1,85 1,11
Shopanes 4,42 0,92 5,56 1,39 3,75 1,07 4,12 2,42
levoglucosan 4,2 0,7 5,6 1,5 19,5 11,8 12,2 2,0
nicotine 54 15 73 2,0 11,3 4,2 10,8 3,7
Table S1b
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Table S1ib Palau Reial (april 2015) Maria Cristina (may 2015)
number of samples 7 4 4

mean sd mean sd mean sd mean sd
outdoorPM2.5 16 5 17 8 20 11 16 3
PM2.5 (pug/m3) 80 19 101 19 68 11 71 20
TC (pg/m3) 15 5 19 2 14 3 13 3
PM2.5/PM2.50urdoor 52 1,8 71 33 3,9 15 4,6 0,9
TC/PM2.5 0,19 0,02 0,19 0,02 0,21 0,02 0,19 0,02
benz[a]anthracene 0,10 0,04 0,11 0,02 0,11 0,02 0,11 0,02
chrysene 0,27 0,11 0,33 0,09 0,29 0,11 0,28 0,06
benzo[b+j+k]fluoranthene 0,23 0,12 0,21 0,06 0,16 0,02 0,16 0,04
benzo[e]pyrene 0,18 0,12 0,19 0,09 0,16 0,03 0,16 0,03
benzo[a]pyrene 0,15 0,13 0,13 0,03 0,13 0,02 0,14 0,05
indeno[123cd]pyrene 0,10 0,06 0,15 0,03 0,09 0,05 0,10 0,09
benzo[ghi]perylene 0,14 0,12 0,15 0,05 0,20 0,04 0,30 0,20
SPAH 1,17 0,68 1,27 0,27 1,13 0,16 1,26 0,38
nor-hopane 2,10 1,26 2,84 0,24 1,21 0,49 1,09 0,23
hopane 1,67 1,03 2,33 0,29 0,95 0,38 0,89 0,21
Shopanes 3,77 2,29 517 0,30 2,15 0,87 1,98 0,44
levoglucosan 6,1 1,8 3,7 1,1 3,5 0,6 4,0 0,8
nicotine 1,7 0,8 1,9 08 31 0,6 31 1,1

Collblanc (PSD) (may-june 2016)

o

mean
13
58

4,6
0,11
0,02
0,05
0,10
0,06
0,03
0,03
0,07
0,37
0,69
0,50
1,19

1,6

24

\’5;V

mean
12
83
15
6,7
0,18
0,17
0,45
0,38
0,35
0,19
0,10
0,26
1,90
3,33
2,87
6,21
9,5

&
,0\4
&
)
9
mean sd
14 3
24 5
5 1
1,7 0,2
0,19 0,03
0,04 0,02
0,07 0,03
0,19 0,12
0,15 0,09
0,11 0,06
0,07 0,03
0,14 0,05
0,77 0,38
0,78 0,41
0,59 0,33
1,37 0,74
3,9 2,6
34 1,3
'o\q’é
N4
Poble Sec (sept.2016)
5
mean sd
13 2
69 10
15 2
53 0,8
0,21 0,01
0,21 0,05
0,55 0,17
0,43 0,08
0,36 0,05
0,18 0,00
0,14 0,04
0,33 0,06
2,21 0,20
2,60 0,81
2,21 0,61
4,81 1,42
13,1 31
28,5 4,6

28,9

5
sd
0
6
1
0,6
0,01
0,01
0,03
0,02
0,04
0,01
0,02
0,05
0,18
0,05
0,07
0,12
0,5
0,5

16

15
0,01
0,02
0,07
0,06
0,05
0,09
0,02
0,03
0,16
1,20
0,97
2,17

1,7

52



Table Sic

Table Sic
number of samples

outdoorPM2.5

PM2.5 (nug/m3)

TC (ug/m3)
PM2.5/PM2.50urdoor
TC/PM2.5
benz[a]anthracene
chrysene
benzo[b+j+k]fluoranthene
benzo[e]pyrene
benzo[a]pyrene
indeno[123cd]pyrene
benzo[ghi]perylene
2PAH

nor-hopane

hopane

Shopanes
levoglucosan
nicotine

mean

19
48

12
2,7
0,24
0,60
1,02
0,87
0,39
0,29
0,24
0,37
3,78
0,91
0,80
1,72
59,6

&6\‘5
4\¢\'$\
@
&
Sagrera (feb.-mar.2015)
5
mean sd
15 6
40 14
11 3
2,6 0,4
0,28 0,03
1,15 0,55
1,69 0,65
1,37 0,74
0,61 0,30
0,49 0,23
0,39 0,16
0,64 0,31
6,33 2,91
1,03 0,51
0,90 0,43
1,93 0,94
101,8 54,7
15,4 7,0

17,4

10

0,8
0,04
0,33
0,51
0,44
0,19
0,17
0,15
0,22
1,96
0,33
0,29
0,61
41,1

7,0

g
~\$o o‘\{b
«é}Q\’b 38\*\
N «’5\\
Santa Coloma (okt.2015)
5 8
mean sd mean sd
15 2 15 2
52 26 47 10
12 4 12 1
3,4 1,4 33 1,2
0,25 0,06 0,27 0,06
0,07 0,01 0,12 0,03
0,21 0,02 0,24 0,06
0,44 0,29 0,57 0,30
0,23 0,06 0,42 0,22
0,19 0,11 0,32 0,19
0,08 0,04 0,20 0,10
0,17 0,03 0,43 0,22
1,39 0,34 2,30 1,08
2,57 1,20 1,63 0,35
1,95 0,88 1,29 0,23
4,52 2,07 2,92 0,58
34,4 24,6 74,4 35,3
7,7 2,4 12,0 3,6

NC)
*\QO«
&
Joanic (nov.2015)
7

mean sd

31 12

78 22

14 5

31 2,2
0,18 0,05
0,18 0,13
0,31 0,18
1,10 0,70
0,71 0,55
0,64 0,56
0,40 0,27
0,70 0,46
4,04 2,80
1,09 0,86
0,88 0,68
1,97 1,54
92,0 48,7
13,5 58

$°&%
4\$°*
&
6
mean sd
23 5
75 11
15 3
33 0,6
0,19 0,02
0,23 0,13
0,40 0,21
1,07 0,58
0,78 0,47
0,68 0,48
0,40 0,24
0,80 0,36
4,36 2,35
1,90 1,14
1,47 0,87
3,36 2,01
83,7 42,4
12,3 33



Figure Sla. Loading % of the analyzed compounds in th
components in a two-component resolution.
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Figure S1b. Score values (left) of the components and the TC concentrations

(right, pg/m?3) at the station’s platforms.
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Figure S2a. Figure Sla. Loading % of the analyzed compounds in the outdoor
and indoor components in a three-component resolution.
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